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Highlights 

 The native extracellular matrix, characterized by its diverse biochemical compositions, 

hierarchical microstructure, and dynamic mechanical properties, functions as an 

angiogenic biomaterial.  

 Physiological angiogenesis involves a coordinated interplay between growth factor 

signaling, integrin-mediated mechanosensing, and extracellular matrix dynamics.  

 Designer synthetic angiogenic biomaterials with tunable material properties offer an in 

vitro biosystem to investigate vascular biology.  

 The ECM’s role in wound healing and tumor progression underscores its significance in 

clinical interventions, proposing new therapeutic strategies to improve therapeutic 

outcomes in angiogenesis-related diseases.  outcomes in angiogenesis-related diseases.  outcomes in angiogenesis-related diseases.  

clinical interventions, proposing new therapeutic strategies to improve therapeutic 

The ECM’s role in wound healing and tumor progression underscores its significance in 

clinical interventions, proposing new therapeutic strategies to improve therapeutic 

The ECM’s role in wound healing and tumor progression underscores its significance in The ECM’s role in wound healing and tumor progression underscores its significance in 

Designer synthetic angiogenic biomaterials with tunable material properties offer an in 



2

The Role of Extracellular Matrix in Angiogenesis: Beyond Adhesion and 

Structure   

Jaxson R. Libbya,+, Haley Royceb,+, Sarah R. Walkera and Linqing Lib,* 

a Department of Molecular, Cellular, and Biomedical Sciences, University of New 

Hampshire, Durham, New Hampshire, USA 

b Department of Chemical Engineering and Bioengineering, University of New 

Hampshire, Durham, New Hampshire, USA 

+These authors contributed equally to this work. 

*Corresponding Author: Linqing.Li@unh.edu 

Key words: angiogenesis, extracellular matrix, growth factors, cell adhesion, 

biomaterials, wound healing, and tumor vascularization. 

Abstract 

While the extracellular matrix (ECM) has long been recognized for its structural 

contributions, anchoring cells for adhesion, providing mechanical support, and 

maintaining tissue integrity, recent efforts have elucidated its dynamic, reciprocal, and 

diverse properties on angiogenesis. The ECM modulates angiogenic signaling and 

mechanical transduction, influences the extent and degree of receptor activation, 

controls cellular behaviors, and serves as a reservoir for bioactive macromolecules. 

Collectively, these factors guide the formation, maturation, and stabilization of a 

functional vascular network. This review aims to shed light on the versatile roles of the 

ECM in angiogenesis, transcending its traditional functions as a mere structural 

material. We will explore its engagement and synergy in signaling modulation, 

diverse properties on angiogenesis. The ECM modulates angiogenic signaling and 

maintaining tissue integrity, recent efforts have elucidated its dynamic, reciprocal, and 

diverse properties on angiogenesis. The ECM modulates angiogenic signaling and 

contributions, anchoring cells
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interactions with various angiogenic factors, and highlight its importance in both health 

and disease. By capturing the essence of the ECM’s diverse functionalities, we highlight 

the significance in the broader context of vascular biology, enabling the design of novel 

biomaterials to engineer vascularized tissues and their potential therapeutic 

implications.  

Angiogenic Microenvironment – The Extracellular Matrix Composition, 

Organization, and Function  

Angiogenesis, the formation of new blood vessels from pre-existing vasculature, is a 

fundamental process underpinning both physiological and pathological events [1]. From 

delivering oxygen and nutrients during embryonic development to facilitating wound 

healing, angiogenesis plays an important role in tissue homeostasis and regeneration 

[2–4]. Conversely, aberrations in angiogenesis contribute to many disorders such as 

cardiovascular diseases, chronic inflammation, diabetic ischemia, and tumorigenesis 

[5–7]. Historically, angiogenesis research has predominantly focused on investigating 

soluble angiogenic growth factors and cytokines, emphasizing their roles in controlling 

transcriptional regulation, processing, binding to cell-surface receptors and the 

activation of signaling pathways that control vessel growth [1,8]. However, the 

extracellular matrix (ECM), a complex network of proteins, glycoproteins, and 

proteoglycans, has emerged as a critical player that orchestrates growth factor (GF) 

binding, angiogenic signaling, and processes beyond ECM’s basic structural features 

[4,9]. 
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The native cell microenvironment, governed by the composition, organization, 

mechanical dynamics, and signaling regulators of the ECM, plays a pivotal role in

angiogenesis [10]. Previously considered as a static structural component, the ECM has 

recently gained increased recognition for its influence on vascular network formation, 

maturation, and the maintenance of vasculature [11–14]. Beyond functioning as a 

scaffolding material for mechanical support during multicellular morphogenesis, the 

ECM also serves as a coordinator of biochemical signals that actively modulate the 

behavior and function of endothelial cells (ECs) [15,16]. The key ECM components 

(Table. 1 and Figure. 1) contributing to angiogenesis can be broadly categorized to

include the interstitial matrix and basement membrane. The interstitial matrix, which 

forms the primary structural framework of the ECM, is composed of fibrous proteins 

such as collagen and elastin. These compounds provide mechanical strength, elasticity, 

and integrity to tissues. Adhesive glycoproteins such as fibronectin are also present in 

the interstitial matrix, connecting to cell-surface integrins to support cell adhesion, 

migration, and cell-matrix interaction essential for vascular development. The vascular 

basement membrane, a dense mesh-like network underlying endothelial cell layers, is 

primarily composed of laminin and collagen type IV to provide cell adhesion and

regulate blood-barrier functions. Pericytes, recruited by various angiogenic factors such 

as PDGF-BB and SDF1-α to wrap around the endothelium, play a critical role in 

maintaining vascular stability and homeostasis by promoting cell-cell interactions and 

depositing an array of ECM components, including fibronectin, laminin, collagen-IV, 

nidogen-1 and angiopoietin-1, during early vascular development, angiogenic sprouting, 

and vessel maturation and stabilization [17]. Both the interstitial ECM and vascular 

primarily composed of laminin and collagen type IV to provide cell adhesion and

regulate blood-barrier functions
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basement membrane are also abundant in heparan sulfate proteoglycans (HSPGs) and 

glycosaminoglycans (GAGs), for example heparin, perlecan and hyaluronic acid (HA). 

