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Abstract: One of the most arduous challenges in tissue engineering is neovascularization, without which there is a lack of nutrients
delivered to a target tissue. Angiogenesis should be completed at an optimal density and within an appropriate period of time to
prevent cell necrosis. Failure to meet this challenge brings about poor functionality for the tissue in comparison with the native tissue,
extensively reducing cell viability. Prior studies devoted to angiogenesis have provided researchers with some biomaterial scaffolds
and cell choices for angiogenesis. For example, while most current angiogenesis approaches require a variety of stimulatory factors
ranging from biomechanical to biomolecular to cellular, some other promising stimulatory factors have been underdeveloped (such as
electrical, topographical, and magnetic). When it comes to choosing biomaterial scaffolds in tissue engineering for angiogenesis, key
traits rush to mind including biocompatibility, appropriate physical and mechanical properties (adhesion strength, shear stress, and
malleability), as well as identifying the appropriate biomaterial in terms of stability and degradation profile, all of which may leave
essential trace materials behind adversely influencing angiogenesis. Nevertheless, the selection of the best biomaterial and cells still
remains an area of hot dispute as such previous studies have not sufficiently classified, integrated, or compared approaches. To address
the aforementioned need, this review article summarizes a variety of natural and synthetic scaffolds including hydrogels that support
angiogenesis. Furthermore, we review a variety of cell sources utilized for cell seeding and influential factors used for angiogenesis
with a concentrated focus on biomechanical factors, with unique stimulatory factors. Lastly, we provide a bottom-to-up overview of
angiogenic biomaterials and cell selection, highlighting parameters that need to be addressed in future studies.
Keywords: tissue engineering, polymeric scaffolds, biomaterials, angiogenesis, neovascularization, biomechanical factors

Introduction
Organ transplantation is a long-term treatment for patients with end-stage diseases. Recent advances in tissue engineering
have placed a focus on in vitro constructs for organ transplantation. However, most studies have been limited to simple
tissues, such as skin and cardiac patches, mainly because of the need for larger amounts of vascularization in other
tissues.1,2 As a consequence, most damaged tissues in the human body that cannot regenerate on their own are replaced
by organs solely obtained from donors.3 However, there are several continual limitations to organ donation that have not
been overcome, which have compelled scientists to identify unique biomaterial solutions that promote angiogenesis.
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Limitations for organ donation include finding the right donated organ according to age, gender, geographic region,
blood group, immune responses, and organ toxicity; taking various immune suppressant medications and treatments
before organ donation; long recovery times; limited available; and so much more.4 It has been estimated that patients
frequently wait for an organ for transplantation for around two years; while other statistics indicate that 20% of people do
not survive the first year after organ transplant surgery. Unsurprisingly, over the last two years, some countries have
reported a 50% reduction in organ transplantation surgeries due to the COVID-19 pandemic.5 Thus, accurately mimick-
ing natural organ structure and function in new synthetic in vitro biomaterial scaffolds is a top priority. Mimicking
natural organ structure and function is also important in terms of organ vascularization, which has proved problematic.

Numerous studies have been performed to improve angiogenesis.6 In this way, a variety of biomaterial scaffolds,
implanted cells, and biomechanical stimuli strategies have been implemented to promote angiogenesis. The various
biomaterial scaffolds used to enhance angiogenesis can be classified into synthetic and natural biomaterials, polymers,
hydrogels, micro- and nanoparticles or even acellular scaffolds. Moreover, different types of cells can be used and seeded
into such scaffolds, and further a variety of biological factors can be embedded and released from these scaffolds to
maximize new vascularization.

In terms of implantable scaffolds, biomaterials must be generally chosen in a manner that has a growth rate the same
as that for the tissue and scaffold degradation,7 which can be controlled principally by different fabrication
methodologies.8 If scaffold deterioration happens before tissue formation, cells will lose a surface to grow onto, and
they cannot survive. If scaffold degradation occurs after complete tissue formation, the cell and extracellular matrix
(ECM) accumulation deprives cells of their natural function. This is exactly why choosing a suitable biomaterial for
scaffold fabrication is critical for proper cell functionality.

Among the diverse kinds of biomaterials available to researchers today, utilizing natural biomaterials in comparison
with synthetic biomaterials has some significant drawbacks, such as limitations in controlling physio-chemical properties,
reproducibility, managing degradation rates, and pathogenic concerns during tissue extraction from its source.9–11 Among
different scaffold types, injectable scaffolds, which form in the body, are far more promising for promoting angiogenesis,
in terms of being less invasive, possessing faster healing times, and an opportunity to more easily fill cavities or the
necrotic tissue sites. The impressive recent developments in tissue engineering and regenerative medicine haveencour-
aged scientists to utilize these injectable synthetic scaffolds not only for modeling diseases but also for implantation into
defective sites, most notably cartilage injuries.12 Table 1 shows the biomaterials and their structures, which are covered in
this manuscript as effective materials for angiogenesis. These materials belong to different types of categories, such as
synthetic polymers, synthetic non-polymers, and natural biomaterials.

In parallel, using acellular scaffolds not only minimizes physio-chemical concerns and degradation issues but also lets
scientists focus on finding the best cell source of growth factors to use for promoting vascularization while encountering
fewer immune system responses.50–52 Of note, different biological components and stimuli are necessary at the correct
time and place to provide practical and complicated vascularized tissues.53,54 For example, porcine lung transplantation
using a decellularized lung scaffold seeded with human endothelial and epithelial cells has been reported by Zhou et al to
promote angiogenesis.55 Interestingly, a decellularized goat-lung scaffold modified with a chitosan/nanohydroxyapatite
composite was utilized for other tissue investigations, such as bone regeneration.13 Although decellularized scaffolds are
really encouraging, the challenges have not been fully addressed. For instance, the differences between a mouse lung
scaffold with that of humans restrict researchers to use it clinically.

Ultimately, biomaterial manipulation (such as functionalization with biomolecules and/or cell/bio molecular factor
loading) is necessary to optimize angiogenic signaling pathways to support vascular cell attachment, proliferation,
differentiation, or migration in soft and thick tissues.56,57 Because without accurate modeling, most attempts to induce
vascularization do not survive over a long time.58 Furthermore, achieving precise replacement of different cell types
within an organ scaffold is very difficult.59 Unfortunately, reconstructing the decellularized tissue is another roadblock.
Re-endothelialization for the prevention of thrombosis or oxygen and nutrient delivery for naked and cell re-seeded tissue
is a provoking research field. Without such efforts, stable cell metabolic activities will only be maintained for a few days
after cell culture. Considering all the above-mentioned obstacles, the most recent clinical trials indicate that endothelial
cells and mesenchymal stem cells are the most frequent cell sources that can be cultured within the biomaterial media in
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Table 1 Chemical Structure of the Biomaterials Discussed in This Article

Name Abbreviation Family Structure Formula Refs.

Hydroxyapatite HA Inorganic [13]

Zn(silibinin)(phenanthroline) [Zn(sil)(phen)] Inorganic [14]

Zn(silibinin)(neocuproine) [Zn(sil)(neo)] Inorganic [14]

Titanium-based materials Ti Inorganic [15]

Hydrogen peroxide H2O2 Inorganic [16]

Reduced graphene oxide rGO Inorganic [17,18]

(Continued)
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Table 1 (Continued).

Name Abbreviation Family Structure Formula Refs.

Tricalcium phosphate TCP Inorganic [19]

Bioactive glasses BGs Inorganic [20]

Methacrylated hyaluronic acid HAMA Natural [21]

Carboxymethyl cellulose CMC Natural [17,18]

Cellulose Cellulose Natural [22]

Alginate sulfate Alginate sulfate Natural [23]

Agarose Agarose Natural [24]

Pullulan Pullulan Natural [25]

Alginate Alginate Natural [26]

(Continued)
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Table 1 (Continued).

Name Abbreviation Family Structure Formula Refs.

Fibrin Fibrin Natural [27]

Chitosan CS Natural [28]

Heparin Heparin Natural [29]

Hyaluronic acid HA Natural [30]

Collagen Collagen Natural [31]

Acetic acid Acetic acid Organic [32]

Chitooligosaccharides Cos Organic [33,34]

(Continued)
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Table 1 (Continued).

Name Abbreviation Family Structure Formula Refs.

Poly (lactic-co-glycolic acid) PLGA Polymeric [35]

Poly-L-lactic acid PLLA Polymeric [36]

Polycaprolactone PCL Polymeric [37]

Poly-D-L lactic-co-glycolic PLGA Polymeric [38]

Poly-3-hydroxybutyrate-co-3-hydroxy

valerate

PHBV Polymeric [39]

Poly-DL-lactic acid PDLLA Polymeric [40]

Polyglycolic acid PGA Polymeric [41]

Polylysine EPL Polymeric [42]

Poloxamer Poloxamer Polymeric [42]

(Continued)
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Table 1 (Continued).

Name Abbreviation Family Structure Formula Refs.

