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Abstract

The ability to direct cell behavior has been central to the success of numerous therapeutics 

to regenerate tissue or facilitate device integration. Biomaterial scientists are challenged to 

understand and modulate the interactions of biomaterials with biological systems in order to 

achieve effective tissue repair. One key area of research investigates the use of extracellular 

matrix-derived ligands to target specific integrin interactions and induce cellular responses such 

as increased cell migration, proliferation, and differentiation of mesenchymal stem cells (MSCs). 

These integrin-targeting proteins and peptides have been implemented in a variety of different 

polymeric scaffolds and devices to enhance tissue regeneration and integration. This review will 

first present an overview of integrin-mediated cellular processes that have been identified in 

angiogenesis, wound healing, and bone regeneration. We will then highlight research utilizing 

biomaterials with integrin-targeting motifs as a means to direct these cellular processes to enhance 

tissue regeneration. In addition to providing improved materials for tissue repair and device 

integration, these innovative biomaterials provide new tools to probe the complex processes of 

tissue remodeling in order to enhance the rational design of biomaterial scaffolds and guide tissue 

regeneration strategies.
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Integrin-targeting biomaterials can be used to guide cell behavior for improved tissue regeneration. 

This review summarizes integrin-mediated cellular responses involved in bone regeneration, 

angiogenesis, and wound healing processes. Design considerations in the development of 

integrin-targeting biomaterials to harness these interactions to improve regeneration are described 

including a perspective analysis of future research.
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1. Introduction

In order to address limitations of current treatment options and produce replacement tissue 

grafts, there is a need to develop biomaterials that can recapitulate the regenerative capacity 

of autografts while retaining the availability of alloplasts. Several strategies have focused 

on incorporation of insoluble biological cues from the extracellular matrix (ECM) into 

biomaterials to promote desired cell behaviors and tissue regeneration. In their native 

environment, cells primarily use integrins as the main receptor proteins to interact with 

the surrounding ECM. [1] Each integrin is composed of two noncovalently-associated 

transmembrane glycoprotein subunits, 18 unique α and β subunits, that combine to form 24 

distinct dimers that bind to specific motifs in ECM proteins.[2] Common integrins targeted 

in regenerative medicine and their respective ligands in native extracellular matrix proteins 

are listed in Table 1. Binding of integrins to their respective ligands is dependent on divalent 

cations with the type of cation influencing both the affinity and the specificity of the 

integrin binding to the ligand.[3, 4] Integrins play a crucial role in anchoring cells to the 

ECM and provide the requisite link to the cytoskeleton that enables stable cell adhesion, 

cell spreading, mechanotransduction, and migration. In addition, binding of integrins to 

ECM ligands can induce integrin clustering and conformational changes that can transmit 

outside-in signals across the plasma membrane.[5] There are no known catalytic activities 

present in the cytoplasmic tails of integrins, rather downstream signaling is mediated by the 

activated focal adhesion complex that assembles upon integrin clustering and conformational 

changes. Focal adhesion complexes recruit intracellular proteins such as cytosolic kinases 

(e.g., focal adhesion kinase), phosphatases, and adaptor proteins that initiate cascades of 

signaling events that alter gene expression and cellular behavior.[4] As a result, integrin 

binding to the ECM is central to the regulation of cell migration, cell survival, and growth, 

Figure 1.[6, 7]

Given the pivotal role of integrin binding in mediating cell behavior, there has 

been substantial research investigating the role of integrin-mediated signaling in tissue 

regeneration processes. This review will first highlight research that elucidates key integrin-
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mediated regenerative processes with a focus on bone regeneration, angiogenesis, and 

wound healing. We will then summarize design considerations in the development of 

integrin-targeting materials that can be used to advance tissue regeneration strategies. 

Finally, a critical analysis of the key challenges and future directions in material 

development and testing will be discussed.

2. Integrin-mediated Bone Regeneration

Bone healing is a complex process during which various cell types coordinate the formation 

and remodeling of new tissue. In the early stages after injury, the inflammatory response 

regulates and produces cytokines and growth factors that help recruit mesenchymal stem 

cells (MSCs). MSCs differentiate into osteoblasts that secrete a collagen-proteoglycan 

matrix that calcifies to form a bone matrix.[44–47] A secondary group of bone-specific 

cells called osteoclasts remodel the newly formed bone by resorption, Figure 2. The 

balance between new bone formation and resorption is tightly regulated and maintained to 

ensure sufficient bone mass or mechanical strength.[48] Although there are numerous factors 

involved in promoting bone regeneration, integrin-mediated interactions with the ECM play 

a critical role.[1] A number of studies have demonstrated the importance of integrin signaling 

by correlating integrin knockdown studies with detrimental effects on bone healing.[25, 

49–51] Integrin-ligand interactions influence numerous cell processes, including osteogenic 

differentiation, bone formation, and bone remodeling.[33, 52, 53] Overall, eight integrins have 

been implicated in bone formation and remodeling, Figure 3 and Table S1.[54–57] This 

section will discuss the role that key integrins play in MSCs, osteoblasts, and osteoclasts 

behavior in the different stages of bone healing.

2.1 Recruitment, Attachment, and Migration

After injury, MSCs are recruited from surrounding soft tissues, bone marrow, and peripheral 

blood during the initial inflammatory response.[58] MSCs begin to proliferate in the defect 

site and later differentiate into osteoblasts and chondrocytes to promote bone formation.
[58, 59] The key integrins that facilitate these processes in MSCs are α4β1, α5β1, α2β1, 

α11β1, and αvβ3. The α4β1 integrin plays a key role in homing these MSCs to the 

site of injury. Specifically, α4β1 binds to fibronectin and vascular cell adhesion protein 

1 (VCAM-1), which are ECM proteins present in the defect site. [60] Kumar et al. 

demonstrated that ectopic expression of α4 integrin on MSCs greatly increases homing 

in an immunocompetent mouse model. [61] Bone marrow-derived murine MCS expressing 

α4 demonstrated homing and rolling to bone marrow, which can be exposed in a defect 

site. [63] In addition, the role of α5β1 and α2β1 in the migration of MSCs has also 

been studied. Veevers-Lowe et al. demonstrated that activation of α5β1 in human MSCs 

(hMSC) promotes the migration of the cells to fibronectin. [62] Similarly, Kolambkar et 

al. demonstrated that α2β1 activation by GFOGER, a peptide sequence in a triple helix 

structure, enhanced MSC migration in vitro. [64] Once MSCs localized in the defect site, cell 

survival and proliferation are central to their impact on bone regeneration.

Integrins α2β1, α11β1, and αvβ3 play a role in the survival and proliferation of MSCs. 

The α2β1 and α11β1 integrins bind to collagen, which is the predominant protein in the 
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bone ECM. [65] Popov et al. found that disrupting α2β1 and α11β1 function with shRNA 

promoted apoptosis in hMSCs in in vitro studies. [11] Another study showed that α2β1 

activation of hMSCs by a GFOGER peptide-laden hydrogel promoted adhesion and survival 

in the bone defect in an immunocompromised mouse model.[66] Furthermore, α2β1 has 

been demonstrated to promote MSC proliferation in vitro. [64] In contrast, αvβ3 has been 

implicated in inhibiting MSC growth. Matrino et al. showed antibody blocking of αvβ3 

enhanced hMSC proliferation in vitro. [25] Additional investigation is needed to clarify the 

role of αvβ3 in proliferation. However, together, these integrins are shown to have a clear 

role in promoting the survival and proliferation of MSCs in the defect site allowing for 

subsequent differentiation into bone forming osteoblasts.

2.2 Osteogenic Differentiation

Once MSCs have been recruited to the defect site, they must undergo osteogenic 

differentiation to promote bone regeneration. Several integrins contribute to committing 

MSCs toward the osteogenic lineage, including α2β1, α5β1, αvβ3, α1β1, and α11β1. 

Each has been shown to play a role in osteogenic differentiation. The α2β1 integrin is the 

primary MSC adhesion receptor to collagen, the main organic component of bone tissue. 
[54] It has been indicated that this interaction is critical for osteoblastic differentiation and 

plays a significant role in mineralization during osteogenesis.[67] Specifically, studies found 

that α2β1-mediated adhesion activates transcription factor RunX2/Cbfa1, an important 

hallmark for osteoblastic differentiation. [68, 69] Further, it has been confirmed that if 

α2β1 is perturbed or expression knocked down, downstream phosphorylation of signaling 

targets decreases and the osteogenic phenotype is not observed. [49, 70, 71] Several 

studies demonstrated that α2β1 also activates focal adhesion kinase, increases osteoblast-

specific promoters, and induces ALP and mineralization confirming its role in osteogenic 

differentiation of hMSCs and murine pre-osteoblasts in vitro. [69, 71–74] Furthermore, 

Kolambkar et al. demonstrated that α2β1 activated by GFOGER in a collagen-like tertiary 

structure enhanced differentiation down the osteoblastic lineage in vitro. [64] Together, these 

studies demonstrate the critical role α2β1 plays in MSC osteogenic differentiation.