These glycans mediate GF sequestration, control vascular function, and are responsible 

for water retention, which resists compressive mechanical forces and provides hydration 

to the surrounding matrix.  

An angiogenic microenvironment exhibits complex chemical compositions and 

hierarchical microstructural organization, featuring primary ECM elements cohesively 

regulating the angiogenic signaling and processing in endothelial cells in a stiffness-

dependent manner [18–20]. The native ECM, serving as a biomaterial, actively 

modulates cell behavior and remodels their microenvironment through its diverse 

molecular and mechanical properties, thereby effectively regulating angiogenic activities 

[15,21]. This biomolecular material system presents a platform to coordinate the 

spatiotemporal coordination of biochemical and biophysical cues, impacting various 

cellular behaviors such as cell adhesion, migration, proliferation, and differentiation 

involved in the process of angiogenic sprouting, invasion, and anastomosis of functional 

vasculature. Cells and cell-secreted factors interact dynamically with the highly specific 

ECMs and are regulated in turn by the microenvironmental cues that drive the outcomes 

of physiological and pathological angiogenesis.  

vasculature. Cells
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Figure 1. The extracellular matrix coordinates both biochemical cues and 

biophysical properties to regulate angiogenesis. A schematic representation of pro-

angiogenic microenvironment with a selection of key extracellular matrix components 

involved in physiological angiogenesis. Highlighted here is the role of the extracellular 

matrix in modulating local growth factor sequestration and their binding affinity, and 

control of specific integrin activation, with an emphasis on cell-extracellular matrix 

signaling crosstalk between angiogenic pathway and integrin-mediated 

mechanosensing for angiogenesis. ECM: extracellular matrix; MMP:

matrix metalloproteinases; FAC: focal adhesion complexes.

Table 1 
Summary of common extracellular matrix proteins and their function in promoting angiogenesis 
[10,11,22–24]. 

ECM Biological Function Context

Collagen I Interstitial and granulation matrix, fibrous network, cell adhesion, 
contraction and migration, structural support, tensile strength

Bone formation, tissue 
repair, fibrosis

Collagen III
Interstitial and granulation matrix, colocalized with collagen I to 
provide structural integrity and support for soft tissues, cell 
attachment, proliferation and migration

Wound healing, blood 
vessel formation 

Collagen IV
Basal lamina matrix, cell adhesion, migration, and differentiation, 
network forming, ECM organization and stabilization, regulate 
barrier permeability and function, growth factor sequestration

Blood-brain barrier, 
cell signaling

Laminin

Basal lamina matrix, cell survival, adhesion, proliferation, and 
migration, cell polarity and metabolism, interactions with other 
ECM proteins (e.g., Collagen IV, perlecan) to provide structural 
support for basement membrane, regulate barrier function, and 

Lung branching 
morphogenesis, 
vascular barrier 
function

Summary of common extracellular matrix proteins and their function in promoting angiogenesis 

Biological Function

Summary of common extracellular matrix proteins and their function in promoting angiogenesis 
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promote tissue morphogenesis

Fibronectin

Interstitial, provisional and granulation matrix, cell adhesion, 
migration, proliferation, and differentiation, cell surface receptor 
binding and activation, GF sequestration, ECM organization, 
and angiogenesis

Mechanotransduction, 
angiogenesis, tissue 
repair, cancer 
dormancy

Proteoglycan
Regulation of growth factors and cytokines, structural 
organization of ECM to mediate cell signaling, tissue hydration 
and resilience, barrier function, modulation of enzymatic activity

Angiogenesis, 
embryonic 
development tissue 
repair, stem cell 
differentiation 

Fibrinogen
Provisional matrix, converts to fibrin and form blood clots for 
structural support, cell adhesion and migration, modulates the 
activity of inflammatory cytokines, initial wound scaffold

Angiogenesis, wound 
healing, inflammation,
tissue remodeling

Vitronectin Cell adhesion and spreading, regulation of blood coagulation 
and fibrinolysis, matrix remodeling and immune response

Coagulation, wound 
healing, angiogenesis

Perlecan Basement membrane heparan sulfate proteoglycan, cell 
adhesion and migration, cell signaling, growth factor regulation

Inflammation, cardiac 
development, cancer 
angiogenesis

Tenascin-C

extracellular glycoprotein, structural support and organization of 
the ECM, multi-domain structure to interact with various other 
ECM proteins for cell adhesion, migration and tissue 
remodeling, upregulation in the stroma of tumors

Embryonic 
development, cancer 
progression and tumor 
angiogenesis

Elastin
Interstitial matrix, structural and mechanical support, tissue 
elasticity and resilience, regulation of cellular behavior, and 
tissue integrity and function

Tissue regeneration 
and function

Growth Factor Signaling and Integrin-Mediated Mechanotransduction Crosstalk in 

Angiogenesis 

Physiological angiogenesis involves a coordinated interplay between GF sequestration

and integrin-mediated mechanosensing to induce endothelial morphogenesis and 

assembly into new tubular structures [25–28]. Angiogenesis is initiated in response to a 

hypoxic environment, causing a concentration gradient of pro-angiogenic growth factors 

to be released, activating quiescent blood vessels, and establishing sprouting [1,29]. 

