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Hydrogels are three-dimensional (3D) materials able to absorb and retain water in large amounts while maintaining
their structural stability. Due to their considerable biocompatibility and similarity with the body’s tissues, hydrogels
are one of the most promising groups of biomaterials. The main application of these hydrogels is in regenerative
medicine, in which they allow the formation of an environment suitable for cell differentiation and growth. (Draft for
definition)

Angiogenic Potential in Biological Hydrogels

| 1. Introduction

Angiogenesis is the neo-formation of new blood vessels from pre-existing vesselsiZ. As the bloodstream is an
essential component for the dispersion of metabolites and nutrients and to remove the excess of toxic products,
these processes are fundamental for the proper functioning of the tissues. In fact, the process itself and
consequently the capillary structure, can be modified by changing the cells’ metabolic activity. Moreover, the
coordination and viability of vessels walls are regulated by oxygen and haemodynamic factorslZ. The angiogenic
process consists of sequential steps(2!:

vasodilatation of the original vessels, in response to nitrogen monoxide and to the increasing permeability
triggered by vascular endothelial growth factor (VEGF);

» separation of the pericytes from the luminal surface and the break of basement membrane thus allowing the

formation of the new vessel:

» migration and proliferation of the endothelial cells to the damaged tissue;

e neo-formation of vessel lumen;

» recruitment of the peri-endothelial cells (pericytes for small capillary and smooth muscle cells for larger
vessels);

« inhibition of endothelial cell proliferation;

» deposition of the basement membrane and initiating of blood flow.
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Many factors are involved in making sure that these processes occur without errors. Among these factors there is
the role of extracellular matrix (ECM), a three-dimensional network made of proteoglycans, glycoproteins, and
polysaccharides®. ECM enzymes, such as metalloproteinases, are very important in assuring that the ECM
undergoes the conformational and structural changes that allow the correct formation of new vessels. ECM is also
involved in the process of cell adhesion through integrins, in this context the integrin receptors are major players in
potentiating the signaling events of the early process of angiogenesis2/8l. These signaling events are triggered by
growth factors (GF), which are key players of the angiogenic process. Of these, VEGF, FGF, TGF-3, PDGF and
angiopoietin are essential in regulating endhotelial cell proliferation and migration, the migration of other involved
cells such as fibroblasts and smooth muscle cells and the production of proteins from the ECM W=7,

Throughout the years, the inhibition and stimulation of angiogenesis have been the focus of numerous studies as it
was demonstrated that the alteration of its normal function induces several diseases. However, angiogenesis
enhancing can be therapeutic, for instance in ischemic heart disease, wound healing, and peripheral arterial

diseaselll.

In contrast to the term substitution, regeneration means “to restore the physical integrity of cells, tissues and
organs by means of the organisms’ own repair mechanisms”2. To pursue this goal, biomaterials, defined as
substances with the capability to replace organs or tissues, either cure or expand them [&, are a promising group of
materials due to their biodegradability and biocompatibility. Other properties such as the non-toxicity and the ability
to sustain a sterilization process also characterize this type of materials. Due to the several applications such as
drug delivery, cell encapsulation, tissue engineering scaffolds, wound dressing, soft tissue replacement, contact

lenses, and biosensor, hydrogels can be one of the most promising biomaterials in the biomedical fieldEI2!,

| 2. Angiogenic Potential in Natural Hydrogels

Hydrogels derived from natural sources can be used as basic elements of a proangiogenic system. Firstly, the
general advantage in using natural hydrogels is the chemical composition similar to the native ECM and the
presence of bioactive molecules that gives the material characteristics as an extraordinary biocompatibility while
avoiding immune reactions and promoting cell proliferation and differentiation. Moreover, the capability to release
GFs, the porosity of natural hydrogels which allows for new capillary network formation, and in some cases,
specific chemical compositions, such as collagen and hyaluronic acid (HA), gives them angiogenic potential. Figure

1 represents this process.