The α5β1 integrin has also been implicated in transducing cell responses for osteoblast 

differentiation. Blockade studies of α5β1 have demonstrated gene expression related to bone 

cells is inhibited. [16] Furthermore, overexpression or priming of this integrin increased 

osteogenic capacity, confirming its crucial role in the process of osteogenesis. [25, 50, 51] 

Several studies have demonstrated that this integrin promotes osteogenic differentiation of 

hMSCs and murine MSCs in vitro. [25, 51, 75] Additionally, a recent study investigated 

the effect of fibronectin fibers stretching on hMSC differentiation to elucidate the 

mechanosensitivity of αvβ3 and α5β1 integrin signaling. It was observed that adjustments 

in fibronectin fiber strain resulted in differential integrin α5β1 and αvβ3 binding and that 

preferential signaling via αvβ3 over α5β1 on relaxed fibronectin fibers resulted in decreased 

hMSC osteogenesis.[76, 77] These studies demonstrate that this integrin plays a pivotal role in 

several functions in MSC osteogenic differentiation.

The function and role of αvβ3 in bone formation are debated. Its main interactions 

are with vitronectin and fibronectin. It should be noted that αvβ3 is only weakly 
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expressed in hMSC populations via flow cytometry. [25] There have been conflicting 

reports about the role of αvβ3 in osteogenic differentiation. Salaszynyk et al. found that 

even in the absence of osteogenic stimulants, hMSCs cultured on vitronectin produced 

matrix mineralization, calcification, and alkaline phosphatase activity, which was primarily 

attributed to interactions with αvβ3.[78] Whereas, other studies have reported that αvβ3 

had an inhibitory role in osteogenic differentiation.[25, 79] Martino et al. observed 

that antibody blocking of αvβ3 resulted in an enhancement of proliferation and ALP 

expression in hMSCs attached to fibronectin.25 Similarly, Cheng et al. demonstrated 

that the overexpression of αvβ3 in mouse-derived pre-osteoblasts decreased proliferation, 

inhibited matrix mineralization, and decreased expression of ALP, collagen type I, and 

bone sialoprotein.79 Due to these conflicting reports, there is a need for more research in 

elucidating the exact involvement of this integrin in bone formation.

Some studies suggest that both α1β1 and α11β1 also play roles in osteogenic 

differentiation, although possibly with less involvement. One group demonstrated that a 

designer protein, SclGFPGEN, targeting α1β1 in 3D hydrogel systems increased hMSC 

osteogenic differentiation in osteogenic medium.[74] In addition, inhibiting binding of 

α11β1 inhibited the osteogenic marker expression of human and mouse osteoprogenitor 

cells in vitro. [35] Future studies could further elucidate α1β1 and α11β1 functions in 

osteogenic differentiation.

As discussed, several integrins play clear roles in facilitating osteogenic differentiation of 

MSCs. However, this cell differentiation only lays the foundation for bone and later stages of 

bone healing. Mature osteoblasts and osteoclasts, in conjunction with other cells, coordinate 

to complete the process. Various integrins on the bone specific cells have been investigated 

to contribute to bone formation and remodeling.

2.3 Bone Formation and Remodeling

Bone formation occurs via two types of ossification: intramembranous and endochondral. 

Intramembranous ossification results in formation of compact and spongy bone directly 

from osteoblasts and blood cells.[80] Whereas, endochondral ossification first produces a 

network of cartilage that is then modified by osteoblasts and overturned to become bone. 
[58, 80] Both processes are critical during embryonic development, with intramembranous 

ossification producing the clavicle and both facial and cranial bones, while the rest of the 

skeleton is formed by endochondral ossification. It is also understood that post injury bone 

healing is a combination of both these two processes. [58] In order to develop biomaterials 

for bone injuries, it is important to understand how to target the key biological facilitators 

that enable proper bone formation. Although there are a host of factors that orchestrate 

osteogenesis, the cells involved, specifically the osteoblasts, are of critical importance.

Just as integrins play a vital role in promoting osteogenic differentiation of MSCs to 

osteoblasts, these surface receptors are also important in bone formation and tissue 

maintenance. Through various function ablating studies in vitro and in vivo, it has been 

identified that there are several key integrins implicated in these processes. An in vitro 
study demonstrated that the β1 subunit impairment resulted in defective proliferation, 

differentiation, and cell function in osteoblasts. The specific integrins which have been 
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identified to be involved in osteogenesis include α3β1, α5β1, and α11β1. [14, 71, 81] 

Among these three, α5β1 is largely responsible for osteoblast survival, maintenance 

of the differentiated phenotype, and mineralization of bone. First, osteoblast survival 

is highly dependent on α5β1 interaction with a non-collagenous protein in bone ECM 

called fibronectin.[25] Both in vitro and in vivo studies confirmed that disrupting the 

receptor-ligand interactions resulted in significant levels of osteoblast apoptosis. [14, 81] 

To confirm α5β1 role in osteoblast functionality, similar integrin blocking studies were 

conducted. The results demonstrated that interference suppressed mineralized bone nodule 

formation.[71] Second, α5β1 is also responsible for load sensing and mechanotransduction in 

osteoblasts. It was observed that in rats with skeletal unloading, expression of the α5β1 was 

downregulated, which resulted in low osteoblast survival, altered bone matrix, and bone loss. 

Contrastingly, overexpression of the integrin using transforming growth factors β1increased 

osteoblast survival. [82]

The other two integrins, α11β1 and α3β1, maintain similar function to α5β1 integrin, 

although their role may be considered secondary. α11β1 is responsible for binding the 

growth factor osteolectin and the resulting integrin-ligand complex is hypothesized to enable 

proper maintenance of bone mass. [11, 35] In a study conducted by Shen et al., knocking 

down α11β1 expression impaired osteogenic differentiation of MSCs as well as their 

ability to bind osteolectin. Through this knockdown, adult mice maintained low levels of 

osteogenesis and had accelerated bone loss. [35] Lastly, studies also investigated how other 

integrins, including α3β1 and αvβ5 are relevant in osteogenesis. Isolated studies show that 

these integrins are actively expressed on the surface of bone cells throughout differentiation, 

bone production, and maintenance life cycle, but their exact function is yet to be identified. 
[55]

In the bone growth cycle tissue remodeling, the process of old bone matrix resorption, and 

new matrix deposition, is vital to ensure that bone tissue remains healthy and functional 

within the body. [83] The main cells that are involved in the process of bone resorption are 

called osteoclasts. These cells are not derived from MSCs but differentiate from monocyte-

macrophage cell lineages. [84] While bone formation and resorption are explained as two 

distinct processes, it is important to understand that they happen in conjunction during the 

lifetime of bone tissue as well as in the event of injury.

Bone resorption by osteoclasts also involves integrin-based signaling, similar to 

osteogenesis, to ensure proper function. The main integrins involved in bone resorption 

include α2β1, α9β1, and αvβ3. The α9β1 integrins expressed on the surface of osteoclasts 

are essential for osteoclast formation, recruitment, and mobility of the cells to the bone 

tissue matrix. Rao et al. demonstrated that antibody blocking of α9β1 in osteoclast 

precursors significantly decreased the formation of mature osteoclasts. [33] This was further 

confirmed when preosteoclast cells were cultured from mice with double knockdown 

for the α9 subunit alongside wildtype cells. The study results demonstrated that mutant 

preosteoclasts did not mature, and the cells formed less resorption pits compared to the 

wild type cells. Further, the double knockdown mice also maintained an increased bone 

volume compared to control, demonstrating the effect on the function of mature osteoclasts 

in resorption. [33]
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The αvβ3 integrin has also been identified to be critical in osteoclast function and bone 

resorption. [85] Furthermore, αvβ3 was identified as an important adhesive integrin for 

osteoclasts as, without proper integrin functionality, osteoclasts maintained poor adhesion 

to the substrate, resulting in high level of apoptosis. [38] β3 null mice also developed 

osteopetrosis (increased bone volume compared to normal) due to dysfunctional osteoclasts. 
[86] A study performed by a separate group of researchers demonstrated that by designing an 

antagonist highly specific to αvβ3 integrin, the function ablation inhibited bone resorption 

in women and increased bone mineral density, thus confirming the previously understood 

role of this subunit pair. [87, 88] Lastly, although α2β1 is primarily involved in adhesion 

and osteogenic differentiation of hMSCs, several studies have shown its involvement 

in maintaining resorptive capabilities in osteoclasts. Helfrich et al. reported that α2β1 

continued remodeling of bone tissue with an αvβ3 knockdown.[89] This remodeling ability 

of α2β1 is noteworthy because of the difference in functionality based on the cell type that 

expresses it, MSC vs. osteoclast.

In summary, integrin interactions have been implicated in each phase of bone regeneration 

from MSC recruitment, survival, and differentiation to neotissue formation and resorption. 

Much of the work described here is the result of rigorous fundamental studies using 

knockdown or knockout models. This elucidation of individual integrin roles coupled with 

improved integrin-targeting biomaterials has led to the advent of osteoinductive matrices to 

improve bone regeneration using ECM-ligands.