Polyvinyl alcohol PVA Polymeric [17,18]

N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide

EDC Polymeric [43]

N-hydroxysuccinimide NHS Polymeric [43]

Polyurethane PU Polymeric [44,45]

Phospholipase C PLC Polymeric [46]

Poly ethylene glycol PEG Polymeric [47]

Adipic dihydrazide ADH Synthesized [48]

LXW7 LXW7 Synthesized [49]
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order to enhance angiogenesis. Nonetheless, there exist two serious limitations. Firstly, there exist some ethical issues
related to the usage of human embryos. Secondly, some immunological responses have been observed after introducing
these cells to the human tissues.60,61

Immature vascularization is one of the main causes of organ transplantation failure because vessels and capillaries
exchange nutrients, ions, hormones, signaling molecules62 and many other ingredients. Hence, a full vascularization
network is key for tissue engineering success. To generate a full vascularization network, one must simulate the vascular
niche and interactions within the scaffold to obviously affect vascular tight junctions (TJ). TJs are intercellular adhesion
complexes with significant roles for the barrier function of epithelia and endothelia. They can preserve the cell polarity
via limiting protein movements, controlling over the paracellular solute and regulation of water flux.63 In addition, early
re-endothelialization not only decreases hyperplasia with time but also limits platelet accumulation leading to faster
restoration of normal blood flow.64 Modifying chemical compositions (like surface functionalization for altering hydro-
philicity/hydrophobicity),65 scaffold architecture (like tube induction, altering pore sizes, or interconnectivity),66 utilizing
different growth factors (to support cell proliferation especially the differentiation of stem cells),67 combining solid
scaffold biomaterials with pro-angiogenic ECM components (like collagen, hyaluronic acid or some composites of
chitosan),68 and capitalizing on blood vessel-formation by stem cells cultured in an appropriate medium69 have been
investigated for rapid vascularization. These methods mentioned can be utilized by themselves or together to identify the
best scaffold fabrication method and cell seeding techniques. This review will highlight such attempts (Figure 1).

After trying to find a concise and succinct review article for inducing scaffold angiogenesis with all the paramount
factors needed for angiogenesis thoroughly and coherently discussed, the authors of the present review did not find any.
In fact, the best reference manuscript would require the collection of the three foremost roles for biomaterial angiogen-
esis: materials, cells and biological factors. Thus, there are several significant reasons to establish this review paper. First,
the quick growth of science, particularly in tissue engineering and regenerative medicine, brings about a lack of a great
classification and integration of existing research. Even if there were a few reviews about this topic, they have not been
precisely arranged into a single review paper, but also there have been no reviews of the reviews. Secondly, there is
inconsistency among scaffold microstructures, biomaterial properties, and ways in which in vitro and in vivo studies are
conducted, as well as results that means that even a large number of reviews cannot pave the way for future studies.
Thirdly, we are prone to write a comprehensive review article due to the fact that the previous ones are unanimous in
terms of presenting the challenges and arduous issues of scaffold angiogenesis. Compiling such a manuscript is
demanded for future researchers to finally solve such complicated issues. In the light of this review, we aim to inspect
a variety of biomaterials used in scaffold fabrication (synthetic materials, natural materials, and hydrogels), discuss the
diverse types of cell sources seeded in the aforementioned scaffolds/hydrogels, and review the mechanical properties of
the scaffolds encompassing elasticity, stiffness and so on. This review will also provide a poignant examination of what is
needed for the field to grow.

Synthetic Biomaterial Scaffolds
The field of tissue engineering always faces a complex demands on the sufficient biomaterials that meet the criteria for
each specific application. The chosen biomaterials need to endorse the complicated process of tissue development and
also need to serve all mechanical, chemical and biological requirements of the targeted application. These synthesized
biomaterials (polymeric or non-polymeric) must have a great interaction with the seeded cells and follow an appropriate
pattern of degradation, which is really critical for in vivo uses. In this section, we review how synthetic materials can
meet the needs of angiogenesis and how biomimetic principles have been applied to these scaffolds to improve their
performance during the angiogenesis process.

Synthetic Polymeric Biomaterial Scaffolds
Synthetic polymers have been widely studied for angiogenesis. As just one of the many examples, polycaprolactone
fumarate (PCLF) scaffolds embedded with vascular endothelial growth factor (VEGF) (as the main growth factor for
promoting angiogenesis as reported by many groups70), fibroblast growth factor 2 (FGF2), and/or bone morphogenetic
protein 2 (BMP-2) were designed by Wagner et al showing no signs of scar formation or extensive immune response.71
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Figure 1 Scaffolds seeded with cells can be utilized in combination with microcarriers to accelerate angiogenesis. (A) Microcarriers can be modified in terms of porosity/
interconnectivity and can contribute to angiogenesis with hydrogels/scaffolds. Using these templates, angiogenesis will be more discernible leading to a more comprehensive
understanding of angiogenesis. We can seed different kinds of cells (such as mesenchymal stem cells) and nanoscale materials can greatly support their division and differentiation.
(B) Cooperation between polymeric scaffolds with microcarriers provides a strong template for angiogenesis. We can couple the seeded microcarriers with hydrogels and scaffolds
(polymeric or natural) which provide a goodmicroenvironment for cell growth. (C) Hydrogels can be used for cell seeding or cell encapsulation andmicrocarriers can be combinedwith
them for sustained drug or biomolecule delivery. (D) Using the above-mentioned information, cell seeding in acellular scaffolds can lead to tissue angiogenesis. (E) A complete engineered
tissue with an expansive vasculature network is the last large step forward. Created with Procreate Software.
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Synthetic polymers have also been seeded with cells to promote angiogenesis. Specifically, poly-L-lactic acid (PLLA)
scaffolds seeded with human microvascular endothelial cells (HMVECs) and human pulmonary artery smooth muscle
cells (HPASMCs)36 have been studied. Synthetic polymers have also been cross-linked with a diverse range of molecules
and/or coated with various proteins and biomolecules to promote angiogenesis. For example, poly(L-glutamic acid)
(PLGA) cross-linked with adipic dihydrazide (ADH) and coupled with hypoxic paracrine secretion,48 polycaprolactone
(PCL) scaffolds coated with collagen and VEGF,37 and poly D, L-lactide-co-glycolide (PLGA) scaffolds coated with
collagen, and seeded with bone marrow mesenchymal stem cells (bmMSCs)38 are other supportive models for angiogen-
esis. Moreover, poly vinyl alcohol/carboxymethyl cellulose (PVA/CMC) scaffolds loaded with reduced graphene oxide
(rGO) were designed to evaluate the effect of rGO on angiogenesis and have been reported to be one of the most
attractive models for angiogenesis.18 Another angiogenesis template includes decorating carboxylated CNWs (CCNWs)
with silver nanoparticles, which demonstrate suitable mechanical strength and antimicrobial activity. Excellent mechan-
ical strength matched with the cancellous bone can be obtained by changing porosity between 80% and 90% and pore
diameter between 150 and 500 μm, which ultimately leads to promoted angiogenesis in this model.72

Other studies have proposed synthetic vascular networks (SVNs) made of poly-3-hydroxybutyrate-co-3-hydroxy
valerate (PHBV) with alginate (as a sacrificial agent), and in situ three-dimensional micro-vascular networks from PLGA
as angiogenic materials.39 Not long ago, Gniesmer et al claimed that PCL scaffolds modified with chitosan (CS-g-PCL)
and seeded with endothelial cells (ECs) as well as loaded with VEGF28 are future prospects for angiogenesis expansion.
In addition, three types of polyurethane scaffolds were evaluated by another group, and the results were unanimous with
previous studies demonstrating weak angiogenic responses when using polyurethane alone.44 However, Bezuidenhout
et al demonstrated that porous polyurethane disks immobilized with heparin can enhance vascularization.45 Many of the
above-mentioned materials have low electrical conductivity. However, bioelectricity can stimulate specific cellular
phenomena such as cell growth, differentiation and proliferation, which can be applied using cyclic voltammetry.73

Many new polymers in the biomaterials’ field have also been modified to promote angiogenesis. For example, Chen
et al suggested that the synthesis of a porous gelatin hydrogel modified with polyhedral oligomeric silsesquioxane
(POSS) at various concentrations can sustain the release of VEGF and BMP-2 to enhance angiogenesis. The addition of
POSS to gelatin is one of the reasons behind the observed accelerated protein adsorption and cell integrin α5β1
expression promoting cell adhesion to the scaffolds and vascular tube formation (Figure 2).74 Endometrial regeneration
within hydrogels synthesized with heparin-poloxamer (HP) with ε-polylysine (EPL) is the reason why the aforemen-
tioned hydrogel has captured the attention of numerous scientists for angiogenesis applications.42

In Table 2, a variety of scaffolds fabricated for angiogenesis along with the type of cultured cells studied to improve
angiogenesis are listed. These systems include polymeric scaffolds (Table 2).

