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8.1 Introduction

S. Bist et al.

In recent decades, there has been an increasing demand for large-volume tissue-
engineered organs and synthetic biomaterial-based constructs for use in regenerative
medicine applications. One of the fundamental requirements of such organs or
constructs is the presence of stable and functional vascular network which can
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provide the required supply of oxygen and nutrients as well as metabolic waste
clearance in a continuous and consistent manner. The proper function of the vascular
network is essential in maintaining long-term cell viability, and overall structure and
function in a wide range of organ- and tissue-mimics (Auger et al. 2013).

However, generation of such vascular networks has been beset with several
challenges. A wide range of biomaterials have been employed so far for synthetic
vascularized tissues and more are under development. Also, vascular cells used for
tissue engineering applications are obtained from a wide variety of sources, making
it difficult to control and compare experimental conditions for further translation and
replication. Given the strict requirements of vascular cells in terms of matrix
microenvironment conducive to vascular network formation, it is important to
match the right biomaterial properties and culture conditions with the vascular cell
types used for specific applications (Novosel et al. 201 1; Chang and Niklason 2017).

In addition to tissue engineering applications, in vitro modeling of various
diseases and pathologies has also gained prominence. Particularly, modeling of
cancer has been an attractive research problem, owing to the ability to recapitulate
the native tumor microenvironment (TME) using various biomaterial-based
approaches (Pradhan et al. 2016). One of the most influential components of the
TME is the tumor-associated endothelial cells (TECs), which constitute the leaky
and tortuous tumor vasculature adjacent to growing tumors. TECs actively partici-
pate in tumor angiogenesis and promote tumor growth, progression, and metastasis
via a wide range of mechanisms (Dudley 2012). When creating in vitro tumor
models, it is important to incorporate TECs along with cancer cells, so that the
wide diversity of intercellular and cell-matrix crosstalk can be accurately captured in
in vitro engineered systems. These vascularized tumor models can provide high-
quality predictive information regarding candidate drug efficacy and accelerate the
anti-cancer drug screening process.

In recent years, numerous biomaterials (including natural, synthetic, and semi-
synthetic hydrogels) have been implemented for the generation of vascularized
matrices and scaffolds for both regenerative medicine and disease modeling
applications (Chang and Niklason 2017). Hydrogels are an attractive material of
choice owing to their versatility, user programmability, ease of fabrication, avail-
ability of wide range of biochemical and mechanical properties that fits diverse
requirements of various physiological and pathological tissues. Hydrogels have been
used for both two-dimensional (2D) and three-dimensional (3D) culture of vascular
cells by modifying the matrix properties to suit vascular growth, morphogenesis, and
function. Additionally, hydrogels have also been used to model the processes of
vasculogenesis (formation of blood vessels de novo) and angiogenesis (formation of
new blood vessels from pre-existing ones) within 3D matrices (Rouwkema and
Khadembhosseini 2016). An important advantage of using hydrogel matrices for
vascular studies is the ability to monitor and control the process of vascular morpho-
genesis in a dynamic, user-controllable fashion simply by altering the material
properties in a spatiotemporal manner. These matrices can also be used to obtain
vascular networks from a wide variety of cell sources (including human induced
pluripotent stem cells, patient-derived adipose stromal cells, and others). By
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controlling the matrix properties, including adhesivity, porosity, stiffness, align-
ment, and matrix compliance, the evolution of the vascular networks can be con-
trolled to obtain patent, perfusable, and stable branched microchannels that closely
human capillary networks (Nerem and Seliktar 2001; Stegemann et al. 2007).
Overall, hydrogels have an important role to play in modeling vascular morphogen-
esis and function to mimic various physiological and diseased states.

In this chapter, an overview of the microenvironmental considerations for
recreating vascular networks for regenerative medicine and tissue engineering
applications is provided. Further, special considerations of the TME that are required
to mimic tumor angiogenesis are described. Multiple hydrogel-based strategies
employed for these applications, especially modifications of biochemical and bio-
physical properties in hydrogel matrices that induce vascular differentiation, mor-
phogenesis, and stabilization, are also described. Various biofabrication strategies
(ranging from chemical and molecular modifications to large-scale volumetric
matrix modifications) that have been implemented to mimic the vasculogenesis
and angiogenesis processes are described at length. Finally, the current challenges
pertaining to tissue vascularization and modeling of vascularized tumors are
analyzed and perspectives for future studies are discussed. We anticipate the readers
to obtain a fundamental understanding of the basic requirements to recreate vascular
networks for various applications, various material-based strategies and
biofabrication technologies available to recreate these networks, and finally apply
these principles to further translate these biomaterial-based vascularization
techniques towards clinical implementation.

8.2 Microenvironmental Considerations for Vascular
Regeneration

In order to design engineered vascular networks using hydrogel-based scaffolds, it is
necessary to understand the basic vascular structure found across various parts of the
human body as well as the surrounding tissue niches and associated
microenvironments served by these networks. A typical large blood vessel consists
of three layers: the innermost layer, tunica intima; the middle layer, tunica media;
and the outermost layer, tunica adventitia.

Tunica intima is composed of a monolayer of endothelial cells (ECs), whose
cellular, molecular, and genetic characteristics vary from organ to organ. The
monolayer is surrounded by a thin and protein-rich basement membrane
(BM) primarily composed of collagen type IV and laminin which forms the endo-
thelium. The endothelium forms a selective but permeable barrier between the blood
and the surrounding tissues, primarily through the tight intercellular junction and
adhesion molecules between the ECs (e.g., VE-Cadherin, CD31, CD144 amongst
others). A healthy and stable endothelium maintains vascular homeostasis by
regulating vascular tone, blood pressure, inflammation, and angiogenesis by secre-
tion of multiple cytokines and signaling molecules, and permeability to nutrients,
oxygen, and metabolites (James and Allen 2018; Charbonier et al. 2019; Pradhan



8 Hydrogel-Based Tissue-Mimics for Vascular Regeneration and Tumor Angiogenesis 147

et al. 2020). All vascularized tissue-engineered models must incorporate ECs as they
are an indispensable component of blood vessels. Additionally, organ-specific
recapitulation of engineered tissues requires incorporation of organ-specific ECs
(Marcu et al. 2018). For example, in case of liver regeneration, recreating hepatic
sinusoids requires fabrication of a fenestrated endothelium made of liver sinusoid
endothelial cells (LSECs), while in case of retinal tissue regeneration, choroidal ECs
are required to form the perfusable network underlying the retinal pigment epithelial
(RPE) cells.

The tunica media is composed of pericytes or smooth muscle cells (SMCs) that
surround the endothelium and are held together by a supportive layer of ECM
proteins primarily composed of collagen type I and elastin. The medial layer
provides structural support to the endothelium and maintain vascular quiescence,
stability, and integrity. Disruption of the medial layer is often associated with
increased vascular sprouting and angiogenesis, particularly in cases of wound
healing and tumor growth. The tight wrapping of pericytes around microvascular
networks is particularly critical for selectively permeable vascular barriers in the
body, for example, the blood-brain barrier (BBB) that closely regulates the exchange
of nutrients, metabolites, and toxins in the brain niche. Considering the physical
forces involved with flow of blood, nutrients, and culture media within the endothe-
lium, the SMCs in the medial layer are particularly responsible for vasoconstriction
and vasodilation, especially in the larger blood vessels (James and Allen 2018;
Charbonier et al. 2019; Pradhan et al. 2020). Although many tissue-engineered
vascularized constructs operate solely on encapsulated ECs, incorporation of
SMCs, pericytes, or differentiated stromal/stem cells along with ECs has been
shown to increase microvascular network stability, patency, and permeability. How-
ever, similar to ECs, the proper selection of organ-specific perivascular cells is also
important, especially when fabricating organ-specific vascular networks.

The tunica adventitia is composed of a heterogenous population of cells including
fibroblasts, myofibroblasts, macrophages, mesenchymal stem/stromal cells (MSCs)
amongst others surrounded by a thicker ECM layer composed of collagen types I and
IIT and elastin. Similar to the medial layer, the adventitial layer, provides additional
mechanical stability to large blood vessels and regulates vasomodulation in response
to fluidic pressures within the endothelium. Disruption of the tunica adventitia can
lead to serious vascular damage and may require greater involvement of external
microenvironmental factors (immune cell infiltration, inflammation, and deposition
of ECM proteins) as a regenerative strategy for vascular restabilization and repair
(James and Allen 2018; Charbonier et al. 2019; Pradhan et al. 2020). Majority of
tissue-engineered constructs primarily recapitulate microvascular networks and
hence incorporation of mural cells comprising the adventitia is generally overlooked.
However, several studies have explored the incorporation of fibroblasts, MSCs and
even SMCs to stabilize rudimentary vascular networks. In addition to maintaining
cell-cell contact with ECs, these stromal cells also secrete a multitude of
pro-angiogenic and/or pro-vasculogenic factors which help regulate the growth,
spreading, and quiescence of underlying ECs in a context-dependent manner.



148 S. Bist et al.

Regulating the biophysical and biochemical interactions of these stromal cells with
ECs is key to maintaining stable vasculature in engineered tissues (Fig. 8.1).