3. Integrin-mediated Wound Healing

Wound healing is comprised of three overlapping phases: hemostasis and inflammation, 

proliferation, and maturation and remodeling, Figure 4.[90, 91] In these phases, interactions 

between cells (fibroblasts, keratinocytes, and endothelial cells) and the ECM play a 

significant role in regulating regeneration.[92, 93] To better understand the integrin-ECM 

interactions, researchers have utilized both knockdown/knockout or overexpression animal 

models and in vitro cell studies to investigate the effect of integrin signaling on wound 

healing outcomes. These studies have demonstrated that loss or induction of specific 

integrins can result in impaired re-epithelialization, delayed granulation tissue formation, 

or other healing-related processes.[30, 94] A summary of the integrins and respective ECM 

proteins involved in the phases of wound healing is provided in Table S2. Figure 5 

presents the integrins that are involved in wound healing in addition to their specific 

activities. In this section, we will discuss the relevant integrin-mediated cellular processes 

in re-epithelialization and granulation tissue formation. Understanding the role of integrin 

interactions in these processes and the resulting effect on wound healing outcomes can 

provide design strategies to improve chronic wound healing.[95–97]

3.1 Re-epithelialization

Re-epithelialization restores the epidermis barrier and is dependent on the migration and 

proliferation of epithelial keratinocytes. [98] In new wounds, keratinocytes are exposed to 

a new pericellular environment, which facilitates the release of sequestered growth factors 

and cytokines from the disrupted ECM. The released factors include epidermal growth 

Dhavalikar et al. Page 7

Adv Healthc Mater. Author manuscript; available in PMC 2022 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



factors (EGFs), transforming growth factor-β (TGF-β), and fibroblast growth factors (FGFs). 

These activating signals trigger the transition of keratinocytes to a pro-migratory phenotype 

(epithelial-mesenchymal transition). [99–102] The reconstruction of cell-cell adhesion and 

cellular attachment to the basement membrane relies on keratinocyte migration and 

proliferation that are mediated by several different integrins including α2β1, α3β1, α4β1, 

α5β1, α9β1, and α6β4.

Directional migration of keratinocytes into the provisional matrix initiates re-

epithelialization and is mediated by the interactions of integrins α2β1, α6β4, and α3β1 

with collagen and laminin. [103, 104] Pilcher et al. demonstrated that keratinocytes showed 

upregulation of matrix metalloproteinase-1 (MMP-1) after binding to wound-edge collagen 

via integrin α2β1. [105] Also, primary keratinocytes migration on collagen gel was 

inhibited by collagenase antibodies. Therefore, the α2β1-collagen interaction can induce the 

production of MMP-1 that degrades collagen fibrils and detaches the keratinocytes from the 

matrix, initiating the cell migration. [106] In contrast, α3β1 and α6β4 bind to laminin-332 

and mediate the keratinocyte migration. Multiple studies highlighted that the interaction 

between laminin-332 and α3β1 could activate intracellular polarization, therefore promoting 

the keratinocyte migration. [17, 107] Keratinocyte polarization is essential to determine the 

migration direction and relies on Rac-1 activation by α3β1-mediated FAK/Src signaling 

pathway. [108] Integrin α6β4 can also regulate keratinocyte migration by colocalizing with 

Rac1 to form a Rac1/α6β4 complex. [109] β4 integrin-deficient keratinocytes demonstrate a 

circular migration track, indicating the crucial role of this complex. It was hypothesized that 

the Rac1/α6β4 complex could remodel laminin-332 fibrils into linear tracks and facilitate 

the linear migration of the cells. [109] Studies have confirmed that keratinocytes are anchored 

onto the basement membrane through the attachment of integrin α6β4 to hemidesmosome 

component, plectin. [110, 111] This finding is essential for understanding the stabilized cell 

attachment to the newly formed basement membrane after wound closure. Furthermore, 

Spinardi et al. demonstrated that keratinocyte migration could be enhanced with connective 

tissue growth factor (CCN2) via α5β1-fibronectin interaction and activation of FAK-MAPK 

signaling. [112]

Basal keratinocytes and epidermal stem cells start proliferating 48 to 72 hours after 

the onset of migration. [113, 114] Recent studies uncovered the influence of β1 integrins 

on keratinocyte proliferation. Keratinocyte proliferation is promoted by α5β1 binding 

fibronectin and when α6β1 recognizes a laminin-based peptide sequence YIGSR, leading 

to enhanced epidermal development. [115, 116] In addition, an α2β1 integrin-expressing mice 

model showed a substantial keratinocyte hyperproliferation and offered an insight of α2β1 

integrin participation in re-epithelialization. [117] Although the α9β1-mediated intracellular 

signaling pathway is not entirely understood, it can result in up or down regulation of 

keratinocyte proliferation. Specifically, an induced α9β1 integrin-deficient mice model 

demonstrated a poor re-epithelialization and wound healing outcome, but keratinocytes 

proliferation is inhibited when α9β1 binds to elastic microfibril interface-located protein 

1 (EMILIN1). [20, 118, 119] EMILIN1 can also inhibit keratinocyte proliferation via α4β1-

mediated signaling. [20]
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3.2 Granulation Tissue Formation and Wound Contraction

In parallel to re-epithelialization, disrupted dermal connective tissue is repaired with 

granulation tissue formation followed by wound remodeling. Granulation tissue formation 

aids in skin tissue regeneration by restoring the blood supply and the mechanical and 

functional integrity of the connective tissue. In association with peripheral immune cells, 

pericytes, and keratinocytes, fibroblasts play a central role in this process by regulating 

matrix formation and inducing wound contraction. Upon wounding, factors secreted by 

macrophages and keratinocytes (TGF-β, PDGF, FGF, CTGF) can activate fibroblasts. 
[120–123] Also, the change in mechanical properties and oxygen tension of the local 

tissue can also induce the fibroblast activation. [124–126] Then, activated fibroblast cells 

undergo proliferation and migrate into the blood clot, where the deposition of ECM 

molecules occurs sequentially to restore the connective tissue strength. The following 

event is the differentiation of fibroblasts into myofibroblasts that contributes to wound 

contraction and closure. Eventually, the granulation tissue ECM initiates remodeling after 

wound contraction, resulting in either normal or scar tissue. These cellular activities are 

temporally overlapped and depend on the reciprocal interactions between cells and ECM 

molecules. Fibroblast proliferation, migration, and differentiation are regulated by different 

ECM components, while ECM deposition and remodeling are modulated by cell protein 

production. Therefore, ECM-cell interactions through integrins are essential in directing 

granulation tissue formation and wound contraction.

The β1 integrins, including α1β1, α2β1, α4β1, and α9β1, regulate fibroblast proliferation. 

An α1-deficient mice model displayed a reduction in fibroblasts and a hypocellular 

dermis, revealing the need for α1β1 in regulating fibroblast proliferation. [9] Binding to 

collagen triggers a unique regulatory growth pathway of α1β1 with the adaptor protein 

Shc. Integrin linking to Shc can respond to mitogenic growth factors and promote cell 

survival-related gene expression through the G1 phase of the cell cycle, which enhances cell 

proliferation. [127] In contrast, both α4β1 and α9β1 can inhibit fibroblast proliferation when 

interacting with ELIMIN1 when the loss of ELIMIN1 results in dermal hyperproliferation 

and accelerated wound closure. [20] As elucidated in the study, ELIMIN1 binds to α4/

α9β1 and activates Phosphatase and tensin homolog (PTEN), and PTEN inhibits PI3k/Akt 

pathway and Erk1/2 phosphorylation that are pro-proliferation signals. Furthermore, α2β1 

also regulates fibroblast proliferation as decreased α2β1 expression accounts for enhanced 

fibroblast proliferation in idiopathic pulmonary fibrosis. [128] A synthetic laminin sequence, 

EF1, has been shown to enhance fibroblast proliferation via interaction with α2β1, as well 

as a recombinant collagen-mimetic protein, SclGFPGER. [129, 130] Although the mechanism of 

integrin-mediated fibroblast proliferation in the early stage of granulation tissue formation 

has not been fully understood, β1 integrins modulate fibroblast mitosis and can be employed 

to improve skin tissue regeneration.

Following proliferation, fibroblasts migrate and infiltrate the blood clot and the provisional 

matrix that consists of fibrin and fibronectin fibrils. [131] Blood clot ECM remodeling and 

fibroblast motility rely on multiple integrins-ECM interactions in different stages, including 

α5β1, α9β1, α11β1, and αvβ5. Both crosslinking of fibronectins to fibrin matrix and 

fibronectin fibril formation are required for cell adhesion and migration to the provisional 
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matrix. Researchers have revealed that dermatopontin, a protein abundant in the provisional 

matrix and wound fluid, can induce fibronectin fibril formation and enhance fibroblast 

adhesion via integrin α5β1. [132] Dermatopontin-knock out mice demonstrate an abnormal 

ECM architecture and decreased skin tissue flexibility. Another study found that integrin 

α9β1 was required for dermal fibroblast migration as blocking α9 integrin with antibody 

impaired the interaction between fibroblasts and tenascin-C, reducing cell adhesion and 

migration. [31] However, it was found that the α9β1 blockade does not affect myofibroblast 

differentiation and wound contraction in the later stage of granulation tissue formation. 