Synthetic Inorganic Biomaterial Scaffolds
Some reports have mentioned that bioactive glasses (BGs), which were introduced by Hench et al for the first time
several decades ago for orthopedic/dental applications,20 can boost angiogenesis due to the emission of Si, Ca+2, B, Cu2+,
Zn2+, Ag2+, and Ga81 and would be even better at promoting angiogenesis by adding Cu2+, Co2+, etc., into their
structure.81 Si, as one of the first angiogenesis booster, not only promotes neovascularization82 but also stimulates
collagen type I formation by cells.83 Ca+2 boosts angiogenesis by promoting epithelial cell proliferation84 and B
stimulates vascularization via increasing RNA synthesis in fibroblasts necessary during wound healing.85 Ultimately,
Cu and Zn have been reported as other ingredients, which86 can enhance angiogenesis between all of the mentioned ions;
Cu2+ not only promotes angiogenesis but also has antibacterial properties.87 Besides, it has been demonstrated that BGs
can inhibit the growth of Gram-positive and Gram-negative bacteria,88 which is relevant for reducing pH-related cell
death during inflammation and increasing reactive oxygen species (ROS) generation to kill bacteria.89 For instance, poly-
DL-lactic acid (PDLLA) films that contained 20 wt% BGs increased cellular VEGF expression, leading to a higher
vascularization density in comparison with the control group.40 Also, increased VEGF secretion at higher BG concen-
trations (0.1–10 wt%) showed an undeniable dose-dependent effect on angiogenesis.41 Furthermore, the size of BG
particles has been demonstrated to induce sensitivity to the angiogenesis process. Smaller particles (1–2 mm in diameter)
are more effective than the larger ones (2–3.15 mm) for VEGF secretion in human CD-18CO fibroblasts, most likely due
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to the increased surface area and exposure of BG at smaller dimensions.27 Figure 3 shows a model of a 3D fibrous
scaffold with high level of hydrophilicity and surface area that encourages ion release for angiogenesis. This platform
demonstrates swift cell anchorage, spreading, and accelerated cell invasion, supporting osteogenesis as well as
angiogenesis.90

Recently, Vimalraj et al reported that Zn(silibinin)(phenanthroline) [Zn(sil)(phen)] and Zn(silibinin)(neocuproine) [Zn
(sil)(neo)] as Zinc silibinin and mixed ligand zinc complexes with dose-dependent non-toxic traits, increased VEGF and
angiopoietin-1 (Ang1) secretion in mesenchymal stem cells (MSCs) for improved angiogenesis.14 Not long ago, Chen
et al reported that surface modified titanium (Ti) with a Chitosan-Catechol multilayered structure, gelatin and hydro-
xyapatite nanofibers increased the adhesion and proliferation of MSCs and human umbilical vein endothelial cells
(HUVECs) to promote angiogenesis in bone healing after boosting paracrine effects via cell–matrix interactions.15

Figure 2 In vivo applications of a Gel−POSS hybrid hydrogel primed using octafunctional POSS cages. Cell adhesion, controlled release of growth factors, repairing tissue
defects, as well as the acceleration of angiogenesis are some of the uses of this platform. Reprinted with permission from Chen M, Zhang Y, Zhang W, Li J. Polyhedral
oligomeric silsesquioxane-incorporated gelatin hydrogel promotes angiogenesis during vascularized bone regeneration. ACS Appl Mater Interfaces. 2020;12(20):22410–22425.
Copyright 2022 American Chemical Society.74

International Journal of Nanomedicine 2022:17 https://doi.org/10.2147/IJN.S353062

DovePress
1045

Dovepress Shokrani et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Furthermore, zeolites, as a member of the hydrated aluminosilicate mineral family, are really remarkable among scientists
due to their ability for ion exchange and reversible dehydration. They represent an opportunity in angiogenesis tissue
engineering owing to the fact that they increase epithelialization, reduce inflammation, and expand angiogenesis.91

Furthermore, materials effectively used in blood-brain-barrier (BBB) applications can be considered for some other
angiogenesis applications. In this manner, in vitro BBB beads from collagen IV and fibronectin coated with induced
pluripotent stem-cell (iPSC) and derived human brain microvascular endothelial cell (dhBMECs) functions were
proposed by another group due to a concentration-dependent effect on hydrogen peroxide (H2O2) exertion to enhance
angiogenesis.16 They further evaluated angiogenesis as a function of the concentration-dependent effect of other
biomolecular factors as well as ECM components. For instance, the effect of VEGF and Wnt ligands in the presence

Table 2 A Review of Templates Fabricated for Angiogenesis

Scaffold Material (Polymeric) Cell Type Incorporated Growth Factor Incorporated Refs.

Alginate+ tiny PLGA ECs bFGF [35]

PCLF Exosomes, EPCs VEGF, FGF-2, and/or BMP-2 [71]

PLLA Co-seeded HMVECs and HPASMC VEFG [36]

PCL+collagen HUVECs VEFG [37]

PLGA+collagen bmMSC VEFG [38]

PVA/CMC+rGO ECs VEFG [17]

PHBV+alginate HDMECs VEGF [39]

PLGA ECs, pericytes and macrophages VEGF [26]

CS-g-PCL ECs VEGF [28]

PU+heparin CD31-positive ECs VEGF [45]

Collagen HUVECs SDF1 alpha/VEGF [75]

PLGA microfibers+collagen HUVECs VEFG [76]

Collagen+heparin BMCs bFGF/factor-b1 [29]

Collagen+chitosan+heparin Macrophages [43]

B/G+heparin PIECs VEFG [22]

Collagen+sulfhydryl ECs VEFG [77]

Gelfoam sponges Fetal rat pneumocytes alpha-GF [78]

Alginate-sulfate/alginate Pericytes and SMCs VEGF, PDGF, TGF- β1 [23]

Collagen+LXW7-DS-SILY EPCs VEGF [49]

Co–CS–HA+SIS and ADM ADSCs bFGF/HGF [79]

PCL+heparin EPCs VEGF [80]

b-TCP HUVECs alpha5 and CD31 [19]

Abbreviations: PLGA, poly D,L-lactide-co-glycolide; ECs, endothelial cells; bFGF, basic fibroblast growth factor; PCLF, polycaprolactone fumarate; VEGF, vascular
endothelial growth factor; FGF-2, fibroblast growth factor 2; BMP-2, bone morphogenetic protein 2; PLLA, poly-L-lactic acid; HMVECs, human microvascular endothelial
cells; HPASMC, human pulmonary artery smooth muscle cells; PCL, polycaprolactone; HUVECs, human umbilical vein endothelial cells; bmMSC, bone marrow mesenchymal
stem cell; HDMECs, human dermal microvascular endothelial cells; CS-g-PCL, polycaprolactone scaffolds modified with chitosan; PU, polyurethane; SDF-1alpha, stromal cell
derived factor 1alpha; BMCs, bone marrow cells; PIECs, pig iliac endothelium cells; alpha-GF, alpha-growth factor; TGF-β1, transforming growth factor-b1; EPCs, endothelial
progenitor cells; ADSCs, adipose-derived stem cells; HGF, Hybridoma growth factor; alpha5 and CD31, migration-related and angiogenesis-related proteins; B/G, bacterial
cellulose/gelatin; Gelfoam sponges, gelatin-based sponge; Co–CS–HA, collagen–chondroitin sulfate–hyaluronic acid; SIS, small intestinal submucosa; ADM, acellular dermal
matrix; b-TCP, porous b-tricalcium phosphate.
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of some pro-angiogenic ECM components (ECM components, such as collagens and proteoglycans) play critical roles in
both physiological and pathological angiogenesis regulation; pro-angiogenic ECM components are the ones controlling
angiogenic mechanisms enhancing the angiogenesis process for the sprouting of induced vessels.92 Their results also
revealed that oxidative stress has a concentration-dependent effect on angiogenesis expansion.

One of the most visible advantages of this research is that this model has encouraged others to observe genetic
mutations involved in angiogenesis in detail, which is considered a huge step forward in the field. Albeit two main
challenges remain in their model: first, complicated cell–cell interactions, such as the interactions between neurons,
neural progenitor cells, pericytes, and glial progenitor cells, were neglected during brain angiogenesis. If these
sophisticated interactions remain neglected, there would not be enough evidence that their platform is efficient for in
vivo modeling. Second, no changes were observed for capillary growth (such as varying capillary length, diameter, or
branching).16,93 Clearly, such considerations need to be the focus of future studies.

Natural Biomaterials-Derived Scaffolds
Natural biomaterials are a major group of biomaterials that have been utilized in tissue engineering applications due to
their nice microstructure, high interconnectivity, as well as great inherent bioactivity, which endorses them mimicking the
tissue natural extracellular matrix. Playing the role of extracellular matrix provides cell adhesion, practical oxygen and
nutrient delivery, as well as supporting cells for restoring the function of defected tissue. Although they enjoy lots of
biological benefits, they usually suffer from weak mechanical strength and lack a fine degradation pattern (a fine
degradation pattern refers to a degradation rate that is equal to the tissue regeneration rate) which must be made up
via blending with synthetic materials. In this section, we will discuss different natural-based scaffolds (blended with other
materials) that support the angiogenesis process.

