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Abstract: Biomaterials are pivotal in supporting and guiding vascularization for therapeutic applica-
tions. To design effective, bioactive biomaterials, understanding the cellular and molecular processes
involved in angiogenesis and vasculogenesis is crucial. Biomaterial platforms can replicate the
interactions between cells, the ECM, and the signaling molecules that trigger blood vessel formation.
Hydrogels, with their soft and hydrated properties resembling natural tissues, are widely utilized;
particularly synthetic hydrogels, known for their bio-inertness and precise control over cell–material
interactions, are utilized. Naturally derived and synthetic hydrogel bases are tailored with specific
mechanical properties, controlled for biodegradation, and enhanced for cell adhesion, appropriate
biochemical signaling, and architectural features that facilitate the assembly and tubulogenesis of
vascular cells. This comprehensive review showcases the latest advancements in hydrogel materials
and innovative design modifications aimed at effectively guiding and supporting vascularization
processes. Furthermore, by leveraging this knowledge, researchers can advance biomaterial design,
which will enable precise support and guidance of vascularization processes and ultimately enhance
tissue functionality and therapeutic outcomes.

Keywords: angiogenesis; biomaterials; hydrogel; molecular signaling; regenerative medicine;
gene signature

1. Introduction

Regeneration of tissues after injury states as well as after transplantations and im-
planting mainly relies on rapid vascularization, which ensures proper oxygen and nutrient
transport to cells. To obtain such a result, the implementation of vascularization units in
tissue engineering approaches for regenerative medicine represents an interesting option.
In addition to therapeutic implantation, various fundamental and applied investigations
demonstrate the application of artificially created tissues to develop pharmacological tests
in a laboratory setting before their clinical implementation. This approach is particularly
relevant in the context of personalized therapies, as well as in the utilization of model
tissues, such as organs on a chip [1]. These engineered tissues serve as valuable tools for
examining alternative regeneration techniques and exploring the interplay between various
cell types [2].

In addition, several studies addressed the possibility to repair tissue defects and
injuries via tissue engineering applications [3–6]. For engineered tissue systems that exceed
the limit of diffusion (~200 µm [7,8]), the implementation of a functional network of blood
vessels represents a required step since it is mandatory that some vascularization strategies
need to be used to ensure oxygen and nutrient supplies to all the cells of the system.

Because natural or synthetic hydrogels possess mechanical features resembling soft
tissues, they are usually exploited as supporting scaffolds for tissue engineering applica-
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tions; they also provide modifications intended for promoting the formation of stable and
permeable vascular networks throughout the engineered tissues [9,10].

It is generally known that two distinct processes, namely vasculogenesis and angio-
genesis, are responsible for the generation of blood vessels. A finely regulated sequence
of stimuli (including diffusible molecules, cell–cell contacts, and interactions) is required
to achieve the formation of a permeable network. While the creation of an initial vascular
locus starting from recruited cells during embryogenesis is known as vasculogenesis, the
sprouting of new vessels from pre-existing blood vessels is defined as angiogenesis [11,12].
Vascularization of tissue may also be achieved via other mechanisms including intus-
susception and vessel co-option, which give rise to daughter vessels from pre-existing
vessels; however, these mechanisms are far from being well-defined, even though they are
commonly used to vascularize tumor tissues [13].

Topic cues in the application of regenerative strategies come from the vascular niche
surrounding the blood vessels which include the composition of the ECM and the interplay
among vascular and non-vascular cells, as well the contribution from stem and mesenchymal
cells [14]. Thus, efforts were made to integrate cues coming from niche components within
biomaterial platforms to promote strategies of therapeutic vascularization in regenerative
medicine protocol such as islet transplantation [15–17], neuronal [18], and musculoskeletal
regeneration [19,20]. Interestingly, engineered vascularizing biomaterials have also been
used for the development of perfused angiogenic models for the study of cancer progression
and treatments [21–23].

In order to recapitulate the angiogenesis in vitro, the used scaffold needs to encompass
the main physiological aspects because all the involved cells, including smooth muscle
cells’ pericytes and endothelial cells, have to interact with the perivascular synthetic niche
and degrade it in a time-dependent manner; the degradation must occur according to the
finely regulated expression of metalloproteases (MMPs) required for the initial degradation
of the basal lamina and for the remodeling of the extracellular matrix (ECM) [24–27].

Hence, the selected biomaterials should be designed taking into account cell adhesion,
migration, and biodegradation properties of the scaffold, thus tuning cell adhesiveness,
mechanical properties, and stability of the used platforms. Moreover, it is recognized
that the “switch on” towards an angiogenic fate primarily relies on the overexpression of
pro-angiogenic factors and/or downregulation of angiogenic inhibitors. Indeed, several
growth factors (GFs) including VEGFs, FGF, and PDGF activate diverse signaling pathways
that, in a scheduled manner, regulate several aspects of angiogenesis [28,29]. Thus, it is not
unexpected that vascularization for tissue-engineered applications is also achieved using
smart biomaterials; these materials present angiogenic factors incorporated into scaffolds
or ensure the sequential/simultaneous delivery of different GFs [30–32]; in turn, this may
serve to model the vessel architecture in the engineered constructs.

In this review, we recapitulate the main process regulating angiogenesis, while consid-
ering the GFs, ECM, and signaling pathways in the perivascular niche that are eligible to be
integrated into biomaterials to properly support vascularization. Moreover, we delineate
the general strategies for the development of vascularized engineered tissues either using
naturally derived biomaterials such as collagen, gelatin, hyaluronic acid (HA) fibrin, and
decellularized ECM for a top-down approach; and synthetic materials such as poly(vinyl
alcohol) (PVA) and poly(ethylene glycol) (PEG), which are usually applied in bottom-up
strategies following functionalization. Finally, we discuss the need for combining molec-
ular biology, biochemistry, cell biology, and microfluidic expertise in the integration of
angiogenic niche physiology within smart hydrogels.

2. Molecular Signaling Pathways Involved in the Angiogenic Process

As written above, two main processes account for the vascularization of tissues:
vasculogenesis, mainly occurring during embryonic development, and angiogenesis, which
relies on the remodeling of vasculature via the sprouting of new vessels from pre-existing
vessels [11,13,29]. Although these processes also show overlapping mechanisms, because



Int. J. Mol. Sci. 2023, 24, 12314 3 of 25

vasculogenesis is usually uncommon in adult tissues, we herein limit the discussion of
angiogenesis. During the angiogenic process, schematically reported in Figure 1, the
remodeling of existing vasculature occurs in several steps: breakdown of the vessel wall and
remodeling of the surrounding ECM; recruitment of activated endothelial cells (ECs), which
proliferate and invade the surrounding tissue; recruitment of pericytes and mesenchymal
stem cells, stopping the ECs’ proliferation and organizing the vessel; deposition of the
basement membrane; and finally, formation of a new perfusable vessel [33–38].

Figure 1. Angiogenesis occurs in response to different conditions such as lowering the O2, which
induces VEGF increase in tissues. VEGFs bind and promote tip cell differentiation, loosening cell
contacts and increasing the expression of MMPs, while simultaneously inhibiting tip cell formation
in adjacent cells via notch signaling. Remodeling of the ECM mediated by MMPs and recruitment of
ECs are fundamental for proper sprouting.

In healthy adult vessels, quiescent ECs form a monolayer of cells known as phalanx
cells that are surrounded by pericytes; these cells suppress EC activation/proliferation and
stabilize the vessel. Angiogenesis is established in response to VEGF-Cs, ANG-2s, and
FGFs released after injury, inflammation, or hypoxic signals [39–45]. A downregulation
of vascular cell adhesion protein (VCAM-1) caused by a VEGF leads to the loosening of
vessel cell junction, while pericytes, in response to ANG-2, induce the proteolytic ECM
degradation of the basement and are mediated by MMPs [28,46]. It is interesting to note
that VEGFs also act to induce changes in the permeability of the vessel, allowing plasma
proteins to extravasate and depose a temporary provisional extracellular matrix (ECM)
scaffold. Due to the interaction of integrins and the ECM, recruited ECs migrate onto this
ECM surface.

Protease activity leads to the release of angiogenic molecules like VEGFs and FGFs
from the extracellular matrix (ECM) and reshapes the ECM to create a conducive environ-
ment for angiogenesis. During angiogenesis, a single endothelial cell, known as the tip cell,
is selected to lead the formation of a perfused tube, while other neighboring endothelial
cells assume subsidiary roles as stalk cells [13]. The tip cell is guided by factors such as
VEGF receptors, neuropilins (NRPs), and NOTCH ligands (DLL4 and JAGGED1) [28,47],
while the stalk cells elongate the stalk, establish the lumen, and convey positional informa-
tion through various signaling mechanisms (including NOTCH, NRARP, WNTs, PDGF,
FGFs, VE-cadherin, CD34, sialomucins, VEGF, and hedgehog) [48]. Tip cells possess filopo-
dia to sense guidance cues from the environment, while stalk cells release molecules like
EGFL7 into the ECM to support stalk elongation [49]. Hypoxia-inducible programming,
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regulated by HIF-1α, enables endothelial cells to respond to angiogenic signals. Myeloid
bridge cells aid in vessel fusion, facilitating blood flow initiation.

To achieve functionality, vessels must mature and stabilize. Endothelial cells transition
to a quiescent state, aided by signals such as platelet-derived growth factor B (PDGF-B), ANG-
1, TGF-β, ephrin-B2, and NOTCH, resulting in pericyte coverage [8,13]. Protease inhibitors,
such as tissue inhibitors of metalloproteinases (TIMPs) [25,27] and plasminogen activator
inhibitor-1 (PAI-1), promote the deposition of a basement membrane, while junctions are
reestablished to ensure optimal blood flow distribution [50–52]. Vessels undergo regression
if they fail to become perfused.

Throughout the angiogenesis process, nearby and enlisted endothelial cells create
fresh tissue barriers, leading to vessel splitting or the arrangement of specific cell types
known as stalk and tip cells that are responsible for the sprouting. Growing vessels stretch
their edges towards VEGF gradients. Nonetheless, to hinder unregulated angiogenesis,
endothelial cells themselves instigate the subsequent phase by discharging platelet-derived
growth factor (PDGF) [11,41,53]. Mural cells are recruited by PDGF, which induces their
differentiation into pericytes and smooth muscle cells. They will surround the endothelial
tubules, leading to the formation of mature vessels [36,39]. Through endothelial cell–mural
cell contact, the vascular networks activate transforming growth factor-β (TGF-β), which
facilitates ECM reestablishment, growth arrest, and terminal differentiation of vascular cells.
This regulatory mechanism controls the extent of vascularization and prevents excessive
and uncontrolled angiogenesis.

The complex process of vascularization involves the regulation of various signaling
factors, including Angiopoietin-1 and -2 (Ang-1 and Ang-2) and endoglin. The molecu-
lar signaling pathways commonly involved in vascular development are summarized in
Table 1. Ang-1 is primarily associated with vessel maturation, while Ang-2 acts as a vessel
remodeler by promoting the detachment and loosening of vascular cells during angiogene-
sis initiation [34,35,45,46]. TGF-β, known for its involvement in vessel maturation, exhibits
diverse effects on vascular cell behavior depending on the context, necessitating careful
control of its presentation. Endoglin, a coreceptor, is expressed by ECs; endoglins regulate
the activity of TGF-β [54] by influencing its binding to ALK-1 and ALK-5 [36,55].

Environmental cues play a significant role in influencing the expression, stability,
and activity of vascular growth factors. In tissues experiencing hypoxia, where there is
insufficient oxygen, the release and stimulation of pro-angiogenic factors are triggered [35].
Hypoxia-inducible factor-1 acts as a specific pivot, either in the upregulation or in the
stabilization of VEGF mRNA [29,39,41]. Conversely, hyperoxia inhibits the expression
of VEGFs, leading to the regression and demise of blood vessels [29]. As endothelial
tubules mature, blood perfusion prompts endothelial cells to release PDGFs. This, in turn,
targets mural cells expressing the PDGF receptor, facilitating adhesion to the endothelial
tubes [29,56–58]. Vascularization is a dynamic and complex process involving multiple
components. A comprehensive understanding of the biological mechanisms governing
vessel formation is crucial for incorporating relevant cues into biomaterial systems. This
understanding enables the optimization of vascularization outcomes in such systems.

Table 1. Molecular signaling pathways commonly involved in vascular development.

Pathway Activity References

VEGFs Regulation on endothelium proliferation, mural permeability, crosstalk, EC recruitment. [41–43]

ANG1/2/4 Regulation of endothelium permeability and sprouting regulation. [44,45]

NOTCH1/4 Sprouting regulation [28,47]

VCAM Regulation of endothelium adhesion and downregulation induced by VEGFs causes
vascular permeabilization [59,60]

WNT Regulation of NOTCH signaling pathway. [61]

PDGF Recruitment of mural cells and promotes their differentiation into pericytes. [53]
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3. Integrating Signaling Pathways in the Design of Smart Hydrogels

Hydrogel biomaterials have been employed to facilitate the process of vascularization.
These materials are designed to provide a supportive environment for the growth and
development of blood vessels. By incorporating specific cues and factors, hydrogel bio-
materials can effectively promote angiogenesis, allowing for the formation of a functional
vascular network. The properties of hydrogels, such as their biocompatibility and tunable
physical characteristics, make them suitable for creating a conducive microenvironment
that supports vascular cell proliferation, migration, and organization. Through careful
design and optimization, hydrogel biomaterials hold promise in advancing strategies for
successful vascularization in various biomedical applications. Numerous hydrogel culture
platforms are available, offering a variety of options for tissue growth. These platforms can
be fabricated using natural or synthetic polymers, or a combination of both (Figure 2). In ad-
dition, for injectable hydrogel, it is also possible to achieve gelation in a stimuli-responsive
fashion which is thought to be related to the surrounding environment [62].

Figure 2. The hydrogel composition plays a pivotal role in angiogenic development and in the ability
to remodel a vasculature network. Both naturally derived and synthetic polymers are commonly used
to support in vitro and in vivo angiogenesis. Presentation of angiogenic factors is usually achieved
via soluble supplementation, transient sequestration, and covalent binding to hydrogel components.
More details are reported in the text.

3.1. Naturally Derived Hydrogels

Hydrogels made from natural polymers, such as collagen, gelatin, fibrin, and hyaluronic
acid (HA), are commonly used in this context [1,63–67]. Natural polymer hydrogels possess
innate and proper cell interaction activities achieved through receptor–ligand binding
and can be biodegraded enzymatically, making them advantageous for supporting vas-
cularization [63,65]. Consequently, they have been extensively employed in studying
vascularization processes and facilitating the growth of blood vessels. Naturally derived
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hydrogels form through self-assembly physical crosslinking, a process which involves
changes in intermolecular interactions. Gelation is achieved by modifying the temperature
(increasing to 37 ◦C or decreasing to −20/−80 ◦C). Several parameters, including tempera-
ture, pH, and ionic strength, can be controlled to achieve the desired hydrogel structure,
while chemical and physical crosslinking combinations are often applied. Table 2 reports
principal gelation methods that are usually used.

Among natural polymers, hyaluronic acid (HA) is a versatile biomaterial widely used
in tissue engineering and regenerative medicine. With its biocompatibility and ability to
retain water, it forms a three-dimensional scaffold that mimics the native extracellular
matrix [65]. Hyaluronic acid hydrogels promote cell adhesion, migration, and prolifera-
tion, making it suitable for applications in wound healing, drug delivery, and cartilage
regeneration. Its tunable properties and bioactive modifications contribute to its thera-
peutic potential. HA is a prominent component of the natural ECM. It possesses high
hydrophilicity and biodegradability [68–72]. The biological exploitation of HA mainly
relies on the molecular weight: HA with a high molecular weight (approximately 106 Da) is
nonimmunogenic and exhibits antiangiogenic properties, while low molecular weight HA
(less than 3.5 × 104 Da) exerts pro-angiogenic activity but can also induce inflammation
by activating APC also via chemokines [73,74]. Consequently, HA hydrogels designed to
facilitate controlled vascularization are typically composed of high molecular weight HA
and modified to enhance angiogenesis.