In addition to different cell types constituting the vasculature, it is important to
consider the role of the ECM surrounding the cells as well as various hemodynamic
variables which exert physical forces on both the cellular and acellular components
in the vascular niche. The composition and microarchitecture of the ECM present in
the basement membrane (BM) and the surrounding ECM vary with location in the
body, age of the individual, physiological state, and other broader environmental
factors. Particularly, in younger individuals, the basement membrane is composed of
collagen IV which progressively gets replaced with collagen I with aging. Similarly,
the production of elastin is also reduced drastically with age, thereby making blood
vessels much stiffer, inability to modulate vascular tone, more prone to inflamma-
tion, and susceptible to damage under milder physical forces. The porosity and
mechanical compliance of the BM and the permeability of the endothelium
(resulting from the tight EC junctions) are also dependent upon the proteomic
composition. With increasing collagen I deposition due to vascular aging and
misalignment in deposited fibrillar proteins, the BM can become more porous and
the EC junctions can weaken over time to lose their phenotypic plasticity. This can
cause the vascular endothelium to become leaky and more permeable (James and
Allen 2018; Charbonier et al. 2019; Pradhan et al. 2020). Hence, when designing
synthetic scaffolds for vascularized tissue, it is important to maintain the appropriate
stiffness, matrix compliance, porosity, and fibrillar alignment so that rudimentary
blood vessel segments can interconnect with each other into an integrated fluidic
network that has uniform coverage of the entire scaffold or matrix.

Among the hemodynamic factors influencing vascular regeneration, the most
important are fluid shear stress, circumferential strain, cyclic stretch, and fluid
pressure. Considering the pulsatile nature of blood flow (originating in the heart
and propagating to the capillaries) and the wide range of shear stress values existing
across the spectrum of blood vessels, it is necessary to study the effect of these
factors in the context of vascular regeneration. Physiological levels of shear stress
are necessary to maintain vascular patency, EC junction adhesion strength, and an
overall healthy endothelium. In addition, the fluid pressure level and a consistent
level of pulsatile flow should also be maintained to ensure physiological levels of
circumferential strain and cyclic stretch. The biophysical forces acting on the
endothelium also ensures optimum secretion of pro-vasculogenic biochemical sig-
naling to ensure proper endothelial structure and function (James and Allen 2018;
Charbonier et al. 2019; Pradhan et al. 2020). Some of these factors include vascular
endothelial growth factor (VEGF), basic fibroblast derived factor (bFGF),
angiopoietin-2 (Ang2), platelet derived growth factor BB (PDGF-BB) and others.
When designing vascularized scaffolds, it is important to incorporate these hemody-
namic factors on 2D substrates or within the 3D volumes, which shape the initial
spreading and connectivity of ECs and ensure proper tubulogenesis and
lumenogenesis to form vascular networks.

In addition to soluble factor signaling, local oxygen concentration is one of the
key determinants of vascularization. Hypoxic microenvironments promote
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Fig. 8.1 Morphological differences between normal and tumor vascular networks. Normal vascu-

lature is characterized by an initial cell plexus that is regulated by cell-cell and cell matrix

interactions and appropriate mechanical signaling processes that help form ordered networks with
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upregulation in expression of key pro-angiogenic genes including hypoxia-inducible
factor-1a (HIF-1a), vascular endothelial growth factor-A (VEGFA), and others. This
leads to promotion of angiogenic sprouting, vessel branching, and rapid vasculari-
zation (Krock et al. 2011). This principle has often been used for wound healing and
reparative angiogenesis. On the flip side, this process is also hijacked by diseased
cells, including cancer, to promote excess and undesired vessel formation, which
leads to further complications. Physiological oxygen concentration helps in
maintaining stable microvascular networks. Hence, the local oxygen concentration
must be carefully monitored and dynamically controlled to ensure that rudimentary
vascular segments undergoing anastomosis are gradually stabilized and form patent
and long-lasting microvascular networks.

Overall, when fabricating designer-scaffolds for vascularization and tissue regen-
eration, the initial matrix microenvironmental conditions must be made amenable
not only to the functional cells of interest but also the organ-specific vascular cells
that would eventually form the vasculature. This includes control of cellular
components (ratio of different cell types, density of cells in the matrix volume,
inclusion of supportive mural cells, etc.), culture conditions (composition of media,
growth factors, hormones, etc.), extracellular components (ECM composition, stiff-
ness, adhesivity, porosity, alignment, etc.), hemodynamic forces (shear stress, inter-
stitial fluid pressure, diffusion, matrix perfusability, cyclic load, etc.), amongst
others.

8.3 Microenvironmental Considerations for Tumor
Angiogenesis

The tumor microenvironment is a unique and complex milieu of a wide range of
cellular, extracellular, and biochemical factors that work in an intertwined fashion to
promote the growth and invasion of the central tumor mass. A growing tumor mass
generally consists of an outer proliferating cell layer, a middle quiescent layer, and
an inner necrotic core of cells densely packed with each other. Due to limitations in
oxygen diffusion through this densely packed mass, majority of cancer cells undergo
hypoxia and secrete pro-angiogenic factors to promote tumor angiogenesis from
surrounding healthy vasculature (Harris 2002).

However, tumor angiogenesis leads to rapid angiogenic sprouting, without suffi-
cient time for recruitment of supportive mural cells for vessel stabilization. Hence,

Fig. 8.1 (continued) structurally and functionally stable lumens. Tumor vasculature owing to
recruitment of multiple cell types and imbalance of various signaling factors results in a disordered,
tortuous, and leaky network. Images of blood vessels from intravital microscopy and corresponding
skeletonized images demonstrate the differences between the organization and structure of the
vascular networks. Adapted with permission from (Jain 2003)
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the resulting vascular network is disorganized, tortuous, immature, and
hyperpermeable. Although normal blood vessels have unidirectional flow, tumor
blood vessel exhibit chaotic loops and irregular branches, leading to disrupted and
bidirectional flow. The discontinuous endothelial lining and poor EC junctions lead
to leaky vessels and deposition of vascular components in the extravascular space.
At the cellular level, TECs are significantly different in their genetic and molecular
characteristics from normal ECs, which also lead to differences at the hierarchical
tissue level (Dudley 2012) (Fig. 8.1).

Designing this complex pathological state within tissue-engineered constructs is
both crucial and challenging at the same time. 3D models of vascularized tumors are
important testbeds for screening the efficacy of candidate drugs and therapeutic
agents. Tumor cells cultured alone and those in co-culture with endothelial cells
(or even better, tumor-associated endothelial cells, TECs) have been shown to have
distinct response profiles to drugs. The presence of supportive vascular or stromal
cells in the TME also confers additional chemoresistance to tumor cells and enables
survival and future relapse. Hence, it is important to incorporate vascular cells and/or
stromal cells to accurately recapitulate the native microenvironmental conditions of
tumors. In that regard, employing hydrogels as ECM-mimics is an advantageous
strategy owing to the ability to independently tune the biochemical and mechanical
properties to suit multiple cell types and modularly assemble them into integrated
complex synthetic tissues for co-culture studies. For example, it is known that the
tumor ECM is stiffer than adjacent normal ECM due to altered secretion and
deposition of matrix proteins. Hence, hydrogels with higher stiffness can be used
to culture tumor cells or tumor spheroids to form a central 3D tumor mass. Adjacent
to this mass, hydrogels encapsulating endothelial cells in a softer matrix can be used
for co-culturing with cancer cells. The combined hydrogel assembly can be used as
an integrated vascularized tumor-mimic for drug-testing applications.

Recapitulating the complex architecture of tumor microvasculature is
technologically challenging owing to various factors. Obtaining TECs from reliable
and consistent sources is not guaranteed and isolation of TECs is also associated
with inter-patient variability. Encapsulation of ECs in co-culture with cancer cells
within 3D hydrogel matrices is one common strategy employed in many studies.
However, the ability of the ECs to reassemble into tumor vessel-like networks
depends completely on the culture and matrix conditions and the ability of tumor
cells to secrete pro-angiogenic factors. This variability has led to some engineering
innovations where tumor vessel-like microchannels are prefabricated within 3D
hydrogel volumes or within microfluidic devices and later seeded with ECs which
assume the morphology and structure of these microchannels (Michna et al. 2018).
Although most studies use normal endothelial cells like human umbilical vein
endothelial cells (HUVECsS) for cancer co-culture studies, the use of tumor-specific
ECs or patient-derived ECs is also gaining prominence.

In general, hydrogel-based vascularized tumor models provide a reasonable
approach for modeling the complexity of native tumors and can be designed from
a bottom-up approach to match the characteristics of the complex milieu. Consider-
ing the wide range of intra-tumor and inter-tumor heterogeneity, it is necessary to
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standardize the practice of fabricating vascularized tumors, especially for discovery
of targets against tumor angiogenesis and the development of anti-angiogenic drugs.
Alternate strategies for normalization of tumor blood vessels are also being explored
for more efficient delivery of drugs and therapeutics that can reach the tumor mass
effectively.