Pro-Angiogenic Biomaterials and Anti-Angiogenic Biomaterials
When it comes to natural biomaterials, fibrin94 and hyaluronic acid (HA) have been reported as vascularization promoters
during wound healing by promoting fibroblast activities.30,95 In addition, degradation products from HA increases
angiogenesis, such as Ca+2.21 Furthermore, type IV collagen has a dose-dependent effect on vascular elongation.
Researchers demonstrated that lower and higher doses of type IV collagen had a completely opposite effect. For instance,
a moderate concentration of about 30 lg/mL promoted new vessel formation, while a concentration of about 300 lg/mL
limited vessel progression.96 Collagen-based scaffolds are claimed to have a synergistic effect not only on angiogenesis

Figure 3 Schematic of prepared 3D fibrous scaffolds in conjunction with applied biochemical and biomechanical stimuli leading to a positive effect on angiogenesis and
osteogenesis for bone repair applications. Reprinted with permission from Kim JJ, El-Fiqi A, Kim HW. Synergetic cues of bioactive nanoparticles and nanofibrous structure in
bone scaffolds to stimulate osteogenesis and angiogenesis. ACS Appl Mater Interfaces. 2017;9(3):2059–2073. Copyright 2022 American Chemical Society.90
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but also on reducing inflammation after implantation into a diabetic rat skin wound model.75 Histopathological evaluation
demonstrated promoted angiogenesis for alginate/vitamin D3 treated wounds.97 On the contrary, chitosan has been
mentioned as an anti-angiogenesis agent because of its depolymerized products (low-molecular weight chitosan and
chitooligosaccharides (LMWC/COs)).33,34 However, it is noteworthy to mention that some chitosan composites can
accelerate angiogenesis. Other groups have worked on developing new angiogenesis biomaterials with chitosan compo-
sites; for instance, chitosan/poly–caprolactone modified by heparin and chitosan/gelatin have been proven to enhance
vascularization.98 An interesting investigation by Zhang et al revealed that silk fibroin is a powerful clinical option
among the natural biomaterials not only for angiogenesis but also for wound dressing and skin defect healing. A
randomized single-blind parallel controlled clinical trial was done with 71 people, and their results were promising. They
showed that silk fibroin film can strongly diminish the regeneration time (healing and angiogenesis of the defected skin)
in comparison with other commercial dressing materials.99

Among all the existing natural biomaterials, collagen, gelatin and alginate are the most prevalent ones owing to the
fact that their microstructure provides cells with a great opportunity for biological activities. They can also successfully
pursue the neo-tissue formation and integration pattern by degrading within an appropriate period of time. Additionally,
they endorse cell adhesion, differentiation, migration, or necrosis. Here, we have discussed some of the most interesting
and up-to-date studies about angiogenesis acceleration using these three reputable natural biomaterials.

Collagen-Based Scaffolds
In one of the first models, Wong et al designed a template consisting of PLGA microfibers (similar to capillaries in terms
of dimension) embedded in a type I collagen scaffold and seeded with HUVECs/VEGF to promote angiogenesis even
after fiber degradation.76 Similarly, type I collagen-based scaffolds were used by Chan et al for seeding primary human
microvascular endothelial cells to form CD31 positive capillary structures and clear lumens.31 Additionally, Gérard et al
utilized type I collagen-based scaffolds modified with heparin and seeded them with bone marrow cells as a promising
model for angiogenesis characterization.29 As a more complicated model, Haifei et al suggested heparinized porous type
I collagen–chitosan scaffolds in combination with N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) and
N-hydroxysuccinimide (NHS) for promoting angiogenesis.43

To evaluate pericyte function (as the branched cells with an increasingly high effect on vascular reinforcement and
blood flow regulators) which affects endothelial cell migration and stabilization,100 type I collagen hydrogels were
seeded with pericytes in the presence of VEGF by Chiu et al.101 Moreover, a 3D scaffold of bacterial cellulose and
bladder acellular matrix (BAM) combined with type I collagen and glycosaminoglycans (GAGs) simulated angiogenesis
in the native porous nanofibrous structure of urethra after seeding with HUVECs. The results showed the expression of
endothelial related proteins, which led to capillary-like tube formation.102 Like other collagen-based scaffolds, a research
group formulated type I collagen hydrogels with a HUVEC/epidermal growth factor103 and added sulfhydryl groups to
the porous type I and type III collagen scaffolds.77 Notably, to assess the effect of cell seeding pattern, culturing
HUVECs in a cord within type I collagen/fibronectin gels was suggested by Schechner et al as a novel framework for
expanding vascularization.104 The addition of 2-N,6-O-sulfated chitosan (SCS) to gelatin hydrogels for the controlled
release of BMP-2 followed by VEGF is another novel synergistic angiogenesis formulation deemed successful by the
upregulation of angiogenesis genes during bone reformation (Figure 4).105

Alginate/Gelatin-Based Scaffolds
Similar to collagen, alginate and gelatin (ie, denatured collagen), have been widely studied for angiogenesis. Alginate
hydrogels loaded with alginate lyase as an enzyme for cleaving alginate polymer chains were seeded without outgrowth
endothelial cells (OECs) by Campbell et al106 for improving angiogenesis. Additionally, injectable gelatin-based sponges,
which were seeded with fetal rat pneumocytes, were proposed by Andrade et al78 as another template for new
vascularization. Perets et al suggested that alginate scaffolds incorporate tiny poly(lactic-co-glycolic acid) microspheres
to control the release of angiogenic factors, such as basic fibroblast growth factor (bFGF), and the results indicated
capillary formation.35 Interestingly, vigorous angiogenic growth factors, such as VEGF, platelet-derived growth factor
(PDGF), and transforming growth factor-b1 (TGF- β1) were bound to the alginate-sulfate/alginate scaffolds to boost
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vascularization.23 Functionalized 3D porous bacterial cellulose/gelatin (B/G) scaffolds with heparin were loaded with
VEGF for the sustained release of VEGF by Wang et al to emit growth factors up to about two weeks for angiogenesis.22

Lastly, coupling gelatin with a porcine cholecyst-derived scaffold (CDS) has been demonstrated to be efficient for
improving endothelial cell viability in parallel with the survival of keratinocytes (HaCaT). The conjunction of these two
features is promising for angiogenesis and diabetic wound treatment. Comparison of gelatin-coupled CDS and bare CDS
showed that the reinforced features resulted due to the addition of gelatin (Figure 5).107

Alternative Natural Scaffolds
Some less commonly used natural biomaterials have been reported in this section. These biomaterials are less well-
known due to their poor mechanical and biochemical properties or their high price. For instance, fibrin hydrogels with
nanoparticles bound to VEGF and seeded with HUVECs were suggested by Anderson et al to support capillary formation
after a short duration of time.108 He et al introduced a cyclic peptide LXW7 that binds to the integrin, αvβ3, on
endothelial progenitor cells (EPCs) and EC receptors to enhance angiogenesis. Next, they designed a pro-angiogenic
molecule LXW7-DS-SILY in order to functionalize the ECM scaffolds for neovascularization.49 In the next step, nano-
hydroxyapatite was seeded with HUVECs to enrich vascularization due to enhanced cell viability, migration, and
vascular tube formation. The group proved that reducing nitric oxide (NO) synthesis in HUVECs inhibited phosphati-
dylinositol 3-kinase (PI3K).109 To treat ischemic cardiomyopathy, Zarrintaj et al prepared 3D agarose-based cryogels and
evaluated angiogenesis. They encapsulated cardiac stem cells using agarose. Promisingly, angiogenesis was promoted
due to the enhanced secretion of cytokines. Results showed increased cell viability and proliferation as well as
migration.24 It was unmistakable that plumbagin severely decreased micro-vessel formation and induced phospholipase
C (PLC), extracellular-signal-regulated kinase (ERK), nuclear factor (NF), and inhibited hypoxia-inducible factor (HIF)-
1 signaling pathways to stop enhanced vascularization.46

In a noteworthy manner, Momordica charantia, a kind of bitter melon, has captured the attention of researchers
because of the increasing phosphorylation of ERK. Scientists claimed that it stimulated tube formation from bovine aortic

Figure 4 BMP-2 and VEGF release sequences from gelatin and 2-N,6-O-sulfated chitosan scaffolds. The efficient binding of VEGF to SCS is the reason behind the observed
synergistic angiogenesis. Reprinted with permission from Zhang S, Chen J, Yu Y, Dai K, Wang J, Liu C. Accelerated bone regenerative efficiency by regulating sequential
release of BMP-2 and VEGF and synergism with sulfated chitosan. ACS Biomater Sci Eng. 2019;5(4):1944–1955. Copyright 2022 American Chemical Society.105
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endothelial cells (BAEC) to promote angiogenesis.110 As one step further, injectable platelet-rich fibrin (PRF) with a co-
culture of OECs (sprouting endothelial cells) and primary osteoblasts (pOBs) was found to represent another unique
template for angiogenesis network formation after about 1 week.111 Finally, a new framework for generating a
neurovascular unit (NVU) (NVU consists of neurons, glial cells, blood vessels, and ECM proteins) composed of a
fibrin-matrigel matrix seeded with BMECs/MSCs, which developed new blood vessels.112

Hydrogel Scaffolds
Hydrogels are a type of scaffolds that pose many different applications in tissue engineering. They can be utilized as
space filling agents, delivery of drugs, growth factors, biomolecules or even cell encapsulation. These 3D structures can
provide stimuli, which guide cells restoring the defected tissue. This class of scaffold is structurally similar to the
extracellular matrix of plenty of tissues, which is an outstanding option for scaffold fabrication. They can also be
processed under comparatively mild condition and can be delivered to the desired site, noninvasively. In this section, we
have argued the usage of hydrogels for angiogenesis applications, which have attracted the interests of many scientists.