Collagen, which is the most abundant protein found in the ECM [75], is widely utilized
as a natural polymer in biomaterials. Collagen gels offer cell adhesion, cell spreading,
and enzymatic degradation properties, thus meeting the fundamental requirements for
vascularization support, other than the necessary control of stiffness [76–79,79–81]. A
hydrogel known as HA-KLT was developed by modifying hyaluronic acid (HA) with
a VEGF mimetic peptide called KLT (KLTWQELYQLKYKGI). Characterization of the
hydrogel revealed a porous, three-dimensional scaffold structure that offered a large specific
surface area for cell adhesion and interaction. In comparison to the unmodified HA
hydrogel, the HA-KLT hydrogel demonstrated enhanced capability in promoting the
attachment, spreading, and proliferation of endothelial cells in vitro. Additionally, the
pro-angiogenic potential of the hydrogels was assessed by implanting them into lesion
cavities in injured rat brains. Results showed that the hydrogels were able to establish a
permissive interface with the host tissues after four weeks of implantation [82].

Gelatin, derived from collagen through acid or base treatment, is another commonly
used natural polymer in biomaterials due to its affordability, degradability by cell-secreted
proteases, and stability under various conditions [65,83–85]. In addition, the physical and
mechanical properties of gelatin hydrogels can be finely tuned via the crosslinking of type-
A and type-B gelatin catalyzed by microbial transglutaminase via reactive methacryloyl
groups; thus, gelatin can be transformed into gelatin methacrylate (GelMA) and subse-
quently crosslinked to form hydrogels that promote vascularization [86–91]. In addition,
GelMA mechanical properties may be tuned by varying the degree of methacrylamide
groups [92,93].

Fibrin, a protein formed from the breakdown of fibrinogen by thrombin during coagula-
tion, serves not only as a hemostatic agent but also as a temporary matrix during the initial
stages of wound healing [94–96]. It supports the invasion and adhesion of endothelial cells, fa-
cilitates the vascularization of wound sites, and acts as a reservoir for pro-angiogenic growth
factors [97]. It was successfully used to promote anastomosis in vitro by the coculturing of
endothelial cells (ECs) and fibroblasts in a fibrin 3D gel [98]. In vitro, a hydrogel material
can be created by mixing fibrinogen with thrombin and calcium ions [99–101]. Fibrin-based
hydrogels, renowned for their ability to promote vasculogenesis, are commonly employed
in various models of vascularization due to their ease of fabrication [99,100,102–105]. Fur-
thermore, fibrin can be recovered from blood for the creation of autologous hydrogel, which
ensures that viable implants can be used therapeutic applications [106].
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When aiming to create ECM-protein-based matrices for vascular tissue generation, it
is beneficial to mimic the basement membrane of the native vascular environment. The
basement membrane consists mainly of laminin, collagen, perlecan, nidogen, and smaller
amounts of fibronectin [107–109]. Therefore, when designing pro-vasculogenic matrices, it
is common to incorporate laminin along with other natural polymers, leading to improved
angiogenic properties [110,111]. For instance, it has been shown that the incorporation
of laminin within a collagen hydrogel enhances vessel formation when cells may make
contact with it. This combination promotes cell adhesion, increases VEGFR expression,
and facilitates the formation of endothelial networks [112]. Therefore, as a general rule,
the combination of different natural polymers will provide a variety of signals which
enhance vascularization [112–117]. Blending different natural polymers allows for optimal
combinations of their advantageous properties (Figure 2). For example, combining collagen
I with GelMA improves not only the mechanical properties of the hydrogel but also
ensures improved vascularization due to the activation of additional molecular signaling
pathways [114,115]. Other used combinations showed that the inclusion of fibrin, which
contributes angiogenic signaling, within HA hydrogels improves scaffold longevity and
supports vessel formation; mixing with chitosan also provides the same effects [118–120].
This has been reported to induce biodegradability, provide easy modification procedures,
improve mechanical properties, and, in combination with gelatin, enhance ECM-related
signaling [121,122].

The most accurate representation of the natural cellular environment is achieved
with decellularized ECMs, a natural hydrogel material [123]. After decellularization,
proteins and polysaccharides of the ECM still remain, offering a tissue-mimetic architecture
experienced in vivo to the englobed cells [108]. Decellularized ECMs have been found to
promote greater angiogenesis compared to collagen alone, as it also provides other ECM-
related signaling [124,125]. It has been shown that the use of decellularized scaffolds mainly
consisting of collagen and elastin, when seeded with ECs, are able support angiogenesis
both in vitro and in vivo [125,126]. Similarly, retaining collagen and laminin in ECM-based
scaffolds together with adipose-derived stem cells or microvascular fragments will enhance
therapeutic approaches for the treatment of acute myocardial infarction [1,127–129].

As an advantage, this approach provides natural biocompatibility, the absence of
toxicities, and the activation of several signaling pathways. However, several problems
due to the simultaneous activation of different signals occur when aiming to study specific
cell–ECM constituent interactions. Additionally, variations in the procedure of isolation
from different provenances hinder the reproducibility because of large batch-to-batch
variability [64].

Table 2. Naturally derived hydrogel preparation.

Gelation Method Biomaterials References

Crosslinkers HA [130]

Temperature increase Collagen [131]

Crosslinkers Gelatin [132,133]

Cation adding
Fibrin [134]Temperature decrease

3.2. Synthetic Polymer Hydrogels and Modifications to Promote the Angiogenesis

While some naturally occurring polymer frameworks have shown potential in pro-
moting vascularization, they do not provide a thoroughly regulated and precisely defined
setting to investigate the impact of environmental signals on cell behavior. On the other
hand, synthetic polymer hydrogels offer a highly customizable material, and they have
been applied in different settings other than angiogenic ones [135–137]. However, they
require significant modifications to mimic the natural environment of cells and interact ef-
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fectively with them. Unlike naturally derived ones, the use of synthetic hydrogels may also
account for the resulting cytotoxicity mainly due to the procedure of gelation or crosslink-
ing. Common synthesis methods used for polymer hydrogel production are reported in
Table 3. Biocompatibility is crucial for polymer gel components and gelation processes
in tissue engineering applications. For instance, poly(acrylamide)-based gels have been
employed in the past due to their tunable mechanical stiffness of the support [138–140].
Nonetheless, their utilization is restricted to 2D cell culture due to the toxic nature of
acrylamide monomers before polymerization. Therefore, if cells are to be encapsulated in a
3D environment, biocompatible synthetic gels must be employed.

Apart from diminishing toxicity, synthetic gels should also aim to decrease inflamma-
tory responses within a living organism. This objective can be accomplished by employ-
ing a bioinert chemical composition that discourages protein adsorption, a feature com-
monly found in numerous synthetic hydrogel-forming polymers like poly(2-hydroxyethyl
methacrylate) (PHEMA) and poly(vinyl alcohol) (PVA) [63]. Among bioinert synthetic
polymers, poly(ethylene glycol) (PEG) is the most widely used polymer in tissue engi-
neering. PEG not only wards off protein adsorption due to its hydrophilicity and chain
pliability, but also lacks hydrogen-bond-donating moieties, rendering it more impervious
to protein adsorption in contrast to PHEMA and PVA [63]. While bio-inertness has been
considered to be required for preventing undesired reactions including uncontrolled cell–
protein interactions and foreign body responses, it also causes some limitations, such as
in its impacts on interactions with cells and its influence on tissue support. Therefore, a
tailored approach based on the integration of peptides and proteins is usually required to
overcome such limitations.

This allows for the development of custom networks capable of executing specific
functions like precise cell attachment, degradation rate control, and proper spatiotemporal
presentation of angiogenic factors.

Artificial hydrogels have been extensively studied and display minimal batch-to-
batch variability. They have found widespread use in promoting vascularization in both
laboratory settings (in vitro) and in living organisms (in vivo). For example, gels formed
from a blend of polymers based on polyvinyl alcohol (PVA) have been employed to
investigate promoting vascularization [141–143]. However, hydrogels based on PEG are
widely utilized and have consistently shown reliable support for vascularization when
suitably modified [144–146].

Table 3. Common crosslinking methods and synthetic hydrogels in angiogenic applications.

Synthesis Hydrogel References

Free radical polymerization via
UV-sensitive initiator PHEMA [147]

Freeze and thaw cycling PVA [148]

Free radical polymerization via
redox/thermalphotoinitiators PEG [149]

Chwalek et al. [150] developed an innovative approach to stimulate angiogenesis
by incorporating heparin into PEG hydrogels, effectively sequestering VEGF, bFGF, and
SDF1α. The inclusion of this component enables the regulated and prolonged release of
growth factors over a period, facilitating the administration of a singular dose that proves
to be effective at continuously delivering soluble growth factors throughout the culture
or regeneration duration. As stated above, the reduction of adverse cell behaviors and
inflammatory responses is usually achieved via the minimization of uncontrolled protein
adsorption to synthetic biomaterials; however, this, in turn, may hinder cell adhesion to the
hydrogel.
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To achieve controlled vascularization, it is desirable to have spatiotemporal control
over the presentation of pro-angiogenic factors, ensuring sustained local exposure. While
soluble delivery of pro-angiogenic growth factors has shown some success in driving vas-
cularization, a higher level of control can be achieved by permanently immobilizing these
factors within the hydrogel matrix [151–154]. A widely adopted technique for attaching
bioactive molecules involves covalent linking, establishing a lasting bond between the
bioactive molecule and the polymer chains in the hydrogel matrix. This approach has
been extensively utilized to modulate cell behavior, including directing cell phenotype and
promoting stem cell differentiation [153,155]. Effective strategies supporting this approach
include light-triggered, free-radical-mediated linking and click chemistry reactions (Table 4).
Free-radical-mediated tethering encompasses joining biomolecules to a vinyl-modified
polymer which creates crosslinks with the main polymer during network formation. In
click reactions, the biomolecule is attached to a functional group that binds independently
to the crosslinking pattern. The covalent attachment of angiogenic factors to hydrogels has
demonstrated the activation of pro-angiogenic differentiation, both in laboratory settings
and in living organisms [156–158].

For instance, upon covalent linking of VEGFs to a PEG gel through free radical
crosslinking, notable enhancements in endothelial tubule formation in 2D culture and
augmented migration of endothelial cells and cell–cell connections in 3D encapsulation are
exhibited [153].

Similarly, PDGF-BB, responsible for vessel maturation, was tethered within PEG
hydrogels, providing evidence for increased mature vessels either in 2D or 3D systems. The
addition of covalently tethered bFGFs further increased endothelial cell migration [159].
In addition, it has been shown that gels containing both soluble and tethered PDGF-BB
exhibited a significant increase in endogenous vessel ingrowth when compared to gels with
only soluble PDGF-BB.

Click-chemistry-based tethering of VEGFs has also shown angiogenic behavior, with
VEGFs immobilized in agarose and PEG gels leading to endothelial tubule formation in
either in vitro or in vivo settings [150,160].

Although proteins like VEGF, bFGF, and PDGF have shown efficacy in enhancing vas-
cularization, peptides present unique benefits, including their compact size, stability, and
customizable manufacturing process. Peptides can be tailored to present essential regions
of the protein to elicit desired cell responses while minimizing immunogenic reactions and
preserving bioactivity when bound to hydrogels [161]. For example, the VEGF-mimetic
peptide Qk, which consists of the 17–25 helix region of the VEGF protein, can bind the
corresponding receptors on vascular ECs, stimulating their proliferation and angiogene-
sis [151]. Covalently linking Qk to various polymer hydrogels causes proliferation and
outgrowth of ECs from spheroids, increased expression of phosphorylated VEGFR2, and
enhanced vessel formation [162,163]. Immobilized Qk in combination with soluble VEGF
has demonstrated the most robust angiogenic response, surpassing the performance of teth-
ered VEGF alone [153]. This combination approach mimics the natural tissue environment
and promotes the greatest vessel density and branching.

Table 4. Common methods for covalently tethering growth factors hydrogels.

Hydrogel Type/Tethering Angiogenic Factors References

PEG/free radical and click chemistry mediated VEGF [153]
PEG/free radical mediated PDGF [159]
PEG/free radical mediated PDGF + bFGF [159]
PEG-gelatin/click chemistry mediated Qk [163,164]
GelMA-nanoliposomes/encapsulation Qk [163,164]
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3.2.1. Exploiting Cell Adhesion

Adhesion of vascular cells to their substrate is crucial for their survival, as well as
for spreading, migration, and cell–cell contacts. Within their native tissue environments,
vascular cells directly attach to ECM proteins via integrin receptors. This attachment not only
impacts their spreading and migration but also provides the sequestration of angiogenic
factors and enhancement of protease expression, which, in turn, remodels the ECM. As a
result, the interaction between cells and the surrounding matrix holds great significance
in influencing cell behavior, including proliferation, differentiation, and the formation of
blood vessels. Naturally derived hydrogels, like those composed of gelatin, collagen, fibrin,
GelMA–collagen mixes, and collagen–laminin mixes, possess inherent cell-adhesive ligands
that interact with receptors on endothelial and mural cells. These hydrogels promote cell
adhesion, spreading, and even support the development of tubular structures when in
contact with vascular cells.

Incorporating ECM constituents into synthetic hydrogels is usually associated to
improved cell adhesion; however, the use of full length proteins may result in an undefined
presentation of adhesive domains. To address this, a strategy is represented by the use
of short peptides that can be bound to the matrix. These are designed to solely possess
specific binding domains, offering greater control and stability across a broader range of
conditions. These cell-adhesive peptides provide precise control over the presentation and
density of adhesive sequences without introducing additional signals to the gel matrix.

Commonly used adhesive peptides, reported in Table 5, include fibronectin-derived
RGD, which binds to integrins such as α5β3 and α5β1 found in various cell types including
vascular cells [165,166]. Other peptides like REDV and KQAGDV, derived from fibronectin,
facilitate the adhesion of vascular endothelial cells and vascular smooth muscle cells,
respectively [167]. Laminin-derived peptides such as IKVAV and YIGSR bind to specific
laminin receptors [168,169]. RGD, in particular, is widely utilized in hydrogel design for
tissue engineering due to its presence in multiple ECM proteins and its ability to bind to
integrin receptors expressed by various cell types, including fibroblasts, neural cells, and
vascular cells [170,171]. Studies have shown that RGD-mediated vascular cell spreading
promotes endothelialization, tubulogenesis, and vascular sprouting [172–174]. Similarly,
IKVAV has demonstrated its supportive role in angiogenesis and wound healing [175].

Table 5. Common methods for improving cell adhesion.

Adhesive Peptides Hydrogel References

RGD PEG [172–174]
IKVAV PEG [175]
PEG-IKVAV PEG [175]
PEG-YIGSR PEG [175]
PEG-RGD PEG [175]
PEG-RGD + YIGSR + IKVAV PEG [169]

The synergy between the hydrogel, proper cell adhesiveness peptides, the degradation
sequences, and the presentation of angiogenic signals is instrumental in promoting vascular
morphogenesis in both controlled laboratory settings and living organisms. Cell–matrix
interactions in vivo involve encountering different extracellular matrix proteins and their
specific domains simultaneously. Studies have investigated the effects of combining mul-
tiple peptides on vascularization. For instance, in peptide-functionalized, degradable,
PEG-based hydrogels, incorporating both YIGSR and RGDS results in the highest tubu-
logenesis and ECM protein production by encapsulated cells, which are hallmarks for
proper angiogenesis. In an in vivo corneal experiment, the combination of RGDS, IKVAV,
and YIGSR in a PEG hydrogel resulted in increased vessel density, branching, and other
tubulogenic measures compared to using the peptides alone. These provide evidence for
synergetic use of various cell–protein domain adhesion [169].
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In contrast to earlier approaches that necessitated surgical implantation, a novel
technique utilizes microgels created from PEG engineered to present RGD and VEGF. An
MMP-degradable protein sequence was used to crosslink them. This innovation allows
for the direct injection of microgels into mice, effectively triggering vascularization and
facilitating tissue regeneration as the material gradually degrades over time [176].

In summary, attaching short peptides to hydrogel matrices provides better control
over cell adhesion, allowing precise modulation of adhesive sequence presentation and
density. Peptides such as RGD, IKVAV, and YIGSR have demonstrated their effectiveness
in promoting cell adhesion, tubulogenesis, and vascularization, both in vitro and in vivo,
offering promising opportunities for tissue engineering applications.

3.2.2. Exploiting Hydrogel-Controlled Breakdown and Cell Migration for
Improved Vascularization

Cell migration and the formation of new vascular networks are essential processes
in tissue engineering. Macroporous hydrogels, such as cryogels, have been employed to
support vascularization by providing large pores that allow cell spreading and migration,
enabling vessel ingrowth [177–180]. However, in nanoporous hydrogels, cell migration
through the gel network requires the degradation of the hydrogel material. Degradation
allows cells to remodel their hydrogel environment and change the original materials with
the ECM [181,182].