8.4  Hydrogel-Based Models for Vascular Regeneration
and Tumor Angiogenesis

As discussed earlier, hydrogels provide a diverse and dynamic set of matrix micro-
environmental conditions to mimic native ECM that can promote vascular growth,
long-term maintenance, integration with host vasculature for tissue engineering, and
regenerative medicine applications. By tuning the chemical building blocks of
polymer chains, constitutive functional groups, and the degree of crosslinking,
higher order macromolecular properties of hydrogel-based scaffolds (including
viscoelasticity, adhesivity, hydrophilicity, surface charge, porosity, and topology)
can be controlled and can be optimized for various types of vascular cells. Tradi-
tionally, ECs are seeded on 2D bioactive hydrogel substrates to assess for their
vasculogenic potential by quantifying cell spread, proliferation, tubule formation,
and expression of prominent vasculogenic markers (CD31, VE-Cadherin, VEGFA,
etc.). In some cases, 2.5D cultures are established where ECs seeded on the top
surface of a hydrogel scaffold can transmigrate through the underlying porous
network and infiltrate deeper regions of the scaffold. However, to accurately
mimic native physiological vascular morphogenesis, it is necessary to establish 3D
cultures of hydrogel-encapsulated cells. Single ECs when encapsulated within
permissive hydrogel matrices at specific cell densities can interconnect with each
other through filopodial protrusions and elongated cell bodies to form rudimentary
vascular networks. These rudimentary networks can be stabilized by surrounding
mural cells (e.g., pericytes, fibroblasts, MSCs) until they anastomose into integrated
vascular lumens (Peters et al. 2016).

Hydrogels employed for vascular applications can be broadly grouped into
natural, synthetic and hybrid materials. Natural ones (e.g., Matrigel, collagen, fibrin,
gelatin, alginate and agarose) are obtained from animal or plant sources and have
long been used for both in vitro modeling and in vivo vascular regeneration studies.
Synthetic hydrogels (e.g., poly(ethylene glycol) (PEG), poly(lactic-co-glycolic
acid), poly(caprolactone)) are obtained through chemical synthesis. Hybrid
hydrogels (e.g., gelatin methacryloyl, methacrylated hyaluronic acid, methacrylated
dextran, PEGylated proteins) are obtained by synthetically modifying natural
components to improve their suitability for vascular applications.

Compared to natural hydrogels, synthetic polymers allow better control over their
chemistry (by functionalization with polysaccharides, proteins, or peptides) and
structure to fabricate highly tailored 3D scaffolds (in terms of mechanical properties,
biofunctions and degradability) for vascular regeneration and tumor angiogenesis.
Moreover, since these polymers are chemically synthesized, the problem of



8 Hydrogel-Based Tissue-Mimics for Vascular Regeneration and Tumor Angiogenesis 153

availability and batch-to-batch variability is almost negligible, thus promoting
highly reproducible scaffold properties. Inherent inertness of most synthetic
polymers guarantees unintentional immune responses when implanted as vascular
grafts even for long-term regeneration. Some of natural (Table 8.1), synthetic, and
hybrid (Table 8.2) scaffolds are described in detail below.

8.4.1 Matrigel

Matrigel, isolated from Engelbreth-Holm-Swarm (EHS) mouse sarcoma and rich in
laminin, collagen IV and other growth factors, is a popular choice amongst biologists
as a reconstituted basement membrane for 3D cellular studies. Owing to its tumori-
genic source, Matrigel contains a wide range of pro-angiogenic growth factors and
proteomic components which makes it ideal for angiogenesis assays (i.e., assess the
potential of vascular cells to form tubulogenic networks, vascular sprouts). More-
over, these assays are increasingly being integrated with other technologies to build
more complex angiogenesis evaluation methods, particularly for high-throughput,
reliable, and effective readouts (Akhtar et al. 2002; Kleinman and Martin 2005;
Khoo et al. 2011) (Fig. 8.2a). Matrigel has also been shown to enhance the rate of
epithelialization and wound healing and promotes the retention of keratinocytes in
deep wounds, although its clinical translation is questionable. Matrigel owing to its
ability to support tumor growth can be used for co-culture studies of cancer cells
with ECs. It is routinely used for in vivo implantation of tumors and in invasion
assays. However, it is inherently limited in its material properties due to its animal
origin. The heterogeneity in its chemical composition and the inability to control
rigidity of gels across different batches makes it difficult to reproduce results across
large study sets. This has led to the gradual development of synthetic materials as an
alternative to Matrigel (Aisenbrey and Murphy 2020).

Similar to Matrigel, various decellularized ECM (dECM) have also been prepared
from various animal (porcine, bovine, etc.) and human sources that have been
implemented for vascular tissue engineering (Hackethal et al. 2021). dECM contains
a multitude of native growth factors, hormones, and other bound signaling factors
necessary for optimal vascular morphogenesis and have been successfully
implemented in various regenerative studies. However, the heterogeneity in compo-
sition coupled with unreliability of source material makes it challenging to imple-
ment it extensively at a clinical scale.

8.4.2 Collagen and Gelatin

Collagen (primarily type I) and its hydrolytic product, gelatin, have been widely
used for vascular tissue engineering applications and for in vitro cancer studies,
owing to its ease of isolation and abundance in animal tissues (Fig. 8.2a). When
thermally/physically crosslinked, collagen and gelatin assume a fibrillar architecture,
whose microstructural properties (including fiber alignment, thickness, stiffness, and
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Table 8.1 Representative examples of natural biomaterials/hydrogels used for vascular studies
and angiogenesis

Biomaterial

Application/findings

Natural biomaterials:

Reference(s)

Pros: Availability of wide range of biochemical signaling cues, compatible with a wide range of
vascular cell types, easy moldability and processability with other natural biomaterials, improved
biocompatibility and hemocompatibility
Cons: Poor mechanical strength, source heterogeneity and unreliability, difficult to independently
tune matrix physical, biochemical, and mechanical properties

Matrigel
and dECM

Collagen
and gelatin

Fibrin

Alginate
and agarose

Human placenta-based extract tested for 2D and 3D
vasculogenic potential using HUVECs

SMCs grown on Matrigel demonstrated reduced
proliferative index and higher contractility
Formation of vascularized adipose tissue via
optimized differentiation from vascular stromal
fraction cells in Matrigel

Quantification of angiogenic processes of ECs in
Matrigel in the presence of various pro- and anti-
angiogenic agents

ECs self-assembled into perfusable, patent, and
scale-spanning networks in collagen gels of varying
densities

Denser collagen microspheres within softer
collagen bulk scaffolds promoted HUVEC
migration and invasion

hESC-ECs formed sprouting tubules within a
microfluidic collagen-gel based device under
dynamic perfusion

Modular collagen/gelatin hydrogel constructs
packed into a cylindrical conduit, seeded with ECs
and perfused to form vascularized tissue

ECs seeded on gelatin-coated microspheres
embedded within fibrin gel evaluated for sprouting
angiogenesis under different pro-angiogenic
stimulators and in co-culture with SMCs, pericytes
and fibroblasts

Fibrin matrices with encoded recombinant VEGF
enabled stable, long-lasting capillary network
formation

Mechanisms of sprouting angiogenesis and lumen
formation by HUVECs within fibrin gel under
different regulatory factors

Local stiffening and dynamic remodeling of fibrin
matrix under sprouting capillary formation

RGD- and VEGF-mimetic peptide conjugated with
alginate gel for vasculogenesis of pericyte-EC
co-culture

RGD-functionalized alginate used for co-culture of
ECs, fibroblasts and breast epithelial cells for
studying heterotypic cell-cell interactions

Hackethal et al. (2021)
Li et al. (1994)

Muller et al. (2019)

Akhtar et al. (2002); Khoo

et al. (2011)

Morgan et al. (2019)

Celie et al. (2019)

Redd et al. (2019)

McGuigan and Sefton

(2006, 2007)

Nehls et al. (1994); Nehls
and Drenckhahn (1995)

Sacchi etal. (2014, p. 164)

Nakatsu et al. (2003)

Juliar et al. (2018)

Barrs et al. (2021)

Teixeira et al. (2021)

(continued)
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Table 8.1 (continued)

Biomaterial | Application/findings Reference(s)
Alginate hydrogels loaded with ECs and alginate Campbell et al. (2018)
lyase for controlled degradation and delivery of
cells for revascularization
Silk Heparinized silk scaffold used for culturing ECs Zamani et al. (2017)
and SMCs with high cytocompatibility, low
hemolysis and thrombogenicity
Desferrioxamine-loaded silk nanofiber scaffolds Ding et al. (2019)
underwent controlled release and improved tissue
vascularization, wound repair and tissue growth
Silk fibroin gels of varying concentrations used for | Kayabolen et al. (2017)
vascularization of adipose derived stem cells into
functional adipose tissue both in vitro and in vivo
Peptide-modified silk fibroin scaffolds used for Sun et al. (2016)
co-culture of MSCs and ECs for enhanced
vascularization
Chitosan Growth factor loaded photocrosslinkable chitosan Ishihara et al. (2003)
hydrogels enabled enhanced vascularization upon
degradation in vivo
Chitosan-collagen hydrogels with loaded growth Deng et al. (2010); Chiu
factors demonstrated improved endothelial growth, | et al. (2012)
vascular signaling, and functional tissue repair
Hyaluronic Thiolated heparin loaded HA hydrogel enabled Natividad-Diaz et al.
acid (HA) stable, perfusable capillary network formation by (2019)

hiPSC-ECs
HA modified with VEGF-mimetic peptide

Lu et al. (2019)

demonstrated enhanced endothelial spread, and
proliferation leading to improved tissue repair in
traumatic brain injury in vivo

Acrylated HA hydrogels with varying stiffness and | Shen et al. (2014)

oxygen concentrations were used for culturing
fibrosarcoma cells with corresponding effect on
endothelial sprouting and invasion

density) can be controlled by modulating concentration, temperature, and pH,
thereby resulting in gels with widely varying bulk properties (McGuigan and Sefton
2006; Celie et al. 2019; Morgan et al. 2019; Redd et al. 2019). Alignment of
collagen/gelatin fibers is of particular interest as they promote contact-guidance
dependent assembly and migration of cells encapsulated in 3D gels or topographical
guidance on 2D substrates. ECs seeded in scaffolds of aligned, isotropic collagen
fibers can form rapid and robust vascular networks compared to those in random,
anisotropic collagen scaffolds. Collagen and gelatin hydrogels have also been used
extensively for spheroid cultures to study 3D vascular sprouting and vascular
morphogenesis assays.