On the other hand, rapid degradation, poor stability, and low mechanical strength represent some of the main limits
to a wide use in tissue engineering. These problems can be partially solved using synthetic hydrogels because
they have better mechanical and biochemical properties. Some examples of this type of hydrogels are
poly(ethylene glycol) (PEG), poly(acrylic acid) (PAA), poly(vinyl alcohol) (PVA), and polyacrylamide (PAAm).
However, they are not biocompatible and degradable, indeed usually they are used along with natural hydrogels to
obtain a co-polymeric hydrogel presenting adequate characteristicsi2?. Examples of novel hybrid hydrogels are: a

hydrogel created using decellularized tissues, which represent the bioactive component of the hydrogel, mixed with
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alginate and PVAILL another example is crosslinking PEG with hyaluronic acid 22, in both examples the synthetic

counterpart confers mechanical stability and strength.

Extracellular
matrix fibers

o Growth factor

Figure 1. Hydrogel's release of growth factors stimulates new capillary formation.

Because they all have distinctive characteristics to better suit the final application to achieve different purposes it is
possible to choose between various types of hydrogels. Natural hydrogels are usually classified in three main

categories: i) polysaccharides-based, ii) protein-based and iii) derived from cellularized tissues23I[14115]116]

2.1. Polysaccharide-Based Hydrogels

Glycosidic bonds link repeated monosaccharide units that create a long carbohydrate molecule called
polysaccharide. They are easily available, in fact they represent the most abundant biomolecules in nature which
makes them promising biomaterials for several applications including drug delivery, encapsulation of cells, and
releasing GFs/ZI18],

2.1.1. Glycosaminoglycans

GAGs are long linear polysaccharides. Their structure comprises repeated disaccharide units which can be
sulfated, such as heparin, heparan sulfate, keratan sulfate and chondroitin sulfate or nonsulfated, as HALE,
Depending on the type, the functions of GAGs can change, however they generally affect cell migration, survival
and signaling. These functions of GAGs are essential also in the process of angiogenesis indeed, as they can bond
VEGF and FGFI12,

Composed by repeated disaccharide units consisting of N-acetylglucosamine and D-glucuronic acid, HA is a linear

high molecular weight (about 107 kDa) non-sulfated GAG present in the ECM. Its role consists of a space filler, as a
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lubricant and helps the processes of wound healing, angiogenesis, and signal transduction4l€l HA is
characterized by a high biodegradability, biocompatibility, high viscoelasticity and hydrophilia, moreover, it can bind

water forming hydrogen bonds with the solvent(22,

HA enzymatic degradation produces fragments of the molecule, called hyaluronan oligosaccharides, of less than
10 disaccharide units, that have shown to promote angiogenesis and wound healing!21l22. However, since native
HA is vulnerable to degradation by hyaluronidase or reactive oxygen species, it is necessary to chemically modify
the hydrogel8l, because otherwise the degradation time of the HA scaffold will be faster than the regeneration of
the tissue. Modifications can be different: B-cyclodextrin-modified HA (CD-HA)[23I24] adamantane-modified HA (Ad-
HA), acrylated HA (AHA)22I281 dextran-HA (Dex-g-HA)2Z, catechol-HA (CA-HA)8 and methacrylate-modified HA
(HAM) [28] The difference in the modifications gives the hydrogel different abilities, for instance, CA-HA hydrogel
used in a mouse model of hindlimb ischemia allows the arousing of capillaries and arterioles2&. Instead, CD-
HA/Ad-HA enhance cell retention at the hypoxic border zone of the ischemic myocardium(28. Generally, this group
of hydrogels stimulates angiogenesis because they can incorporate GFs (PDGF, VEGF and FGF)ML2l28]291 gng
encapsulate cells for creating capillary-like structures28l. Furthermore, to regulate and prolong the release rate of
growth factors, heparin can be included into HA hydrogels through the method of heparinization. In fact, heparin is
a sulfated GAG that can covalently bind various angiogenic GFs and has the ability to sequester them in the ECM
(151291 HA also inhibits platelet adhesion and aggregation, and stimulates angiogenesis which makes it suitable for
vascular applications2. Lastly, HA hydrogels have another important function: they allow adhesion and

degradation of endothelial cells when they are crosslinked with MMP-sensitive peptides31].