Cell-secreted GFs diffuse through interstitial space and bind to sulfated molecules 

present in the ECM [30], where the distribution and organization of these highly 

negative constituents create different binding affinities to GFs, as well as control their 

local biodistribution and extent of cell-surface receptor activation. Although many GFs 

(e.g., basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF), 

hypoxic environment, causing 

assembly into new tubular structures [25–28]
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and integrin-mediated mechanosensing to induce endothelial morphogenesis and 

assembly into new tubular structures [25–28]

and integrin-mediated mechanosensing to induce endothelial morphogenesis and 

Physiological angiogenesis involves a coordinated interplay between GF sequestration

and integrin-mediated mechanosensing to induce endothelial morphogenesis and 

Physiological angiogenesis involves a coordinated interplay between GF sequestration

Growth Factor Signaling and Integrin-Mediated MechanotransGrowth Factor Signaling and Integrin-Mediated Mechanotrans

elasticity and resilience, regulation of cellular behavior, and 

remodeling, upregulation in the stroma of tumors
nterstitial matrix, structural and mechanical support, tissue 
elasticity and resilience, regulation of cellular behavior, and 

ECM proteins for cell adhesion, migration and tissue 
remodeling, upregulation in the stroma of tumors
nterstitial matrix, structural and mechanical support, tissue 

organization of 
domain structure to interact with various other 

ECM proteins for cell adhesion, migration and tissue 

adhesion and migration, cell signaling, growth factor regulation

organization of 
domain structure to interact with various other 

Basement membrane heparan sulfate proteoglycan, cell 
adhesion and migration, cell signaling, growth factor regulation



8

transforming growth factor-beta (TGF-β)), are involved in this process, vascular 

endothelial growth factor-A (VEGF-A) is the master modulator of angiogenesis [31,32]. 

It binds to the tyrosine kinase VEGFR-2 receptor on endothelial cells and enhances 

phosphorylation of Tyr1214, activating the angiogenic cascade and downstream 

signaling for new vessel growth [33]. Splicing variants in the VEGF-A gene generates 

different isoforms (e.g., VEGF-A121, VEGF-A165, and VEGF-A189 in humans) and 

alterations in the expression of these isoforms lead to changes in their binding affinity to 

the ECM, resulting in distinctive vascular patterns and morphologies [34]. For example, 

the non-ECM binding VEGF-A121 induces the formation of shorter and leaky blood 

vessels with larger vascular diameters and reduced branching, particularly notable in 

tumor microenvironment, while VEGF-A189, with strong-ECM binding, causes aberrant 

branching and reduced capillary size [35,36]. However, VEGF-A165, with an intermediate 

ECM affinity, forms physiologically patterned vascular morphology, indicating the 

strength of GFs-ECM binding plays an important role in angiogenesis [35–37].  

The specific ECM composition and their relative interactions with each other also control 

how GFs bind to the ECM and consequently impact the outcome of angiogenesis. 

Heparan sulfated proteoglycans, such as heparin and syndecan, have long been

acknowledged as major ECM components capable of sequestering numerous GFs 

through electrostatically mediated interactions [38,39]. Less negatively charged, non-

proteoglycan ECM proteins such as fibronectin, fibrinogen, vitronectin and tenascin C 

have now been revealed to exhibit GF-specific interactions and bioactivities [40]. 

Pioneering work from Hubbell and co-workers validated the highly promiscuous GF 

 bind 
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binding region of fibronectin, specifically the heparin-binding domain II within the 12th-

14th type three repeats (FN III12-14), demonstrating a strong binding affinity to multiple 

GFs including PDGF, VEGF, IGF, TGF-β and bFGF families for enhanced cell migration 

[41,42]. Recent reports have elucidated how both proteoglycan molecules and non-

proteoglycan proteins work cohesively to further potentiate GF immobilization and 

signaling. Studies have shown that heparin/heparan sulfate mediates conformational 

changes in fibronectin, exposing cryptic VEGF binding sites, thereby enhancing VEGF-

fibronectin interactions and angiogenic signaling [43]. Kinetic models developed for this 

process suggest the ability of heparin to convert fibronectin from closed VEGF binding 

sites to an open conformation, proposing a catalytic activation mechanism of heparin in 

remodeling key ECM proteins to enhance GF binding affinity for angiogenesis [44].  

The ECM and GFs do not regulate angiogenesis in isolation. They regulate and are 

regulated by endothelial cells through integrin receptors [45]. Integrins, a family of 

ubiquitous heterodimeric transmembrane cell adhesion proteins, serve as bidirectional 

molecular hubs connecting cells to the ECM. These molecules coordinate both growth 

factor signaling and adhesion mechanosensing to facilitate dynamic interactions 

between cells and their surrounding microenvironment, playing a critical role in 

angiogenesis [46,47]. Integrin heterodimers consist of specific αβ integrin pairs 

controlling the recognition and binding to cryptic domains in ECM proteins, initiating the 

formation of intracellular adhesion complexes for downstream signaling [45]. In 

endothelial cells, specific integrin pairs, for instance α3/α5β1 and αvβ3, have been 

recognized for their roles in vascular morphogenesis and vessel patterning [32]. 
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However, activation of α3/α5β1 integrin promotes ECs to form organized vascular 

network while αvβ3 induces tortuous vessels with increased permeability, mostly 

upregulated in tumor ECs [46,48]. These findings highlight the dynamic role of specific 

integrin types as mechanical sensors in mediating the biochemical signaling that is

essential for vascular morphogenesis.  

The coexistence and proximity of binding site for both GF-receptors and integrins 

enables integrin-mediated direct activation of GF-receptors and vice versa, creating 

coactivation crosstalk between both signaling pathways. GF-receptor activation can 

directly initiate adhesion signaling, strengthening its binding affinity to the ECM in an 

integrin-specific manner. For instance, stimulating microvascular ECs with VEGF-A 

activates multiple integrins, including αvβ3, αvβ5, α5β1, and α2β1 [47], whereas stimulation 

of ECs with bFGF-2 decreases the expression of αvβ3 and α1β1 integrins [49]. Similarly, 

spatiotemporal regulation of specific integrins without GFs promotes the expression of 

GF receptors. Studies have shown that fibrinogen-mediated αvβ3 activation is required 

for upregulating bFGF-2 expression and enhancing EC proliferation [50], while inhibiting 

β3 integrin increases VEGF-A-mediated blood vessel permeability [51]. To synergize 

and amplify crosstalk between angiogenic signaling and adhesion, approaches tethering 

VEGF to the ECM have been applied to activate both integrins and GF-receptors

simultaneously. This resulted in a sustained activation of VEGFR2 internalization and 

clustering with increased colocalization of β1 expression in human aortic ECs [52]. 