In addition to physical crosslinking, collagen and gelatin can also be chemically
or enzymatically crosslinked using various functional side groups on the macromo-
lecular backbone to form more robust hydrogels. Although stiffness of these
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Table 8.2 Representative examples of synthetic and hybrid biomaterials/hydrogels used for
vascular studies and angiogenesis

Biomaterial

Application/findings

Synthetic biomaterials:

Reference(s)

Pros: Matrix properties can be independently tuned for mechanistic investigations with, high
degree of control, improved mechanical properties, lower rate of degradation, longer life and

highly stable

Cons: Lack the full range of biochemical cues necessary for cellular attachment, vascular
structure, and function, need to be optimized for each individual cell type, may not be conducive
for organ-specific vascular cell types

Poly(ethylene
glycol)

Poly(lactic-co-
glycolic acid)
(PLGA)

Poly
(e-caprolactone)
(PCL)

Star-PEG hydrogels conjugated to
heparin, growth factors, RGD and
MMP-sensitive peptides used for
multiculture of cancer cells, HUVECs
and MSCs and for angiogenesis
assays

PEG hydrogels conjugated to RGD
and MMP sensitive peptide sequences
used for bi-layered culture of lung
adenocarcinoma cells and ECs to
study biochemical signaling and
cellular crosstalk

PEG-collagen scaffolds of varying
composition encapsulating ECs and
fibroblasts showed capillary network
formation in vitro

RGD and graphene oxide
functionalized PLGA nanofibrous
scaffold promoted SMC spreading
and growth

Pre-vascularization of PLGA
scaffolds led to improved functional
integration with host vasculature
PLGA scaffolds functionalized with
VEGF and loaded with MSCs led to
improved growth of functional
microvasculature

PCL scaffolds loaded with heparin
and VEGF with endothelial
progenitor cells promoted improved
vascularization and anastomoses with
host vasculature

Hybrid biomaterials:

Zieris et al. (2010); Bray et al.
(2015); Chwalek et al. (2015);
Taubenberger et al. (2016)

Roudsari et al. (2016)

Singh et al. (2013)

Shin et al. (2017)

Laschke et al. (2008)

Kampmann et al. (2013)

Singh et al. (2011)

Pros: Improved mechanical properties, wider range of biochemical functionality than purely
synthetic biomaterials
Cons: Needs careful optimization of matrix composition and properties to suit multiple vascular

cell types
Gelatin
methacrylate
(GelMA)

GelMA and PEG dimethacrylate dual
crosslinked hydrogels was fabricated

Kim et al. (2020)

(continued)
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Table 8.2 (continued)
Biomaterial Application/findings Reference(s)

for endothelialization of perfusable

channels and sprouting angiogenesis

Odontoblasts and ECFCs cultured Athirasala et al. (2017)
within microstructured GeIMA

hydrogels formed vascularized dental

pulp tissue via angiogenic sprouting

GelMA cryogel microspheres Yuan et al. (2021)
promoted osteogenic differentiation

and vascularization in human bone

marrow stromal cell (hBMSC) and

HUVECs
Methacrylated GelMA and MeHA hydrogels Eke et al. (2017)
hyaluronic acid promoted vascularization and creation
(MeHA) of functional adipose tissue with

ADSCs

Macroporous MeHA hydrogels Lu et al. (2022)

promoted enhanced proliferation,
spreading and vascularization

Fig. 8.2 Representative examples of natural hydrogels enabling vascularization and angiogenesis.
(a) GFP-labelled HUVECs co-cultured with ADSCs in Matrigel/rat tail collagen I hydrogels after
14 days of culture in serum-free media demonstrate stable, lumenized, and patent microvascular
networks as evidenced by fluorescent dextran perfusion. Adapted from (Andrée et al. 2019). (b)
HUVEC:s (red) and pericytes (green) co-cultured within fibrin gels undergo angiogenic sprouting
towards a biochemical gradient within a microfluidic chip as imaged on day 3 (left) and day
6 (right). Pericytes gradually wrap around endothelial lumens to stabilize the neovessels and form
patent lumens. Scale bar: 100 pm. Adapted from (Kim et al. 2015)

hydrogels can be increased with additional crosslinks, it is still lower than that
observed in native tumor tissues, and they are susceptible to rapid degradation
post implantation in vivo. Further, various matrix properties including stiffness,
porosity, degradability, and adhesivity of collagen/gelatin are intimately coupled
with each other, making it difficult to independently study the role of these
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parameters in vascular regeneration and tumor angiogenesis. In recent approaches,
collagen and gelatin have also been modified with functional methacrylate groups
that can be chemically crosslinked to form stiffer hydrogels (Yuan et al. 2021). The
degree of methacrylation and polymer concentration determines the degree of
crosslinking and the resulting macromolecular architecture of the hydrogels.
Owing to the cheap and facile nature of handling collagen and gelatin, these are
popular choices for both in vitro and in vivo vascular applications.

8.4.3 Fibrin

Fibrin hydrogels, obtained by thrombin-mediated cleavage and polymerization of
blood-isolated fibrinogen protein, have often been used for various vascular regen-
eration as well as for in vitro mechanistic studies of vasculogenesis and angiogenesis
(Fig. 8.2b). Owing to its good hemocompatibility, ability to bind to large number of
blood proteins, and rapid crosslinking properties, fibrin is an attractive material of
choice, particularly for wound healing and tissue sealing applications. In addition to
endothelial cells, fibrin is conducive to other supportive cell types, including MSCs,
SMCs, pericytes, adipose-derived stromal cells (ADSCs), that help form integrated
and stable vascular networks in three-dimensional constructs. Fibrin hydrogels are
also commonly used for vascular sprouting assays to assess the vasculogenic
potential of isolated cell types (Nehls et al. 1994; Nehls and Drenckhahn 1995;
Nakatsu et al. 2003).

The fibrillar microarchitecture of fibrin hydrogels allows directional migration
and rapid interlinking of encapsulated vascular cells and rudimentary tubules.
However, fibrin hydrogels, owing to their high in vivo degradation rates, result in
rapid generation of new capillaries that are unstable, tortuous, and highly branched.
High fibril density is also detrimental to the vascular sprouting process. Implantation
and long-term studies using fibrin can be conducted by modulating the fibrin
microarchitecture or by mixing with other materials (collagen, gelatin, alginate,
etc.) to form integrated and multi-crosslinked constructs. Depending upon the
polymerization mechanism and dynamics (pH, temperature, additional crosslinkers
like transglutaminase, etc.), the mechanical and architectural properties of the
fibrillar network can be modified in various ways (Juliar et al. 2018). This enables
users to adjust the bulk stiffness, stability, and biodegradability of fibrin gels at the
macro-scale as well as modulate cellular-level responses and morphology at the
micro-scale. These abilities make fibrin an attractive material of choice for
vasculogenic and angiogenic applications.

8.4.4 Alginate and Agarose
Alginate and agarose, linear polysaccharide-based co-polymers obtained from sea-

weed, have been extensively used as a cheap source of vascular-compatible
biomaterials for several in vitro and in vivo applications. Alginate is composed of
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B-(1-4)-linked p-mannuronic acid (M) and f-(1-4)-linked L-guluronic acid
(G) units, while agarose is composed of a-(1-3) linked p-galactose and f-(1-4)
linked 3,6-anhydro-L-galactopyranose. Sodium alginate, when treated with calcium
ions, gets chelated rapidly to form calcium alginate hydrogels via ionic crosslinking.
Agarose when dissolved in water and heated cools back to form hydrogels via
thermal gelation. Alginate and agarose do not have any inherent cell-adhesive
ligands; hence vasculo-mimetic ligands need to be incorporated separately when
preparing scaffolds of these materials. Some of these ligands include the ubiquitous
RGD peptide motif and the protease-sensitive VEGF receptor binding peptide
GPQGIAGKLTWQELYQLKYKGI amongst others (Barrs et al. 2021; Teixeira
et al. 2021). Additionally, alginate and agarose can also be combined with other
materials like gelatin, fibrin, and others to form hybrid hydrogels with improved
mechanical and biochemical properties (Kinoshita et al. 2016).