2.1.2. Alginate

Alginate is an anionic copolymer derived from brown seaweed containing blocks of 1,4-chain mannitol (M) and L-
guluronic acid (G) residues. The G block forms a rapid and reversible crosslink in presence of calcium ions that
gives the hydrogel stronger mechanical properties compared to other natural derived hydrogels. If the G block
content increases, there will be also an improvement of mechanical abilities. For this reason, alginate is one of the
most popular and attractive hydrogels used in fiber-based technologies or as biomaterial for the delivery of
therapeutic factors22. Physical crosslinking ability, good biocompatibility, non-toxicity, and high viscoelasticity are
the main properties of alginate hydrogels. Unfortunately, poor stability, poor cell adhesion, and low mechanical

strength represent the major limitations224!,

Alginate hydrogels are promising delivery system, for instance they can control and deliver VEGF, PDGF and FGF.
Similarly, to the HA hydrogels, alginate hydrogels can be heparinized in order to control the release of GFsL3. Also,
pure alginate gels have the ability to deliver GFs, however they showed a low controlled degradability that is an

important limitation in studies “in vivo”31],

Other molecules that can recruit vascular progenitor cells and induce angiogenesis can be encapsulated in alginate
hydrogels. An example is the phospholipid sphingosine-1-phosphate (S1P). For the release of S1P from the

alginate hydrogel, a composite alginate-chitosan hydrogel can be used by changing the content of chitosan, the
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release rate can be controlled. Platelet-rich plasma (PRP) can be incorporated. PRP is a plasma fraction
containing several GFs, including VEGF and PDGF which can recruit stem cells and induce angiogenesis. A PRP-

alginate-based bioink has been developed for 3D bioprinting scaffolds to elute GFs[22!,

A pH-responsive Ca-alginate hydrogel loaded with protamine nanoparticles and hyaluronan oligosaccharides can
be used to treat diabetic wounds, which are chronic wounds, and represent a persistent and severe complication of
diabetes. These hydrogels regulate antibacterial and neovascularization activities promoting the healing of the
wound. In fact, several studies conclude that if the pH becomes more alkaline, there will be an acceleration of the
bacterial colonization and biofilm formation, thus prolonging the inflammatory phase and impairing the formation of
blood vessels. In addition, because it acts as a cationic antimicrobial peptide, protamine works against a wide
range of bacteria causing general disruptions to prokaryotic cells envelope, meanwhile the secretion stimulated by
VEGF and the acceleration of the wound healing is a consequence of the addition of hyaluronan oligosaccharides
in the hydrogel. Thus, pH responsive Ca-alginate hydrogel loaded with protamine nanoparticles and hyaluronan
oligosaccharides enhances endothelial cell capillary-like formation and increases cells in wound healing22l.
Likewise, several studies evidence good results for diabetes mellitus type 1 treatment using alginate hydrogel
combined to VEGF for islet encapsulation. This is just another example of how alginate hydrogels can be used as a

GFs delivery system[34],

2.1.3. Chitosan

Chitosan is a linear polysaccharide made of N-acetyl-D-glucosamine units, derived from the natural polymer chitin
by partial deacetylation. These hydrogels present several advantages such as a good biocompatibility and
biodegradability, antibacterial properties, an easy way of controlling degradation, and the possibility of undergoing
a sterilization process. On the other hand, inadequate mechanical properties characterize chitosan hydrogels,

although it is possible to fix this problem by adding chemical groups or by gelatin crosslinking the hydrogels4l [15],

Moreover, chitosan is commonly used in the fabrication of hydrogels for application in drug delivery and,
particularly in wound healing®® . In this context chitosan hydrogels have also shown potential in in vivo studies,

where their application promoted wound closure, ECM remodeling and angiogenesisE837],

As the alginate, chitosan hydrogels release S1P as an angiogenic stimulusi28.A second application consists in
using chitosan hydrogels crosslinked with PVA to develop a NO releasing hydrogel, that is another necessary
factor for the proliferation and migration of endothelial cells. It has been demonstrated that the hydrogel enhances

angiogenesis but the molecular mechanisms behind that need to be further investigated=2!.