These findings suggest the formation of a complex cell-GF-integrin-matrix signaling loop 

where the presentation of GFs (soluble versus bound) and molecular associations 
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between ligands and receptors jointly alter GF-receptor clustering and gene expression 

while concurrently engaging integrin-mediated mechanotransduction and cytoskeleton 

remodeling required for vascular morphogenesis (Figure. 2).  

Figure 2. Extracellular matrix regulation of coordinated growth factor signaling 

and integrin-mediated mechanosensing for angiogenesis. Angiogenic growth 

factors secreted by cells are sequestered in the extracellular matrix and interact with 

various matrix components to partition different binding to their receptors and synergize 

with specific integrins at the cell surface to potentiate angiogenic signaling.  

  

While the initiation of angiogenesis is primarily triggered by GF signaling, the directed 

invasion of endothelial sprouts into a hypoxic 3D matrix and subsequent processes of

lumen formation, anastomosis, vessel stabilization, and maturation are highly influenced 

by the delicate balance of ECM degradation, matrix mechanical properties, and the 

regulation of GFs [1]. As ECs transition from quiescent to active, induced by VEGF and 

Notch signaling, they evolve into tip cells, adopting a more invasive phenotype 

characterized by numerous finger-like filopodia structures, followed by stalk cells [1]. 

These tips cells secret an array of matrix degrading enzymes, particularly matrix 
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metalloproteases (MMPs) including 1, 2, 9 and MTI-MMP, to breakdown basement 

membrane proteins (e.g., laminin, collagen IV) and interstitial matrix proteins (e.g. 

collagen I and III) for sprout initiation, invasion, and extension [53]. An insufficient 

amount of MMPs fails to degrade the surrounding matrix, impeding EC sprouting and 

invasion. For example, reduced MMP-2 activity associates with the dysregulation of 

ECM degradation, contributing to cardiac fibrosis [54]. Conversely, an excessive 

amount of MMPs significantly degrades the ECM and compromises matrix mechanical 

properties, yielding a disorganized and fragmented matrix, unable to support cell 

adhesion and multicellular migration required for functional angiogenesis [55]. This

highlights the importance of balanced regulation in the case of MMP remodeling and 

matrix integrity (e.g., microstructure, organization, and stiffness). 

Designer Pro-Angiogenic Biomaterials

Biomaterials engineered with tissue-like properties have emerged as powerful tools for 

investigating how cells sense angiogenic stimuli and respond to mechanical properties, 

offering design principles to engineer angiogenesis [15,56]. The crosstalk between GF 

signaling pathways and ECM remodeling provides valuable information and guides

engineers to develop angiogenic materials. Establishing in vitro biomaterial systems 

with tunable material properties (Figure 3) enables the exploration of new vascular 

biology and translation of findings to enhance therapeutic angiogenesis outcomes. 

Native ECM-derived biopolymers, including collagen, fibrin and Matrigel, have been 

extensively used in angiogenesis studies owing to their ability to mimic the native 

angiogenic microenvironment by preserving biochemical and biophysical properties. 
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However, these biological materials are limited by the difficulty of tuning and decoupling 

material properties. For example, to achieve a higher material stiffness typically requires 

increased crosslinking density and biochemical cues (e.g., adhesion ligands and GF 

binding domains) with uncontrolled protease-mediated degradation posing challenges 

for stability during long-term vessel culture [57]. To recapitulate critical aspects of native 

ECM while introducing necessary cues with tunability, synthetic biomimetic hydrogels 

offer an alternative approach to biological ECMs. Unlike their biological counterparts, 

synthetic biomaterials with selective crosslinking chemistries enable the control of many 

mechanical, structural and topological properties without altering biochemical 

composition (Figure. 3). These decoupled material properties facilitate the examination 

of how endothelial cells sense GF gradients, interact with the ECM, and integrate 

physical forces during angiogenesis [58]. 

To formulate effective synthetic, angiogenic biomaterials, certain considerations must 

be incorporated into the material design. These considerations include, non-toxic, 

tunable, biomimetic characteristics, with cell-friendly gelation processes that support the 

regulation of GF sequestration and cell-matrix interactions in a way that contributes to 

clinical significance. Although synthetic materials typically lack biological functionality 

and cell-interactive capability, progress in macromolecular chemistry now enables 

conjugation of ECM-derived adhesive motifs (e.g., integrin-binding RGD sequence from 

fibronectin) and degradable sequences, derived from collagen I, into synthetic scaffolds 

to endow matrices with increased material complexity achieving controlled cellular 

function [59].  
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Inspired by how GFs induce angiogenic signaling, early efforts focused on incorporating 

key pro-angiogenic GFs in polymeric scaffolds and tuning network porosity (through 

changing crosslinking density) to attain a controlled release of those factors [60]. 

However, such “passive” regulation of GF diffusion exhibited a release kinetic profile 

that is highly dependent on the physiochemical properties of the materials used, where 

an optimized GF loading concentration from one system didn’t achieve similar outcomes 

when applied to a different material, prompting further optimization and improved 

approaches. To modify the delivery strategy through a switch to “active” sequestration, 

GF-binding proteoglycans have been incorporated into various biomaterials and have 

become a popular approach that facilitates sustained release of multiple GFs and 

prolonged receptor activation to drive angiogenesis across diverse material categories 