Some major advantages of alginate hydrogels include the ability to modulate its
degree of crosslinking and stiffness by regulating the concentration of Ca®* ions,
high degree of stability and relatively lower rate of biodegradation, 2D and 3D
printability and injectability (due to it viscoelastic nature), amongst others. In certain
applications, faster degradation of alginate matrices is desirable which can be
attained by loading alginate lyase (in a dose-dependent manner) along with
encapsulated cells (Campbell et al. 2018; Antunes et al. 2021). The ability to closely
modulate the mechanical properties and 3D architecture of alginate also enables it to
be used for creating modular scaffolds and create hierarchically structured patterns
for more complex 3D vascular designs. Calcium alginate can also be degraded using
ethylenediaminetetraacetic acid (EDTA), and this strategy can be exploited to form
sacrificial scaffolds and templated 3D structures for various vascular applications.

8.4.5 Other Natural Materials

A few other emerging natural materials implemented for vascular tissue engineering
and modeling of tumor angiogenesis include silk, chitosan, hyaluronic acid, and
other GAG-based hydrogels. Although they are biocompatible and have low immu-
nogenicity, the vasculo-mimetic potential is variable and often depends on the
source of the material, molecular characteristics, and biochemical composition.
Silk is primarily obtained from the cocoons of silkworms (mulberry or
non-mulberry in origin). Silk fibroin is a promising protein-based biomaterial that
has high hemocompatibility, excellent mechanical strength, and the ability to be
molded into various shapes and sizes from nano-scale to centimeter-scale constructs
(Blanco-Fernandez et al. 2021; Gupta and Mandal 2021). Silk fibroin has both
amorphous and crystalline regions which transition from o-helix and random coil
structure to P-sheets during isolation and processing. Additionally, sericin protein
found in silk also acts as a glue to bind fibroin protein fibrils. Although sericin has
been used to a lesser extent, it is primarily fibroin protein which is predominant for
vascular applications (e.g., tissue-engineered vascular grafts, TEVGs) (Zamani et al.
2017; van Uden et al. 2019). Silk fibroin scaffolds or nanoparticles loaded with
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VEGF or heparin have been used extensively to enhance angiogenic repair in
combination with various vascular cell types (ECs, SMC, ADSCs, and others)
(Zamani et al. 2017; Zhang et al. 2018). The stiffness of silk-based hydrogels can
be controlled by tuning initial polymer concentration, by combining with other
natural or synthetic materials, or by inducing additional crosslinking of the tyrosine
groups using horseradish peroxidase (HRP)/H,0O,. In general, silk biomaterial is still
in its nascent stages in terms of being applied for vascular tissue engineering (Gupta
and Mandal 2021).

Chitosan, a linear polysaccharide, composed of repeating units of b-glucosamine
and N-acetyl-p-glucosamine linked by p-(1,4) glycosidic bonds has often been used
with other biomaterials to enhance vascularization and angiogenesis in the context of
wound healing, fabrication of small diameter vascular grafts, and tissue engineered
blood vessels. Chitosan has hydrophilic groups and is biocompatible and biodegrad-
able with minimal immunogenicity. Additionally, it can be blended with a wide
variety of natural and synthetic materials to improve mechanical properties, surface
properties, in vivo stability, and vasculogenic potential of engineered constructs
(Islam et al. 2020). Further, the processability of chitosan into various scale-
spanning structures like nano/microparticles, flat layers, scaffolds and matrices,
tubes and fibers helps in creating a wide range of desired vascular constructs
(Deng et al. 2010; Badhe et al. 2017; Wang et al. 2020). Interestingly, chitosan
has also been used to inhibit tumor angiogenesis through blocking of the VEGF
signaling pathway as well as a drug carrier for several compounds that inhibit tumor
angiogenesis and thereby tumor growth (Li et al. 2019b; Yadav et al. 2020).

Hyaluronic acid (HA), a linear glycosaminoglycan (GAG) polysaccharide, com-
posed of p-glucuronic acid and N-acetyl-p-glucosamine linked by p-(1,4) glycosidic
bonds is another popular choice for vascular tissue engineering. Although HA does
not have any integrin binding sites, it has receptors for CD44 and receptor for
HA-mediated motility (RHAMM). However, for encapsulation or culture of ECs,
it is often necessary to incorporate vasculo-mimetic factors that engage directly for
improved vascular signaling and morphogenesis. These factors include the RGD
peptide sequence for improved cell adhesion, VEGF-mimetic peptide sequence, and
conjugation with heparin/thiolated heparin for improved vasculogenesis. In addition,
inclusion of MMP-sensitive peptide sequences and dynamic induction of hypoxia
within hydrogels also helps improve vascularization (Shen et al. 2014; Lu et al.
2019; Natividad-Diaz et al. 2019). In previous studies, HA has also been chemically
modified with other materials including collagen, chitosan, and poly(e-caprolactone)
(PCL) to create improved scaffolds for vascularization (Vignesh et al. 2018; Kang
et al. 2019; Li et al. 2019a). While using HA, it is necessary to optimize the
molecular weight of the polymer chains and viscoelasticity of the resulting scaffold,
as these play important roles in determining spreading, adhesion, and vascular
morphogenesis of ECs.
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8.4.6 Poly(ethylene Glycol)

Poly(ethylene glycol) (PEG) is a synthetic linear or multi-arm polymer that serves as
a “blank slate” on which various biochemical modifications can be made to make it
suitable for vascular applications. Although PEG by itself does not have any
bioactive sites required for cell adhesion or degradation, it can be modified by
chemical conjugation with various cell-binding and proteolytically degradable pep-
tide sequences, ECM proteins, growth factors, and hormones to produce bioactive
and bioresponsive scaffolds (Moore and West 2019). Multi-arm PEG chains provide
the added advantage of covalently conjugating multiple bioactive moieties in the
same macromolecular network. PEG-chains end-modified with diacrylate (DA) or
dimethacrylate (DMA) groups can be covalently crosslinked via UV- or visible
light-based photoinitiators or via click-based chemistries to form scaffolds and
hydrogels (Zieris et al. 2010; Chwalek et al. 2015; Taubenberger et al. 2016).
Further, by controlling the molecular weight, initial polymer concentration, and
crosslinker  concentration, the overall stiffness, porosity, and other
microarchitectural features of PEG-based scaffolds can be tuned for the required
cell type used. PEGDA hydrogels with RGD- and MMP-degradable peptide
sequences have been used for vascular regeneration, in vitro, in vivo, and in
PDMS-based microfluidic models to form patent lumen-like vessels that provide
diffusive and convective mass transport to adjacent tissue space (Suresh and West
2020) (Fig. 8.3a). PEGDA hydrogels can also be modified by conjugation with

Fig. 8.3 Representative examples of synthetic/hybrid hydrogels used for vascular tissue engineer-
ing. (a) EPCs and HUVECs (red) co-cultured with SMCs (green) within PEG-based hydrogels with
adhesive RGDS and MMP-sensitive peptide sequences after 14 days of culture form stable
microvascular networks. Scale bar: 200 pm. Cells are stained for VE-Cadherin (green/red),
connexin-32 gap junction (cyan), and nuclei (blue) (central panel) and endothelial nitric oxide
synthase (eNOS, cyan) (bottom panel). Scale bar: 100 pm. Adapted from (Peters et al. 2016). (b)
ECFCs (red) co-encapsulated with MSCs within GelMA hydrogels at varying cell densities as
imaged on day 7 of culture forming rudimentary microvascular networks with hollow patent
lumens. Scale bar: 100 pm (left), 20 pm (bottom right). Adapted from (Chen et al. 2012)
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photo-degradable peptide sequences that can be selectively degraded using light of
specific wavelengths (or a laser source) to create patterned and user-guided vascular
channels (Kloxin et al. 2009). Co-culture of human umbilical vein endothelial cells
(HUVEC) and human vascular pericytes (HVP) with lung adenocarcinoma cells
within a two-layered PEG-peptide based hydrogels demonstrated that proximity to
vascular cells helped promote higher tumor growth in large, disorganized clusters
(Roudsari et al. 2016). Overall, PEG-based scaffolds provide immense potential and
opportunities for researchers to elucidate specific microenvironmental factors
regulating vascular regeneration and tumor angiogenesis (Bray et al. 2015;
Taubenberger et al. 2016).

8.4.7 Poly(lactic-co-Glycolic Acid) and Poly(caprolactone)

Poly(lactic-co-glycolic acid) (PLGA), a co-polymer of lactic acid and glycolic acid,
has been used a cheap alternative for various vascular tissue engineering applications
due to its biocompatibility and biodegradability (Pan and Ding 2012). The rate of
PLGA biodegradation (via hydrolytic cleavage of the ester bonds) can be controlled
by tuning the relative ratios of the monomers used to form the PLGA scaffold.
Although hydrophilic, PLGA by itself does not have any cell-adhesive ligands
necessary for vascular cell attachment. Hence, it is often combined with other natural
polymers (e.g., collagen, fibrin, silk) or specific peptide sequences (e.g., RGD) to
promote cell adhesion and spreading (Shin et al. 2017). PLGA is often molded into
microspheres and nanoparticles for controlled released of vascular growth factors
(e.g., VEGF, BMP-2) that promote vascular regeneration and wound healing (Golub
et al. 2010). PLGA can also be molded into electrospun scaffolds with tunable
microarchitectural properties (e.g., fiber thickness, alignment, porosity), and in
conjunction with other cell-adhesive materials, be used to make small-diameter
vascular grafts and porous scaffolds (Han et al. 2011). Incorporation of growth
factor loaded-PLGA microspheres within larger scaffolds also helps in recruitment
of ECs seeded on the scaffold surface, thereby mimicking angiogenic growth in 3D
microenvironments.