Fibroblast migration was also impaired in an α11β1 knock-out mice model, showing that 

α11β1 was essential for fibroblast migration. [133] Additionally, CCN1/CYR61 can function 

as an extracellular matrix signaling molecule and mediate fibroblast migration via direct 

interaction with integrins αvβ5 in granulation tissue. [40]

After fibroblast infiltration into the blood clot, ECM deposition is initiated by fibroblasts 

and other cells. The significant components synthesized during this period include collagen, 

laminin, and fibronectin. Collagen synthesis can be modulated by integrins α1β1 and α6β1 

and accounts for later collagen fibril formation and wound contraction. α1β1 has been 

found to participate in the downregulation of collagen synthesis by fibroblasts as the dermis 

of α1-null mice shows higher production levels of both collagen and collagenase. [134] 

Additionally, dermal fibroblasts derived from α1-null mice demonstrate reduced sensitivity 

to collagen gel, indicating that the fibroblast adhesion to collagen and adhesion-dependent 

cellular signaling are also regulated by α1β1 integrin. In a word, the interaction between 

α1β1 and collagen allows a feedback regulation of collagen production. Lastly, α6β1 has 

also been shown to stimulate collagen deposition by binding to CCN2/CTGF. [27] Also, 

Aumailley et al. showed that α6β1 played a significant role in initiating basement membrane 

formation and mediating the deposition of laminin 1 as α6β1 knock-out mice demonstrated 

a shutdown of laminin α1 chain synthesis. [135]

In addition to collagen and laminin, fibronectin is also crucial in wound contraction, 

indicating its importance in skin tissue regeneration. Integrins α3β1, α4β1, and α5β1 

participate in the regulation of fibronectin deposition in different manners. α3β1 can 

adhere to and interact with entactin, enhancing the deposition of entactin and fibronectin. 
[13] This interaction also promotes cell adhesion to fibronectin via α3β1. Integrin α5β1 

regulates fibronectin deposition and blockade of α5β1 by antibody results in a reduction of 

fibronectin accumulation. [136, 137] Binding to EDA domain of fibronectin, integrin α4β1 

mediates fibronectin synthesis and fiber assembly by fibroblast. [138] In addition, αvβ3 

has been shown to modulate the deposition of tenascin-C with the activation of the Src/

MAPK/MMP signal pathway. [139]

Towards the end of granulation tissue formation, myofibroblast differentiation and wound 

contraction take place to promote wound closure. Integrins α5β1 and α11β1 have been 

shown to regulate myofibroblast differentiation by interacting with fibronectin or collagen. 
[133, 140] Thannickal et al. demonstrated that TGF-β1-mediated myofibroblast differentiation 

required cell adhesion via integrin α5β1. As the most significant step of wound closure, 

wound contraction relies on the deposition of ECM components and the maturation of 

myofibroblasts. There are two ways that myofibroblasts can be anchored to collagen fibrils 
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to induce the collagen matrix contraction. First, myofibroblasts can indirectly anchor to 

the synthesized collagen fibrils by attaching to the fibronectin matrix. By binding to 

the fibronectin matrix, integrin α5β1 can promote focal adhesion and mediate matrix 

contraction via RhoA-GTP and FAK signal pathways. [141, 142] Fragmented fibronectin (the 

V region) also enhances the fibronectin-matrix contraction when interacting with α4β1. [143] 

Collagen gel contraction by fibroblasts can be inhibited by αvβ3 antibody, indicating that 

αvβ3 mediates collagen contraction via interaction with fibronectin.[37] Second, fibroblasts 

can bind to collagen directly via integrins α1β1 and α2β1. [144, 145] For instance, blocking 

of integrin α1β1 results in a reduction of collagen lattice remodeling and gel contraction 

by fibroblasts, indicating that collagen contraction in wound healing requires integrin α1β1. 
[146, 147] Also, α2β1 regulates the reorganization and contraction of a collagen matrix, 

presumably with the participation of PI3K activation. [37, 148]

Wound angiogenesis is another crucial process in wound healing through the entire process 

of granulation tissue formation. New blood vessels are responsible for revascularizing 

the regenerated connective tissue and supplying the tissue with oxygen and nutrients for 

growth and contraction. From capillary sprouting to blood vessel remodeling, ECM guides 

the cell migration by providing scaffold support and regulating the cell behaviors with 

integrin-mediated signaling. [149] Several essential integrins have been identified in wound 

angiogenesis, including αvβ3, α2β1, and α3β1. Particularly in the provisional matrix of a 

healing wound, αvβ3 is expressed on the tip of the capillary sprouts and has key interactions 

with fibrin and fibronectin.[150] Blockade of αvβ3 with an antibody or an RGD-containing 

peptide also results in delayed angiogenesis in a murine wound model. [151] Zweers et al. 

showed that the ablation of the α2β1 gene resulted in enhanced neovascularization via a 

shift of collagen-integrin binding signaling. [152] Additionally, Mitchell et al. demonstrated 

the significance of α3β1 in the crosstalk between keratinocytes and endothelial cells that 

promoted endothelial cell migration.[153] More relevant integrin-ECM interactions will be 

detailed in the next section to provides a comprehensive review of integrins in angiogenesis.

In summary, there are dynamic changes to the ECM through each phase of wound healing 

with corollary integrin-ECM interactions that guide re-epithelialization, granulation tissue 

formation, and wound contraction. Research has highlighted the myriad roles of integrin 

interactions in the restoration of skin tissue structure and functions. As a corollary, the 

investigation into the integrin-mediated cellular mechanisms of delayed wound healing, scar 

tissue formation, and other cutaneous pathologies can be used to identify therapeutic targets 

for improved wound dressings and treatments.

4. Integrin-mediated Angiogenesis

Angiogenesis, the growth of new blood vessels from pre-existing blood vessels, occurs 

throughout development, regeneration, and disease. It is a vital process in supplying 

tissue with necessary oxygen and nutrients for survival.[154, 155] Angiogenesis involves 

four phases: stimulation and basement membrane breakdown, sprouting, tube formation, 

and maturation, Figure 6.[156] Each of these phases is associated with changes to the 

extracellular matrix and a corresponding integrin-mediated cellular response, Figure 7. 

In their quiescent state, endothelial cells adhere to a basement membrane consisting of 
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laminins and collagen type IV through integrins α1β1, α2β1, α6β1 and α6β4.[10, 157, 

158] Integrins α1β1, α2β1, αvβ3, α9β1 have been implicated in various cellular responses 

to proangiogenic factors, thereby stimulating basement membrane breakdown and other 

key angiogenic processes.[34, 159, 160] Basement membrane breakdown reveals collagen 

and laminin cryptic sites supporting initial migration.[10] In addition, the breakdown of 

the basement membrane exposes an interstitial/provisional ECM consisting of collagen 

type I, fibronectin, fibrinogen/fibrin, and vitronectin that promote sprouting and subsequent 

tube formation.[155, 157, 161, 162] The interstitial/provisional ECM composition presents new 

ligands for the involvement of integrins α1β1, α2β1, α3β1, α5β1, αvβ3, and αvβ5.[156, 

163–165] Interstitial collagen, fibrin, and laminin are shown to support tube formation 

implicating α2β1, α5β1, α6β1, and αvβ3.[156, 166–169] During maturation, the ECM 

basement membrane begins to recover its composition through collagen type IV assembly 

and laminin deposition along the sprout with pericyte reassociation.[170, 171] As such, a 

new set of ligands are again presented with respective integrins α1β1, α2β1, α4β1, α6β1, 

and α6β4.[10, 21, 42, 157, 158, 170] A full list of these integrins with their respective protein 

ligands is provided in Table S3. Overall, these changes in the ECM through the phases of 

angiogenesis highlight that integrin signaling is dynamic through this process and can be 

targeted to mitigate cellular responses. This section provides an overview of the identified 

roles of integrins in each phase of angiogenesis and highlights the potential for integrin 

targeting strategies to promote vascularization of biomaterials.

4.1 Stimulation and Basement Membrane Breakdown

Angiogenesis is initiated and sustained through proangiogenic signals, such as vascular 

endothelial growth factor (VEGF) and fibroblast growth factor (FGF). [161, 172] Additional 

proangiogenic factors include tumor necrosis factor-α (TNF α), transforming growth factor-

β (TGF β), nitric oxide, hypoxia-inducible factor, angiopoietin-1 (ang-1), angiopoietin-2 

(ang-2), and PDGF.[161] Proangiogenic factors interact with a variety of cellular receptors 

to activate endothelial cells from their quiescent state resulting in the production of matrix 

metalloproteinases (MMPs), migration, and proliferation with each functioning toward the 

formation of a new vascular network.[172, 173] Recently, integrins, such as αvβ3 and α9β1, 

have been shown to aid in this process either directly or in cooperation with growth 

factor receptors, thereby supporting the induced angiogenic response.[34, 159, 174] α9β1 

has been shown to directly bind VEGF-A. Antibody blocking of the integrin resulted 

in the inhibition of VEGF-A binding and subsequent VEGF induced angiogenesis.[34] 

Additionally, VEGFR2 phosphorylation is improved when endothelial cells are plated on 

αvβ3 ligands, such as vitronectin and fibrinogen, with colocalization of the receptor and 

integrin suggesting a collaboration between the receptor and integrin.[159, 174–176] Additional 

studies collaborated the cooperation showing reduced responses to VEGF via antibody 

blocking of αvβ3.[177] Stimulation by proangiogenic factors results in alternations in 

the expressions of integrins, such as α1β1, α2β1, αvβ3, and α5β1 and α6β4, and the 

expression of MMPs thereby facilitating membrane breakdown and subsequent angiogenic 

processes. [178–181]