An injectable temperature-responsive hydrogel seeded with MSCs/stromal cell-derived factor-1 (SDF1)/VEGF was
designed by scientists, and the results indicated the swift proliferation of MSCs to support angiogenesis in further steps.32

Also, Rustad et al enhanced capillary formation by using a pullulan-collagen hydrogel loaded with MSCs. They asserted
that increasing the level of cytokines was the golden key for angiogenesis.25 Carrying VEGF/FGF2/keratinocyte growth
factors (KGF) by micro carriers in a platelet rich plasma (PRP) hydrogel was a new solution recommended by Naderi
et al.113 However, bFGF immobilization on poly ethylene glycol (PEG) hydrogels seeded with smooth muscle cells
(SMCs) seemed to be more practical.47 Interestingly, epithelial cells, MSCs, and ECs showed a radical effect on
angiogenesis when co-cultured and loaded on polyvinyl sponges with FGF2 growth factors by Mondrison et al.114 As
with other hydrogel-based suggestions, PEG hydrogels and methacrylated gelatin (GelMA) flanked by methacrylated

Figure 5 (A) First two rows show the in ovo results of blood vessel formation for cholecyst-derived scaffolds and cholecyst-derived scaffolds-gelatin and the third row,
shows ex ovo results. (B) Stereomicroscopic images of vessels for both cholecyst-derived scaffolds and cholecyst-derived scaffolds-gelatin (Scale bars are in the range of 1 to
2 µm). (C) Illustration of “vascular index” which reports the angiogenesis acceleration after the addition of gelation to cholecyst-derived scaffolds. (CAM= Chick
Chorioallantoic Membrane, *p value < 0.05). Reprinted with permission from Mony MP, Shenoy SJ, Raj R, et al. Gelatin-Modified Cholecyst-Derived Scaffold Promotes
Angiogenesis and Faster Healing of Diabetic Wounds. ACS Appl Bio Mater. 2021;4(4):3320–3331. Copyright 2022 American Chemical Society.107
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hyaluronic acid (HAMA) have been introduced to this field.21 A facile strategy was suggested by another team for
diabetic wound treatment. For this, a high-molecular-weight hyaluronic acid (HHA) was converted to Cu-HHA/PVA
using Cu2+ and physical crosslinking. Then, M2 phenotype macrophage (MΦ2) was seeded within the formed scaffold
for immuno-compromization purposes and for angiogenesis. Additionally, the controlled release of Cu2+ synergistically
encouraged angiogenesis (Figure 6).115 As a state-of-the-art technique for hydrogel fabrication, the idea of constructing
soft hydrogels containing multi-vascular structures is extraordinary and can be accomplished by stereolithography,
photoactive liquid resins, and using non-toxic natural food dyes as light blockers.116

In Table 3, a variety of scaffolds fabricated for angiogenesis along with the type of cultured cells studied to improve
angiogenesis are listed. These systems include hydrogels (Table 3).

Fibrous Scaffolds
In modern tissue engineering, nanofibers have attracted attention due to their biomimetic ECM structure, large surface-to-
volume ratio, versatility in material selection, and easy processing.118 Numerous researchers around the world have
utilized electrospun nanofibrous scaffolds in their research.119 Fibrous and nano-fibrous scaffolds can mimic the
extracellular matrix constituents such as collagen and this kind of simulation of natural tissue plays a key role for tissue
regeneration. Among different methods of fibrous scaffold fabrication, self-assembly, electrospinning and phase separa-
tion are of great interest for scientists due to providing unique scaffolding features. In this section, we will discuss
different usages of nano-fibrous scaffolds for angiogenesis acceleration. For example, one of these groups demonstrated
that a fiber’s diameter affects macrophage and mast cell responses as well as VEGF secretion important for
angiogenesis.120 Moreover, fiber orientation can vary with the angiogenic response. This team suggested that aligned
nanofibers will improve neovascularization in comparison with other orientations.121 Furthermore, nanofibrous scaffolds
made of ECM components (such as collagen) enhance EC adhesion, proliferation, and migration causing for vascular-
ization expansion.122 To the best of our knowledge, nanofibers can control the release of loaded angiogenic small
molecules (such as angiogenin) or phytochemicals (such as curcumin).123 These systems not only strongly mimic the

Figure 6 Depiction of dual cross-linked high-molecular-weight hyaluronic acid seeded hydrogels with M2 phenotype macrophages improving immunocompromization and
defecting angiogenesis. Reprinted with permission from Liu S, Yu J, Zhang Q, et al. Dual cross-linked HHA hydrogel supplies and regulates MΦ2 for synergistic improvement
of immunocompromise and impaired angiogenesis to enhance diabetic chronic wound healing. Biomacromolecules. 2020;21(9):3795–3806. Copyright 2022 American Chemical
Society.115
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ECM environment but are also suitable platforms to control cell fate. In fact, instead of utilizing costly growth factors,
changing fiber dimensions and orientation can cause significantly favorable cell responses. Thus, state-of-the-art
electrospun nanofibrous scaffolds can improve scaffold properties by improving cell differentiation and/or the release
of loaded angiogenic small molecules/phytochemicals.

It is important to keep in mind that due to the swift development of nanotechnology in the 21st century, this class of
materials have widely been used in tissue engineering fields due to its great physical and chemical properties. They
provide a large surface-to-volume ratio, a high potential for efficient and tunable loading, great biocompatibility, as well
as great potential for surface modification. Due to the aforementioned merits, many scientists have utilized these
nanoscale materials (such as metal NPs and graphene-based nanomaterials) in their vascular regeneration studies. This
category of materials can preserve the loaded bioactive molecules on the way to the targeted site, more efficiently.124

Other Approaches
In addition to the mentioned techniques for biomaterial manipulation, there exist some state-of-the-art methods for cell
direction to the desired area, which can be a huge step toward a more efficient angiogenesis. Cell encapsulation is a new
technique that provides the seeded cells a sufficiently hydrated environment before being released. Also, applying a
controlled magnetic-field is a good facility to guide the cells and growth factors toward the desired areas. Additionally,
utilizing the pre-vascularized scaffolds is another option for vascular tissue engineers because the existence of vascular
structures in decellularized tissue can solve many problems relevant to tube formation or sprouting of formed vessels. In
this section, we have argued the newer methods for angiogenesis acceleration and the assessment process of reendothe-
lization are of great importance.

Table 3 A Review of Templates Fabricated for Angiogenesis

Hydrogel Materials Cells Factor Refs.

PLGA +ADH ASC spheroids VEGF and FGF-2 [48]
MA-gelatin +HAMA ADSCs VEGF [21]

Alginate+vitamin D3+(CaCO3/GDL) L929 murine fibroblastic cell [34]

Collagen+human fibrinogen gel ASCs [31]

Collagen Pericytes VEGF [101]

Collagen HUVECs EGF [103]

Collagen/fibronectin gels HUVECs ECGF [104]

Alginate OECs hEGF/VEGF/hFGF-b/IGF-1 [106]

Fibrin hydrogels HUVECs VEGF [108]

Agarose cryogels Cardiac SCs Cytokines [24]

Chitosan+gelatin +acetic acid MSCs/ECs SDF-1/VEGF [32]

Pullulane collagen MSCs VEGF/cytokines [25]

Matrigel+polyvinyl sponge FPCs+ECs+m epithelial cells+MSCs FGF2 [114]

PEG HUVECs VEGF and FGF [117]