Similar to PLGA, poly(e-caprolactone) (PCL) is another biodegradable polyester
that is employed as small diameter vascular grafts and bioactive scaffolds for
vascular regeneration. By combining with other materials, including fibrin, collagen,
silk, chitosan, PLA, PVA, and others, controlled release of vascular growth factors,
and by fabricating into molded structures, including electrospun fibers, multi-layered
scaffolds, PCL can be used for a wide variety of applications involving
vasculogenesis and angiogenesis (Fuchs et al. 2009; Singh et al. 2011; Gniesmer
et al. 2019).
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8.4.8 Hybrid Hydrogels

In order to overcome the limitations of natural and synthetic matrices, hybrid
hydrogels have been developed comprising multiple natural and synthetic
components that provide a wider range of bioactive cues to encapsulated ECs,
thereby promoting vasculogenic and angiogenic processes. Since natural materials
are mechanically weak and susceptible to rapid degradation in vivo, and synthetic
materials lack the wide range of biochemical cues necessary for vascular
functionalization, it is beneficial to develop hybrid materials that incorporate the
“best of both worlds” and thereby provide optimized and tunable microenvironments
necessary for vascular growth and development.

Some of these include protein-based materials (gelatin, collagen, silk, Matrigel,
and others) that are functionalized with synthetic side/end-groups to provide addi-
tional cross-link sites that increase the overall mechanical strength of the fabricated
scaffolds (Fig. 8.3b). Proteins can also be blended with synthetic polymers to
improve mechanical properties of hybrid hydrogels provided there is no molecular
level phase separation between different macromolecules. Protein-mimetic or
protein-derived peptide sequences (e.g., collagen-mimetic peptide, VEGF-mimetic
peptide, and self-assembling peptides) can be incorporated into polymer-based
hydrogels to provide additional biochemical or biophysical signaling cues required
for ECs (Jia and Kiick 2009; Singh et al. 2013; Klotz et al. 2019; Kim et al. 2020).

In addition to proteins, carbohydrate polymers including dextran, alginate, and
hyaluronic acid can also be functionalized with synthetic groups to improve struc-
tural and functional properties of scaffolds. Methacrylate groups covalently coupled
to hyaluronic acid and dextran have been used to create methacrylated HA (MeHA)
and methacrylated dextran (DexMA), respectively, (Moller et al. 2007; Jin et al.
2010; Liu and Chan-Park 2010; Eke et al. 2017; Lu et al. 2022). In these polymers,
choosing the optimum molecular weight and degree of crosslink is critical to
ensuring success in vascularization strategies. Too high molecular weight polymer
chains can increase the matrix viscoelasticity through chain entanglements that may
hinder vascular migration, network formation, and vessel branching. Too low
molecular weight polymer chains may cause inflammatory responses and dysfunc-
tional behavior in encapsulated or seeded cells. Similarly, degree of crosslink
determines the matrix porosity, stiffness, and overall permissivity towards vascular
growth and spreading. MeHa and DexMA can be used in ratiometric combinations
with gelatin to form interpenetrating polymer networks (IPNs) that promote
vascularization.

Overall, a wide range of polymeric biomaterials are available for tissue revascu-
larization and for modeling tumor angiogenesis. Although various materials-
chemistry based methods have been developed to create improved scaffolds, novel
innovations are under way to improve hemocompatibility of scaffolds and matrices,
create stable and long-lasting vasculature, incorporate tissue-specific vascular and
stromal cells, and to fabricate functionally consistent vascularized constructs. In
addition, hydrogel-based scaffolds for modeling of tumor angiogenesis have also
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been developed in an effort to understand cancer-vascular crosstalk, disrupt tumor
angiogenic signaling and thereby prevent vascular growth.

8.5 Biofabrication Strategies for Vasculogenesis
and Angiogenesis

Developing in vitro vascular models requires not only the selection of the appropri-
ate biomaterial but also the optimization of various fabrication and processing
techniques that integrate the cells and the biomaterial to create structurally and
functionally stable vascularized constructs. In this regard, various chemical,
mechanical, and optical processing techniques have been developed including self-
assembly, bioprinting, micromolding, photolithography, and laser-based techniques,
amongst others (Bajaj et al. 2014; Moroni et al. 2018; Pradhan et al. 2020). These
techniques are either additive or subtractive in nature. Additive techniques
(3D bioprinting, stereolithography, electrospinning, etc.) include step-by-step con-
trolled addition of cell/biomaterial mixture to the growing mass of the final construct
that is regulated by photo/thermal/chemical crosslinking. Additive techniques are
useful for creating well-designed scaffolds in a high-throughput fashion with good
degree of repeatability. Subtractive techniques (laser-based degradation, sacrificial
micromolding, etc.) include subjecting a bulk scaffold to optical/chemical treatment
that removes controlled volume of material from the scaffold leaving behind a
network of porous structures that can be readily occupied by vascular cells to form
the vasculature. This approach helps attain finer resolution vascular networks com-
pared to additive bulk processing techniques, but its throughput is much less.

Depending on the end-application, the user must optimize between speed/fabri-
cation throughput, resolution, and complexity of the vascular structure, and repro-
ducibility of the vascularized structures. In some tissue engineering applications
(e.g., tissue vascularization and wound healing), fabrication speed and time are more
critical than resolution. However, in other applications involving disease modeling
and mechanistic studies (e.g., tumor angiogenesis, vascular dysfunction), resolution,
architectural complexity, and repeatability are more important. Some of these
techniques are discussed in more detail below (Table 8.3).

8.5.1 Self-Assembly

The technique of self-assembly primarily involves 3D encapsulation of vascular
cells within hydrogel-based scaffolds and reliance on cellular migration and mor-
phogenesis to form 3D interconnected vascular networks (Blinder et al. 2016)
(Fig. 8.4a). Alternatively, cells seeded on top of a 3D scaffold can also migrate
inwards into the material to form vascular protrusions and neo-vessel like
formations, reminiscent of angiogenic growth. In this approach, both the material
micro- and macro-scale properties as well as the cellular features (cell density,
migration potential, etc.) are important considerations to achieve optimum
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Table 8.3 Comparison of various biofabrication strategies for construction of vascularized
networks for vascular tissue engineering and angiogenesis

Technique
Self-assembly

Bioprinting

Electrospinning

Micromolding

Advantages

» Facile

» Easy to adopt for a
wide variety of
biomaterial/hydrogel
scaffolds

* Amenable to wide
variety of vascular cell
types including organ-
specific ECs

» Best suited for
sprouting angiogenesis
studies and
quantification of
vasculogenic potential

* High degree of
engineering precision
during construction of
vascular network

* High
spatiotemporal control
of dispensed cell-gel
mixture

e Suited for both
thermally and light-
mediated crosslinkable
gels

* Wide range of
bioinks available for
different vascular cell
types

* Highly porous
scaffolds with
controlled degree of
fiber alignment and
micro- to macro-scale
stiffness

*  Suited for studies
of cell-fiber
interactions, contact
guidance, and
topography effects on
vascular cell behavior
* Electro-responsive
polymers can be
coated with natural
biomaterials to
enhance bioactivity

» Facile, cheap, and
scalable

Limitations

* Poor control over
network morphology
» Capillary network
formed may not be
homogenous

« Difficult to form
hierarchical vascular
structures

* Network formed
may not be stable,
patent or long-lasting

» Bioinks need to be
optimized for
individual applications
and cell types

* Higher capital cost
and operational
knowledge of process
parameters required

* Rheological and
mechanical properties
need to be tuned to
reduce cell damage
and toxicity during
printing process

* Applicable with
specific electro-
responsive polymers
only

* Viscosity and
concentration need to
be optimized for every
formulation

» Cells can be seeded
in 2D only for further
migration into porous
3D scaffold

* Medium degree of
control over resolution

Reference(s)

Levenberg et al.
(2005); Moon et al.
(2010); Chen et al.
(2012); Singh et al.
(2013); Blinder et al.
(2016)

Bhattacharjee et al.
(2015); Highley et al.
(2015); Hinton et al.
(2015); Ouyang et al.
(2017); Millik et al.
(2019)

Ahn et al. (2015); Guo
et al. (2017); Bertlein
et al. (2018); Li et al.
(2019a)

Chrobak et al. (2006);
Zheng et al. (2012);

(continued)
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Table 8.3 (continued)

Technique

Photolithography

Laser-based
degradation

Advantages

* Reproducible and
consistent networks
obtained

» Can be adopted for
a large number of soft
hydrogels

» Layer-by-layer or
point-by-point
fabrication makes it
possible to obtain finer
structures with high
resolution

* Complex network
structures with defined
geometries achievable
» High degree of
repeatability