The breakdown of the basement membrane has been noted as a necessary step in 

angiogenesis, allowing for subsequent endothelial migration.[182, 183] MMPs degrade 
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the basement membrane exposing cryptic sites, reveal an interstitial matrix that directs 

migration, participate in ECM remodeling, and release sequestered proangiogenic factors.
[182, 184, 185] Additionally, MMPs help to detach pericytes from the basement membrane 

and cleave endothelial cell-cell adhesions.[161] The make-up of the basement membrane 

being primarily laminin and collagen type IV implicate MT1-MMP, MMP-2, MMP-9, for 

its breakdown, although others are likely to play a role.[161, 182, 186, 187] MMP-2 and 

MMP-9 are known to be able to break down collagen type IV and laminins, whereas 

MT1-MMP breaks down laminins and participates in MMP-2 activation.[182] Various 

integrins have been implicated for several roles with MMPs. Integrins α2β1 and αvβ3 have 

been connected in MMP-2 activation, synthesis, and directed function.[184] Shed vesicles 

containing MMPs may bind the basement membrane/ECM via β1, potentially facilitating 

localized degradation.[186] Additionally, MMP-2 is found to localize to the endothelial 

surface via αvβ3 in a functionally active form allowing for directed degradation. [188] 

The importance of this cooperation has been detailed through blockage studies of MMP-2 

binding to αvβ3, resulting in inhibition of cell mediated collagen type IV degradation 

and invasion. [189] Basement membrane breakdown by MMPs and endothelial activation 

results in hyperpermeability of the vessel allowing for leakage of the blood plasma proteins 

fibrinogen, vitronectin, and fibronectin. [190] These proteins contribute to the provisional/

interstitial matrix in which endothelial infiltration occurs.[191]

4.2 Sprouting and Organization

The breakdown of the basement membrane and activation of endothelial cells are critical to 

the subsequent sprouting phase of angiogenesis. Degradation of the basement membranes 

results in the loss of collagen binding sites recognized by various integrins such as 

α2β1 and exposure of αVβ3 cryptic sites, thereby supporting endothelial migration.[10, 

41, 192] Basement membrane breakdown facilitates exposure to an interstitial ECM and 

deposition of blood borne proteins that constitute the interstitial/provisional ECM. The 

interstitial/provisional ECM is composed of collagen type I, fibronectin, fibrinogen/fibrin, 

and vitronectin, resulting in integrin transduction promoting subsequent cell infiltration/

migration and tube formation. [155, 157, 161, 162] As noted previously, the activation of 

endothelial cells and exposure to new ligands results in the upregulation of integrins 

α1β1, α2β1, αvβ3, and α5β1 and down regulation of others such as α6β4 that allow 

for endothelial migration. [178–181] Continued production of MMPs supports endothelial 

migration into the ECM. [193]

The loss of collagen type IV binding sites and exposure to interstitial collagen results in 

collagen-based haptotaxis into the interstitial matrix facilitated by α1β1 and α2β1.[181, 182, 

194] Senger et al. demonstrated the haptotactic roles of α1β1 and α2β1 on collagen type 

I gradients and antibody blocking of one or both integrins that resulted in an individual 

migration reduction of ~40% and a combined migration reduction of nearly 90%.[160] α1β1 

and α2β1 have also been shown to support VEGF stimulated chemotaxis with blockage 

of the integrins significantly reducing angiogenesis.[160, 181] In addition to the roles of the 

collagen integrins in endothelial migration, the α1 subunit may also contribute to sustaining 

endothelial proliferation during angiogenesis. The α1 subunit has been demonstrated to 
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regulate the production of MMP-9, thereby mediating MMP derived angiostatin, an inhibitor 

of endothelial proliferation. [195, 196]

Although the impact of α9β1 in angiogenesis has not been as extensively depicted in 

literature, researchers have demonstrated its potential role in chemotaxis. Vlahakis et al. 

illustrated that α9β1 can directly bind VEGF-A and that antibody blocking of the integrin 

considerably reduced induction and migration to specific isoforms of VEGF-A. [34] This 

result details a potential role of α9β1 in mediating migration of endothelial cells via VEGF-

A induced chemotaxis. Studies have also implicated the roles of α4β1 in migration and 

the stimulation of new vessels. Utilizing alginate with REDV modifications, Wang et al. 

demonstrated the angiogenic potential of the peptide sequence that is a ligand for α4β1. [197] 

Others have detailed similar results utilizing the synthetic peptide sequence. [198]

The α5β1 integrin is upregulated during angiogenesis in response to bFGF and serves 

numerous functions, including migration, vessel structuring, and endothelial cell survival. 
[179, 199] Studies have shown that exposure to the PHSRN sequence, present in fibronectin, 

upregulates α5β1 promoting invasion of the endothelial cells into the provisional matrix and 

upregulation of MMP-1. [200, 201] The expression of MMPs in the provisional/interstitial 

matrix aid in guiding the migrating and proliferating endothelial cells.[200] In addition 

to migration, α5β1 has demonstrated roles in the vascular structure. Utilizing α5 null 

mice, Francis et al. detailed distended vasculature and a loss of pattern complexity. [202] 

Similarly, utilizing hydrogels with recombinant fibronectin fragments that preferentially 

bound α3β1/α5β1, Li et al. was able to produce non-tortuous, organized and, non-leaky 

vessels compared to hydrogels that preferentially bound αvβ3. [203]

Compared to precise roles of other integrins, α3β1 has a much more ubiquitous impact 

on vascular development, function, and pathogenic angiogenesis. Utilizing conditional 

knockout α3 mice that were endothelial cell specific, da Silva et al. demonstrated enhanced 

tumor growth and tumor angiogenesis. They demonstrated this effect in an in-vivo tumor 

transplant and hypoxia-induced retinal assay suggesting the role of α3β1 in repressing 

pathological angiogenesis.[204] As noted prior, Li et al. illustrated a similar role of α3β1 

in producing non-tortuous, organized and, non-leaky vessels.[203] These studies suggest 

α3β1 represses pathogenic angiogenesis and produces vasculature with proper structure and 

function.

Researchers disagree on the roles of αvβ3 and αvβ5 with reports of necessitated function 

while others report adverse vessel organization. αvβ3 and αvβ5 have been described as 

necessary to angiogenesis with antagonists resulting in the inhibition of cell migration and 

new vessel growth. [173, 178, 199, 205, 206] αvβ3 is found to localize MMP-2 on the surface 

of endothelial cells and support infiltration into the provisional matrix, thereby allowing 

for migration.[207] Researchers have demonstrated that endothelial migration on vitronectin, 

a provisional ECM component, is mediated by the integrin. [208] Additionally, it has been 

detailed that αvβ3 promotes proliferation and prevents apoptosis of endothelial cells.[209, 

210] Conversely to supportive roles in infiltration and migration, αvβ3 has been implicated 

in adverse vessel patterning and function. For example, αvβ3 specific fibronectin materials 

result in networks that are tortuous, disorganized, and leaky. [203, 211]
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Migration and proliferation are critical components to the growing vascular sprout and 

subsequent network. Integrin binding mediates these processes by binding to the matrix 

proteins presented. As shown, the composition of the matrix is vital in producing a normal 

and functional network, although further research in this area is needed. As angiogenesis 

progresses, two components of the sprout are present, the tip cell and the stalk. Endothelial 

proliferation and subsequent tube formation are noted to occur within the stalk. Tube 

formation is mediated by ECM composition and integrin binding.

4.3 Tube Formation

Endothelial tube formation occurs within the stalk of the endothelial sprout.[212] Two 

mechanisms in which lumen formation occurs have been described. The first occurs via 

pinocytosis, vacuole development, and vacuole merging thereby creating the vascular tube. 
[213] The second method proposes that the vascular lumen is shaped by hemodynamic forces.
[212] A variety of integrins have been shown to mediate the process, including α2β1, αvβ3, 

α5β1, and α6β1 which suggests the roles of laminin, collagen, and fibrin.