[61]. However, native heparin/heparan sulfate isolated from animal tissues displays 

considerable heterogeneity in its chemical composition, molecular structure, and sulfate 

patterns, eliciting undesired responses such as hemorrhage during in vivo settings, 

posing challenges in controlling its various biological activities and raising concerns for 

clinical use [62]. Several alternative chemical routes have been implemented to gain 

synthetic control over sulfate patterns and spacing of charge density along the polymer 

backbone to better control biological functions including anticoagulation 

pharmacokinetics and GF binding affinity for angiogenesis. For example, Liu and 

Linhardt reported a chemoenzymatic synthesis leading to structurally homogeneous 

ultralow molecular weight (ULMW) heparin pentasaccharide with predictable in vivo

pharmacological anticoagulation activities [63]. Exploiting similar approaches for 

clinical use [62]. Several alternative chemical routes have been implemented 

synthetic control over sulfate patterns

clinical use [62]. Several alternative chemical routes have been implemented 

posing challenges in controlling its various biological activities and raising concerns for 

clinical use [62]. Several alternative chemical routes have been implemented 

posing challenges in controlling its various biological activities and raising concerns for 

patterns, eliciting undesired responses such as hemorrhage during 

posing challenges in controlling its various biological activities and raising concerns for 

in its

patterns, eliciting undesired responses such as hemorrhage during 

 its chemical composition, molecular structure, and sulfate 

prolonged receptor activation to drive angiogenesis across diverse material categories 

[61]. However, native heparin/heparan sulfate isolated from animal tissues displays 

prolonged receptor activation to drive angiogenesis across diverse material categories 

become a popular approach that facilitates sustained release of multiple GFs and 

prolonged receptor activation to drive angiogenesis across diverse material categories 

become a popular approach that facilitates sustained release of multiple GFs and 

-binding proteoglycans have been incorporated into various biomaterials and have 

become a popular approach that facilitates sustained release of multiple GFs and 

-binding proteoglycans have been incorporated into various biomaterials and have 

approaches. To modify the delivery strategy through a switch to “active” sequestration, 

when applied to a different material, prompting further optimization and improved 

approaches. To modify the delivery strategy through a switch to “active” sequestration, 

 system didn’t achieve similar outcome

when applied to a different material, prompting further optimization and improved 



15

angiogenesis application, bioengineers have since modified polymer backbones with 

sulfate moieties (e.g., styrene sulfonate units) and generated heparin-mimetic polymer 

conjugates that stabilize the bioactivity of bFGF upon delivery [64,65]. In addition to 

introducing sulfate residues, strategies involving heparin desulfation to create heparin 

derivatives with reduced sulfation patterns have allowed systematic investigation of how 

the GAG concentration and sulfation density cooperatively determine the retention of 

local VEGF165 and, consequently, the spatial organization of vascular patterns [66]. 

Beyond sulfated proteoglycans, ECM proteins (e.g., fibronectin and fibrinogen) 

containing heparin-binding motifs exhibit a promiscuous high-affinity capability for 

binding various GFs [42,67], where incorporating the heparin domain from fibrinogen 

into synthetic PEG hydrogels imparted GF-binding affinity and gained pro-angiogenic 

functions, effectively supporting chronic wound healing in diabetic mouse models [67]. 

Mechanical properties, particularly matrix stiffness, directly guide a broad range of 

cellular behavior [68,69], including adhesion, contraction, proliferation, collective 

migration, and differentiation of ECs during vascular network formation. Early work 

culturing ECs on 2D substrates revealed stiffness-dependent responses, where 

increased substrates stiffness (via increased crosslinking) led to enhanced EC 

spreading, extension, and proliferation [70]. Furthermore, substrate stiffness is also 

capable of stimulating the arterial and venous specification of endothelial progenitor 

cells (EPCs). Rigid substrates (~130kPa) promote arterial cell phenotypes and softer 

substates (~5kPa) induce venous lineages via the Ras/Mek mechanosensing pathway 

[71,72]. Given how EC morphology and behavior are influenced by substrate stiffness, 

researchers began to investigate the crosstalk between substrate stiffness and VEGF 
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signaling. Pioneering studies by Ingber and colleagues reported a new 

mechanosensitive transcriptional mechanism for angiogenesis where ECM stiffness 

induced a VEGF-independent, biphasic response in VEGFR-2 expression level via

balancing the activities between TFII-I and GATA-2 two antagonistic transcription 

factors [73]. This stiffness-mediated control of receptor expression was further 

supported by many other studies, confirming that increasing matrix stiffness also 

enhances VEGFR-2 internalization, ERK1/2 phosphorylation, cell proliferation and actin 

stress fibers formation via Rho-mediated signaling and actin contractility [20]. These 

findings highlight the essential role of matrix stiffness in cooperating GF binding, 

processing, and signaling to enhance angiogenic progression. 

Seminal studies employing synthetic materials as a tool to modulate stiffness have 

uncovered central mechanosensing machineries and focal adhesion complexes 

transducing forces that drive vascular morphogenesis [9]. Substantial efforts have since 

been invested in developing cytocompatible crosslinking chemistry and 3D 

encapsulation protocols to model multicellular endothelial invasion and network 

assembly in vitro, transitioning from simplistic 2D platforms to complex, physiological 

relevant 3D systems [74]. While ECs cultured on 2D substrates exhibited a classic 

stiffness-dependent cellular response [75], the encapsulation and culturing ECs in 3D 

revealed a contrasting and complex cell behavior [76]. By integrating a tunable synthetic 

matrix with a microfluidic system to recapitulate the physiological 3D biomimicry of 

angiogenic sprouting, Chen and coworkers revealed a biphasic sprouting response 

mediated by both matrix stiffness and degradability, where both low and high 

degradability posed problems, promoting either single cell migration or restricting cell 

relevant 3D systems [74]. While ECs cultured on 2D substrates exhibited a classic 
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invasion. However, intermediate stiffness supported multicellular sprouting with strand-

like invasions required for angiogenesis. These findings undoubtably underscore the 

interplay between various matrix properties and emphasize the importance of balancing 

matrix stiffness and degradability in regulating cellular behavior and angiogenesis in 3D 

context [77]. 