Efforts were made in the design of synthetic hydrogels, which can be remodeled
as cells differentiate. Generally, synthetic gel biodegradation is obtained via hydrolysis
and incorporation of proteolytic peptide sequences derived from ECM proteins [181,183].
Hydrolysis occurs when polymers linked by certain chemical groups undergo cleavage in
aqueous environments. This process can be controlled by environmental factors and the
hydrophilicity and permeability of the gel. Polymers prone to hydrolysis, like poly(lactic
acid) and poly(glycolic acid), can be mixed with non-degradable polymers such as PEG to
impart hydrolytic degradation to hydrogels [184,185]. However, hydrolysis is not directly
responsive to cell behavior, limiting its control over tissue development.

To achieve cell-mediated and spatially controlled gel degradation, enzyme-degradable
peptides derived from ECM proteins are often conjugated with synthetic polymers. Matrix
metalloproteinases (MMPs) released by local cells during ECM remodeling are known to
cleave in these sequences [186,187]. MMPs play a crucial role in tissue vascularization and
are upregulated in various diseases. Different peptides have different susceptibilities to
MMPs, and their inclusion in hydrogel designs allows for degradation rates controlled
by cell behavior. Changing the number and sequence type also affects the degradation
profile [181,188]. MMP-sensitive, collagen-derived peptide sequences were initially used
for enzymatically degradable hydrogels, but modified versions have been developed to
enhance degradation rates. Peptides can vary in their degradation rates and sensitivities
to different MMPs, offering design flexibility for gels supporting vascularization. MMP-
degradable peptide sequences, particularly those sensitive to MMP2 and MMP9 secreted
by vascular cells, are commonly employed in vascularization support [189,190]. Studies
have shown that optimizing the degradation rate of hydrogels influences vascular sprout
formation and architecture. An intermediate degradation rate promotes multicellular
migration, resulting in more complete sprout formation, while very fast or slow degradation
rates hinder sprout connectivity and cell invasion [174,191].

In summary, the incorporation of degradable peptides into synthetic hydrogel matrices
allows for cell-mediated gel degradation and controlled tissue remodeling. By respond-
ing to cell behavior and MMP activity, these hydrogels facilitate cell migration, ECM
remodeling, and the formation of functional vascular networks.

3.2.3. Exploiting the Angiogenic Factors-Controlled Release for Improved Vascularization

Angiogenesis is a tightly regulated and time-sensitive process that requires prolonged
exposure to factors. While the soluble release of pro-angiogenic factors is important for
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recruiting vascular cells, delivering them in a single bolus is insufficient to sustain all the
process due to rapid clearance and unintended side effects. Therefore, several strategies
are used to allow either the retention or the controlled release of angiogenic growth factors.
They include: the integration of protease degradable linkers, the heparin and aptamer
binding to signaling molecules, and the entrapment in emulsion of angiogenic factors in
micelles (Table 6).

• The use of degradable linkers: Besides aiding in the migration of encapsulated cells
and promoting endogenous tissue growth, matrix degradation can be employed as
a mechanism to regulate the release of angiogenic growth factors into the proper
sites. [192,193]. When growth factors are released through the degradation of the
gel, they are released over an extended period, which has been shown to enhance
angiogenesis. In this scenario, studies have indicated that VEGFs were encapsulated
within RGD-functionalized PEG microgels and crosslinked using either a degradable
peptide, GCRDVPMSMRGGDRCG (VPM), that can be broken down by MMP-1 and
MMP-2 enzymes, or a non-degradable linker, DTT. The speed of gel degradation
was modified by varying the proportion between the enzymatically breakable VPM
linkers and the enzymatically unaffected DTT crosslinkers. As expected, the regulated
release of VEGFs resulted in a significantly increased number of blood vessels [176].
Using a different strategy, the angiogenic peptides SPARC113 and SPARC118 were
integrated into the gel structure, surrounded by MMP-cleavable regions. In vivo
experiments demonstrated that gel degradation and the subsequent release of these
peptides substantially boosted endogenous angiogenesis. These results suggest that
by incorporating various cleavable regions, the matrix’s degradation rate can be
controlled, allowing for the regulated release of VEGFs, which, in turn, is able to
control vessel formation [194].

• The use of heparin binding: Another method for achieving prolonged release and pre-
sentation of angiogenic factors to cells is through heparin binding, which temporarily
immobilizes biomolecules. This approach is due to the ability of heparin to bind GFs
through electrostatic interactions [195,196]. This sequestration results in improved
stability and gradual release of angiogenic factors such as VEGF and bFGF, which
maintain their functions [142,197]. Heparin binding facilitates biomolecule presenta-
tion by mixing heparin with proteins in vitro. Covalently linked heparin-biomolecule
complexes exhibit extended sustained growth factor release compared to non-covalent
bonds in the polymer matrix. Studies with heparin-containing gels show reduced
initial burst release and prolonged sustained release of pro-angiogenic factors in vitro
for up to 21 days [198,199]. The extended duration of interaction has been discovered
to amplify the angiogenic reaction of vascular cells in PVA-heparin gels, resulting in
enhanced HUVEC migration when exposed to bFGF and VEGF separately, as well as
with the simultaneous binding of both bFGFs and VEGFs [142]. Moreover, the in vivo
implantation of hydrogel with heparin-bound GFs has demonstrated successful vas-
cularization. Heparin-bound VEGFs have promoted the ingrowth of endogenous
blood vessels either into degradable PE or gelatin-based hydrogels [88,200]. Similarly,
poly(lactic-co-glycolic acid)-heparin microspheres loaded with bFGF have enhanced
vascularization when implanted. Poly(lactic-co-glycolic acid)-heparin microspheres,
when coupled with bFGFs, effectively increased the density of local capillaries in a
subcutaneous model. Similarly, VEGF-bound hyaluronan-heparin gels stimulated
angiogenesis in a subcutaneous context and supported the sustained formation of
blood vessels for 28 days [197,198].

• The use of aptamers: Aptamers are short oligonucleotide strands exhibiting high speci-
ficity in binding proteins [82,197,198]. They can also be conjugated to hydrogel con-
stituents. These molecules offer an advantage in biomaterial functionalization as they
specifically bind to targets without inducing an immunogenic response [201,202]. The
conjugation of aptamers, which are specific to pro-vascular factors, with polymer hydro-
gels has yielded angiogenic responses. As an example, the use of anti-VEGF aptamer
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binding VEGFs showed greater HUVEC growth in the presence of the anti-VEGF ap-
tamer than the soluble VEGF [203]. Additionally, fibronectin gel possessing anti-VEGF
and anti-PDGF aptamers exhibit a significant increase in ECs in vitro and boosted vessel
numbers showing hallmarks of mature vascularization units in vivo [204]. Similarly, an
aptamer-based programmable VEGF delivery platform was implemented in GelMA
hydrogels and was used to tune the microvasculature formation within engineered
tissues [202]. Thus, both heparin and aptamers can serve as effective means of binding
multiple pro-angiogenic factors to enable prolonged exposure to cells, thereby enhancing
the angiogenic response.

• The use of entrapment in emulsion of angiogenic factors: It represents an alternative
strategy which enables the control of the release from gels of entrapped angiogenic
factors, allowing for spatiotemporal regulation. Recently, a biomaterial was designed
with ultrasound technology which enabled the synthesis of hydrogel-loaded, acousti-
cally sensitive emulsions [205]. When subjected to ultrasound exposure, the emulsion
underwent evaporation, leading to the release of bFGFs and inducing a controlled,
time-dependent enhancement in endothelial cell tubule sprouting.

Table 6. Common methods for angiogenic-factor-controlled release.

Release Methods Angiogenic Factors References

Degradation VEGF [176]
Heparin binding VEGF [88]

bFGF [142,198]
VEGF + bFGF [142,198]

Aptamer binding VEGF [204]
PDGF [204]
VEGF + PDGF [204]

Emulsion entrapment bFGF [205]

4. Integration of the Angiogenic Niche Physiology within Smart Hydrogels

Vasculature plays a crucial role not only as a conduit for nutrients and oxygen but also
as a dynamic regulator of biological processes. In vitro studies that incorporate vascular-
ized microenvironments offer researchers the opportunity to explore the interplay between
diverse cell types; biophysical factors like shear stress; and extracellular matrix (ECM)
organization in processes such as regeneration, stem cell maintenance and expansion,
and disease progression. However, it is essential to validate biomaterial platforms using
in vivo models to ensure that mechanistic findings have clinical relevance. Biomaterials
designed to replicate an in vivo microenvironment should faithfully mimic specific aspects
of the microenvironment, including mechanical properties, matrix composition, and cel-
lular organization. In addition to engineering the ECM, there may be a need to engineer
the vascular cells incorporated into the biomaterial. The transcriptomic and proteomic
characteristics of vascular cells are influenced by their microenvironment, the health or
disease state of the tissue, and the specific vascular sub-niche they inhabit (e.g., stable
vasculature vs. active angiogenesis, tip vs. stalk) (Figure 3). Many biomaterial research
studies employ commonly use vascular cell types such as HUVECs and MSCs, which
may not inherently mimic the vascular cells found in a particular tissue, disease, injury
state, or vascular environment/phenomena, even when provided with instructions from
an engineered ECM [206]. Although it may be possible to isolate vascular cells from the
desired tissue or pathophysiological model, their in vitro phenotype may still differ from
their in vivo behavior.
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Figure 3. Integration of the angiogenic niche physiology is mandatory for the creation of smart
hydrogels fully supporting tissue engineering and therapeutic regeneration. Combining expertise
from different disciplines will provide suitable tools for tissue functionality and therapeutic outcomes.

Therefore, it may be necessary to program vascular cells to recreate essential tran-
scriptomic or proteomic characteristics that mimic their in vivo counterparts. This can
be achieved through genetic engineering and synthetic biology techniques, allowing the
introduction, amplification, or knockdown of specific genes of interest [207]. Additionally,
the ability to trigger transcriptomic or proteomic changes in vascular cells using light-
or chemically induced constructs provides temporal control over cell behavior [208,209],
which is particularly relevant for modeling transitions or the onset of pathophysiological
states.

In summary, the successful development of an in vitro model can provide valuable
insights for designing biomaterials with in vivo applications. In these applications, infil-
trating vasculature not only provides nourishment to the tissue but also actively guides
signaling for regeneration.

Understanding the impact of angiocrine signals on biological outcomes often requires
the co-culture of different cell types, including vascular, parenchymal, and immune cells.
When utilizing biomaterials in such studies, it becomes essential to incorporate method-
ologies that reveal signaling networks between these heterogeneous cell populations. One
approach involves the use of single-cell RNA sequencing, which can identify potential
receptor–ligand interactions at the transcriptome level [210]. Additionally, cell-specific
proteomic labeling plays a vital role in detecting reciprocal changes in secreted and intra-
cellular proteins, as well as deposited extracellular matrix (ECM) components [211–213].
To retrieve cells and proteomic samples without causing damage, strategies for biomaterial
degradation post-culture need to be implemented [214]. The integration of next-generation
sequencing and mass-spectrometry-based proteomics analysis often results in multidi-
mensional datasets, where concurrent changes in multiple genes and proteins must be
correlated with specific cell phenotypes in a meaningful way. Statistical analysis techniques,
such as partial least squares regression, can be utilized to generate models that extract
information from big data. Moreover, by employing systems biology strategies, such as
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computational modeling, network analysis, and omics data integration, researchers can
gain valuable insights into the complex processes involved in vascularization, leading to
improved strategies for constructing vascularized engineered tissues [215].

Collaborations between the fields of biomaterials, chemical biology, and bioinformatics
are crucial for leveraging these tools effectively.

5. Future Directions

The wide range of cellular studies, tunable hydrogels, and preclinical applications
reported in this review expand the possibility towards the development of 3D tissue models
with improved vascularization. So far, extensive research has shown that smart hydrogels,
as intended above, can mimic various organs, such as the bone, kidney, liver, lung, muscle,
and brain. These accurate and reproducible 3D organoids have expanded the potential
applications in several fields other than tissue regeneration, which include organ-on-chips
and the development of personalized drug screening platforms. Preclinical studies have
demonstrated the potential of hydrogel pre-vascularization as a promising method for
tissue regeneration upon transplantation. However, conventional tissue transplantation
possesses several drawbacks including complex surgical procedures, improper adaptation,
and infection risks, which may cause the failure of the procedure. Injectable vascularized
hydrogels offer a solution with improved defect margin adaptation, reaching deep tissues
with minimal invasiveness and acting as carriers for GFs, cells, and drugs including
antimicrobials. Thus, further studies will address the suitability of combining different
bioactive molecules in a single pre-vascularized hydrogel. Another field of tremendous
development is drug testing. Conventional drug assessment using 2D cell cultures and 3D
animal models lacks accuracy and raises ethical and cost issues. Hydrogel-based tissue
models are gaining interest for artificial organ development due to their customizable
properties, permeability, and biocompatibility, and are also developing in the direction of
tailored medicine.

6. Conclusions

The development of vascularized engineered tissues represents a remarkable break-
through in the field of regenerative medicine. By creating functional tissues that possess an
intricate network of blood vessels, researchers aim to address the limitations of traditional
tissue engineering approaches. One promising avenue in this pursuit involves the design
of smart hydrogels that can mimic signaling pathways, thereby promoting the formation
of vascular networks within the engineered tissues. This review explores the significance
of such an approach. Signaling pathways play a critical role in orchestrating complex
cellular processes, including angiogenesis and the formation of new blood vessels. In
native tissues, various signaling molecules, growth factors, and cytokines regulate the
behavior of cells involved in angiogenesis. By deciphering the intricate interplay of these
signaling pathways, researchers can emulate them within the design of smart hydrogels,
thereby driving the formation of a functional vasculature.

Smart hydrogels are intelligent biomaterials that possess the ability to respond to spe-
cific stimuli. By incorporating signaling molecules and growth factors within the hydrogel
matrix, researchers can create an environment that closely resembles the natural signaling
cues required for vascularization (Figure 3). Additionally, the properties of the hydrogel,
such as its mechanical and chemical characteristics, can be fine-tuned to promote the de-
sired cellular behavior, including cell adhesion, migration, and differentiation. In the design
of smart hydrogels for vascularized engineered tissues, researchers aim to replicate key sig-
naling pathways involved in angiogenesis. One example is the vascular endothelial growth
factor (VEGF) signaling pathway, which plays a central role in stimulating endothelial
cell proliferation and migration. By incorporating VEGFs or VEGF-mimicking molecules
within the hydrogel, researchers can promote the formation of new blood vessels within the
engineered tissue construct. The use of smart hydrogels that mimic signaling pathways in
the development of vascularized engineered tissues offers several therapeutic advantages.
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Firstly, the presence of functional blood vessels allows for improved nutrient and oxygen
supply to the cells, enhancing their viability and function. This is particularly crucial for
large tissue constructs, where diffusion alone is insufficient. Secondly, the vascular network
facilitates the transport of immune cells, growth factors, and therapeutic agents, enabling
efficient tissue repair and regeneration. Finally, the integration of smart hydrogels with
signaling capabilities offers precise control over the formation and organization of blood
vessels, allowing for the development of complex tissue architectures.

The use of naturally derived or synthetic hydrogel-based materials in fabricating
perfusable models shows either advantages or disadvantages in terms of gelation, which
greatly influences cell behavior. For example, it is recognized that collagen is pivotal in
the design of hydrogel and fibrin hydrogels because it strongly supports vascularization;
however, controlling collagen and fibrin gelation via temperature and pH often represents
a challenge. Thus, gelatin and, more precisely, gelMA are usually addressed for successful
vascularization due to their crosslinking possibility and chemical modifications. It is
known that naturally derived polymers possess innate biocompatibility and show proper
cell adhesion and cell-dependent degradation, allowing for hydrogel remodeling in a
manner that resembles the ECM of a natural tissue. In addition, functional groups can be
used for engineering via crosslinking, thus integrating other information to cells. However,
batch-to-batch variability is the main disadvantage of hydrogels that are based on collagen,
gelatin, fibrin, or HA. In addition, each component possesses typical features, as HA does
not contain integrin-binding domains or MMP sites. Thus, modifications need to be taken
into account so as to incorporate these sites. Moreover, it has been shown that HA interacts
with cells through CD44 and RHAMM receptors, and its content is modified due to the
action of HA synthases and hyaluronidases [216]. These disadvantages may be overcome
because HA is highly receptive to chemical modifications, enabling the development of a
hydrogel that supports cell adhesiveness and presents angiogenic factors [217]. Synthetic
polymers are generally known for providing control in each step of preparation and possess
high reproducibility. However, PVA- or PEG-based hydrogels usually require modifications
for resembling an ECM environment and for proving functional cues to cells. Generally, as
a schematic workflow pipeline, synthetic hydrogels can be utilized for mechanistic studies
that investigate the impact of single matrix components and properties on angiogenesis.
However, they do not fulfill the requirement for recapitulating the physiological niche
because are not representative of the complexity of the ECM.