Various models have depicted the role of α6β1 in tube formation. In vitro studies 

using antibodies against α6β1 have blocked differentiation into capillary tubes. [214] For 

example, Lee et al. showed that antibody blocking of α6β1 in Matrigel inhibited capillary 

morphogenesis that was otherwise shown to occur spontaneously without the addition of 

growth factors.[168] Similarly, Kubota et al. demonstrated that tubule formation proceeded 

with the addition of laminin to collagen type I gels, but was inhibited through the addition 

of antibodies to laminin.[215] Other studies have utilized the IKVAV laminin sequence to 

bind α6β1 and support tube formation.[216, 217] Tube formation by α6β1 is consistent with 

reports on the role of laminin in capillary formation.[15, 169, 218, 219]

In addition to laminin, collagen type I has been shown to mediate tube formation and 

is driven by the collagen receptor α2β1.[220] In contrast to studies showing that laminin 

is needed, Liu and Senger demonstrated endothelial capillary morphogenesis occurred on 

collagen type I substrates, but not on laminin I substrates. They detailed that Src and Rho 

activation initiates capillary morphogenesis by collagen type I that is dependent on β1.[221] 

Singh et al. similarly utilized a PEG-collagen type I hydrogel and was able to demonstrate 

tube formation of endothelial cells within the 3D matrix. [222] Sweeney et al. determined that 

tube morphogenesis required ligation of α2β1 to the collagen sequence GFP*GER, where 

P* is hydroxyproline. [163] Furthermore, binding of α2β1 to a collagen matrix was shown to 

mediate pinocytosis that lead to intracellular vacuoles. The vacuoles subsequently combine 

to form a lumen thereby driving tube formation. [166]

The roles of αvβ3, αvβ5, and α5β1 have been investigated due to their roles in binding the 

provisional matrix. Studies have primarily utilized fibrin matrices for their investigations 

with blocking of the integrins to determine their roles in lumen formation. However, 

they appear to have overlapping roles in the process. Lauren et al. showed that only by 

simultaneously blocking both integrins is there a substantial reduction in tube formation on 

fibrin matrices. [167] The RGD sequence of fibrin has been shown to drive lumen formation 

and is dependent on both αvβ3 and α5β1.[223] Other studies have also detailed the roles of 

Dhavalikar et al. Page 15

Adv Healthc Mater. Author manuscript; available in PMC 2022 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



αvβ3, αvβ5, and α5β1 in tube formation, although α5β1 potentially plays a larger role. [173, 

223, 224] For example, studies using α5 null mice have depicted the role of the α5β1 integrin 

in regulating tube diameter. [202]

The tube formation process may be mediated by multiple integrins. However, the above 

studies may also indicate that the regulation of morphogenesis through integrins is 

dependent on the matrix utilized. Depending on the integrins that are targeted by the 

matrix, the resulting vasculature can present with a normal and functional network, whereas 

others may promote an altered network in both appearance and functionality. Thus, further 

investigation is warranted to delineate integrin-mediate tube formation in biomaterials.

4.4 Maturation and Stability

Following tube network formation, the maturation process proceeds with pericyte 

reassociation and basement membrane deposition, which facilitates vessel stabilization. 

Pericyte recruitment along the abluminal wall is primarily cytokine driven, such as 

endothelial produced PDGF-B.[225, 226] The pericyte-endothelial cell interaction mediated 

by α4β1 is critical during angiogenesis and supports survival, whereas antagonists of 

α4β1 result in apoptosis of both cell types.[21] The association also drives the assembly 

of the basement membrane by endothelial cells that may be facilitated through CCN2 

binding mediated by α5β1 and α6β1. [42, 227] Integrins α5β1, α3β1, and α6β1 that 

recognize the remodeled matrix are upregulated further supporting maturity of the vessels.
[42] Additionally, as α6β4 is present on quiescent endothelial cells, it is logical that the 

assembly of a new basement membrane rich in laminin and maturing of the vessel would 

result in the re-expression of α6β4.[180] The combined results of pericyte reassociation, 

basement membrane deposition, and cell-ECM interactions provide stability to the vessel.[42, 

228]

In summary, research is still unraveling the interplay between integrins and ECM ligands in 

angiogenesis. It has been demonstrated that integrins are heavily involved in the four stages 

of angiogenesis that include basement membrane breakdown, sprouting, tube formation, 

and maturation. As such, these integrin-mediated processes are design targets to promote 

neovascularization in tissue engineering constructs, a grand challenge in the field and critical 

to the success in developing large tissue grafts. Notably, research in this area can also be 

used to advance research to inhibit angiogenesis as a means to limit tumor growth or other 

disease states.

5. Integrin-targeting Biomaterials

Integrin-targeting biomaterials have recently garnered attention as a method to enhance the 

regenerative capabilities of materials by taking advantage of the integrin-mediated processes 

described above. Researchers have shown the ability to direct the integrin-mediated 

processes through ligand presentation in a variety of biomaterials, Figure 8. The first 

generation of biomaterials utilized native proteins obtained from natural sources, such as 

bovine or porcine collagen. However, the lack of specificity and batch variability led to 

later generations of materials with recombinant proteins or peptide sequences identified 

from binding motifs. Each of these ligand presentation methods has distinct advantages 
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and disadvantages that stem from their production process, material incorporation, and 

specificity. The following section will provide a comparative analysis of ligand selection in 

biomaterial design and example applications to illustrate the potential of integrin-targeting 

biomaterials.

5.1 Native Proteins

Native ECM proteins have been used to modify synthetic biomaterials or directly serve 

as scaffolds to promote targeted integrin-mediated cell responses that enhance tissue 

regeneration. By breaking down dissected bovine, porcine, marine, or murine tissue, ECM 

proteins are extracted with enzymes or solvents. [229–232]The proteins are then precipitated 

or reconstituted with solvents, such as trichloroacetic acid and acetone. [233] Consequently, 

these tissue-derived products maintain the full length and most functionalities of the native 

protein. In our previous sections, we identified several ECM molecules that interact with 

the integrins involved in regenerative processes, including collagen, fibronectin, laminin, and 

elastin. The key integrins that bind to collagen include α1β1 and α2β1, while fibronectin 

regulates the cell behaviors by mainly interacting with α5β1 and αvβ[234]3 and elastin 

contains ligands for αvβ3.[8, 11, 25, 97, 115, 137] Additionally, gelatin is obtained as a 

hydrolysis product of collagen and able to trigger integrins α5β1 and αvβ3-mediated 

signaling via RGD-containing motifs. [235, 236]

Synthetic biomaterials, including polymers, metals, or ceramics, can be modified or 

engineered with tissue-derived proteins by physical absorption, encapsulation, or surface 

coating by covalent conjugation.[237–243] ECM proteins can also be fabricated into 

hydrogels, meshes, and matrices via self-assembly or electrospinning, independently or 

with other synthetic polymers. [244, 245]For instance, collagen hydrogels are prepared by 

neutralizing collagen solutions as collagen fibrils self-assemble into bundled fibers at neutral 

pH.[246–252] Here, applications of extracted ECM proteins and decellularized scaffolds will 

be discussed in the scope of tissue regeneration, focusing on the integrin-protein interactions 

and regenerative outcomes.

Collagen-based matrices and hydrogels have been utilized to promote different regenerative 

processes. For wound healing, a collagen-chitosan scaffold loaded with adipose-derived 

mesenchymal stem cells (aMSCs) promoted aMSC differentiation into keratinocytes, 

resulting in the reconstruction of dermis and epidermis. [253] Other types of protein-based 

biomaterials have enhanced fibroblast and keratinocyte proliferation or migration, including 

fibroin/elastin matrix, electrospun fibronectin meshes, gelatin/PCL-coated polyurethane 

dressing, and alginate-gelatin crosslinked hydrogel. [22, 23, 254, 255] These biomaterials 

showed potential in accelerating re-epithelialization and wound closure via interactions with 

different integrins.

Collagen-based matrices also improved capillary and endothelial cell morphogenesis via 

interactions with α1β1 and α2β1, stimulating the formation of new blood vessels. [220, 

256] Laminin is a main component of the basement membrane and plays a central role 

in angiogenesis and re-epithelialization, as mentioned before. It was observed that in a 

collagen-based matrix, laminin improved angiogenesis by promoting the expression of 

integrin subunit α6, which led to a significant increase in VEGF uptake by ECs, resulting 
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in stimulated EC network aggregation. [169] Besides, fibrin is essential to understand the 

mechanism of blood coagulation, serving as a critical component of the blood clot. [257] 

Therefore, researchers have focused on improving angiogenesis with fibrin. A fibrin-based 

matrix developed by Hall et al. demonstrated that the fibrillar structure and RGD-containing 

binding sites facilitated the angiogenetic activities of endothelial cells, such as adhesion and 

spreading on the substrate. [258]

In bone regeneration, collagen remains a common design choice as the major insoluble 

fibrous protein in bone ECM. Salaszynk et al. demonstrated that stem cells cultured on well 

plates coated with collagen, vitronectin, and fibronectin had increased calcium deposition 

compared to the tissue culture polystyrene control, as well as increased protein levels 

including ALP, osteocalcin, and osteopontin. [78] This result suggested these whole proteins 

can individually or synergistically promote osteogenesis, presumably via regulation of 

integrins α1β1, α2β1, α5β1, and αvβ3. Tissue-derived proteins remain one of the most 

commonly used means of introducing bioactivity to synthetic materials.