To further increase biophysical complexity and emulate the dynamic features of native 

ECM in synthetic biomaterials, recent advancements have shifted from static to dynamic 

hydrogel design [12], particularly focusing on capturing the non-linear and time-

dependent viscoelastic mechanical properties in synthetic biomaterials. By tailoring the 

gelation mechanism, selecting between covalent versus non-covalent crosslinking, one 

can formulate substrates with minimal or significant stress relaxation. Cells cultured on 

these hydrogels developed a stress-relaxation dependent morphology wherein soft, 

stress relaxing matrices enhanced cell spreading and focal adhesion compared to their 

elastic counterparts with the same stiffness [78]. An alternative approach employed 

dynamic covalent crosslinking via imine and acylhydrazone coupling to generate 

adaptable hydrogels allowing to perform an intrinsic dynamic equilibrium of bond 

association and disassociation, promoting vascular morphogenesis. In contrast, static 

bond formation from methacrylate-mediated UV polymerization created non-dynamic 

hydrogels that do not allow for network remodeling nor vascular network formation [79]. 

Collectively, these studies suggest that, in addition to stiffness, substrate non-linear 

mechanics and time-dependent stress relaxation are fundamental physical parameters

that substantially impact cell behavior and function. While the mechanisms by which 
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cells perceive such dynamic mechanical properties or how matrix time-dependent 

features regulate angiogenic signaling are not fully understood, continuing to introduce 

additional complexity in material design will open opportunities to fully capture cell-ECM 

interactions that mimetic those found in the native ECM [79]. 

Figure 3. Designer approaches to engineer biomaterial properties for the 

generation of vascularized microtissues. Various designer parameters are employed 

to independently control specific properties of biomaterials, aiming to recapitulate the 

chemical, physical, and structural features of the native extracellular matrix to support 

vascularization. These parameters include dimensionality, porosity, degradability, 

stiffness, and tunable chemical composition.  

Our continuously evolving understanding of the ECM and its interactions with cells has 

propelled progress in developing innovative biomaterials for vascular tissue engineering 

[15,21,80]. Material-based in vitro systems allow for the isolation of cells from tissues 

and enable their culturing in 3D soft, tissue-like matrices with the ability to control the 

concentration and spatiotemporal regulation of dynamic materials properties, which has 

contributed significantly to identifying key regulators that govern angiogenic signaling. 

However, challenges remain as even the most complex biomaterials engineered thus 
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far still cannot fully capture all the properties of the native ECM. Current biomaterials 

are typically constructed from a limited set of components, whereas in vivo, a diverse 

array of ECM components undergo constant remodeling orchestrated by multiple cells 

across nano-, micro- to macro-scales [10,81,82]. Various cells function cohesively, 

exerting forces through a multitude of coordinated on-and-off binding interactions over a 

spectrum of receptors, from sensing mechanical gradient for durotaxis [83] and 

squeezing through dense matrix for sprouting invasion [84] to pulling fibers for ECM 

assembly and fostering enhanced focal adhesion and GF biodistribution [85]. Bridging 

this gap between in vitro biomaterials and the in vivo microenvironment remains a 

critical frontier in the pursuit of more effective and biomimetic biomaterials and 

biosystems for advancing angiogenesis research. 

Clinical Significance – ECM Implications for New Therapies and Interventions 

As a dynamic angiogenic scaffold, the ECM is integral in regulating both physiological 

and pathological outcomes. However, in the translation of angiogenic factors into clinical 

therapeutics, the significance of the ECM has long been overlooked, leading to 

considerable challenges arising from both efficacy and safety concerns. Here, we 

highlight two critical processes in which the ECM is significantly influential, for clinical 

applications in wound healing and tumor vascularization (Figure. 4). 

Wound Healing   

Wound healing is a highly coordinated process that involves substantial morphogenetic 

changes in the cellular structures, and their interactions with the surrounding matrix and 

soluble factors [86]. The wound healing cascade is typically described as 4 tightly 
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regulated steps: (i) homeostasis, which lasts from a few minutes to hours and involves 

the formation of fibrin clots to stop injured tissues from bleeding; (ii) the inflammatory 

phase, characterized by the recruitment of immune cells (e.g., neutrophils, 

macrophages) to the injury site to clean the wound bed, typically within the first few 

days (1~3 days); (iii) the proliferation stage, which requires the formation of a 

vascularized, matrix-rich granulation tissues, followed by epidermal migration and cell 

division for reepithelialization and restoration of barrier integrity, lasting approximately

days to weeks, and (iv) maturation/remodeling, the final stage of wound healing which 

can last from weeks, months to years is driven by myofibroblasts and the continuous 

turnover remodeling of the newly deposited provisional matrix for wound closure (Fig. 

4a) [86,87]. Angiogenesis is a critical step during normal wound healing, where the 

formation of granulation tissue, a process that occurs in the late inflammation stage and 

early proliferation stage, serves as a foundation for rapid wound remodeling and healing 

[88]. Granulation tissue is a highly vascularized provisional matrix composed of multiple 

cell types including endothelial cells and fibroblasts, and cell-secreted ECM proteins 

[89]. Conventional 2D scratch wound assay doesn’t recapitulate cell migration in 3D nor 

capture the complexity of cell-matrix interactions required for vascularization and 

granulation tissue formation during the healing of a multilayered and structured tissue 

[90,91]. To capture the coordinated interactions of endothelial cells and fibroblasts in a 

3D matrix in the context of physiological wound closure, Tefft et al developed a 

humanized in vitro system of vascularized wound healing and granulation tissue 

formation. This system reveals the dynamics of cellular migration and contraction-

mediated closure of three-dimensional wounds with cell-deposited extracellular matrix, 

capture the complexity of cell-matrix interactions required for vascularization and 
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representative of early granulation tissue formation [92]. Failure to form a vascularized

granulation tissue can lead to the development of chronic wounds typically associated 

with cardiovascular ischemic conditions, diabetic ulcers, and cancer [93]. Chronic 

wounds often exhibit biochemical abnormalities in the ECM shown by in vivo studies 

where cells in chronic wounds fail to secrete sufficient angiogenic factors to induce 

endothelial migration and vascular invasion [94]. Thus, delivering exogenous GFs to the 

location of desired angiogenesis has emerged as a promising and broadly applicable 

approach in the clinical setting. 