2.2. Protein-Based Hydrogels

Due to their high biocompatibility and bioactivity, it is common to use proteins-based hydrogels in tissue
engineering. Proteins used in hydrogel formation are mainly derived from ECM, such as collagen, or anyhow
derived from biological sources, such as fibrin, precisely because these proteins naturally enhance cell adhesion

and proliferation42,
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2.2.1. Collagen

The most abundant protein in ECM is collagen, which is widely found in tissues such as skin, cartilage, blood
vessels, teeth, bones, and tendons24l. There are 29 types of collagen but collagen type I, Il and Il are the most
represented in the human body and type | is the most used natural scaffold in tissue engineering research, as it is
the major protein component of ECM of connective tissues such as skin, bone, tendons and ligaments, meanwhile
type Il collagen is mainly found in hyaline cartilage and type Ill collagen is found in elastic vascular tissuel21142],
The structure can be divided in four levels of organization; at the beginning it is composed by a tripeptide
sequence, until the final structure, which is a three-polypeptide chain, snagged to form a rope structure with three
strands. The advantages are extremely numerous, such as biocompatibility, biodegradability, low antigenicity, and
low inflammatory response. On the other hand, unmodified collagen hydrogels are weak scaffolds and create
degradation products which are composed by amino acids generated by collagenases and metalloproteases.

These degradation products activate the coagulation cascade and show a thrombogenic potentiall22IL8],

The applications are mainly related to the ability to mimic the ECM, to allow cells adhesion and to deliver GFs. It is
possible to create microfluidic tubes inside the hydrogel where proangiogenic factors and/or endothelial cells are
used to induce angiogenesis. Moreover, collagen hydrogels allow the formation of 3D microcapillary networks by
endothelial and perivascular cellsl28l. Collagen hydrogels were also used as 3D culture models to study

angiogenesis pathways, such as Notch signaling, and new genes interacting with Notch and VEGF signaling42!.

2.2.2. Fibrin

Fibrinogen is a large glycoprotein present in blood plasma. It plays a role in hemostasis, fibrinolysis, inflammatory
response, neoplasia, and wound healing. During these processes, fibrinogen is converted into fibrin by the action
of an enzyme named thrombin. Fibrin hydrogels are formed through the polymerization of fibrinogen with thrombin
and calcium ions through physical interactions. Moreover, the biggest advantage is the opportunity to extract the
fibrin from the patient’s blood, in this way the immune and potential inflammatory responses can be overcome.
Unluckily, the fast degradation kinesis in vivo, the poor mechanical properties, the narrow ability to control the
matrix rigidity and the low elasticity are the main disadvantages12l[28131]144]

Fibrin hydrogels have been studied for many reasons mainly because of the intrinsic angiogenic abilities, secondly
because of the cells/GFs delivery applications and lastly for being an artificial microenvironment that greatly mimics
the native ECMs [261[44],

GFs such as VEGF and FGF can be released by fibrin hydrogels, however, the result is usually uncontrollable and
lasts at maximum 24 h. The techniques to overcome this problem are numerous and they can depend on the type
of growth factor. Concerning VEGF, a covalent VEGF-modified fibrin gel can be created with an engineered variant
of the factor that can covalently bind fibrin via trans glutamination. Using this modified hydrogel in vivo, the nearby
cells can repopulate and degrade the matrix, inducing the hydrogel carrier degradation that allows the release of
VEGF. Another method to control the releasing time is to bind heparin into the gels. In HA, alginate and gelatin

hydrogels, heparin has the ability to bind VEGF and FGF to reduce and control the release rate#228l. Furthermore,
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fibrin hydrogels are perfect materials for 3D creation of blood vessel capillaries because they are capable of
accommodating endothelial cells and mesenchymal cells2829 and also thanks to hydrogel's ability to release
VEGF and PDGFI48],