5.2 Recombinant Proteins

The first recombinant protein approved for commercial use was human insulin in 1982. 
[259] Since then, recombinant proteins have been used for various biomedical applications 

such as drug delivery, therapeutics, and, more recently, tissue engineering. Advances in 

recombinant DNA technology has led to the production of recombinant fibrous proteins 

such as collagen-like proteins and fibronectin fragments in prokaryotic systems.[25, 260] 

To produce the recombinant proteins, the desired gene is amplified by PCR and then 

inserted into a cloning vector for expression in prokaryotes. For example, plasmids, circular, 

double-stranded DNA molecules, are most commonly used in the Escherichia coli (E. coli) 

expression system. After expression, the proteins are isolated and the structure verified 

using Western blot or similar assays.[261] Unfortunately, it remains challenging to generate a 

recombinant collagen due to the expensive post-translational modification needed to achieve 

its native triple helical structure. The (Gly-Xaa-Yaa) repeating sequence is stabilized by 

post-translational modification with hydroxyproline (Hyp) and this triple helical structure 

is required to maintain integrin binding affinity.[262–264] Although there is superior design 

control with recombinant proteins, there are few available options due to the costs and 

challenges associated with protein engineering and expression. Streptococcal collagen-like 

protein (Scl-2) and recombinant fibronectin (rFN) fragments are recombinant proteins 

expressed in E. coli systems for investigation as integrin-targeting proteins.[25, 265] Scl-2 

variants are used to target α1β1 and α2β1 in tissue engineering applications, while other 

variants of Scl-2 have been developed to target other integrins such as α11β1. [74, 266] 

Several variations of rFN were developed to target α3β1, α5β1, and αvβ1. [203, 267] The 

integrin specificity of these recombinant proteins have been investigated in various tissue 

regeneration applications.

The recombinant Scl-2 protein serves as an alternative for collagen with improved integrin 

specificity. Despite the absence of Hyp and a shorter triple helix domain than human type 

I collagen, Scl-2 maintains the triple helix structure at physiological temperatures like 

human collagen.[262] Scl-2 is a “biological blank slate” with no known native binding sites.
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[265] This allows Scl-2 bioactivity to be readily customizable by site-directed mutagenesis 

to introduce different peptide sequences for specific integrin binding. [268] Scl2 proteins 

have been modified to contain the peptide sequences GFPGER based on the GF/LOGER 

sequence (O; hydroxyproline) identified in collagen that interacts with α1β1 and α2β1. 

Molecular modeling was used to identify a novel and selective integrin-binding sequence, 

GFPGEN, with specificity for the α1 I-domain over the α2 I-domain. Several studies 

have demonstrated that Scl2 proteins modified to contain these integrin-binding sequences 

support cell-specific binding, spreading and migration. [129, 265, 269]

Unlike native fibrillar collagens, these Scl proteins do not form stable networks and 

must be conjugated or adsorbed to synthetic matrices for use in tissue engineering. Scl-2-

GFPGER functionalized hydrogels were used as a tool to promote luminal endothelial 

cell adhesion in vascular grafts. [265] Cereceres et al. demonstrated that Scl-2-GFPGER 

enhanced fibroblast adhesion and cell proliferation in a wound dressing application.[129] 

Two strains of Scl-2 were evaluated for the potential to promote osteogenic differentiation. 

Hydrogel-encapsulating hMSCs with Scl-2-GFPGER and Scl-2-GFPGEN demonstrated an 

increase in expression of an osteogenic marker in vivo. [74]

rFN fragments are composed of discrete fragments of whole fibronectin. Whole fibronectin 

contains three types of modules. Specifically, type III contains several binding domains that 

have different functionalities. For instance, III10 contains the RGD sequence and PHSRN 

sequence located within III9. [270, 271] III12 thru III14 has been shown to bind to several 

growth factors, including VEGF and BMP. [267] rFN can be customized to target specific 

integrins by selecting which domains are included in the recombinant protein fragment. For 

example, rFN III9–10/12–14 contains both III9–10 and III12–14 to promote cell adhesion 

and growth factor binding. [267] The flexibility of these recombinant proteins allows for 

diverse applications in tissue engineering.

rFN has also been shown to be a driver for integrin-mediated tissue regeneration. rFN 

III9–10 hydrogels with recombinant fibronectin targeting α3/α5β1 with VEGF promoted 

non-tortuous blood vessel formation and non-leaky blood vessels in vivo. Hydrogels with 

either rFN III9*−10 (structurally stabilized with (Leu1408 to Pro)) or rFN III9–10 with 

a flexible linker between the domains of recombinant fibronectin targeting α3β1/a5b1 

promoted non-tortuous blood vessel formation and non-leaky blood vessels in vivo. [203] 

Hydrogels with rFN III9–10/12–14 and growth factors increased bone volume and skin 

wound healing compared to growth factors alone or rFN III9–10/12–14 alone in mouse 

models in vivo. [267] rFN III9*−10 increased ALP expression in a fibrin matrix compared to 

fibrin alone with hMSCs. [25] Furthermore, Agarwal et al. found that rFN7–10 coated screws 

promoted bone fixation and bone implant ingrowth compared to uncoated screws in vivo. 
[268] These studies demonstrate the potential of recombinant proteins to improve the healing 

potential of biomaterials.

5.3 Synthetic Peptides

Peptides must be carefully designed to promote ligand-integrin interactions as observed in 

native cell-ECM protein interactions. These short fragments are heteropolymers of amino 

acid residues linked together with peptide bonds. There is no distinct definition of chain 
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length, but peptides typically range in the number of residues from 2–50 amino acids. [272] 

Synthetic peptide fabrication and use was first developed in the 1960s.[273] There are several 

methods to produce peptides including chemical synthesis, enzyme technologies, extraction 

from natural sources, and recombinant DNA technology.[274] The following discussion will 

focus on the solid-phase peptide synthesis where the peptide chain is anchored to a matrix 

and elongated via addition of amino acids linked by peptide bonds between the carboxyl 

and amino groups. [275] The general procedure for this synthesis includes anchoring to the 

matrix, coupling of amino acids, and cleavage of the fragment for release.[272] In addition to 

the specific integrin-binding motif, the peptide sequence can be designed to present requisite 

tertiary and quaternary structures (e.g. triple helix), include conjugation sites, and optimize 

spacing for binding affinity. Biomaterials research with synthetic peptides demonstrates the 

ability to target a range of different integrins including a1β1, α2β1, α5β1, αvβ3, α6β1, 

α4β1, α3β1, and α6β1that diversify the biological responses that can be achieved.

Physical or chemical incorporation of these peptides has been used to confer bioactivity 

to a range of substrates including hydrogels, microspheres, meshes, and metal implants. 

Briefly, physical incorporation includes methodologies that cause peptides to be either 

adsorbed or precipitated on to the substrate. These techniques include coatings, precipitates, 

or self-assembly of peptides. [272, 276, 277] Chemical conjugation of the peptide to the 

matrix involves a direct reaction with the peptide such as acrylate conjugation, click 

chemistries, or other coupling mechanisms. [276] [278] Given the diversity in techniques, 

significant considerations must be given to how efficiently the peptide is immobilized to the 

substrate. There are several factors to consider when deciding between the two techniques 

including adsorption efficiency, surface area of biomaterial to retention efficiency, as well 

as efficiency of the modification reaction, volume of inclusion, accessibility of the peptides, 

and conformation. [278]

Peptide design for biomaterial modification should be based on the desired cellular 

response, the integrin(s) implicated in the response, and the ECM protein/peptide motif 

that both targets the integrin and elicits the response. For example, laminins are a protein 

component of the ECM that facilitate numerous integrin-mediated cellular responses in 

angiogenesis and wound healing. In angiogenesis, IKVAV from the laminin α1 chain has 

been demonstrated to promote various functions within angiogenesis and has been utilized 

in a myriad of constructs. For instance, Chen et al. conjugated a SIKVAV sequence to a 

chitosan hydrogel and demonstrated enhanced angiogenesis. [279] Similarly, Nakumara et al. 

immobilized the IKVAV sequence in a collagen membrane and demonstrated endothelial 

tube formation. [216] This sequence has been shown to promote angiogenic cellular 

responses via interactions with the integrins αvβ3, α3β1, and α6β1. [12, 217, 280] However, 

the interplay of the integrins with the IKVAV sequences and the corresponding responses 

require further elucidation.

The laminin sequences SIKVAV, YIGSR, and A5G81 have shown analogous capacities 

for wound healing. The SIKVAV sequence covalently bonded to an alginate dressing 

demonstrated enhanced re-epithelialization and regeneration of tissue compared to controls. 

(Hashimoto, 2004). As previously mentioned, the integrins αvβ3, α3β1, and α6β1 have 

been shown to bind to the IKVAV sequence; however, non-integrin binding receptors for 
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the sequence may exist and therefore further research is needed. [12, 217, 280, 281] Zhu et al. 

demonstrated the hydrogel immobilized A5G81 laminin-derived dodecapeptide sequence 

accelerated both dermal and epidermal cell proliferation and faster tissue regeneration 

mediated by the α3β1 and α6β1 integrins. [282] Salber et al. demonstrated that the 

YIGSR sequence from residues 929–933 of the laminin β1 chain enhances keratinocyte and 

fibroblast proliferation and the upregulation of α6 integrin in a type I collagen construct. [28] 

The studies demonstrate the promise of using these peptides in promoting wound healing.

In addition to laminin sequences, collagen motifs have also been shown to direct numerous 

functions and as such been applied in peptide engineering. The first class of these 

peptides include collagen-mimetic peptides which target the α2β1 integrin. The GFOGER 

hexapeptide sequence is found on residues 502–507 α1(I) chain of type I collagen. This 

sequence is often included in a longer synthetic triple-helical peptide, mimicking the 

triple helical structure of type I collagen, to permit integrin binding.[283] In vitro studies 

with passive adsorption and surface modification of meshes with GFOGER enhanced cell 

migration, proliferation, and differentiation down the osteoblastic lineages. [64] In vivo, 

the use of this peptide has produced promising results for bone regeneration as well. 