In this scenario, it should be noted that these two approaches are not mutually ex-
clusive and can be integrated to generate smart hydrogels. As an example, researchers
developed a scaffold containing PCL/collagen fibers electro-sprayed with HA and loaded
with VEGFs and PDGF-BB [218], which combined all the advantages belonging to the
different materials.

Therefore, it is reasonable that achieving a harmonious balance between material
characteristics and adjustments, including the integration of GFs to any possible used
procedure, becomes crucial when aiming for vascularization. In these terms, measuring the
vascular length, density, volume, and the modification of ECM components [159,172] are
common procedures for assessing the optimal strategies to be used.

The development of vascularized engineered tissues using smart hydrogels is a rapidly
evolving field. Further research is required to refine the design and fabrication techniques,
optimize the incorporation of signaling molecules within the hydrogel matrix, and enhance
the long-term stability of the vascular network. Additionally, investigating the potential of
other signaling pathways and their integration into smart hydrogels could open up new
avenues for therapeutic applications. The development of vascularized engineered tissues
holds immense promise in the field of regenerative medicine. By mimicking signaling
pathways within the design of smart hydrogels, researchers can promote the formation
of functional blood vessels and achieve therapeutic advantages. The integration of these
vascular networks enhances nutrient supply, facilitates immune response and drug delivery,
and allows for the development of complex tissue architectures. Continued advancements
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in this field will contribute to the realization of functional and clinically relevant tissue
constructs, bringing us closer to a new era of regenerative medicine. In conclusion, ongoing
advancements in engineering angiogenic biomaterials hold promise for enhancing the
efficacy of regenerative therapies and providing deeper insights into the mechanisms
underlying regeneration, stem cell behavior, and disease progression. These innovations
will significantly impact the delivery and design of healthcare solutions for various injuries
and contribute to the development of innovative treatments for a wide range of diseases,
including neurodegeneration and cancer.

Author Contributions: Writing—original draft preparation, A.N., S.C., M.S. and M.A.R.; supervision,
A.N. and G.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Salamone, M.; Rigogliuso, S.; Nicosia, A.; Campora, S.; Bruno, C.M.; Ghersi, G. 3D Collagen Hydrogel Promotes In Vitro

Langerhans Islets Vascularization through ad-MVFs Angiogenic Activity. Biomedicines 2021, 9, 739. [CrossRef]
2. Goers, L.; Freemont, P.; Polizzi, K.M. Co-culture systems and technologies: Taking synthetic biology to the next level. J. R. Soc.

Interface 2014, 11, 20140065. [CrossRef] [PubMed]
3. Parenteau-Bareil, R.; Gauvin, R.; Berthod, F. Collagen-Based Biomaterials for Tissue Engineering Applications. Materials 2010, 3,

1863–1887. [CrossRef]
4. Wang, L.S.; Chung, J.E.; Chan, P.-Y.; Kurisawa, M. Injectable biodegradable hydrogels with tunable mechanical properties for the

stimulation of neurogenesic differentiation of human mesenchymal stem cells in 3D culture. Biomaterials 2010, 31, 1148–1157.
[CrossRef]

5. Sakai, S.; Hirose, K.; Taguchi, K.; Ogushi, Y.; Kawakami, K. An injectable, in situ enzymatically gellable, gelatin derivative for
drug delivery and tissue engineering. Biomaterials 2009, 30, 3371–3377. [CrossRef] [PubMed]

6. Yang, J.A.; Yeom, J.; Hwang, B.W.; Hoffman, A.S.; Hahn, S.K. In situ-forming injectable hydrogels for regenerative medicine. Prog.
Polym. Sci. 2014, 39, 1973–1986. [CrossRef]

7. Patel, Z.S.; Mikos, A.G. Angiogenesis with biomaterial-based drug- and cell-delivery systems. J. Biomater. Sci. Polym. Ed. 2004, 15,
701–726. [CrossRef]

8. Carmeliet, P.; Jain, R.K. Angiogenesis in cancer and other diseases. Nature 2000, 407, 249–257. [CrossRef]
9. Lovett, M.; Lee, K.; Edwards, A.; Kaplan, D.L. Vascularization Strategies for Tissue Engineering. Tissue Eng. Part B Rev. 2009, 15,

353–370. [CrossRef]
10. Zhu, J.; Marchant, R.E. Design properties of hydrogel tissue-engineering scaffolds. Expert. Rev. Med. Devices 2011, 8, 607–626.

[CrossRef]
11. Patan, S. Vasculogenesis and angiogenesis as mechanisms of vascular network formation, growth and remodeling. J. Neuro-Oncol.

2000, 50, 1–15. [CrossRef]
12. Adair, T.H.; Montani, J.P. Angiogenesis; Morgan & Claypool Life Sciences: San Rafael, CA, USA, 2010. [CrossRef]
13. Carmeliet, P.; Jain, R.K. Molecular mechanisms and clinical applications of angiogenesis. Nature 2011, 473, 298–307. [CrossRef]

[PubMed]
14. Putnam, A.J. The instructive role of the vasculature in stem cell niches. Biomater. Sci. 2014, 2, 1562–1573. [CrossRef] [PubMed]
15. Phelps, E.A.; Headen, D.M.; Taylor, W.R.; Thulé, M.; García, A.J. Vasculogenic bio-synthetic hydrogel for enhancement of

pancreatic islet engraftment and function in type 1 diabetes. Biomaterials 2013, 34, 4602–4611. [CrossRef] [PubMed]
16. Phelps, E.A.; Templeman, K.L.; Thulé, M.; García, A.J. Engineered VEGF-releasing PEG–MAL hydrogel for pancreatic islet

vascularization. Drug Deliv. Transl. Res. 2015, 5, 125–136. [CrossRef]
17. Weaver, J.D.; Headen, D.M.; Aquart, J.; Johnson, C.T.; Shea, L.D.; Shirwan, H.; García, A.J. Vasculogenic hydrogel enhances islet

survival, engraftment, and function in leading extrahepatic sites. Sci. Adv. 2017, 3, e1700184. [CrossRef]
18. Moshayedi, P.; Nih, L.R.; Llorente, I.L.; Berg, A.R.; Cinkornpumin, J.; Lowry, W.E.; Segura, T.; Carmichael, S.T. Systematic

optimization of an engineered hydrogel allows for selective control of human neural stem cell survival and differentiation after
transplantation in the stroke brain. Biomaterials 2016, 105, 145–155. [CrossRef]

19. Yu, H.; VandeVord, J.; Mao, L.; Matthew, H.W.; Wooley, H.; Yang, S.Y. Improved tissue-engineered bone regeneration by
endothelial cell mediated vascularization. Biomaterials 2009, 30, 508–517. [CrossRef]

20. Ganguly, P.; El-Jawhari, J.J.; Vun, J.; Giannoudis, V.; Jones, E.A. Evaluation of human bone marrow mesenchymal stromal cell (Msc)
functions on a biomorphic rattan-wood-derived scaffold: A comparison between cultured and uncultured mscs. Bioengineering
2022, 9, 1. [CrossRef]

https://doi.org/10.3390/biomedicines9070739
https://doi.org/10.1098/rsif.2014.0065
https://www.ncbi.nlm.nih.gov/pubmed/24829281
https://doi.org/10.3390/ma3031863
https://doi.org/10.1016/j.biomaterials.2009.10.042
https://doi.org/10.1016/j.biomaterials.2009.03.030
https://www.ncbi.nlm.nih.gov/pubmed/19345991
https://doi.org/10.1016/j.progpolymsci.2014.07.006
https://doi.org/10.1163/156856204774196117
https://doi.org/10.1038/35025220
https://doi.org/10.1089/ten.teb.2009.0085
https://doi.org/10.1586/erd.11.27
https://doi.org/10.1023/A:1006493130855
https://doi.org/10.1016/j.yexcr.2014.05.012
https://doi.org/10.1038/nature10144
https://www.ncbi.nlm.nih.gov/pubmed/21593862
https://doi.org/10.1039/C4BM00200H
https://www.ncbi.nlm.nih.gov/pubmed/25530848
https://doi.org/10.1016/j.biomaterials.2013.03.012
https://www.ncbi.nlm.nih.gov/pubmed/23541111
https://doi.org/10.1007/s13346-013-0142-2
https://doi.org/10.1126/sciadv.1700184
https://doi.org/10.1016/j.biomaterials.2016.07.028
https://doi.org/10.1016/j.biomaterials.2008.09.047
https://doi.org/10.3390/bioengineering9010001


Int. J. Mol. Sci. 2023, 24, 12314 18 of 25

21. Bersini, S.; Jeon, J.S.; Dubini, G.; Arrigoni, C.; Chung, S.; Charest, J.L.; Moretti, M.; Kamm, R.D. A microfluidic 3D in vitro model
for specificity of breast cancer metastasis to bone. Biomaterials 2014, 35, 2454–2461. [CrossRef]

22. Miller, C.P.; Tsuchida, C.; Zheng, Y.; Himmelfarb, J.; Akilesh, S. A 3D Human Renal Cell Carcinoma-on-a-Chip for the Study of
Tumor Angiogenesis. Neoplasia 2018, 20, 610–620. [CrossRef] [PubMed]

23. Pradhan, S.; Smith, A.M.; Garson, C.J.; Hassani, I.; Seeto, W.J.; Pant, K.; Arnold, R.D.; Prabhakarpandian, B.; Lipke, E.A. A
Microvascularized Tumor-mimetic Platform for Assessing Anti-cancer Drug Efficacy. Sci. Rep. 2018, 8, 3171. [CrossRef] [PubMed]

24. Rundhaug, J.E. Matrix metalloproteinases and angiogenesis. J. Cell. Mol. Med. 2005, 9, 267–285. [CrossRef] [PubMed]
25. Nicosia, A.; Maggio, T.; Costa, S.; Salamone, M.; Tagliavia, M.; Mazzola, S.; Gianguzza, F.; Cuttitta, A. Maintenance of a Protein

Structure in the Dynamic Evolution of TIMPs over 600 Million Years. Genome Biol. Evol. 2016, 8, 1056–1071. [CrossRef] [PubMed]
26. Arpino, V.; Brock, M.; Gill, S.E. The role of TIMPs in regulation of extracellular matrix proteolysis. Matrix Biol. 2015, 44–46,

247–254. [CrossRef]
27. Costa, S.; Ragusa, M.A.; Buglio, G.L.; Scilabra, S.D.; Nicosia, A. The Repertoire of Tissue Inhibitors of Metalloproteases: Evolution,

Regulation of Extracellular Matrix Proteolysis, Engineering and Therapeutic Challenges. Life 2022, 12, 1145. [CrossRef]
28. Blanco, R.; Gerhardt, H. VEGF and Notch in tip and stalk cell selection. Cold Spring Harb. Perspect. Med. 2013, 3, a006569.

[CrossRef]
29. Risau, W. Mechanisms of angiogenesis. Nature 1997, 386, 671–674. [CrossRef]
30. King, W.J.; Krebsbach, P.H. Growth factor delivery: How surface interactions modulate release in vitro and in vivo. Adv. Drug

Deliv. Rev. 2012, 64, 1239–1256. [CrossRef]
31. Brudno, Y.; Ennett-Shepard, A.B.; Chen, R.R.; Aizenberg, M.; Mooney, D.J. Enhancing microvascular formation and vessel

maturation through temporal control over multiple pro-angiogenic and pro-maturation factors. Biomaterials 2013, 34, 9201–9209.
[CrossRef]

32. Tengood, J.E.; Ridenour, R.; Brodsky, R.; Russell, A.J.; Little, S.R. Sequential delivery of basic fibroblast growth factor and
platelet-derived growth factor for angiogenesis. Tissue Eng. Part A 2011, 17, 1181–1189. [CrossRef] [PubMed]

33. Coultas, L.; Chawengsaksophak, K.; Rossant, J. Endothelial cells and VEGF in vascular development. Nature 2005, 438, 937–945.
[CrossRef] [PubMed]

34. Bergers, G.; Song, S. The role of pericytes in blood-vessel formation and maintenance. Neuro Oncol. 2005, 7, 452–464. [CrossRef]
35. Rouwkema, J.; Khademhosseini, A. Vascularization and Angiogenesis in Tissue Engineering: Beyond Creating Static Networks.

Trends Biotechnol. 2016, 34, 733–745. [CrossRef]
36. Goumans, M.J.; ten Dijke, P. TGF-β Signaling in Control of Cardiovascular Function. Cold Spring Harb. Perspect. Biol. 2018, 10,

a022210. [CrossRef] [PubMed]
37. Ahmed, T.A.; El-Badri, N. Pericytes: The Role of Multipotent Stem Cells in Vascular Maintenance and Regenerative Medicine.

Adv. Exp. Med. Biol. 2018, 1079, 69–86. [CrossRef] [PubMed]
38. Sturtzel, C. Endothelial Cells. Adv. Exp. Med. Biol. 2017, 1003, 71–91. [CrossRef]
39. Breier, G.; Albrecht, U.; Sterrer, S.; Risau, W. Expression of vascular endothelial growth factor during embryonic angiogenesis and

endothelial cell differentiation. Development 1992, 114, 521–532. [CrossRef]
40. Shalaby, F.; Rossant, J.; Yamaguchi, T.P.; Gertsenstein, M.; Wu, X.F.; Breitman, M.L.; Schuh, A.C. Failure of blood-island formation

and vasculogenesis in Flk-1-deficient mice. Nature 1995, 376, 62–66. [CrossRef]
41. Apte, R.S.; Chen, D.S.; Ferrara, N. VEGF in Signaling and Disease: Beyond Discovery and Development. Cell 2019, 176, 1248–1264.

[CrossRef]
42. Shibuya, M. Vascular Endothelial Growth Factor (VEGF) and Its Receptor (VEGFR) Signaling in Angiogenesis: A Crucial Target

for Anti- and Pro-Angiogenic Therapies. Genes Cancer 2011, 2, 1097–1105. [CrossRef]
43. Eilken, H.M.; Diéguez-Hurtado, R.; Schmidt, I.; Nakayama, M.; Jeong, H.W.; Arf, H.; Adams, S.; Ferrara, N.; Adams, R.H.