Abbreviations: PLGA, poly D, L-lactide-co-glycolide; ADH, adipic dihydrazide; ASC, adipose stem cell; VEGF, vascular endothelial growth factor; FGF-2, fibroblast growth
factor 2; ADSCs, adipose-derived stem cells; CaCO3/GDL, calcium carbonate/d-glucono-lactone; ASCs, adipose tissue-derived stem cells; HUVECs, human umbilical vein
endothelial cells; OECs, outgrowth endothelial cells; hEGF, human epidermal growth factor; VEGF, vascular endothelial growth factor; hFGF-b, human fibroblast growth
factor-beta; IGF-1, insulin-like growth factor-1; SCs, stem cells; MSCs, mesenchymal stem cells; ECs, endothelial cells; SDF-1, stromal cell-derived factor-1; FPCs, fetal
pulmonary cells and mesenchymal stem cells; PEG, poly ethylene glycol; VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor.
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Cell Encapsulation for Vascular Tissue Engineering
Cell encapsulation within a bioactive and biodegradable hydrogel is a great option for tissue engineers, which can be
utilized for in vivo cell delivery to the defected sites. It is called as an “smart procedure” owing to the fact that this class
of hydrated hydrogels poses greatly tuned swelling ratio, suitable manipulated mechanical properties for cell growth and
differentiation, appropriate degradation patterns (hydrolytically or enzymatically) after the tissue regeneration, as well as
controlled diffusion characteristics (diffusion of oxygen or nutrients). However, the number of suitable chemistries and
practical formulation methods are limited due to the fact that cells are present when gelation process happens. For
instance, cell encapsulation in heparinized alginate for the sustained release of growth factors in defective areas,125 or
homing of MSCs/EPCs into the scaffolds by the addition of chemokines (such as SDF1) have been suggested. After
adding monomers to the unencapsulated cells, the polymerization process, on the ground of a specific mechanism, starts.
Then, a kind of hydrogel forms in which cells are so-called arrested but migration and differentiation are definitely
possible. In this procedure, hydrogel degradation and neo-tissue formation need to be equal as this is critical due to the
fact that late or early degradation can cause failure.126,127 This new technique has been recently utilized by scientists for
angiogenesis acceleration, as can be seen in (Figure 7).128

Magnetite Scaffolds for Vascular Tissue Engineering
Magnetic scaffolding is a sort of manipulation method for cell remote controlling. The addition of magnetic nanoparticles
to the fabricated scaffolds provides us with a great opportunity to control the cell functions utilizing an external magnetic
field. Here, we have discussed the magnetic force-based tissue engineering (Mag-TE) as a new class of practical
techniques that have recently been used in plenty of tissue engineering fields such as organ angiogenesis. Also, inducing
an intrinsic microvascular network within the scaffold129 using novel magnetite tissue engineering technology130 include
other promising procedures that scientists are currently pursuing. Adding some micro-channels within the scaffold can
foster cell migration and/or nutrient diffusion. It is noteworthy to mention that magnetic nanoparticle-containing
liposomes (MCLs) seeded with mouse iPS cell-derived Flk-11 can be shaped like sheets by a magnetic force and the

Figure 7 An example of in vitro 3D cell encapsulation within a hydrogel leading to cell proliferation, and migration. (A) acylated-modified sulfobetaine-derived starch (SB-ST-A),
(B) dithiol-functionalized poly (ethylene glycol) (PEG-SH), (C) cells, and (D) cell-laden hydrogel. Reprinted with permission from Dong D, Li J Cui M, et al. In situ “clickable”
zwitterionic starch-based hydrogel for 3D cell encapsulation. ACS Appl Mater Interfaces. 2016;8(7):4442–4455. Copyright 2022 American Chemical Society.128
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results (measured by laser Doppler blood flow and capillary density analyses) revealed that this approach is helpful for
therapeutic angiogenesis.131

Pre-Vascularized and Decellularized Scaffolds
The idea of using pre-vascularized scaffolds has helped researchers navigate towards decellularized tissues or multi-
vascular structured hydrogels. This means that because the vascular structure already exists in decellularized tissue,
issues relevant to tube formation or sprouting vessels for new cells diminish. Hence, de-epithelialized tissue with healthy
and functional vascularization has captured the attention of many scientists in tissue engineering and regenerative
medicine.132 Other issues, such as preventing a temperature rise and the need to find strong organic solvents, seem to
be challenging133 due to protein denaturation and impairing optimal cell function. To achieve the above-mentioned aims,
the use of intermittent inflation detergent-enzymatic treatment (DET) has been reported not only for removing all nuclear
and cytoplasmic materials but also for preserving capillaries in more sensitive organs, such as the lung (especially, the
alveolars).134 For instance, a decellularized porcine lung scaffold was reseeded with human airway epithelial progenitor
cells after decellularization. Results indicated that the lung scaffold supported angiogenesis and blood circulation without
coagulation for 1 hour.55 Also, small intestinal submucosa (SIS) and acellular dermal matrix (ADM) in parallel with a
collagen–chondroitin sulfate–hyaluronic acid (Co–CS–HA) scaffold was seeded with the same cell types and growth
factors. The results showed greater angiogenesis capacity in SIS and ADM in comparison with Co–CS–HA, which
signifies the preferred use of such decellularized scaffolds.79

Re-Endothelialization Assessment
Although re-endothelialization is assessed by in vitro cell detachment under flow conditions in a bioreactor, ex vivo
blood perfusion, extracorporeal systems, in vivo transplantation,135 immune histology, RNA and protein analysis, and
state-of-the-art imaging techniques,136 these assays are not the end of the pathway. Unfortunately, vascularization and
preventing blood clotting pose significant challenges for tissue survival.137 Thus, fully functional vascularization, which
is stable over a long period of time, is seriously needed to avoid tissue necrosis. Noticeably, to pave the way for more
practical angiogenesis and more accurate organ modeling, inspiration from other approaches (such as angiogenesis of
severe wounds that diabetics suffer from), is promising. Moreover, following the angiogenesis platform or mechanism
which can be utilized for any other tissue thicker than 400 µm, can be auxiliary.138,139 To highlight this problem,
transplantation of autologous split-thickness skin grafting (STSG) with human mesenchymal stem cell sheets (HSC)
flanked by pre-vascularized human mesenchymal stem cell sheets (PHCS) was introduced.140 Definitely separated from
these inspirations, tissue-specific sensitivities must not be ignored. For instance, in the lung angiogenesis, particular
issues like surfactant secretion after angiogenesis have been reported by Gilpin et al.137

Cell Sources
Niklason (the co-founder of Humacyte, which specializes in vascular and lung tissue engineering, was recognized as one
of the top 50 most important inventions of 2010 by Time magazine) declared in 2010: “We haven’t gotten to the other
side of the mountain range yet, but when we do, I hope there’s a big bus of stem cells waiting for us”.1 Although ECs and
other non-stem cells have been suggested for angiogenesis growth, Niklason’s prediction is still authentic. Stem cells
have been suggested by many groups to develop blood vessels. In this section, we review the different types of implanted
cells within scaffolds that can achieve vascularization. To the best of our knowledge, the co-culture of primary basal-like
cells with HUVECs141 has been reported to be a potent cell source for vasculature branching. The results achieved by
Ren et al related that seeding a lung scaffold with endothelial and perivascular cells derived from induced pluripotent
stem cells can lead to ~75% endothelial coverage. However, the dark side of these promising consequences is capillary
longevity. Indeed, the formed capillaries survived in the tissue for only three days which is absolutely less than clinical
expectations.142 Lung micro-vascular ECs (LMVECs) is another reliable source. Not long ago, Tsuchiya et al proved that
LMVECs can bind to galactose and lack Weibel-Palade bodies, which have been identified as ultrastructurally necessary
for other EC subtypes.63 In particular, plenty of researchers insist on using MSCs due to paracrine effects for
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angiogenesis.143 Recently, Nilforoushzadeh et al demonstrated that culturing MSCs in 3D spheroid media will improve
the paracrine effect to help angiogenesis.144

MSCs and Other Most Frequent Cell Sources
Although most stem cells possess paracrine effects, mesenchymal stem cells (MSCs) are the most frequent cells used to
investigate angiogenesis136 (Figure 8).145 For instance, MSCs, as the primary source of VEGF, are capable of forming
tiny capillary induction in lung vascularization research.146 It is important to note that Genova et al proved that osteo-
differentiation of MSCs improved when they were co-cultured with ECs, and in parallel, ECs promoted angiogenesis
when near MSCs.147 Also, the delayed addition of MSCs to the culture medium was identified to accelerate capillary
network formation. All of these observations confirmed Niklason’s prediction stated above.148

Additionally, other cell sources have been used to form mature vessels. In fact, vessel maturation can be equally
important for vessel formation. Lung fibroblast cells and type-II pneumocytes are pro-angiogenic and form immature
capillaries.149 Recently, Panina et al reported that adipose tissue-derived stem cells (ASCs) with self-renewal properties
are a prominent source of EPCs, ECs, and pericytes for vessel remodeling.150 During in vivo investigations, Yen et al
hypothesized that mouse pulmonary stem/progenitor cells (mPSCs) have pro-angiogenic effects via the expression of
multiple pro-angiogenic factors.151 Remarkably, although ECs are perfect cell sources, which have been used for
angiogenesis time and time again, the immunogenic trait of ECs is not neglectable. Moreover, non-invasive cell
harvesting is another issue in clinical trials, so allogenic cell sources are preferred. Other choices such as EPCs and
iPSCs are alternatives.152 Interestingly, inflammation is said to be an integral component of angiogenesis expansion.
Danese and Jackson et al declared that inflammatory cells surrounding the vasculature can promote vessel growth.153,154