2.2.3. Gelatin

Gelatin is a polymer obtained from the hydrolysis of collagen. Containing many arginine-glycine-aspartic acid
sequences, gelatin hydrogels allow cell adhesion and improve matrix metalloproteinases abilities. Moreover, they
possess a good biocompatibility, biodegradability, low immunogenicity, and cell affinity. On the other hand, low

thermal stability and poor mechanical strength are the two main limitations24147],

As other hydrogels, gelatin based ones can release different molecules, such as the stromal derived factor-1 (SDF-
1)8l Because it is able to mobilize endothelial cells and pro-angiogenic bone marrow derived cells, this factor acts
in the process of angiogenic healing. The release of SDF-1 from the hydrogel is controlled by the degradation rate
and by cells invasion[22, In fact, gelatin hydrogels can be enzymatically degraded and it is possible to control the

range of degradation that can vary from a few days to several months[42l.

Moreover, gelatin-based hydrogels also guarantee the release and the bioactivity of VEGF2Y To achieve a better
binding between VEGF and the hydrogel, heparin can be added®l. Moreover, several studies demonstrate that
gelatin hydrogels influence the secretion of VEGF and MMPs from the endothelial cells. For instance, by applying

endogenous electrical fields on the gels, the cells are stimulated and release the enzymes and the GF[22],

Likewise, methacrylate gelatin (GelMA) which is typically created by modified extracellular matrix comprising of
methacrylate groups added to the amine-containing side groups of the natural gelatin, is a potential scaffold for the
release of GFs thanks to a low antigenicity and a better solubility ®Z. For instance, VEGF can be delivered by
GelMA hydrogel to promote the growth of the endothelium3l. In addition, this hydrogel can also be used for 3D
printing of tube-like structures 131,

Another important application of gelatin hydrogel indicates the ability to induce a local hypoxic environment or
stimulate hypoxia-inducible factor-1 (HIF-1). A hypoxic microenvironment promotes the formation of vascular
system and the angiogenesis process22[49l A way to create these conditions consists in using laccase, which is an
enzyme with the ability to fully consume oxygen[22l. Another method involves the use of deferoxamine (DFO). In
fact, with DFO the level of hypoxia-inducible factor-1 (HIF-1) and VEGF significantly increases compared to the gel

without DFO. For this reason, the expression of angiogenesis-related genes increases with DFO addition[22!,

2.3. Hydrogels Derived from Decellularized Tissues

It is well known that the role of the ECM is essential for a tissue because it can maintain the homeostasis and it can
influence many processes, such as the regulation of angiogenesis and cell adhesion. For this reason, the goal of
the decellularization consists in achieving sufficient cells and nucleic acids removal from the source tissue while

preserving the ECM structure and composition2413],
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Figure 2. Decellularized ECM hydrogel’s process obtention.

Due to the ability to maintain the major components of the ECM such as the collagen, the GAGs, and the elastin
fibers, the ECM scaffolds can promote cell growth, differentiation, proliferation, migration, and angiogenesis2.,
Indeed, in comparison to the other types of hydrogels, this one also manages to keep the physiological ratio
between all the ECM components. Moreover, these hydrogels are used as a 3D culturing model that allow the cell
adhesion, becoming a better system to simulate a real tissue®2. Additionally, Wassenaar et al. suggest the effect of
the ECM hydrogel in the blood vessel formation and the macrophages’ attraction through endothelial progenitor

cells recruitment28l.

| 3. Conclusion

Angiogenesis a complex process that involves many factors, for this reason the research involving the angiogenic
potential of hydrogels mainly focuses on the biological interactions of GFs and cells in the hydrogels. The intrinsic
potential of the different components used to make the hydrogel is evaluated and, also, the possibility of enriching

the scaffold with molecules that can improve its potential, such as the addition of GFs involved in angiogenesis.

The different materials used show different potentials, and several studies show that cell to cell and GFs
interactions, along with the chemical composition and porosity of natural hydrogels, allow for capillary-like structure

formation, making natural hydrogels worth of further investigation.
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