Pericytes regulate VEGF-induced endothelial sprouting through VEGFR1. Nat. Commun. 2017, 8, 1574. [CrossRef] [PubMed]
44. Saharinen, P.; Eklund, L.; Miettinen, J.; Wirkkala, R.; Anisimov, A.; Winderlich, M.; Nottebaum, A.; Vestweber, D.; Deutsch, U.;

Koh, G.Y.; et al. Angiopoietins assemble distinct Tie2 signalling complexes in endothelial cell-cell and cell-matrix contacts. Nat.
Cell Biol. 2008, 10, 527–537. [CrossRef] [PubMed]

45. Savant, S.; La Porta, S.; Budnik, A.; Busch, K.; Hu, J.; Tisch, N.; Korn, C.; Valls, A.F.; Benest, A.V.; Terhardt, D.; et al. The Orphan
Receptor Tie1 Controls Angiogenesis and Vascular Remodeling by Differentially Regulating Tie2 in Tip and Stalk Cells. Cell Rep.
2015, 12, 1761–1773. [CrossRef] [PubMed]

46. Moccia, F.; Negri, S.; Shekha, M.; Faris, P.; Guerra, G. Endothelial Ca2+ Signaling, Angiogenesis and Vasculogenesis: Just What It
Takes to Make a Blood Vessel. Int. J. Mol. Sci. 2019, 20, 3962. [CrossRef]

47. Akil, A.; Gutiérrez-García, A.K.; Guenter, R.; Rose, J.B.; Beck, A.W.; Chen, H.; Ren, B. Notch Signaling in Vascular Endothelial
Cells, Angiogenesis, and Tumor Progression: An Update and Prospective. Front. Cell Dev. Biol. 2021, 9, 642352. [CrossRef]

48. Omorphos, N.P.; Gao, C.; Tan, S.S.; Sangha, M.S. Understanding angiogenesis and the role of angiogenic growth factors in the
vascularisation of engineered tissues. Mol. Biol. Rep. 2021, 48, 941–950. [CrossRef]

49. Heissig, B.; Salama, Y.; Takahashi, S.; Okumura, K.; Hattori, K. The Multifaceted Roles of EGFL7 in Cancer and Drug Resistance.
Cancers 2021, 13, 1014. [CrossRef]

https://doi.org/10.1016/j.biomaterials.2013.11.050
https://doi.org/10.1016/j.neo.2018.02.011
https://www.ncbi.nlm.nih.gov/pubmed/29747161
https://doi.org/10.1038/s41598-018-21075-9
https://www.ncbi.nlm.nih.gov/pubmed/29453454
https://doi.org/10.1111/j.1582-4934.2005.tb00355.x
https://www.ncbi.nlm.nih.gov/pubmed/15963249
https://doi.org/10.1093/gbe/evw052
https://www.ncbi.nlm.nih.gov/pubmed/26957029
https://doi.org/10.1016/j.matbio.2015.03.005
https://doi.org/10.3390/life12081145
https://doi.org/10.1101/cshperspect.a006569
https://doi.org/10.1038/386671a0
https://doi.org/10.1016/j.addr.2012.03.004
https://doi.org/10.1016/j.biomaterials.2013.08.007
https://doi.org/10.1089/ten.tea.2010.0551
https://www.ncbi.nlm.nih.gov/pubmed/21142700
https://doi.org/10.1038/nature04479
https://www.ncbi.nlm.nih.gov/pubmed/16355211
https://doi.org/10.1215/S1152851705000232
https://doi.org/10.1016/j.tibtech.2016.03.002
https://doi.org/10.1101/cshperspect.a022210
https://www.ncbi.nlm.nih.gov/pubmed/28348036
https://doi.org/10.1007/5584_2017_138
https://www.ncbi.nlm.nih.gov/pubmed/29282647
https://doi.org/10.1007/978-3-319-57613-8_4
https://doi.org/10.1242/dev.114.2.521
https://doi.org/10.1038/376062a0
https://doi.org/10.1016/j.cell.2019.01.021
https://doi.org/10.1177/1947601911423031
https://doi.org/10.1038/s41467-017-01738-3
https://www.ncbi.nlm.nih.gov/pubmed/29146905
https://doi.org/10.1038/ncb1715
https://www.ncbi.nlm.nih.gov/pubmed/18425119
https://doi.org/10.1016/j.celrep.2015.08.024
https://www.ncbi.nlm.nih.gov/pubmed/26344773
https://doi.org/10.3390/ijms20163962
https://doi.org/10.3389/fcell.2021.642352
https://doi.org/10.1007/s11033-020-06108-9
https://doi.org/10.3390/cancers13051014


Int. J. Mol. Sci. 2023, 24, 12314 19 of 25

50. Shi, G.Y.; Hsu, C.C.; Chang, B.I.; Tsai, C.F.; Han, H.S.; Lai, M.D.; Lin, M.T.; Chang, W.C.; Wing, L.Y.; Jen, C.J.; et al. Regulation of
plasminogen activator inhibitor activity in endothelial cells by tissue-type plasminogen activator. Fibrinolysis 1996, 10, 183–191.
[CrossRef]

51. Levin, E.G.; Santell, L. Association of a plasminogen activator inhibitor (PAI-1) with the growth substratum and membrane of
human endothelial cells. J. Cell Biol. 1987, 105 Pt 1, 2543–2549. [CrossRef]

52. Wang, X.; Khalil, R.A. Matrix Metalloproteinases, Vascular Remodeling, and Vascular Disease. Adv. Pharmacol. 2018, 81, 241–330.
[CrossRef] [PubMed]

53. Martínez, C.E.; Smith, C.; Palma Alvarado, V.A. The influence of platelet-derived products on angiogenesis and tissue repair: A
concise update. Front. Physiol. 2015, 6, 159973. [CrossRef] [PubMed]

54. Lebrin, F.; Goumans, M.J.; Jonker, L.; Carvalho, R.L.; Valdimarsdottir, G.; Thorikay, M.; Mummery, C.; Arthur, H.M.; Dijke, P.T.
Endoglin promotes endothelial cell proliferation and TGF-β/ALK1 signal transduction. EMBO J. 2004, 23, 4018–4028. [CrossRef]

55. Huang, F.; Chen, Y.G. Regulation of TGF-β receptor activity. Cell Biosci. 2012, 2, 9. [CrossRef]
56. Lindblom, P.; Gerhardt, H.; Liebner, S.; Abramsson, A.; Enge, M.; Hellström, M.; Bäckström, G.; Fredriksson, S.; Landegren, U.;

Nyström, H.C.; et al. Endothelial PDGF-B retention is required for proper investment of pericytes in the microvessel wall. Genes
Dev. 2003, 17, 1835–1840. [CrossRef]

57. Armulik, A.; Abramsson, A.; Betsholtz, C. Endothelial/pericyte interactions. Circ. Res. 2005, 97, 512–523. [CrossRef]
58. Gaengel, K.; Genové, G.; Armulik, A.; Betsholtz, C. Endothelial-mural cell signaling in vascular development and angiogenesis.

Arterioscler. Thromb. Vasc. Biol. 2009, 29, 630–638. [CrossRef]
59. Avraamides, C.J.; Garmy-Susini, B.; Varner, J.A. Integrins in angiogenesis and lymphangiogenesis. Nat. Rev. Cancer 2008, 8,

604–617. [CrossRef] [PubMed]
60. Mezu-Ndubuisi, O.J.; Maheshwari, A. The role of integrins in inflammation and angiogenesis. Pediatr. Res. 2020, 89, 1619–1626.

[CrossRef]
61. Ding, B.S.; Nolan, D.J.; Butler, J.M.; James, D.; Babazadeh, A.O.; Rosenwaks, Z.; Mittal, V.; Kobayashi, H.; Shido, K.; Lyden, D.;

et al. Inductive angiocrine signals from sinusoidal endothelium are required for liver regeneration. Nature 2010, 468, 310–315.
[CrossRef]

62. Salehi, S.; Naghib, S.M.; Garshasbi, H.R.; Ghorbanzadeh, S.; Zhang, W. Smart stimuli-responsive injectable gels and hydrogels for
drug delivery and tissue engineering applications: A review. Front. Bioeng. Biotechnol. 2023, 11, 1104126. [CrossRef] [PubMed]

63. Slaughter, B.V.; Khurshid, S.S.; Fisher, O.Z.; Khademhosseini, A.; Peppas, N.A. Hydrogels in Regenerative Medicine. Adv. Mater.
2009, 21, 3307–3329. [CrossRef] [PubMed]

64. Caliari, S.R.; Burdick, J.A. A practical guide to hydrogels for cell culture. Nat. Methods 2016, 13, 405–414. [CrossRef] [PubMed]
65. Catoira, M.C.; Fusaro, L.; Di Francesco, D.; Ramella, M.; Boccafoschi, F. Overview of natural hydrogels for regenerative medicine

applications. J. Mater. Sci. Mater. Med. 2019, 30, 115. [CrossRef]
66. Salamone, M.; Rigogliuso, S.; Nicosia, A.; Tagliavia, M.; Campora, S.; Cinà, P.; Bruno, C.; Ghersi, G. Neural Crest-Derived

Chondrocytes Isolation for Tissue Engineering in Regenerative Medicine. Cells 2020, 9, 962. [CrossRef]
67. Rigogliuso, S.; Salamone, M.; Barbarino, E.; Barbarino, M.; Nicosia, A.; Ghersi, G. Production of Injectable Marine Collagen-Based

Hydrogel for the Maintenance of Differentiated Chondrocytes in Tissue Engineering Applications. Int. J. Mol. Sci. 2020, 21, 5798.
[CrossRef]

68. Hotamisligil, G.S. Inflammation, metaflammation and immunometabolic disorders. Nature 2017, 542, 177–185. [CrossRef]
69. Dovedytis, M.; Liu, Z.J.; Bartlett, S. Hyaluronic acid and its biomedical applications: A review. Eng. Regen. 2020, 1, 102–113.

[CrossRef]
70. Lam, J.; Truong, N.F.; Segura, T. Design of cell–matrix interactions in hyaluronic acid hydrogel scaffolds. Acta Biomater. 2014, 10,

1571–1580. [CrossRef]
71. Hemshekhar, M.; Thushara, R.M.; Chandranayaka, S.; Sherman, L.S.; Kemparaju, K.; Girish, K.S. Emerging roles of hyaluronic

acid bioscaffolds in tissue engineering and regenerative medicine. Int. J. Biol. Macromol. 2016, 86, 917–928. [CrossRef]
72. Serafin, A.; Culebras, M.; Collins, M.N. Synthesis and evaluation of alginate, gelatin, and hyaluronic acid hybrid hydrogels for

tissue engineering applications. Int. J. Biol. Macromol. 2023, 233, 123438. [CrossRef] [PubMed]
73. Petrey, A.C.; de la Motte, C.A. Hyaluronan, a crucial regulator of inflammation. Front. Immunol. 2014, 5, 101. [CrossRef]
74. Marinho, A.; Nunes, C.; Reis, S. Hyaluronic Acid: A Key Ingredient in the Therapy of Inflammation. Biomolecules 2021, 11, 1518.

[CrossRef] [PubMed]
75. Ricard-Blum, S. The Collagen Family. Cold Spring Harb. Perspect. Biol. 2011, 3, a004978. [CrossRef] [PubMed]
76. Baker, B.M.; Trappmann, B.; Stapleton, S.C.; Toro, E.; Chen, C.S. Microfluidics embedded within extracellular matrix to define

vascular architectures and pattern diffusive gradients. Lab Chip 2013, 13, 3246–3252. [CrossRef]
77. Mason, B.N.; Starchenko, A.; Williams, R.M.; Bonassar, L.J.; Reinhart-King, C.A. Tuning three-dimensional collagen matrix stiffness

independently of collagen concentration modulates endothelial cell behavior. Acta Biomater. 2013, 9, 4635–4644. [CrossRef]
78. Edgar, L.T.; Underwood, C.J.; Guilkey, J.E.; Hoying, J.B.; Weiss, J.A. Extracellular matrix density regulates the rate of neovessel

growth and branching in sprouting angiogenesis. PLoS ONE 2014, 9, e85178. [CrossRef]
79. Bordeleau, F.; Mason, B.N.; Lollis, E.M.; Mazzola, M.; Zanotelli, M.R.; Somasegar, S.; Califano, J.P.; Montague, C.; LaValley, D.J.;

Huynh, J.; et al. Matrix stiffening promotes a tumor vasculature phenotype. Proc. Natl. Acad. Sci. USA 2017, 114, 492–497. [CrossRef]

https://doi.org/10.1016/S0268-9499(96)80030-0
https://doi.org/10.1083/jcb.105.6.2543
https://doi.org/10.1016/BS.APHA.2017.08.002
https://www.ncbi.nlm.nih.gov/pubmed/29310800
https://doi.org/10.3389/fphys.2015.00290
https://www.ncbi.nlm.nih.gov/pubmed/26539125
https://doi.org/10.1038/sj.emboj.7600386
https://doi.org/10.1186/2045-3701-2-9
https://doi.org/10.1101/gad.266803
https://doi.org/10.1161/01.RES.0000182903.16652.d7
https://doi.org/10.1161/ATVBAHA.107.161521
https://doi.org/10.1038/nrc2353
https://www.ncbi.nlm.nih.gov/pubmed/18497750
https://doi.org/10.1038/s41390-020-01177-9
https://doi.org/10.1038/nature09493
https://doi.org/10.3389/fbioe.2023.1104126
https://www.ncbi.nlm.nih.gov/pubmed/36911200
https://doi.org/10.1002/adma.200802106
https://www.ncbi.nlm.nih.gov/pubmed/20882499
https://doi.org/10.1038/nmeth.3839
https://www.ncbi.nlm.nih.gov/pubmed/27123816
https://doi.org/10.1007/s10856-019-6318-7
https://doi.org/10.3390/cells9040962
https://doi.org/10.3390/ijms21165798
https://doi.org/10.1038/nature21363
https://doi.org/10.1016/j.engreg.2020.10.001
https://doi.org/10.1016/j.actbio.2013.07.025
https://doi.org/10.1016/j.ijbiomac.2016.02.032
https://doi.org/10.1016/j.ijbiomac.2023.123438
https://www.ncbi.nlm.nih.gov/pubmed/36709805
https://doi.org/10.3389/fimmu.2014.00101
https://doi.org/10.3390/biom11101518
https://www.ncbi.nlm.nih.gov/pubmed/34680150
https://doi.org/10.1101/cshperspect.a004978
https://www.ncbi.nlm.nih.gov/pubmed/21421911
https://doi.org/10.1039/c3lc50493j
https://doi.org/10.1016/j.actbio.2012.08.007
https://doi.org/10.1371/journal.pone.0085178
https://doi.org/10.1073/pnas.1613855114


Int. J. Mol. Sci. 2023, 24, 12314 20 of 25

80. Cross, V.L.; Zheng, Y.; Choi, N.W.; Verbridge, S.S.; Sutermaster, B.A.; Bonassar, L.J.; Fischbach, C.; Stroock, A.D. Dense type I
collagen matrices that support cellular remodeling and microfabrication for studies of tumor angiogenesis and vasculogenesis
in vitro. Biomaterials 2010, 31, 8596–8607. [CrossRef]

81. Crosby, C.O.; Valliappan, D.; Shu, D.; Kumar, S.; Tu, C.; Deng, W.; Parekh, S.H.; Zoldan, J. Quantifying the Vasculogenic Potential
of Induced Pluripotent Stem Cell-Derived Endothelial Progenitors in Collagen Hydrogels. Tissue Eng. Part A 2019, 25, 746–758.
[CrossRef]

82. Lu, J.; Guan, F.; Cui, F.; Sun, X.; Zhao, L.; Wang, Y.; Wang, X. Enhanced angiogenesis by the hyaluronic acid hydrogels immobilized
with a VEGF mimetic peptide in a traumatic brain injury model in rats. Regen. Biomater. 2019, 6, 325–334. [CrossRef]

83. Mushtaq, F.; Raza, Z.A.; Batool, S.R.; Zahid, M.; Onder, O.C.; Rafique, A.; Nazeer, M.A. Preparation, properties, and applications
of gelatin-based hydrogels (GHs) in the environmental, technological, and biomedical sectors. Int. J. Biol. Macromol. 2022, 218,
601–633. [CrossRef] [PubMed]

84. Chen, Y.C.; Lin, R.Z.; Qi, H.; Yang, Y.; Bae, H.; Melero-Martin, J.M.; Khademhosseini, A. Functional Human Vascular Network
Generated in Photocrosslinkable Gelatin Methacrylate Hydrogels. Adv. Funct. Mater. 2012, 22, 2027–2039. [CrossRef] [PubMed]

85. Lin, R.Z.; Chen, Y.C.; Moreno-Luna, R.; Khademhosseini, A.; Melero-Martin, J.M. Transdermal regulation of vascular network
bioengineering using aphotopolymerizable methacrylated gelatin hydrogel. Biomaterials 2013, 34, 6785–6796. [CrossRef]

86. Hanjaya-Putra, D.; Yee, J.; Ceci, D.; Truitt, R.; Yee, D.; Gerecht, S. Vascular endothelial growth factor and substrate mechanics
regulate in vitro tubulogenesis of endothelial progenitor cells. J. Cell. Mol. Med. 2010, 14, 2436–2447. [CrossRef] [PubMed]

87. Bertassoni, L.E.; Cecconi, M.; Manoharan, V.; Nikkhah, M.; Hjortnaes, J.; Cristino, A.L.; Barabaschi, G.; Demarchi, D.; Dokmeci,
M.R.; Yang, Y.; et al. Hydrogel bioprinted microchannel networks for vascularization of tissue engineering constructs. Lab Chip
2014, 14, 2202–2211. [CrossRef]

88. Li, Z.; Qu, T.; Ding, C.; Ma, C.; Sun, H.; Li, S.; Liu, X. Injectable gelatin derivative hydrogels with sustained vascular endothelial
growth factor release for induced angiogenesis. Acta Biomater. 2015, 13, 88–100. [CrossRef]