» Highest degree of
spatial control over
network geometry and
complex features

* Amenable to wide

Limitations

* Limited in
complexity of vascular
networks

» Large number of
handling steps

* Relatively lower
fabrication speed and
limited throughput

* Scale-up is limited
by fabrication speed
and ability of cells to
survive during the
fabrication process

* Relatively low
speed and throughput
¢ Limited scale-up
» High capital cost
and operational cost

S. Bist et al.

Reference(s)

Jiménez-Torres et al.
(2016); DiVito et al.
2017)

Gaebel et al. (2011);
Slater et al. (2011);
Kazemzadeh-Narbat
et al. (2017); Zhu et al.
(2017); Grigoryan

et al. (2019)

Hribar et al. (2015);
Brandenberg and
Lutolf (2016); Heintz
et al. (2016); Arakawa
et al. (2017)

range of hydrogels

vascularization. Higher cell density leads to faster interconnections between
encapsulated cells and better anastomoses between the neovessels. As the cells
tunnel through the matrix to connect with their neighboring cells, the matrix
compliance and permissiveness determine the efficiency of the process. If the matrix
is nanoporous or poorly degradable, it is challenging for encapsulated vascular cells
to form lumenized networks, and they eventually regress and die. Since this tech-
nique is highly dependent on the migration potential of the cells and is stochastic in
nature, several strategies have been developed to improve and accelerate the self-
assembly process.

The most facile strategy to alter matrix microarchitecture is to control the degree
of crosslinking either by controlling polymer concentration, crosslinker concentra-
tion, or changing pH/temperature during crosslinking process to tune the scaffold
porosity, fiber density, fiber thickness, pore size, etc. (Cross et al. 2010; McCoy et al.
2018). Matrix porosity can also be altered by employing techniques like gas
foaming, salt leaching, lyophilization or sacrificial molding (Harris et al. 1998;
Ford et al. 2006). Gas foaming involves fabrication of scaffolds under high pressure
with non-reactive gases (e.g., carbon dioxide), which is released at the end to leave
behind macroporous hydrogel scaffolds that permit cell spreading and migration.
Salt leaching involves soluble porogens (e.g., sodium chloride) that are added along
with the polymer precursor at specific concentration. After completion of
crosslinking, the porogens leach out into the surrounding buffer leaving behind
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Fig. 8.4 Representative biofabrication techniques for construction of vascularized tissues. (a)
Schematic of the dynamic vascular self-assembly process of HUVECs and HNDFs in a fibrin gel
loaded in macroporous PLLA/PLGA scaffold over 7 days in culture. Adapted from (Blinder et al.
2016). (b) Schematic of the coaxial extrusion bioprinting of perfusable patent 3D vascular
structures and HUVECS stained for characteristic markers (CD31: red; VE-Cadherin: green; nuclei:
blue) demonstrating patent lumen and sprouting microvessels after 7 days. Scale bar: 100 pm.
Adapted with permission from (Gao et al. 2018). (¢) Electrospun PCL scaffolds of controlled
spacing coated with fibronectin and seeded with HUVECs and fibroblasts and stacked with cell-
accumulation technology to create thick vascularized constructs with contact-guidance patterned
oriented vascular networks. Scale bar: 200 pm. Adapted with permission from (Bertlein et al. 2018)
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voids and pores in the scaffold. Freeze-drying/lyophilization of polymer scaffolds is
also used to create highly porous constructs. Alternately, thermo-sensitive polymers
(e.g., gelatin, dextran) can also be incorporated within scaffolds in the form of
microspheres or other intricate structures, which can later melt and dissolve away
leaving behind templated pores and channels within the crosslinked polymer
scaffolds. In recent developments, macroporous scaffolds have been achieved
through annealing polymeric microspheres of various sizes to form larger scaffolds
so that seeded cells can migrate through the void spaces between the microspheres
and connect with neighboring cells (Griffin et al. 2015). The size of the microspheres
determines the void fraction and porosity of the overall scaffold, while the stiffness
and surface adhesivity of the microspheres determine the level of cell-matrix
engagement through the void volumes.

Co-encapsulation of supporting vascular cell types like fibroblasts, MSCs, and
pericytes along with ECs also helps accelerate and stabilize the vascular network
formation, as these mural cells provide the initial tunneled paths within the matrix
which is followed by the ECs to form lumenized networks (Peters et al. 2016). In
case of modeling tumor angiogenesis, the most common strategy is to provide a
gradient of biochemical or biophysical cues that enables ECs to form sprouting
vasculature through chemotaxis or durotaxis, respectively (Kim et al. 2015). The
biochemical gradient can be induced through various growth or angiogenic factors
that are either encoded within the matrix or through simple diffusion. Biophysical
cues can be incorporated through strain-assisted stretching and alignment of fibrillar
components of the matrix/scaffold which enables encapsulated cells to directionally
migrate along the aligned fibers and form aligned vascular networks (McCoy et al.
2018). Overall, multiple biochemical, biophysical, and meso-scale materials
processing techniques have greatly improved the vascularization potential and
performance of scaffolds towards guided self-assembly of vascular networks.

8.5.2 Bioprinting

Three-dimensional (3D) bioprinting has emerged as one of the most popular choices
for high-throughput, repeatable, and reliable techniques for the fabrication of
vascularized constructs. Although various types of 3D bioprinting (e.g., ink-jet/
droplet, valve-jet) have been developed, the most prominent technique is
extrusion-based bioprinting/bioplotting which involves controlled dispensing of
cell-polymer mixture in a 3D volume which is then crosslinked to form an integrated
scaffold (Fig. 8.4b). Most major vascularization applications have adopted
extrusion-printing owing to its ability to fabricate at high speed, high resolution,
low cell damage and toxicity, ability to print intricate and complex patterns, and
suitability with a wide range of bioinks. Considering that tissue engineered
vascularized scaffolds are usually millimeter- to centimeter-scale thick, this
approach ensures that highest efficiency in terms of speed and resolution achievable.

The bioink used for extrusion-printing needs to be carefully selected and
optimized for the cell type as well as for the printing process itself (Ouyang et al.
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2017). The viscosity of the hydrogel precursor to be used as the bioink, its
temperature-sensitivity, and the shear forces experienced by the cells during extru-
sion through the nozzle need to be carefully monitored to optimize the process. If the
bioink is thermally-crosslinked, the dispensing rate needs to be controlled to allow
sufficient time for the extruded material to crosslink before further material can be
added on top of it to create hierarchical structures. This approach can slow down the
overall throughput; hence, researchers have explored other avenues, including shear-
thinning, self-healing hydrogels, or rapidly photocrosslinkable hydrogels as poten-
tial bioinks. MeHA hydrogels with adamantane and p-cyclodextrin groups which
employ the guest-host bonding chemistry and which can be further photocrosslinked
using UV light have been used as a potential bioink (Ouyang et al. 2016, 2017). The
bioinks used can either be pre-photocrosslinked and dispensed to maintain patency
of the structure, or photocrosslinked during the dispensing process itself to ensure
structural integrity with the fabricated scaffold. The dispensing mechanism can itself
be fluidically controlled to obtain various morphologies of the extruded material
including linearly uniform fibers, core-shell fibers, and hollow core fibers.

In recent developments, the bioprinting process can be achieved by extruding the
bioink within a gel-like support medium composed of granular particles (e.g.,
gelatin, Carbopol) (Bhattacharjee et al. 2015; Hinton et al. 2015). As the nozzle-
head moves through the support bath and extrudes the bioink, the local region is
temporarily fluidized and holds the extruded material in place after the nozzle moves
away. After the entire structure is printed in 3D, the support bath is dissolved or
melted to extract the 3D printed material. This process enables creation of relatively
high resolution and hierarchically complex vascular patterns in 3D volumes. In an
inverse approach, sacrificial bioinks (composed of water-soluble dextran, etc.) can
be printed into 3D vascular-mimetic templates, which can then be encapsulated
within polymeric hydrogel scaffolds and the dextran template is dissolved away to
leave behind a vascular channel-based network (Miller et al. 2012). Thus, multiple
approaches to 3D bioprinting have been developed to create more defined, patterned,
and user-guided large-scale vascularized constructs for various tissue engineering
applications.

8.5.3 Electrospinning

Similar to extrusion-bioprinting, electrospinning is another technique that is used to
produce nano- to micron-scale polymer fibers that are integrated to form larger
porous scaffolds. However, these fibers are produced via application of an electric
field which can be tuned to vary the dimensions of the fibers formed. The polymer
biomaterial chosen for this technique needs to be electrically conductive (e.g., PCL,
PV A amongst others), have low surface tension and sufficiently high viscosity to be
spun into fibers. The polymer melt or polymer-solvent solution is subjected to an
electrical field within a nozzle, which when it overcomes the surface tension of the
liquid, generates a stream of liquid jet. The dried liquid jet is collected in the form of
fibers on a rotating mandrel to obtain electrospun mats. Both the polymer solution
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properties as well as the operating parameters can be tuned to obtain fibers of various
thickness and alignment degree.