While preclinical trials of delivering several GFs (e.g., GM-CSF, bFGF and VEGF) to the 

wound sites have shown initial promise in promoting and accelerating the healing and 

tissue regeneration, those small randomized clinical trials have yet to yield significant 

outcomes [95]. Becaplermin, a recombinant human platelet-derived growth factor-BB 

(PDGF-BB) commercially known as Regranex, is the only marketed angiogenic drug 

approved by the FDA in 1997 used for the topical treatment of diabetic foot ulcers 

[96,97]. However, challenges persist, necessitating the administration of 

supraphysiological doses and repeated injections to counteract enzymatic degradation 

and rapid clearance of becaplermin in the wound bed, raising considerable safety 

concerns particularly increased risks of systemic cancer.   

Limited success in clinical outcomes can be partially attributed to the fact that wound 

angiogenesis is not solely regulated by soluble angiogenic GFs but also by interactions 

with ECMs in their surrounding microenvironment. Soluble angiogenic factors alone 
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don’t effectively attract vessel invasion or sustain functional vasculature in vivo without 

the appropriate structural and mechanical cues. The vasculature resulting from 

uncontrolled soluble GF stimulation is highly disorganized, and the tortuous hyper-

branched capillary networks ultimately fail to support stable vessels and sufficient 

perfusion [10,98,99]. In chronic wound, excessive protease activities degrade newly 

synthesized matrix proteins and decrease mechanical properties significantly, creating a 

disorganized microstructure lacking key ECM proteins needed to regulate GF signaling 

and support appropriate multicellular migration and sprouting invasion [100]. Early 

endeavors delivering GFs to scarred or atrophied vocal fold tissues [101] and stem cell 

injections for chronic wounds treatment exhibited limited effectiveness, suggesting the 

pivotal role of a vascularized ECM structure in fostering the healing of chronic wounds. 

A recent randomized, open-label and controlled clinical trial evaluated safety and 

efficacy of Oasis® wound matrix, a porcine small-intestine submucosa derived ECM 

graft composed of collagen, glycosaminoglycans, proteoglycans, fibronectin, and growth 

factors (including bFGF and TGF-β), for the treatment of 130 patients with Stage III and 

IV full-thickness pressure ulcers. With the combination of key ECM components and 

GFs, this extracellular wound biocomposite demonstrated an improved outcome, 

promoting a 90% reduction in the ulcer area for 55% of the patient group who were 

treated with Oasis wound matrix versus 38% of the control patient group, treated with 

standard care [102]. These clinical findings reinforce the idea that the implementation of 

ECM in combination with GFs has proven effective in clinical chronic wound treatment. 

The coordinated interactions within a 3D microenvironment are crucial for angiogenic 
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signaling, matrix mechanosensing, cellular migration, tissue vascularization and the 

response to injury and subsequent repair.  

Figure 4. Schematic representation and molecular components involved during 

different stages of wound healing versus tumor angiogenesis and progression. 

(a) Initial disruption of homeostasis, growth factor secretion during the inflammation 

stage, endothelial proliferation and granular tissue formation, and tissue remodeling 

leading to wound closure and scar tissue formation; (b) progression of tumor cluster 

formation, ECM remodeling, vascularization, and intravasation, allowing the primary 

tumor to disseminate to distant locations and form secondary tumors.  

When comparing wound angiogenesis versus tumor vascularization, both similarities 

and differences emerge. A tightly regulated GF gradient is necessary to initiate vessel 

sprouting during the early stages of wound healing, whereas dysregulated and 

sustained GFs facilitated intravasation during cancer metastasis. Maintaining a balance 

between matrix degradation and ECM production is critical for promoting physiological 

wound healing. In contrast, in the tumor microenvironment, overexpression of MMPs 
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significantly decreases the mechanical integrity of the surrounding cellular matrix [53], 

promoting cooperative dissemination of cancer cells to secondary locations via

migrating along tortuous and leaky vessels for invasion [103,104]. 

Tumor Vascularization and Progression 

One of the hallmarks for cancer metastasis and tumor progression involves  vessel co-

operation mediated cell migration through an ECM-rich stroma where cancer cells can 

disseminate along the vasculature via intravasation and extravasation [105]. The 

timeline for tumor metastasis can be complex and varies widely depending on the type 

of cancer, the tumor microenvironment and location, and individual patient factors. A 

general outline of the stages includes primary tumor formation (months to years), 

followed by intravasation, where tumor cells invade and circulate in the bloodstream, 

and extravasation, where circulating tumor cells adhere to the endothelium and 

extravasate to invade the surrounding tissue (weeks to months) [106]. After initial 

colonization, micrometastasis occurs, with small, often clinically undetectable tumor 

clusters beginning to vascularize and grow into larger, clinically detectable secondary 

tumors at a different location, a process typically taking months to years [104,106].  

While genetic mutations in tumor cells undoubtedly initiate malignancy, the metastatic 

progression is typically associated with an angiogenic switch and significantly influenced 

by biochemical gradients, ECM components and the organization of microstructures in 

the tumor microenvironment [104]. In the 1970s, Judah Folkman was the first to observe 

that tumor tissues were often highly vascularized with fragile and leaky blood vessels. 
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He later proposed that tumor angiogenesis is a key contributor to tumor survival and 

growth, with early in vivo experiments demonstrating that tumor implants didn’t grow 

and remained dormant in the absence of neovascularization [107]. These findings 

embarked a new concept where blocking angiogenesis could lead to tumor dormancy, 

and therefore the development of anti-angiogenesis drugs has emerged as a major 

approach for anticancer treatment [108].  