89. Nie, J.; Gao, Q.; Wang, Y.; Zeng, J.; Zhao, H.; Sun, Y.; Shen, J.; Ramezani, H.; Fu, Z.; Liu, Z.; et al. Vessel-on-a-chip with
Hydrogel-based Microfluidics. Small 2018, 14, 1802368. [CrossRef]

90. Cui, H.; Zhu, W.; Huang, Y.; Liu, C.; Yu, Z.X.; Nowicki, M.; Miao, S.; Cheng, Y.; Zhou, X.; Lee, S.J.; et al. In vitro and in vivo
evaluation of 3D bioprinted small-diameter vasculature with smooth muscle and endothelium. Biofabrication 2019, 12, 015004.
[CrossRef]

91. Liu, Y.; Weng, R.; Wang, W.; Wei, X.; Li, J.; Chen, X.; Liu, Y.; Lu, F.; Li, Y. Tunable physical and mechanical properties of gelatin
hydrogel after transglutaminase crosslinking on two gelatin types. Int. J. Biol. Macromol. 2020, 162, 405–413. [CrossRef]

92. Nichol, J.W.; Koshy, S.T.; Bae, H.; Hwang, C.M.; Yamanlar, S.; Khademhosseini, A. Cell-laden microengineered gelatin methacry-
late hydrogels. Biomaterials 2010, 31, 5536–5544. [CrossRef]

93. Yue, K.; Trujillo-de Santiago, G.; Alvarez, M.M.; Tamayol, A.; Annabi, N.; Khademhosseini, A. Synthesis, properties, and
biomedical applications of gelatin methacryloyl (GelMA) hydrogels. Biomaterials 2015, 73, 254–271. [CrossRef]

94. Janmey, P.A.; Winer, J.P.; Weisel, J.W. Fibrin gels and their clinical and bioengineering applications. J. R. Soc. Interface 2009, 6, 1–10.
[CrossRef] [PubMed]

95. Noori, A.; Ashrafi, S.J.; Vaez-Ghaemi, R.; Hatamian-Zaremi, A.; Webster, T.J. A review of fibrin and fibrin composites for bone
tissue engineering. Int. J. Nanomed. 2017, 12, 4937–4961. [CrossRef]

96. Bayer, I.S. Advances in Fibrin-Based Materials in Wound Repair: A Review. Molecules 2022, 27, 4504. [CrossRef] [PubMed]
97. Heher, P.; Mühleder, S.; Mittermayr, R.; Redl, H.; Slezak, P. Fibrin-based delivery strategies for acute and chronic wound healing.

Adv. Drug Deliv. Rev. 2018, 129, 134–147. [CrossRef] [PubMed]
98. Chen, X.; Aledia, A.S.; Popson, S.A.; Him, L.; Hughes, C.C.W.; George, S.C. Rapid Anastomosis of Endothelial Progenitor

Cell–Derived Vessels with Host Vasculature Is Promoted by a High Density of Cotransplanted Fibroblasts. Tissue Eng. Part A
2010, 16, 585–594. [CrossRef]

99. Morin, K.T.; Tranquillo, R.T. In Vitro Models of Angiogenesis and Vasculogenesis in Fibrin Gel. Exp. Cell Res. 2013, 319, 2409–2417.
[CrossRef]

100. Rohringer, S.; Hofbauer, P.; Schneider, K.H.; Husa, A.M.; Feichtinger, G.; Peterbauer-Scherb, A.; Redl, H.; Holnthoner, W.
Mechanisms of vasculogenesis in 3D fibrin matrices mediated by the interaction of adipose-derived stem cells and endothelial
cells. Angiogenesis 2014, 17, 921–933. [CrossRef]

101. Clavane, E.M.; Taylor, H.A.; Cubbon, R.M.; Meakin, P.J. Endothelial Cell Fibrin Gel Angiogenesis Bead Assay. In Angiogenesis:
Methods and Protocols; Humana: New York, NY, USA, 2022; Volume 2441, pp. 321–327. [CrossRef]

102. Sacchi, V.; Mittermayr, R.; Hartinger, J.; Martino, M.M.; Lorentz, K.M.; Wolbank, S.; Hofmann, A.; Largo, R.A.; Marschall, J.S.;
Groppa, E. Long-lasting fibrin matrices ensure stable and functional angiogenesis by highly tunable, sustained delivery of
recombinant VEGF164. Proc. Natl. Acad. Sci. USA 2014, 111, 6952–6957. [CrossRef]

103. Knezevic, L.; Schaupper, M.; Mühleder, S.; Schimek, K.; Hasenberg, T.; Marx, U.; Priglinger, E.; Redl, H.; Holnthoner, W.
Engineering Blood and Lymphatic Microvascular Networks in Fibrin Matrices. Front. Bioeng. Biotechnol. 2017, 5, 25. [CrossRef]
[PubMed]

104. Brassard-Jollive, N.; Monnot, C.; Muller, L.; Germain, S. In vitro 3D Systems to Model Tumor Angiogenesis and Interactions With
Stromal Cells. Front. Cell Dev. Biol. 2020, 8, 594903. [CrossRef]

https://doi.org/10.1016/j.biomaterials.2010.07.072
https://doi.org/10.1089/ten.tea.2018.0274
https://doi.org/10.1093/rb/rbz027
https://doi.org/10.1016/j.ijbiomac.2022.07.168
https://www.ncbi.nlm.nih.gov/pubmed/35902015
https://doi.org/10.1002/adfm.201101662
https://www.ncbi.nlm.nih.gov/pubmed/22907987
https://doi.org/10.1016/j.biomaterials.2013.05.060
https://doi.org/10.1111/j.1582-4934.2009.00981.x
https://www.ncbi.nlm.nih.gov/pubmed/19968735
https://doi.org/10.1039/C4LC00030G
https://doi.org/10.1016/j.actbio.2014.11.002
https://doi.org/10.1002/smll.201802368
https://doi.org/10.1088/1758-5090/ab402c
https://doi.org/10.1016/j.ijbiomac.2020.06.185
https://doi.org/10.1016/j.biomaterials.2010.03.064
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1098/rsif.2008.0327
https://www.ncbi.nlm.nih.gov/pubmed/18801715
https://doi.org/10.2147/IJN.S124671
https://doi.org/10.3390/molecules27144504
https://www.ncbi.nlm.nih.gov/pubmed/35889381
https://doi.org/10.1016/j.addr.2017.12.007
https://www.ncbi.nlm.nih.gov/pubmed/29247766
https://doi.org/10.1089/ten.tea.2009.0491
https://doi.org/10.1016/j.yexcr.2013.06.006
https://doi.org/10.1007/s10456-014-9439-0
https://doi.org/10.1007/978-1-0716-2059-5_25
https://doi.org/10.1073/pnas.1404605111
https://doi.org/10.3389/fbioe.2017.00025
https://www.ncbi.nlm.nih.gov/pubmed/28459049
https://doi.org/10.3389/fcell.2020.594903


Int. J. Mol. Sci. 2023, 24, 12314 21 of 25

105. Kniebs, C.; Luengen, A.E.; Guenther, D.; Cornelissen, C.G.; Schmitz-Rode, T.; Jockenhoevel, S.; Thiebes, A.L. Establishment of a
Pre-vascularized 3D Lung Cancer Model in Fibrin Gel—Influence of Hypoxia and Cancer-Specific Therapeutics. Front. Bioeng.
Biotechnol. 2021, 9, 761846. [CrossRef] [PubMed]

106. Li, Y.; Meng, H.; Liu, Y.; Lee, B.P. Fibrin Gel as an Injectable Biodegradable Scaffold and Cell Carrier for Tissue Engineering. Sci.
World J. 2015, 2015, 685690. [CrossRef] [PubMed]

107. Marchand, M.; Monnot, C.; Muller, L.; Germain, S. Extracellular matrix scaffolding in angiogenesis and capillary homeostasis.
Semin. Cell Dev. Biol. 2019, 89, 147–156. [CrossRef]

108. Kasravi, M.; Ahmadi, A.; Babajani, A.; Mazloomnejad, R.; Hatamnejad, M.R.; Shariatzadeh, S.; Bahrami, S.; Niknejad, H.
Immunogenicity of decellularized extracellular matrix scaffolds: A bottleneck in tissue engineering and regenerative medicine.
Biomater. Res. 2023, 27, 10. [CrossRef]

109. Thomsen, M.S.; Routhe, L.J.; Moos, T. The vascular basement membrane in the healthy and pathological brain. J. Cereb. Blood Flow
Metab. 2017, 37, 3300–3317. [CrossRef]

110. González-Díaz, E.C.; Varghese, S. Hydrogels as Extracellular Matrix Analogs. Gels 2016, 2, 20. [CrossRef]
111. Arulmoli, J.; Wright, H.J.; Phan, D.T.T.; Sheth, U.; Que, R.A.; Botten, G.A.; Keating, M.; Botvinick, E.L.; Pathak, M.M.; Zarembinski,

T.I.; et al. Combination scaffolds of salmon fibrin, hyaluronic acid, and laminin for human neural stem cell and vascular tissue
engineering. Acta Biomater. 2016, 43, 122–138. [CrossRef]

112. Stamati, K.; Priestley, J.V.; Mudera, V.; Cheema, U. Laminin promotes vascular network formation in 3D in vitro collagen scaffolds
by regulating VEGF uptake. Exp. Cell Res. 2014, 327, 68–77. [CrossRef]

113. Weinberg, C.B.; Bell, E. A blood vessel model constructed from collagen and cultured vascular cells. Science 1986, 231, 397–400.
[CrossRef] [PubMed]

114. Stratesteffen, H.; Köpf, M.; Kreimendahl, F.; Blaeser, A.; Jockenhoevel, S.; Fischer, H. GelMA-collagen blends enable drop-on-
demand 3D printablility and promote angiogenesis. Biofabrication 2017, 9, 045002. [CrossRef] [PubMed]

115. Haggerty, A.E.; Maldonado-Lasunción, I.; Oudega, M. Biomaterials for revascularization and immunomodulation after spinal
cord injury. Biomed. Mater. 2018, 13, 044105. [CrossRef] [PubMed]

116. Song, H.H.G.; Rumma, R.T.; Ozaki, C.K.; Edelman, E.R.; Chen, C.S. Vascular tissue engineering: Progress, challenges, and clinical
promise. Cell Stem Cell 2018, 22, 340–354. [CrossRef]

117. O’Connor, C.; Brady, E.; Zheng, Y.; Moore, E.; Stevens, K.R. Engineering the multiscale complexity of vascular networks. Nat. Rev.
Mater. 2022, 7, 702–716. [CrossRef]

118. Islam, M.M.; Shahruzzaman, M.; Biswas, S.; Sakib, M.N.; Rashid, T.U. Chitosan based bioactive materials in tissue engineering
applications-A review. Bioact. Mater. 2020, 5, 164–183. [CrossRef]

119. Tavakol, D.N.; Fleischer, S.; Falcucci, T.; Graney, P.L.; Halligan, S.P.; Kaplan, D.L.; Vunjak-Novakovic, G. Emerging Trajectories for
Next Generation Tissue Engineers. ACS Biomater. Sci. Eng. 2022, 8, 4598–4604. [CrossRef]

120. Wang, Q.; Wang, X.; Feng, Y. Chitosan Hydrogel as Tissue Engineering Scaffolds for Vascular Regeneration Applications. Gels
2023, 9, 373. [CrossRef]

121. Chapla, R.; West, J.L. Hydrogel biomaterials to support and guide vascularization. Prog. Biomed. Eng. 2020, 3, 012002. [CrossRef]
122. Cai, D.; Weng, W. Development potential of extracellular matrix hydrogels as hemostatic materials. Front. Bioeng. Biotechnol. 2023,

11, 1187474. [CrossRef]
123. Giobbe, G.G.; Crowley, C.; Luni, C.; Campinoti, S.; Khedr, M.; Kretzschmar, K.; De Santis, M.M.; Zambaiti, E.; Michielin, F.; Meran,

L.; et al. Extracellular matrix hydrogel derived from decellularized tissues enables endodermal organoid culture. Nat. Commun.
2019, 10, 5658. [CrossRef] [PubMed]

124. Seo, Y.; Jung, Y.; Kim, S.H. Decellularized heart ECM hydrogel using supercritical carbon dioxide for improved angiogenesis.
Acta Biomater. 2018, 67, 270–281. [CrossRef] [PubMed]

125. Brown, M.; Li, J.; Moraes, C.; Tabrizian, M.; Li-Jessen, N.Y.K. Decellularized extracellular matrix: New promising and challenging
biomaterials for regenerative medicine. Biomaterials 2022, 289, 121786. [CrossRef] [PubMed]

126. Fercana, G.R.; Yerneni, S.; Billaud, M.; Hill, J.C.; VanRyzin, P.; Richards, T.D.; Sicari, B.M.; Johnson, S.A.; Badylak, S.F.; Campbell,
P.G. Perivascular extracellular matrix hydrogels mimic native matrix microarchitecture and promote. angiogenesis via basic
fibroblast growth factor. Biomaterials 2017, 123, 142–154. [CrossRef] [PubMed]

127. Hodgson, M.J.; Knutson, C.C.; Momtahan, N.; Cook, A.D. Extracellular matrix from whole porcine heart decellularization for
cardiac tissue engineering. Methods Mol. Biol. 2018, 1577, 95–102. [CrossRef] [PubMed]

128. Qiao, L.; Kong, Y.; Shi, Y.; Sun, A.; Ji, R.; Huang, C.; Li, Y.; Yang, X. Synergistic effects of adipose-derived stem cells combined
with decellularized myocardial matrix on the treatment of myocardial infarction in rats. Life Sci. 2019, 239, 116891. [CrossRef]

129. Barbulescu, G.I.; Bojin, F.M.; Ordodi, V.L.; Goje, I.D.; Barbulescu, A.S.; Paunescu, V. Decellularized Extracellular Matrix Scaffolds
for Cardiovascular Tissue Engineering: Current Techniques and Challenges. Int. J. Mol. Sci. 2022, 23, 13040. [CrossRef]

130. Zawko, S.A.; Suri, S.; Truong, Q.; Schmidt, C.E. Photopatterned anisotropic swelling of dual-crosslinked hyaluronic acid hydrogels.
Acta Biomater. 2009, 5, 14–22. [CrossRef]

131. Yamaoka, H.; Asato, H.; Ogasawara, T.; Nishizawa, S.; Takahashi, T.; Nakatsuka, T.; Koshima, I.; Nakamura, K.; Kawaguchi,
H.; Chung, U.I. Cartilage tissue engineering using human auricular chondrocytes embedded in different hydrogel materials. J.
Biomed. Mater. Res. A 2006, 78, 1–11. [CrossRef]

https://doi.org/10.3389/fbioe.2021.761846
https://www.ncbi.nlm.nih.gov/pubmed/34722481
https://doi.org/10.1155/2015/685690
https://www.ncbi.nlm.nih.gov/pubmed/25853146
https://doi.org/10.1016/j.semcdb.2018.08.007
https://doi.org/10.1186/s40824-023-00348-z
https://doi.org/10.1177/0271678X17722436
https://doi.org/10.3390/gels2030020
https://doi.org/10.1016/j.actbio.2016.07.043
https://doi.org/10.1016/j.yexcr.2014.05.012
https://doi.org/10.1126/science.2934816
https://www.ncbi.nlm.nih.gov/pubmed/2934816
https://doi.org/10.1088/1758-5090/aa857c
https://www.ncbi.nlm.nih.gov/pubmed/28795951
https://doi.org/10.1088/1748-605X/aaa9d8
https://www.ncbi.nlm.nih.gov/pubmed/29359704
https://doi.org/10.1016/j.stem.2018.02.009
https://doi.org/10.1038/s41578-022-00447-8
https://doi.org/10.1016/j.bioactmat.2020.01.012
https://doi.org/10.1021/acsbiomaterials.1c01428
https://doi.org/10.3390/gels9050373
https://doi.org/10.1088/2516-1091/abc947
https://doi.org/10.3389/fbioe.2023.1187474
https://doi.org/10.1038/s41467-019-13605-4
https://www.ncbi.nlm.nih.gov/pubmed/31827102
https://doi.org/10.1016/j.actbio.2017.11.046
https://www.ncbi.nlm.nih.gov/pubmed/29223704
https://doi.org/10.1016/j.biomaterials.2022.121786
https://www.ncbi.nlm.nih.gov/pubmed/36116171
https://doi.org/10.1016/j.biomaterials.2017.01.037
https://www.ncbi.nlm.nih.gov/pubmed/28167392
https://doi.org/10.1007/7651_2017_31
https://www.ncbi.nlm.nih.gov/pubmed/28456953
https://doi.org/10.1016/j.lfs.2019.116891
https://doi.org/10.3390/ijms232113040
https://doi.org/10.1016/j.actbio.2008.09.012
https://doi.org/10.1002/jbm.a.30655