Highly aligned electrospun scaffolds help in directional migration of seeded
vascular cells and improve network connectivity (Ahn et al. 2015; Bertlein et al.
2018) (Fig. 8.4c). The inter-fiber spacing should be tuned in a way to allow
optimized matrix porosity, cellular migration and motility, and overall matrix stiff-
ness to ensure accelerated vascularization. The overall stiffness of electrospun
scaffolds arises from the stiffness of individual fibers (determined by initial polymer
concentration and molecular weight) and the relative density, thickness, and align-
ment of fibers in the scaffold. Thicker fibrils enable higher matrix stiffness but
reduced porosity, while thinner fibrils allow higher porosity and contact-guidance
based cellular migration. Consequently, this technique is particularly suited to study
the role of contact-guidance based endothelial migration and spreading. In studies of
tumor angiogenesis, where surrounding ECs exploit the biophysical matrix cues to
preferentially grow and migrate towards the central tumor mass, electrospun
scaffolds of varying fiber thickness, spacing, stiffness and alignment can help
elucidate the mechanisms of such contact guidance-based migration. Overall,
electrospinning is one of the key techniques that can exploit the cell-matrix biophys-
ical engagement and thereby enable studies of vascular migration and broader tissue
vascularization.

8.5.4 Micromolding

Traditional soft lithography approaches including micromolding have been used
extensively as a facile technique for making large- to small-scale vascular channels
within large biomaterial scaffolds. The most common material used for this purpose
is poly(dimethyl siloxane) (PDMS) which can be poured and molded into a wide
variety of shapes and sizes on negative masters and thermally cured to obtain
positive molds. These PDMS molds can then be used as templates by encapsulating
them within biomaterial/hydrogel scaffold of choice and physical removal of the
mold to obtain vessel-like structures of the desired template (Jiménez-Torres et al.
2016). PDMS is widely preferred due to its moldability, flexibility, facile handling
and low cytotoxicity post removal from the hydrogel scaffold. However, other
materials, including metal wires, viscoelastic fluids, ice, and others, can also be
used as templating agents to obtain vascular networks of choice (Chrobak et al.
2006; de Graaf et al. 2019; Wang et al. 2019). This technique is limited by some
inherent challenges like resolution (inability to obtain micron-scale small features),
large number of handling steps involved, and inability to obtain hierarchically
complex structures, although some advances have been made in these respects for
obtaining vascularized constructs. However, once the workflow has been optimized
based on process parameters, this technique can be scaled up easily and enable
highly reproducible scaffolds with in-laden vascular channels. Hence, it is also a
popular choice for making organ-on-chip or microfluidics-based devices which are
used extensively for a wide range of in vitro vascular studies.
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8.5.5 Photolithography and Laser-Based Techniques

Photolithography-based techniques depend on the manipulation of light as it is
projected on a 3D volume of biomaterial/hydrogel precursor to obtain desired
features in the final fabricated scaffold. Photolithography enables fabrication of
highly complex patterns with high resolutions and relatively high speeds by
controlling the light path as it traverses the polymer mixture to photocrosslink into
solid scaffolds. Depending on the mode of operation, it can be classified into mask-
based photolithography, stereolithography, and laser-based lithography. Mask-based
photolithography involves placing photomasks of defined features in the light path
and selectively allowing light to expose certain areas/volumes of the polymer
precursor to crosslink it (Aubin et al. 2010; Kazemzadeh-Narbat et al. 2017).
Although facile, it is limited in terms of resolution and complexity of the vascular
patterns achievable at increasing depths as the projected light gets diffused while
traversing through the 3D volume. The use of photoabsorbers in the polymer
precursor can mitigate the optical dispersal to a certain extent. Inversely, using an
optical diffuser helps achieve feature height gradation that improves the resolution of
the complex vascular patterns.

Stereolithography, also called maskless photolithography, involves manipulation
of projected light using an array of mirrors (digital mirror device, DMD) that can be
guided and controlled through a computer-aided design (CAD) software. This
approach allows digital light projection in a dynamic fashion in a layer-by-layer
fashion where each thin section of the polymer precursor volume is crosslinked by
bringing it into focus with the projected light. Once crosslinking is complete, the
next layer is brought into focus with an altered projected light path and the process
continues until the entire scaffold is fabricated to its last layer. This approach
provides the advantages of building higher resolution features one layer at a time
to create intricate, complex, and tortuous vascular patterns with a high degree of
spatiotemporal control. By optimizing the type and chemistry of the
photocrosslinkers used, relatively high speeds can be achieved to obtain
centimeter-scale vascularized constructs (Zhang and Larsen 2017; Zhu et al. 2017;
Grigoryan et al. 2019).

Laser-based photolithography depends on the ability of coherent light beam of
specific wavelength and power to penetrate a given 3D volume of a polymer
precursor and initiate photocrosslinking to form fabricated scaffolds with highly
defined and localized patterns (Aizawa et al. 2010). The spatial coherence of the
laser beam, obtained through nano- to femto-scale pulses, combined with a
two-photon (2P) microscopy platform enables delivery of light energy to specific
points in a 3D volume with high degree of lateral and axial resolution and this
enables creation of image-guided patterned hydrogels for highly specific and repeat-
able applications. The polymer precursor chosen for the application can be made to
be responsive at specific wavelengths either through chemical modification of the
backbone or via appropriate photocrosslinkers. Vascular patterns obtained from
2D/3D scans of in vivo/patient samples can be digitally processed and recreated to
obtain in vitro laser-guided patterns in 3D hydrogel volumes with high fidelity
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(Culver et al. 2012). Although highly precise structures can be achieved through the
technique, it is limited in terms of speed and throughput owing to the 3D scanning
rates of the laser and microscopy system. Hence, scale-up of this technique to large
areas/volumes is currently limited and the fabricated scaffolds are primarily used for
mechanistic studies of vasculogenesis and tumor angiogenesis.

Alternate to additive methods, laser-based techniques can be used for subtractive
fabrication of hydrogels scaffolds as well. A large-volume, prefabricated hydrogel
scaffold can be degraded in a user-defined, image-guided manner to form
interconnected and highly precise vascular network with high degree of fidelity to
the original vascular pattern. This can be achieved by optimizing the fluence, power,
and pulse duration of the laser source combined with 2P-microscopy to generate
microchannels through laser-induced photocavitation of water molecules present
within the polymer scaffold (Brandenberg and Lutolf 2016; Heintz et al. 2016).
Another approach is to use polymers with encoded photocleavable moieties that can
undergo chemical scission under exposure to lasers of specific wavelength (Arakawa
et al. 2017). This approach vastly improves the speed of the fabrication process as
the scission and photocavitation occur at much faster rates compared to the scanning
speed of the laser and microscopy stage itself. Thermally crosslinked hydrogels can
also be laser-degraded by incorporation of heat-absorbing gold nanorods/
nanoparticles which can locally melt the polymer macromolecules upon laser exci-
tation and heating (Hribar et al. 2015).

Overall, several novel biofabrication technologies, coupled with biochemical and
biophysical modifications of biomaterials/hydrogels, have been developed to con-
struct vascularized scaffolds for a wide range of applications. Based on the end need,
various operational parameters including speed, resolution, scalability of the fabri-
cation processes need to be optimized. Although some techniques like self-assembly
and 3D bioprinting produce scaffolds with high degree of scalability and throughput
which may be suitable for in vivo implantation, the process is stochastic and may
vary between different materials and different cell types. On the other hand, laser-
based techniques produce highly precise vascularized scaffolds that may not be
scalable but can be used for mechanistic investigation of disease progression,
including mechanisms of tumor angiogenesis.

8.6 Conclusions

Hydrogels, owing to their versatility, moldability, ease of handling and processing,
and relatively low cost, have become a popular choice of biomaterial for a wide
range of vascular tissue engineering applications. Their biocompatibility with multi-
ple vascular cell types and hemocompatibility with existing vasculature enables their
translation towards regenerative medicine. In recent times, there has been an
increasing need to create vascularized thick tissues with high degree of patency,
structural and functional stability as well as architectural complexity. Although
various biofabrication techniques have been developed to address this need, further
improvements are necessary to match the required resolution while maintaining
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efficient fabrication speed at scale. In addition to cardiovascular system, the syn-
thetic generation and modeling of the lymphatic system has gained attention due to
critical role of lymphatics in interstitial fluid clearance and dynamic transport. It is
hoped that with the continued discovery of new biomaterials, as well as novel
advances in biophysical and biochemical modifications to existing ones, a wider
repertoire of biomaterials will be available for individualized and specific
applications.

The domain of tumor angiogenesis has also received impetus with the implemen-
tation of hydrogel-based vascularized scaffolds. Particularly, with the development
of lab-on-a-chip/organ-on-a-chip devices, it has become possible to integrate
hydrogel-based scaffolds with microfluidic systems to study mechanisms of cancer
cell-endothelial cell crosstalk and investigate angiogenic growth of tumors. By
tuning hydrogel properties, the cellular functional and morphological responses
that mediate tumor angiogenesis can be studied, and the results gained thereof can
be even extended towards other angiogenic processes in the body. These integrated
systems can pave the way for testing pre-clinical efficiency of candidate anti-
angiogenic drugs and provide valuable data that would be too expensive to obtain
from animal models. In the future, these hydrogel-based tissue mimics are expected
to be widely implemented for various biomedical applications.
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