Wagner et al further reported that inflammatory cells, such as monocytes/macrophages, can modulate angiogenesis in a
lung model but in contrast, lymphocytes prohibit neovascularization.155 Moreover, pediatric bronchial epithelial cells and
nasal epithelial cells have been infected with the influenza virus to rapidly divide after implantation.116

Some spheroids are well known as paracrine stimulators of angiogenesis and building blocks for generating new
vasculature and have been investigated by scientists all around the world because three-dimensional spheroids can
activate cells to secrete more of immunomodulatory paracrine factors (especially PGE2 and TNF-α-stimulated gene/
protein 6 (TSG-6)). Researchers utilize this platform not only for pro-angiogenesis investigations but also for anti-
angiogenesis investigations, for instance for cancer therapy. It is noteworthy to mention that anti-angiogenesis studies are
important for cancer termination. For example, Maracle et al provided spheroids consisting of ECs and fibroblast-like
synoviocytes. By using NF-κB signaling mediation, they demonstrated an anti-angiogenesis response for these
spheroids.156,157 To address another use of spheroids in angiogenesis characterization, Lee et al revealed that the

Figure 8 The therapeutic influence of MSCs-biomaterials due to the release of trophic factors, specifically immunomodulatory or angiogenic cytokines. Reprinted with
permission from Li T, Ma H, Ma H, et al. Mussel-inspired nanostructures potentiate the immunomodulatory properties and angiogenesis of mesenchymal stem cells. ACS Appl
Mater Interfaces. 2019;11(19):17134–17146. Copyright 2022 American Chemical Society.145
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spheroids consisting of ECs and pericytes in combination with VEGF enhanced vasculature sprout formation because
pericytes can cover the EC monolayer from its basal side.158 In a cell-based model of angiogenesis including co-culturing
human adipose stem cells (hASCs)/ HUVECs and a growth factor cocktail (GFC), histological staining revealed a
significant increase in the level of NODAGA-RGDyK binding to αvβ3 integrins in parallel with an increased tubule
network density leading to neovascularization.159 Also, placental tissue-derived MSCs in serum-free medium (PlaMSCs)
synthesized both angiogenic and angiostatic factors and significantly increased endothelial tube formation due to
enhanced angiogenesis-related gene expression.160

Table 4 summarizes the various cell types used by different groups to foster angiogenesis.

Cell Seeding Challenges
Of course, it is worth mentioning that after choosing the right source of cells, proper placement in a 3D scaffold has a
vital role for angiogenesis.137 After choosing and implanting the opted cells in their correct place, guiding cell
differentiation is another serious concern.169 This cell fate guidance refers to applying diverse factors ranging from

Table 4 Different Cell Sources That Can Be Seeded for Enhancing Angiogenesis

Cell Type Reference(s)

LMVECs [63]

ECs [64]

OECs/POBs [111]

FPCs+ECs+murine epithelial cells+MSCs [114]

EPCs [135]

VSMCs [135]

iPSCs [135]

ESCs [135]

Monocytes/macrophages [155]

ASCs [161]

UCBSCs [162]

Parenchymal cells [163]

Fetal+neonatal rat lung cells [163]

Human airway basal stem cells [163]

Pericytes [164]

Lung epithelial cells, macrophages, DCs, and MCs [165]

OECs [166]

Transduced type I pulmonary cells [167]

ECs, fibroblasts and pericytes [168]

Airway epithelial cells [163]

HUVECs [75,102]

Abbreviations: LMVECs, L-lactide-co-glycolide; lung microvascular endothelial cells; ECs, endothelial cells; OECs, outgrowth endothelial cells; POBs, primary osteoblasts;
FPCs, fetal pulmonary cells and mesenchymal stem cells; MSCs, mesenchymal stem cells; EPCs, endothelial progenitor cells; VSMCs, vascular smooth muscle cells; iPSCs,
Induced pluripotent stem cells; ESCs, embryonic stem cells; ASCs, adipose tissue-derived stem cells; UCBSCs, umbilical cord blood-derived stromal cells; DCs, dendritic
cells; MCs, mast cells; HUVECs, human umbilical vein endothelial cell.
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biochemical factors like growth factors to mechanical and electrical factors like scaffold stiffness, strength or even
applying a gravitational force. Thus, fabrication of a suitable scaffold or hydrogel implanted with the right cell source is
definitely important. One needs to model the exact physical and mechanical stimuli to uphold the seeded cells for great
attachment, growth and differentiation. To end this section, it is critical to point out that controlling cell migration and
proliferation, particularly of ECs, pericytes, and macrophages, are by far the most important parameters for blood vessel
development in engineered tissues.170 In the hereunder section, the influence of various kinds of mechanical factors are
reported as critical factors that alter cell fate or cell commitment, which is exactly why they need to be carefully
characterized and correlated with angiogenesis.

Biomechanical Stimulation
Blood vessel development under the effect of mechanical factors has been under plenty of investigations. Indeed, the
influence of biomaterials-induced mechanical features such as scaffold stiffness, mechanical strength, applying gravity
force and other types of mechanical stimulus is the topic of many studies. Some kinds of cellular components such as
growth-related factor proteins or lipids, some signaling molecules, as well as genes and mitogenic genes have been
intensively reported to mediate the angiogenesis process after applying the mechanical factors. These studies demonstrate
that angiogenesis acceleration must be studied under different mechanical features, which leads to the development of
biomechanical engineering approaches for more efficient vascularization.

Effective Biomechanical Variables for Angiogenesis
Results indicate that scaffold stiffness,171,172 applied pressure,163,172,173 cAMP (cyclic adenosine monophosphate),174

scaffold malleability,175 adhesion strength,176 applied shear stress,80,172,177 scaffold mechanical stretch,161,162,178–180

applied mechanical tension,172 applied gravity force,181 scaffold elasticity or viscoelasticity,171,172 as well as scaffold
morphological properties, such as channel induction,182 scaffold chain sizes,183 scaffold pore sizes, interconnectivity and
porosity,184 are all crucial physical and mechanical properties, which affect cell migration, differentiation and angiogen-
esis. All the suggested values are gathered in Table 5.

Scaffold stiffness has been reported as an influential factor that affects angiogenesis in plenty of investigations. It
needs to be approximately equal to the stiffness of the organ that has been replaced with. For instance, the stiffness of
skin is about 0.86 MPa,185 bone stiffness is about 20 GPa,186 and brain stiffness is about 3KPa.187 The stiffness values
need to be carefully tuned due to the fact that it has a strong influence on cell activities. For instance, Liu et al claimed
that scaffold stiffness affects liver sinusoidal endothelial cell (LSECs) and hepatic stellate cell (HSCs) activation.188

Scaffold stiffness is one of the most outstanding mechanical behaviors that affect angiogenesis due to the fact that the
seeded MSCs can sensitively feel and respond to the mechanical features of the host scaffold. Their differentiation,
migration and orientation of cell division are highly dependent on the stiffness of the surrounding microenvironment. The
researchers demonstrated that MSCs adhesion and growth are also dependent on the scaffold stiffness, which affects the
osteo-differentiation and angiogenesis.186 To observe whether pressure and cAMP (as an intracellular second messenger)
have any effects on angiogenesis, Linville et al designed a type I collagen gel under intermediate reverse pressure (0.75–
1.5 cm H2O) and high cAMP.174 The results were unanimous with previous studies. They all concurred that pressure and
cAMP strongly affects angiogenesis. Bramfeld et al demonstrated that in terms of cell adhesion strength, an optimized
value between 0.4 and 1.6 MPa exists for the best response for tube formation.176 Interestingly, laminar shear stress has
been reported to affect gene transcription, expression of the transformation growth factor beta (TGF- β),176 permeability
of the blood vessel wall,177 and induction of changes in cell metabolism or other cellular phenomena173 which severely
intervene in angiogenesis.