Int. J. Mol. Sci. 2023, 24, 12314 22 of 25

132. Kuijpers, A.J.; Engbers, G.H.M.; Krijgsveld, J.; Zaat, S.A.J.; Dankert, J.; Feijen, J. Cross-linking and characterisation of gelatin
matrices for biomedical applications. J. Biomater. Sci. Polym. Ed. 2000, 11, 225–243. [CrossRef] [PubMed]

133. Sun, M.; Sun, X.; Wang, Z.; Guo, S.; Yu, G.; Yang, H. Synthesis and Properties of Gelatin Methacryloyl (GelMA) Hydrogels and
Their Recent Applications in Load-Bearing Tissue. Polymers 2018, 10, 1290. [CrossRef] [PubMed]

134. Coradin, T.; Wang, K.; Law, T.; Trichet, L. Type I Collagen-Fibrin Mixed Hydrogels: Preparation, Properties and Biomedical
Applications. Gels 2020, 6, 36. [CrossRef]

135. Zhang, S.; Yu, Y.; Wang, H.; Ren, L.; Yang, K. Study on mechanical behavior of Cu-bearing antibacterial titanium alloy implant. J.
Mech. Behav. Biomed. Mater. 2022, 125, 104926. [CrossRef]

136. Yuan, Y.; Luo, R.; Ren, J.; Zhang, L.; Jiang, Y.; He, Z. Design of a new Ti-Mo-Cu alloy with excellent mechanical and antibacterial
properties as implant materials. Mater. Lett. 2022, 306, 130875. [CrossRef]

137. Celesti, C.; Iannazzo, D.; Espro, C.; Visco, A.; Legnani, L.; Veltri, L.; Visalli, G.; Di Pietro, A.; Bottino, P.; Chiacchio, M.A.
Chitosan/POSS Hybrid Hydrogels for Bone Tissue Engineering. Materials 2022, 15, 8208. [CrossRef] [PubMed]

138. Engler, A.J.; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix Elasticity Directs Stem Cell Lineage Specification. Cell 2006, 126, 677–689.
[CrossRef]

139. Wingate, K.; Floren, M.; Tan, Y.; Tseng, O.N.; Tan, W. Synergism of matrix stiffness and vascular endothelial growth factor on
mesenchymal stem cells for vascular endothelial regeneration. Tissue Eng. Part A 2014, 20, 2503–2512. [CrossRef] [PubMed]

140. Wong, L.; Kumar, A.; Gabela-Zuniga, B.; Chua, J.; Singh, G.; Happe, C.L.; Engler, A.J.; Fan, Y.; McCloskey, K.E. Substrate stiffness
directs diverging vascular fates. Acta Biomater. 2019, 96, 321–329. [CrossRef]

141. Fathi, E.; Nassiri, S.M.; Atyabi, N.; Ahmadi, S.H.; Imani, M.; Farahzadi, R.; Rabbani, S.; Akhlaghpour, S.; Sahebjam, M.; Taherim,
M. Induction of angiogenesis via topical delivery of basic-fibroblast growth factor from polyvinyl alcohol-dextran blend hydrogel
in an ovine model of acute myocardial infarction. J. Tissue Eng. Regen. Med. 2013, 7, 697–707. [CrossRef]

142. Roberts, J.J.; Farrugia, B.L.; Green, R.A.; Rnjak-Kovacina, J.; Martens, P.J. In situ formation of poly(vinyl alcohol)-heparin
hydrogels for mild encapsulation and prolonged release of basic fibroblast growth factor and vascular endothelial growth factor.
J. Tissue Eng. 2016, 7, 1–10. [CrossRef]

143. Zahid, A.A.; Ahmed, R.; Raza ur Rehman, S.; Augustine, R.; Tariq, M.; Hasan, A. Nitric oxide releasing chitosan-poly (vinyl
alcohol) hydrogel promotes angiogenesis in chick embryo model. Int. J. Biol. Macromol. 2019, 136, 901–910. [CrossRef]

144. Brown, A.; He, H.; Trumper, E.; Valdez, J.; Hammond, P.; Griffith, L.G. Engineering PEG-based hydrogels to foster efficient
endothelial network formation in free-swelling and confined microenvironments. Biomaterials 2020, 243, 119921. [CrossRef]

145. Wang, Y.; Kankala, R.K.; Ou, C.; Chen, A.; Yang, Z. Advances in hydrogel-based vascularized tissues for tissue repair and drug
screening. Bioact. Mater. 2022, 9, 198–220. [CrossRef]

146. Friend, N.E.; McCoy, A.J.; Stegemann, J.P.; Putnam, A.J. A combination of matrix stiffness and degradability dictate microvascular
network assembly and remodeling in cell-laden poly(ethylene glycol) hydrogels. Biomaterials 2023, 295, 122050. [CrossRef]

147. Das, N. Preparation methods and properties of hydrogel: A review. Int. J. Pharm. Pharm. Sci. 2013, 5, 112–117.
148. Peppas, N.A. Turbidimetric studies of aqueous poly(vinyl alcohol) solutions. Die Makromol. Chem. 1975, 176, 3433–3440.

[CrossRef]
149. Lin, C.C.; Anseth, K.S. PEG hydrogels for the controlled release of biomolecules in regenerative medicine. Pharm. Res. 2009, 26,

631–643. [CrossRef]
150. Zisch, A.H.; Lutolf, M.P.; Ehrbar, M.; Raeber, G.P.; Rizzi, S.C.; Davies, N.; Schmökel, H.; Bezuidenhout, D.; Djonov, V.; Zilla, P.;

et al. Cell-demanded release of VEGF from synthetic, biointeractive cell ingrowth matrices for vascularized tissue growth. FASEB
J. 2003, 17, 2260–2262. [CrossRef]

151. D’Andrea, L.D.; Iaccarino, G.; Fattorusso, R.; Sorriento, D.; Carannante, C.; Capasso, D.; Trimarco, B.; Pedone, C. Targeting
angiogenesis: Structural characterization and biological properties of a de novo engineered VEGF mimicking peptide. Proc. Natl.
Acad. Sci. USA 2005, 102, 14215–14220. [CrossRef]

152. Chen, T.T.; Luque, A.; Lee, S.; Anderson, S.M.; Segura, T.; Iruela-Arispe, M.L. Anchorage of VEGF to the extracellular matrix
conveys differential signaling responses to endothelial cells. J. Cell Biol. 2010, 188, 595–609. [CrossRef]

153. Leslie-Barbick, J.E.; Moon, J.J.; West, J.L. Covalently-Immobilized Vascular Endothelial Growth Factor Promotes Endothelial Cell
Tubulogenesis in Poly(ethylene glycol) Diacrylate Hydrogels. J. Biomater. Sci. Polym. Ed. 2012, 20, 1763–1779. [CrossRef]

154. Enriquez-Ochoa, D.; Robles-Ovalle, P.; Mayolo-Deloisa, K.; Brunck, M.E.G. Immobilization of Growth Factors for Cell Therapy
Manufacturing. Front. Bioeng. Biotechnol. 2020, 8, 620. [CrossRef] [PubMed]

155. He, X.; Ma, J.; Jabbari, E. Effect of grafting RGD and BMP-2 protein-derived peptides to a hydrogel substrate on osteogenic
differentiation of marrow stromal cells. Langmuir 2008, 24, 12508–12516. [CrossRef] [PubMed]

156. Deforest, C.A.; Polizzotti, B.D.; Anseth, K.S. Sequential click reactions for synthesizing and patterning three-dimensional cell
microenvironments. Nat. Mater. 2009, 8, 659–664. [CrossRef] [PubMed]

157. Jiang, Y.; Chen, J.; Deng, C.; Suuronen, E.J.; Zhong, Z. Click hydrogels, microgels and nanogels: Emerging platforms for drug
delivery and tissue engineering. Biomaterials 2014, 35, 4969–4985. [CrossRef]

158. Hammer, J.A.; West, J.L. Dynamic Ligand Presentation in Biomaterials. Bioconjug. Chem. 2018, 29, 2140–2149. [CrossRef]
159. Saik, J.E.; Gould, D.J.; Watkins, E.M.; Dickinson, M.E.; West, J.L. Covalently immobilized platelet-derived growth factor-BB

promotes angiogenesis in biomimetic poly(ethylene glycol) hydrogels. Acta Biomater. 2011, 7, 133–143. [CrossRef]

https://doi.org/10.1163/156856200743670
https://www.ncbi.nlm.nih.gov/pubmed/10841277
https://doi.org/10.3390/polym10111290
https://www.ncbi.nlm.nih.gov/pubmed/30961215
https://doi.org/10.3390/gels6040036
https://doi.org/10.1016/j.jmbbm.2021.104926
https://doi.org/10.1016/j.matlet.2021.130875
https://doi.org/10.3390/ma15228208
https://www.ncbi.nlm.nih.gov/pubmed/36431692
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1089/ten.tea.2013.0249
https://www.ncbi.nlm.nih.gov/pubmed/24702044
https://doi.org/10.1016/j.actbio.2019.07.030
https://doi.org/10.1002/term.1460
https://doi.org/10.1177/2041731416677132
https://doi.org/10.1016/j.ijbiomac.2019.06.136
https://doi.org/10.1016/j.biomaterials.2020.119921
https://doi.org/10.1016/j.bioactmat.2021.07.005
https://doi.org/10.1016/j.biomaterials.2023.122050
https://doi.org/10.1002/macp.1975.021761125
https://doi.org/10.1007/s11095-008-9801-2
https://doi.org/10.1096/fj.02-1041fje
https://doi.org/10.1073/pnas.0505047102
https://doi.org/10.1083/jcb.200906044
https://doi.org/10.1163/156856208X386381
https://doi.org/10.3389/fbioe.2020.00620
https://www.ncbi.nlm.nih.gov/pubmed/32637403
https://doi.org/10.1021/la802447v
https://www.ncbi.nlm.nih.gov/pubmed/18837524
https://doi.org/10.1038/nmat2473
https://www.ncbi.nlm.nih.gov/pubmed/19543279
https://doi.org/10.1016/j.biomaterials.2014.03.001
https://doi.org/10.1021/acs.bioconjchem.8b00288
https://doi.org/10.1016/j.actbio.2010.08.018


Int. J. Mol. Sci. 2023, 24, 12314 23 of 25

160. Yukie Aizawa, B.; Wylie, R.; Shoichet, M.; Aizawa, Y.; Wylie, R.; Shoichet, M. Endothelial Cell Guidance in 3D Patterned Scaffolds.
Adv. Mater. 2010, 22, 4831–4835. [CrossRef]

161. Wang, S.; Umrath, F.; Cen, W.; Reinert, S.; Alexander, D. Angiogenic Potential of VEGF Mimetic Peptides for the Biofunctionaliza-
tion of Collagen/Hydroxyapatite Composites. Biomolecules 2021, 11, 1538. [CrossRef]

162. Cai, L.; Dinh, C.B.; Heilshorn, S.C. One-pot synthesis of elastin-like polypeptide hydrogels with grafted VEGF-mimetic peptides.
Biomater. Sci. 2014, 2, 757–765. [CrossRef]

163. Xu, W.; Wu, Y.; Lu, H.; Zhang, X.; Zhu, Y.; Liu, S.; Zhang, Z.; Ye, J.; Yang, W. Injectable hydrogel encapsulated with VEGF-mimetic
peptide-loaded nanoliposomes promotes peripheral nerve repair in vivo. Acta Biomater. 2023, 160, 225–238. [CrossRef]

164. Su, J.; Satchell, S.C.; Wertheim, J.A.; Shah, R.N. Poly(Ethylene Glycol)-Crosslinked Gelatin Hydrogel Substrates with Conjugated
Bioactive Peptides Influence Endothelial Cell Behavior. Biomaterials 2019, 201, 99–112. [CrossRef]

165. Ruoslahti, E. RGD and other recognition sequences for integrins. Annu. Rev. Cell Dev. Biol. 1996, 12, 697–715. [CrossRef] [PubMed]
166. Li, S.; Nih, L.R.; Bachman, H.; Fei, P.; Li, Y.; Nam, E.; Dimatteo, R.; Carmichael, S.T.; Barker, T.H.; Segura, T. Hydrogels with

precisely controlled integrin activation dictate vascular patterning and permeability. Nat. Mater. 2017, 16, 953–961. [CrossRef]
[PubMed]

167. Klimek, K.; Ginalska, G. Proteins and Peptides as Important Modifiers of the Polymer Scaffolds for Tissue Engineering
Applications-A Review. Polymers 2020, 12, 844. [CrossRef]

168. Oliveira, H.; Medina, C.; Stachowicz, M.L.; Chagot, L.; Dusserre, N.; Fricain, J.C. Extracellular matrix (ECM)-derived bioinks
designed to foster vasculogenesis and neurite outgrowth: Characterization and bioprinting. Bioprinting 2021, 22, e00134.
[CrossRef]

169. Ali, S.; Saik, J.E.; Gould, D.J.; Dickinson, M.E.; West, J.L. Immobilization of Cell-Adhesive Laminin Peptides in Degradable
PEGDA Hydrogels Influences Endothelial Cell Tubulogenesis. BioRes. Open Access 2013, 2, 241–249. [CrossRef]

170. Massia, S.P.; Hubbell, J.A. Vascular endothelial cell adhesion and spreading promoted by the peptide REDV of the IIICS region of
plasma fibronectin is mediated by integrin α4β1. J. Biol. Chem. 1992, 267, 14019–14026. [CrossRef]

171. Gunn, J.W.; Turner, S.D.; Mann, B.K. Adhesive and mechanical properties of hydrogels influence neurite extension. J. Biomed.
Mater. Res. A 2005, 72, 91–97. [CrossRef]

172. Moon, J.J.; Saik, J.E.; Poché, R.A.; Leslie-Barbick, J.E.; Lee, S.H.; Smith, A.A.; Dickinson, M.E.; West, J.L. Biomimetic hydrogels
with pro-angiogenic properties. Biomaterials 2010, 31, 3840–3847. [CrossRef] [PubMed]

173. Antonova, L.V.; Seifalian, A.M.; Kutikhin, A.G.; Sevostyanova, V.V.; Matveeva, V.G.; Velikanova, E.A.; Mironov, A.V.; Shabaev,
A.R.; Glushkova, T.V.; Senokosova, E.A.; et al. Conjugation with RGD Peptides and Incorporation of Vascular Endothelial
Growth Factor Are Equally Efficient for Biofunctionalization of Tissue-Engineered Vascular Grafts. Int. J. Mol. Sci. 2016, 17, 1920.
[CrossRef] [PubMed]

174. He, Y.J.; Santana, M.F.; Moucka, M.; Quirk, J.; Shuaibi, A.; Pimentel, M.B.; Grossman, S.; Rashid, M.M.; Cinar, A.; Georgiadis, J.G.;
et al. Immobilized RGD concentration and Proteolytic Degradation Synergistically Enhance Vascular Sprouting within Hydrogel
Scaffolds of Varying Modulus. J. Biomater. Sci. Polym. Ed. 2020, 31, 324–349. [CrossRef] [PubMed]

175. Chen, X.; Fu, W.; Cao, X.; Jiang, H.; Che, X.; Xu, X.; Ma , B.; Zhang, J. Peptide SIKVAV-modified chitosan hydrogels promote skin
wound healing by accelerating angiogenesis and regulating cytokine secretion. Am. J. Transl. Res. 2018, 10, 4258–4268.