Chemokines and GFs are among key tumor cell activators driving the transition of tumor 

cells from a quiescent state to an invasive phenotype to promote metastasis and tumor 

angiogenesis. Contrasting normal blood vessel, tumor vasculature typically exhibits 

many structural and functional abnormalities, including tortuous architecture, irregular 

blood flow, low oxygen levels, leakiness, and phenotypic heterogeneity in vessel size, 

shape, and diameter) [109]. The hypoxia-induced expression of hypoxia-inducible factor 

(HIF) has been shown to upregulate downstream VEGF signaling [110]. Together with 

disorganized ECM microstructure and dysregulated VEGF gradient, HIF contributes to

tumor angiogenesis [103]. Given the essential role of VEGF in promoting vascular 

hyperpermeability and tumorigenesis [111], four FDA-approved anti-angiogenic drugs 

have primarily targeted for VEGF pathway and are currently in clinical testing. Although 

these anti-angiogenic drugs initially demonstrated modest efficacy in slowing metastatic 

cancer progression in some patients, recent clinical trials have started to show drug 

resistance, failing to achieve overall survival improvements. For instance, a phase III 

clinical trial of bevacizumab, the first FDA-approved monoclonal antibody targeting 

VEGF, for patients with early-stage colorectal carcinoma, resulted in no benefit to 

hyperpermeability and tumorigenesis [111], four FDA-approved anti-angiogen
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disease-free survival, raising questions regarding the efficacy of antiangiogenic agents 

in blocking different stages of tumor progression [112]. 

As highlighted, the ECM is a critical regulator that potentiates the activity of angiogenic 

factors to promote angiogenesis, which could be one possible contributing factor to the 

unsuccessful clinical outcome of anti-angiogenic therapy. For example, antiangiogenic 

therapy targeting VEGF signaling is commonly administrated to metastatic colorectal 

cancer patients, unfortunately, the survival rate is limited due to acquired drug 

resistance. A recent study by Fukumura and colleagues discovered that VEGF inhibition 

remodels the ECM in the tumor microenvironment and significantly increases the 

expression of HA and sGAGs in both mouse models and in patient samples [113]. The 

alteration in ECM composition and mechanics is correlated with increased tumor 

stiffness of colorectal cancer liver metastases, making them more difficult for treatment 

[113]. Similarly, McDonald and coworkers investigated the temporal effects of VEGF 

inhibitors on tumor revascularization using spontaneous RIP-Tag2 tumors in Lewis lung 

carcinomas mouse model. Although the inhibitors of VEGF-receptor signaling were 

effective in blocking angiogenesis and reducing tumor vascularity (60%), rapid vascular 

regrowth was observed upon VEGF inhibitor withdrawal. This process was facilitated by 

the presence of “left-behind” laminin- and collagen-IV- rich vascular basement 

membrane proteins, which function as scaffolding material guiding rapid restoration of 

the tumor vasculature accompanied by surviving pericytes for vessel stabilization [114]. 

Recent efforts have also suggested that matrix proteins play a critical role in maintaining 

tumor dormancy or switching to a metastatic state [115,116]. Employing an in vitro cell 
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culture system where structural ECM proteins can be added individually or in 

combination, Barney et al revealed that dormant breast cancer cells deposited and 

assembled a fibronectin-rich matrix characterized by α5β1 integrin-mediated adhesion 

and ROCH-associated tension, while switching from dormancy to proliferative stage 

requires MMP-2-mediated fibronectin degradation [117]. In contrast, Weaver and 

coworkers revealed that inflammatory stromal cells upregulated lysyl hydroxylase 2 

(LH2) to induce collagen crosslinking and stromal stiffening induces, which significantly 

correlates with tumor progression and disease specific mortality [118]. Together, these 

data emphasize that tumor microenvironmental properties including the ECM 

composition and microstructure play a critical role in tumor regression and 

revascularization, suggesting that local tumor microenvironment could be a co-targeting 

entity for improved anti-angiogenic therapeutic interventions. 

Challenges and Future Horizons  

As we reflect on the extensive literature surrounding angiogenesis, it is evident that the 

role of ECM extends far beyond just cell adhesion and structural functions. The intricate 

interplay between the ECM and angiogenic processes elucidates its dynamic 

contributions, spanning molecular signaling to multicellular responses, highlighting the 

ECM not just a passive framework but as an interactive modulator during physiological 

and pathological angiogenesis. Such insights have initiated the concept of angiogenic 

ECM mimicry which has emerged as a central theme in the design of the next 

generation of synthetic ECM biomaterials. These analogs are designed to endow the 

cooperative angiogenic signaling and cell mechanosensing, aiming to leverage the 

interplay between the ECM and angiogenic process
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inherent complexity and multifunctionality of native ECM to influence angiogenesis. 

Emerging biotechnologies, such as microfluidics, organ-on-chips, and 3D bioprinting, 

have enabled biosystems to recapitulate tissue- and organ-level physiology and 

functionality that are not possible with conventional 2D or 3D culture systems [119]. 

Integrating biomaterials with microfluidics systems for tissue culture, studies have 

revealed previously unappreciated fluid mechanics that play a critical role in regulating 

angiogenic sprouting and maintaining hemostasis. For example, with user-defined flow 

profiles, steady perfusion at flow rates resembling physiological shear stress promoted 

the establishment of a functional vascular barrier [120], whereas increasing the shear 

stress flow rate to a threshold approximately 10 dyn/cm-2 triggers angiogenic sprouting 

[121]. In parallel, 3D bioprinting employs top-down approaches to precisely organize 

biological elements for scaling-up those miniaturized tissue constructs [122,123], 

presenting new opportunities to fabricate functional tissue substitutes for organ 

transplantation [124,125]. As the landscape of angiogenesis research continues to 

evolve, it becomes increasingly clear that our future endeavors will hinge on our ability 

to synergize biomaterial innovation and technological advances across multidiscipline, 

combining insights from vascular biology, materials science, bioengineering, device 

microfabrication, tissue manufacturing, and clinical research. Together, these 

collaborative efforts will drive the course for innovative, effective, and patient-specific 

angiogenic interventions for regenerative medicine.  
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