In the figure, all of the abovementioned biomechanical cues are gathered (Figure 9).
Mechanical stretching due to changes in cell death and migration161,178–180,189 and substrate malleability due to

reduced expression of actin and focal adhesion plaque proteins175 have both been reported as other mechanical
stimulators influencing capillary sprouting. Other reports disclose that pressure influences angiogenic resistance because
it affects cell signaling factors,173 surface tension, cyclic strain, and gravitational force increasingly changing micro
vascularization by capillary bleeding or preventing collapse and controlling cell differentiation,172 not only optimizing
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microcarrier pore size and spacing184 but also the addition of channels to a porous scaffold to promote cell growth and
rapid vascularization.182

Also, the polymer chain size within the scaffold has been reported to play an effective role in angiogenesis. For
instance, Perng et al changed the size of HA in collagen scaffolds (MW 6.5K and MW 220K) and their results proved
that polymer chain size optimization is needed to achieve the best possible response for angiogenesis.183 Moreover, to
observe an effect on cell seeding orientation, Stabler et al found that the retention of cells in the supine position is much
better than in the standing position.190 Concerning the effects of bulk ECM deformation as a mechanical cue on vessel
network expansion, Ruehle et al proved that load initiation time, magnitude, and mode are all key factors that can clearly
affect angiogenesis via mechanotransduction signaling pathways. They believed that immediate scaffold load initiation
will prevent angiogenesis and reduce sprouting; on the contrary, delayed loading can promote microvascular network
formation.191

Effect of Geometric Design on Angiogenesis
To underscore the effects of interconnectivity and geometric design, porous b-tricalcium phosphate scaffolds optimized
in terms of interconnectivity and geometrical properties were evaluated by computational simulation models concerning
whether the platform endorsed cell activity (like proliferation and migration) or nourishment consumption by cultured
cells.192 The consequences demonstrated that incorporating multiple channels within a porous b-tricalcium phosphate
scaffold can significantly increase nourishment diffusion through the channels in parallel with HUVEC migration.19

Table 5 Effect of Mechanical Factors on Angiogenesis

Mechanical Stimuli Results Optimal Values Refs.

Scaffold stiffness/
scaffold elasticity

Influential on cell division orientation, migration and differentiation Elasticity =100 pa
Stiffness= 800 pa

[198,199]

Scaffold compression
strength

Optimization for compression strength is needed 0.4–1.6 MPa [40,176]

Scaffold mechanical
stretching

Influences cell migration/necrosis/apoptosis 400 Length/ μm [178]

Porosity Optimization is needed for controlling cell migration and

differentiation

80–90% [72]

Channel induction Increases nourishment diffusion 254–508 μm diameter of

vertical channels

[182]

Pore size Optimization is needed for controlling cell migration and

differentiation

150–500 μm [72,200]

Interconnectivity Optimization is needed for controlling cell migration and

differentiation

Interconnection sizes between

100–150 μm
[184,201]

Scaffold chain size A specific chain size is appropriate based on the type of material Hyaluronic acid chain molecular

weight= 6.5K

[183]

Applied mechanical

tension

Affects capillary bleeding/collapsing prevention <15 mmHg [172,202]

Applied pressure Affects cell signaling factors/angiogenic resistance 20–35 mmHg [181,203]

Applied shear stress Affects gene transcription/expression of transforming growth
factor/permeability of vessel walls

10 dynes/cm2 [204,205]

Applied gravitational
force

Excessive amount may induce vessel bleeding/collapsing Microgravity scale [181]
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Other research teamsassessed the effect of pore properties (ie, size or interconnectivity) on angiogenesis. They claimed
that large pores may disturb the vascularization process in the scaffolds seeded with ECs because ECs cannot bridge
pores larger than a cell diameter and this deprived them of adequate migration. The best results were obtained with pores
ranging from 5 to 20 μm.193 On the contrary, hydrogels with self-assembling peptides upheld EC adhesion and capillary-
network formation due to their small pores, but their flexibility caused swift cell migration, which must be controlled.194

Interestingly, the effect of cell seeding orientation on EC functions has not been neglected by scientists. It was
demonstrated that pre-organizing ECs into linear vessels of parallel orientation reduced the time for vascular perfusion
after transplantation.151,195

The next step was to evaluate whether the applied stimuli influenced angiogenesis. In parallel, an accurate estimation
of tissue-like mechanical properties (like pressure, shear stress, or viscoelasticity) was another issue. The accuracy of
these applied properties can be estimated using rheological methods, indentation and compression testing, atomic force
microscopy (AFM) and macroscopic rigidity.171 Estimating properties using software, such as FEBio, can help authentic
experimental results not only in terms of physiology and angiogenesis but also for fluid mechanical traits, reaction-
diffusion processes, and heat transfer phenomenon.196 Such mechanical factors can be controlled by using equipment
such as rolling bioreactors, bioreactors with a tubing system/pump, and hollow fiber bioreactors.80 It is worth mentioning
that scientists believe that among the state of art approaches, current 3D bio printing techniques are increasingly
promising in tissue engineering and can easily print numerous vascular channels, but struggle to support the geometrical
complexity of tissues (like forming alveolus in lung tissue engineering due to the fact that they are extremely thin and

Figure 9 Different biomechanical stimuli for angiogenesis expansion. Created with Procreate Software
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sensitive requiring nanometer resolution), which extends to inadequate vascularization and neurogenesis formation in
further steps.197

Concluding Remarks and Future Perspectives
Angiogenesis is crucial for improving tissue engineering and organ modeling. Because without efficient vasculature and
capillaries, adequate nutrient delivery is blocked, and the long-term maintenance of tissue is impossible. In this review,
we discussed over some advances in developing materials that can improve angiogenesis in terms of choosing more
sufficient biomaterials, the proper cell source, and applied factors. In this manuscript, we presented six main sections.

● Virtually all kinds of synthetic materials (specifically, polymers) that have been studied for angiogenesis with
associated seeded cell types were presented. Moreover, we addressed specific growth factors and biomolecules that
have been utilized to provoke angiogenesis.

● Approximately all kinds of natural seeded scaffolds used for improved angiogenesis were addressed with seeded
cell sources and growth factors. Additionally, separated from the recommended platforms, some of the single
natural ingredients that show the most and least promise were compiled.

● The use of hydrogels for accelerating angiogenesis not only in terms of materials but also in terms of cells and
growth factors was assembled.

● We suggested several smarter approaches for improving angiogenesis in tissue engineering and regenerative
medicine; further, we just alluded to the more accessible ones.

● The most frequent cell sources used in conjunction with scaffolds, their mechanism(s) to promote angiogenesis and
their sensitivities were reviewed. In addition, we provided the best cell sources for scaffold seeding.

● We stated some of the most crucial and efficient mechanical/physical traits for improving angiogenesis. Indeed,
materials and their mechanical properties are inseparable.

It is abundantly clear that the ultimate effort to improve angiogenesis is ongoing as there are still numerous unsolved
problems and unanswered questions including, but not limited, to:

1. Providing data regarding sufficient interactions between capillaries and the epithelium surface after capillary
formation. This means that even after achieving an appropriate vasculature network, interrelating vessels/capil-
laries with the tissue surface needs strong consideration.

2. Embedding angiogenic growth factors within a scaffold in a precise pattern must be studied. Indeed, an extensive
dispersion of growth factors or even cells is challenging because their respective densities in real tissue is intricate
and has not yet been modeled, even if using contemporary-release methods. Another concern is dispensing the
growth factors as a function of time, which helps one approach real-body simulations. Slow-release methods and/
or targeted encapsulation are suggested for optimal angiogenesis.

3. Moreover, the danger of an excessive immune system response against xenogeneic growth factors exists. In reality,
the immune response has to be controlled not only when we implant engineered tissue but also when growth
factors are added to cultured cells.

4. Control over the 3D orientation of the formed vessels is another challenge that needs to be solved by utilizing
native scaffolds or improving micro- and nano-fabrication technologies scaffold fabrication. However, new
fabrication methods have not solved the numerous challenges relevant to angiogenesis and neurogenesis. Hence,
it is clear that control over vessel and capillary density and orientation needs to be a top priority.

5. Although decellularization-recellularization strategies seem to be by far the most promising pathway for obtaining
robust microvascular perfusion because it consists of a native scaffold and inherent tube-like structure, as long as
we find a great detergent, which does not harm protein and DNA content, such methods need to be carefully
elucidated in that decellularization must not cause vascular channels or tissue disruption.

6. On top of everything stated above, preventing blood coagulation within newly formed microvascular networks
after cell culturing is critical.
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To point out our recommendations, it seems that concentrating on discovering new biomaterials that are apt to mimic the
ECM more precisely will have promising results. Moreover, using a combination of appropriate factors (biochemical,
mechanical, electrical, magnetic, etc.) and delaying the addition of cells/factors may help. Also, establishing more studies
to enhance acellular scaffold performance can broaden our knowledge about the exact mechanisms of angiogenesis.
Additionally, various subtypes of materials are needed to reinforce existing scaffolds and can be helpful for preparing an
appropriate bed for cells to grow and differentiate. It seems that presumably we have the duty to find the most analogous
materials to the tissue itself without using the tissue itself, the most appropriate cell source for transferring to vessels and
the most practical mechanical factors (and other stimuli) to apply to the scaffolds for angiogenesis. One item is clear from
this review: we have yet to center all of the above-mentioned factors to find the golden key for accelerating angiogenesis.
However, the most state-of-the-art method among scientists is utilization of decellularized tissue owing to the fact that it
has an appropriate ECM and canals as well as a natural scaffold for the cells that will be seeded further. Keeping the great
potential of mesenchymal stem cells in mind, this cell source is a frequent one among plenty of existing studies and
should be combined with such decellularized tissue to create the perfect angiogenic environment.
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