176. Foster, G.A.; Headen, D.M.; González-García, C.; Salmerón-Sánchez, M.; Shirwan, H.; García, A.J. Protease-degradable microgels
for protein delivery for vascularization. Biomaterials 2017, 113, 170–175. [CrossRef]

177. Qi, D.; Wu, S.; Kuss, M.A.; Shi, W.; Chung, S.; Deegan, P.T.; Kamenskiy, A.; He, Y.; Duan, B. Mechanically robust cryogels with
injectability and bioprinting supportability for adipose tissue engineering. Acta Biomater. 2018, 74, 131–142. [CrossRef]

178. Rogers, Z.J.; Bencherif, S.A. Cryogelation and Cryogels. Gels 2019, 5, 46. [CrossRef]
179. Eggermont, L.J.; Rogers, Z.J.; Colombani, T.; Memic, A.; Bencherif, S.A. Injectable Cryogels for Biomedical Applications. Trends

Biotechnol. 2020, 38, 418–431. [CrossRef]
180. Moazzam, M.; Shehzad, A.; Sultanova, D.; Mukasheva, F.; Trifonov, A.; Berillo, D.; Akilbekova, D. Macroporous 3D printed

structures for regenerative medicine applications. Bioprinting 2022, 28, e00254. [CrossRef]
181. Patterson, J.; Hubbell, J.A. Enhanced proteolytic degradation of molecularly engineered PEG hydrogels in response to MMP-1

and MMP-2. Biomaterials 2010, 31, 7836–7845. [CrossRef]
182. Blatchley, M.R.; Gerecht, S. Acellular implantable and injectable hydrogels for vascular regeneration. Biomed. Mater. 2015, 10,

034001. [CrossRef] [PubMed]
183. Lutolf, M.P.; Lauer-Fields, J.L.; Schmoekel, H.G.; Metters, A.T.; Weber, F.E.; Fields, G.B.; Hubbell, J.A. Synthetic matrix

metalloproteinase-sensitive hydrogels for the conduction of tissue regeneration: Engineering cell-invasion characteristics. Proc.
Natl. Acad. Sci. USA 2003, 100, 5413–5418. [CrossRef] [PubMed]

184. Zustiak, S.P.; Leach, J.B. Hydrolytically degradable poly(ethylene glycol) hydrogel scaffolds with tunable degradation and
mechanical properties. Biomacromolecules 2010, 11, 1348–1357. [CrossRef] [PubMed]

185. Makadia, H.K.; Siegel, S.J. Poly Lactic-co-Glycolic Acid (PLGA) as Biodegradable Controlled Drug Delivery Carrier. Polymers
2011, 3, 1377–1397. [CrossRef]

186. West, J.L.; Hubbell, J.A. Polymeric biomaterials with degradation sites for proteases involved in cell migration. Macromolecules
1999, 32, 241–244. [CrossRef]

https://doi.org/10.1002/adma.201001855
https://doi.org/10.3390/biom11101538
https://doi.org/10.1039/C3BM60293A
https://doi.org/10.1016/j.actbio.2023.02.004
https://doi.org/10.1016/j.biomaterials.2019.02.001
https://doi.org/10.1146/annurev.cellbio.12.1.697
https://www.ncbi.nlm.nih.gov/pubmed/8970741
https://doi.org/10.1038/nmat4954
https://www.ncbi.nlm.nih.gov/pubmed/28783156
https://doi.org/10.3390/polym12040844
https://doi.org/10.1016/j.bprint.2021.e00134
https://doi.org/10.1089/biores.2013.0021
https://doi.org/10.1016/S0021-9258(19)49672-5
https://doi.org/10.1002/jbm.a.30203
https://doi.org/10.1016/j.biomaterials.2010.01.104
https://www.ncbi.nlm.nih.gov/pubmed/20185173
https://doi.org/10.3390/ijms17111920
https://www.ncbi.nlm.nih.gov/pubmed/27854352
https://doi.org/10.1080/09205063.2019.1692640
https://www.ncbi.nlm.nih.gov/pubmed/31774730
https://doi.org/10.1016/j.biomaterials.2016.10.044
https://doi.org/10.1016/j.actbio.2018.05.044
https://doi.org/10.3390/gels5040046
https://doi.org/10.1016/j.tibtech.2019.09.008
https://doi.org/10.1016/j.bprint.2022.e00254
https://doi.org/10.1016/j.biomaterials.2010.06.061
https://doi.org/10.1088/1748-6041/10/3/034001
https://www.ncbi.nlm.nih.gov/pubmed/25775039
https://doi.org/10.1073/pnas.0737381100
https://www.ncbi.nlm.nih.gov/pubmed/12686696
https://doi.org/10.1021/bm100137q
https://www.ncbi.nlm.nih.gov/pubmed/20355705
https://doi.org/10.3390/polym3031377
https://doi.org/10.1021/ma981296k


Int. J. Mol. Sci. 2023, 24, 12314 24 of 25

187. Sokic, S.; Papavasiliou, G. Controlled Proteolytic Cleavage Site Presentation in Biomimetic PEGDA Hydrogels Enhances
Neovascularization In Vitro. Tissue Eng. Part A 2012, 18, 2477–2486. [CrossRef]

188. Goetsch, K.P.; Bracher, M.; Bezuidenhout, D.; Zilla, P.; Davies, N.H. Regulation of tissue ingrowth into proteolytically degradable
hydrogels. Acta Biomater. 2015, 24, 44–52. [CrossRef]

189. Schweller, R.M.; West, J.L. Encoding Hydrogel Mechanics via Network Cross-Linking Structure. ACS Biomater. Sci. Eng. 2015, 1,
335–344. [CrossRef]

190. Liu, Y.; Zhang, H.; Yan, L.; Du, W.; Zhang, M.; Chen, H.; Zhang, L.; Li, G.; Li, J.; Dong, Y.; et al. MMP-2 and MMP-9 contribute
to the angiogenic effect produced by hypoxia/15-HETE in pulmonary endothelial cells. J. Mol. Cell Cardiol. 2018, 121, 36–50.
[CrossRef]

191. Trappmann, B.; Baker, B.M.; Polacheck, W.J.; Choi, C.K.; Burdick, J.A.; Chen, C.S. Matrix degradability controls multicellularity of
3D cell migration. Nat. Commun. 2017, 8, 371. [CrossRef]

192. Martino, M.M.; Brkic, S.; Bovo, E.; Burger, M.; Schaefer, D.J.; Wolff, T.; Gürke, L.; Briquez, P.S.; Larsson, H.M.; Gianni-Barrera, R.;
et al. Extracellular matrix and growth factor engineering for controlled angiogenesis in regenerative medicine. Front. Bioeng.
Biotechnol. 2015, 3, 134910. [CrossRef]

193. Mongiat, M.; Andreuzzi, E.; Tarticchio, G.; Paulitti, A. Extracellular Matrix, a Hard Player in Angiogenesis. Int. J. Mol. Sci. 2016,
17, 1822. [CrossRef]

194. Van Hove, A.H.; Burke, K.; Antonienko, E.; Brown, E.; Benoit, D.S.W. Enzymatically-responsive pro-angiogenic peptide-releasing
poly(ethylene glycol) hydrogels promote vascularization in vivo. J. Control. Release 2015, 217, 191–201. [CrossRef] [PubMed]

195. Jeon, O.; Lee, K.; Alsberg, E. Spatial Micropatterning of Growth Factors in 3D Hydrogels for Location-Specific Regulation of
Cellular Behaviors. Small 2018, 14, e1800579. [CrossRef] [PubMed]

196. Nilasaroya, A.; Kop, A.M.; Morrison, D.A. Heparin-functionalized hydrogels as growth factor-signaling substrates. J. Biomed.
Mater. Res. A 2021, 109, 374–384. [CrossRef] [PubMed]

197. Pike, D.B.; Cai, S.; Pomraning, K.R.; Firpo, M.A.; Fisher, R.J.; Shu, X.Z.; Prestwich, G.D.; Peattie, R.A. Heparin-regulated release
of growth factors in vitro and angiogenic response in vivo to implanted hyaluronan hydrogels containing VEGF and bFGF.
Biomaterials 2006, 27, 5242–5251. [CrossRef]

198. Chung, H.J.; Kim, H.K.; Yoon, J.J.; Park, T.G. Heparin immobilized porous PLGA microspheres for angiogenic growth factor
delivery. Pharm. Res. 2006, 23, 1835–1841. [CrossRef]

199. Claaßen, C.; Sewald, L.; Tovar, G.E.M.; Borchers, K. Controlled Release of Vascular Endothelial Growth Factor from Heparin-
Functionalized Gelatin Type A and Albumin Hydrogels. Gels 2017, 3, 35. [CrossRef]

200. Janse van Rensburg, A.; Davies, N.H.; Oosthuysen, A.; Chokoza, C.; Zilla, P.; Bezuidenhout, D. Improved vascularization of
porous scaffolds through growth factor delivery from heparinized polyethylene glycol hydrogels. Acta Biomater. 2017, 49, 89–100.
[CrossRef]

201. Luo, Z.; Chen, S.; Zhou, J.; Wang, C.; Li, K.; Liu, J.; Tang, Y.; Wang, L. Application of aptamers in regenerative medicine. Front.
Bioeng. Biotechnol. 2022, 10, 976960. [CrossRef]

202. Rana, D.; Kandar, A.; Salehi-Nik, N.; Inci, I.; Koopman, B.; Rouwkema, J. Spatiotemporally controlled, aptamers-mediated growth
factor release locally manipulates microvasculature formation within engineered tissues. Bioact. Mater. 2022, 12, 71–84. [CrossRef]

203. Zhao, N.; Battig, M.R.; Xu, M.; Wang, X.; Xiong, N.; Wang, Y. Development of a Dual-Functional Hydrogel Using RGD and
Anti-VEGF Aptamer. Macromol. Biosci. 2017, 17, 1700201. [CrossRef]

204. Zhao, N.; Suzuki, A.; Zhang, X.; Shi, P.; Abune, L.; Coyne, J.; Jia, H.; Xiong, N.; Zhang, G.; Wang, Y. Dual Aptamer-functionalized
In Situ Injectable Fibrin Hydrogel for Promotion of Angiogenesis via Co-delivery of VEGF and PDGF-BB. ACS Appl. Mater.
Interfaces 2019, 11, 18123–18132. [CrossRef]

205. Dong, X.; Lu, X.; Kingston, K.; Brewer, E.; Juliar, B.A.; Kripfgans, O.D.; Fowlkes, J.B.; Franceschi, R.T.; Putnam, A.J.; Liu, Z.; et al.
Controlled delivery of basic fibroblast growth factor (bFGF) using acoustic droplet vaporization stimulates endothelial network
formation. Acta Biomater. 2019, 97, 409–419. [CrossRef]

206. Ngo, M.T.; Harley, B.A.C. Angiogenic biomaterials to promote therapeutic regeneration and investigate disease progression.
Biomaterials 2020, 255, 120207. [CrossRef]

207. Bacchus, W.; Aubel, D.; Fussenegger, M. Biomedically relevant circuit-design strategies in mammalian synthetic biology. Mol.
Syst. Biol. 2013, 9, 691. [CrossRef]

208. Polstein, L.R.; Gersbach, C.A. Light-inducible spatiotemporal control of gene activation by customizable zinc finger transcription
factors. J. Am. Chem. Soc. 2012, 134, 16480–16483. [CrossRef]

209. Liu, L.; Huang, W.; Huang, J.D. Synthetic circuits that process multiple light and chemical signal inputs. BMC Syst. Biol. 2017, 11,
5. [CrossRef]

210. Kumar, M.P.; Du, J.; Lagoudas, G.; Jiao, Y.; Sawyer, A.; Drummond, D.C.; Lauffenburger, D.A.; Raue, A. Analysis of Single-Cell
RNA-Seq Identifies Cell-Cell Communication Associated with Tumor Characteristics. Cell Rep. 2018, 25, 1458–1468.e4. [CrossRef]

211. Tape, C.J.; Ling, S.; Dimitriadi, M.; McMahon, K.M.; Worboys, J.D.; Leong, H.S.; Norrie, I.C.; Miller, C.J.; Poulogiannis, G.;
Lauffenburger, D.A.; et al. Oncogenic KRAS Regulates Tumor Cell Signaling via Stromal Reciprocation. Cell 2016, 165, 910–920.
[CrossRef]

212. Stone, S.E.; Glenn, W.S.; Hamblin, G.D.; Tirrell, D.A. Cell-selective proteomics for biological discovery. Curr. Opin. Chem. Biol.
2017, 36, 50–57. [CrossRef]

https://doi.org/10.1089/ten.tea.2012.0173
https://doi.org/10.1016/j.actbio.2015.06.009
https://doi.org/10.1021/acsbiomaterials.5b00064
https://doi.org/10.1016/j.yjmcc.2018.06.006
https://doi.org/10.1038/s41467-017-00418-6
https://doi.org/10.3389/fbioe.2015.00045
https://doi.org/10.3390/ijms17111822
https://doi.org/10.1016/j.jconrel.2015.09.005
https://www.ncbi.nlm.nih.gov/pubmed/26365781
https://doi.org/10.1002/smll.201800579
https://www.ncbi.nlm.nih.gov/pubmed/29782703
https://doi.org/10.1002/jbm.a.37030
https://www.ncbi.nlm.nih.gov/pubmed/32515102
https://doi.org/10.1016/j.biomaterials.2006.05.018
https://doi.org/10.1007/s11095-006-9039-9
https://doi.org/10.3390/gels3040035
https://doi.org/10.1016/j.actbio.2016.11.036
https://doi.org/10.3389/fbioe.2022.976960
https://doi.org/10.1016/j.bioactmat.2021.10.024
https://doi.org/10.1002/mabi.201700201
https://doi.org/10.1021/acsami.9b02462
https://doi.org/10.1016/j.actbio.2019.08.016
https://doi.org/10.1016/j.biomaterials.2020.120207
https://doi.org/10.1038/msb.2013.48
https://doi.org/10.1021/ja3065667
https://doi.org/10.1186/s12918-016-0384-y
https://doi.org/10.1016/j.celrep.2018.10.047
https://doi.org/10.1016/j.cell.2016.03.029
https://doi.org/10.1016/j.cbpa.2016.12.026


Int. J. Mol. Sci. 2023, 24, 12314 25 of 25

213. Loebel, C.; Mauck, R.L.; Burdick, J.A. Local nascent protein deposition and remodelling guide mesenchymal stromal cell
mechanosensing and fate in three-dimensional hydrogels. Nat. Mater. 2019, 18, 883–891. [CrossRef]

214. Valdez, J.; Cook, C.D.; Ahrens, C.C.; Wang, A.J.; Brown, A.; Kumar, M.; Stockdale, L.; Rothenberg, D.; Renggli, K.; Gordon, E.
On-demand dissolution of modular, synthetic extracellular matrix reveals local epithelial-stromal communication networks.
Biomaterials 2017, 130, 90–103. [CrossRef] [PubMed]

215. Mandrycky, C.J.; Howard, C.C.; Rayner, S.G.; Shin, Y.J.; Zheng, Y. Organ-on-a-chip systems for vascular biology. J. Mol. Cell
Cardiol. 2021, 159, 1–13. [CrossRef]

216. Wolf, K.J.; Kumar, S. Hyaluronic Acid: Incorporating the Bio into the Material. ACS Biomater. Sci. Eng. 2019, 5, 3753–3765.
[CrossRef] [PubMed]

217. Burdick, J.A.; Prestwich, G.D. Hyaluronic acid hydrogels for biomedical applications. Adv. Mater. 2011, 23, H41–H56. [CrossRef]
218. Ekaputra, A.K.; Prestwich, G.D.; Cool, S.M.; Hutmacher, D.W. The three-dimensional vascularization of growth factor-releasing

hybrid scaffold of poly (ε-caprolactone)/collagen fibers and hyaluronic acid hydrogel. Biomaterials 2011, 32, 8108–8117. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41563-019-0307-6
https://doi.org/10.1016/j.biomaterials.2017.03.030
https://www.ncbi.nlm.nih.gov/pubmed/28371736
https://doi.org/10.1016/j.yjmcc.2021.06.002
https://doi.org/10.1021/acsbiomaterials.8b01268
https://www.ncbi.nlm.nih.gov/pubmed/31598545
https://doi.org/10.1002/adma.201003963
https://doi.org/10.1016/j.biomaterials.2011.07.022

	Introduction 
	Molecular Signaling Pathways Involved in the Angiogenic Process 
	Integrating Signaling Pathways in the Design of Smart Hydrogels 
	Naturally Derived Hydrogels 
	Synthetic Polymer Hydrogels and Modifications to Promote the Angiogenesis 
	Exploiting Cell Adhesion 
	Exploiting Hydrogel-Controlled Breakdown and Cell Migration for Improved Vascularization 
	Exploiting the Angiogenic Factors-Controlled Release for Improved Vascularization 


	Integration of the Angiogenic Niche Physiology within Smart Hydrogels 
	Future Directions 
	Conclusions 
	References