Incorporating the peptide inside a hydrogel system improved encapsulated cell engraftment 

and increased bone volume in radial segmental defects of immunodeficient mice. [66] 

In separate studies, passive adsorption on PCL discs and titanium implants promoted 

bone formation in critical size defects solidifying the strong potential of GFOGER for 

bone healing applications. [73, 284] Other collagen mimetic peptides include DGEA and 

P15 – both target the same integrins that natural collagen acts as a ligand for, but P15 

lacks the RGD domain, and is dependent on the GIAG residue for successful binding to 

cells. [283] All three of these peptides have demonstrated promotion of cell adhesion on 

scaffolds, cell spreading, osteogenic differentiation, and in the case of P15 peptide, good 

osseointegration in animal models. [285, 286] On the wound healing side, a unique collagen-

mimetic peptide (GEFYFDLRLKGDK) was functionalized on PDMS constructs resulting in 

enhanced keratinocytes and fibroblasts migration and proliferation. [28] Despite the success 

of collagen-mimetic peptides in promoting osteogenesis and wound healing, the use of these 

peptides in improving angiogenic outcomes is limited and needs further investigation.

A separate class of popular peptides includes the RGD-based sequence. This sequence 

is found in several different ECM molecules including fibronectin, vitronectin, and bone 

sialoprotein. [56, 287] RGD-based peptide studies have shown promising results in multiple 

areas including osteogenesis, wound healing, and angiogenesis. Choi et al. demonstrated that 

coating an elastin-like polypeptide with RGD accelerated wound closure, re-epithelization, 

and upregulated expression of dermal tissue. Similarly, Yu et al. demonstrated incorporating 

RGD into an alginate-based hydrogel enhanced angiogenesis. [288] Lastly, to improve 

osteogenesis, several different authors were able to show that modifying PLGA films or 

microspheres with RGD peptides improved MSC attachment, proliferation, and osteoblastic 

differentiation. [289–291] One note to address here is the observation that the RGD sequence 

is promiscuous - multiple integrins can bind this motif sequence including α5β1, αvβ1, 

αvβ3, and αvβ8. In order to target a specific integrin pair for example α5β1, secondary 

peptides with the sequence PHSRN must be incorporated along with RGD, as this synergy 

helps with targeted attachment of α5β1. [292]
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The last class of peptides have no biological similarity to ECM proteins and include peptides 

that have been generated with artificial sequences of amino acids that can promote integrin 

priming using phage display. This technique is a highly efficient selection methodology 

in which a library of peptide sequences or variants is expressed on a bacteriophage coat 

protein. [293] Each variant is then evaluated for binding specific integrin targets. One 

example of a peptide sequence isolated using this technique is RRETAWA. This sequence 

binds the α5β1 integrin with very high affinity but bears no homology or similarity to any 

amino acid sequence found in ECM proteins. [294, 295] Within this peptide, the β1subunit 

has been shown to have strong interactions with the Arg-Arg-Glu motif while α5 interacts 

with the hydrophobic Trp residue. In addition to the original study, other studies have 

also confirmed RRETAWA’s ability to improve osteogenic phenotypes after incorporation 

in a biomaterial system. Gandavarapu et al. incorporated cyclic RRETAWA in hydrogels 

and the results demonstrated a highly specific interaction with the α5β1 integrin based on 

attachment studies. Further, MSCs successfully differentiated and maintained key markers of 

osteogenic differentiation. [294]

5.4 Design Considerations of Integrin-targeting Biomaterials

The different types of ligands available presents biomaterials researchers with a large 

selection of options for designing integrin-targeting materials. Each ligand has a different 

source and production method that affect integrin-targeting biomaterial design due to 

feasibility, scaling, and expense of technique. Considering the growing understanding of 

the effect of biomaterial physical cues on cell behavior, it is critical to delineate the 

individual and synergistic effects of integrin interactions and material properties on the 

desired outcome. As such, researchers must consider not just what ligand is presented but 

also how the full biomaterial landscape affects cell behavior. In the following section, we 

will discuss key design features of materials from ligand production to material physical 

cues that should be considered to effectively harness the integrin-mediated cell processes to 

enhance regeneration.

After identifying the target integrin and corresponding ligand, researchers first select the 

method of production that is dependent on both the selected ligand and target application. 

There is a long history of isolating proteins from mammalian or marine animal sources 

and the production and purification methods have been optimized to allow for large-scale 

production of these native proteins. Unfortunately, extraction and purification procedures, 

such as the use of solvents, can result in the altered conformation of the proteins, 

diminishing bioactivity, and shortening shelf-life. Further, due to biological variability 

in the source and isolation methods, there can be batch-to-batch variability. Finally, 

tissue-derived proteins and decellularized tissue commonly maintain the full tertiary and 

quaternary structures post isolation. With this full structure, an important point to consider 

is that whole proteins can have off-target biological responses as they usually contain 

multiple integrin-binding sites. These native proteins also offer little opportunity to optimize 

ligand specificity/affinity or conjugation strategies. Recombinant protein expression and 

solid-phase peptide synthesis for ligand production can address some of these concerns. As 

mentioned above, recombinant protein production is carefully engineered and heavily relies 

on vector expression and purification from bacterial systems.[265, 267] This method also 

Dhavalikar et al. Page 22

Adv Healthc Mater. Author manuscript; available in PMC 2022 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



uses well-established molecular cloning techniques and knowledge of bacterial reproduction 

that can facilitate iterative design and scale-up. As compared to isolation from tissues, 

protein purification of recombinant proteins is relatively mild with fewer resulting effects on 

protein conformation and improved batch consistency once optimized. A unique feature of 

recombinant expression is the ability to optimize ligand presentation and properties through 

protein engineering strategies such as site directed mutagenesis. [296] These proteins, 

including Scl-2 and rFN, allow for designated insertion of integrin binding sites so they 

can be customized to target specific integrins, allowing improved control over cell behavior 

and thus tissue healing outcomes.[265] However, there are few recombinant expression 

systems that have been developed for integrin-targeting proteins so the number of available 

engineered proteins is limited. Similar to the design control of recombinant expression, 

the direct control of amino acid sequence in solid-phase synthesis of peptides also enables 

systematic refinement of their structure and precise manipulation.[278] In addition, this 

specificity can also contribute to understanding and tuning the magnitude of the cellular 

response observed. The peptide sequences provide more consistent bioactivity owing to the 

sequences being rather short and thus having limited folding capability that may impact 

bioactivity. Although this attribute can be considered an advantage, it may also limit 

the method as certain sequences, such as GFOGER, need to be presented in a specific 

conformation. [73] Thus, the lack of conformational ability of peptides, primarily due to 

their short sequences, can be a significant downside. However, significant advancements 

have been made in increasing synthesized peptide length, such as backbone protection and 

heating that are pushing the limits above 100 residues. [297] Further, the motif utilized needs 

to be carefully considered as binding motifs may be a ligand for multiple integrins, such 

as the previously mentioned sequence of RGD. Regardless, even if the motif is ubiquitous 

and promotes binding of multiple integrins, the presentation of a single defined ligand limits 

the potential of non-specific integrin binding. On the contrary, this specificity can also be a 

hindrance to peptides as the ability to target multiple integrins may be desired. Compared 

to whole proteins and some recombinant proteins that may be able to interact with a wide 

variety of integrins, multiple peptide sequences would need to be employed in order to 

derive the same activity synergistically. This may dramatically increase the cost as multiple 

peptide sequences would need to be synthesized. Synthesis and purification protocols for 

peptides are well established and typically do not result in adverse effects on the bioactivity 

of isolated peptides. Despite these advantages, peptide synthesis remains costly making 

scalability difficult with cost increasing with peptide length.[278]

Lastly, potential adverse host responses or immunological reactions to these biomaterials 

should be considered. Although there is strong conservation of structural proteins across 

species, there is a growing concern of potential sources of immunogenicity of proteins 

isolated from non-human sources. Tissue-derived proteins and recombinant proteins isolated 

from biological systems may have immunogenic epitopes and potential lipopolysaccharide 

contamination, respectively.[298, 299] In contrast, synthetic peptides likely have little 

immunogenicity concerns due to the fabrication methodology and their synthetic nature. 

Thus, there are critical tradeoffs to consider when selecting a ligand production route and the 

need for specificity, scalability, availability, and cost must be weighed for each application.
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In addition to the ligand source and specificity, there is a growing understanding of the 

effect of substrate properties on cellular behavior including seminal work showing that 

substrate modulus[300], surface morphology[301], and 2D versus 3D structure[302] modulate 

cellular responses in tissue regeneration. Given that integrins provide the physical link 

between the biomaterial and the cytoskeleton, it follows that integrins in these activated 

focal adhesion complexes are integral to the observed effects on mechanotransduction and 

mediate cytoskeleton tension.[300, 303] For example, MSCs cultured on matrices of high 

stiffness (e.g. metal implants, thermoplastics) maintain a large spreading area and enhance 

focal adhesions with a high level of osteogenic differentiation. Conversely, MSCs grown 

on low stiffness matrices (e.g. soft hydrogels) maintain relatively poorly defined actin 

cytoskeletons, leading to different phenotypes.[300] The modulus of substrates has also 

shown to impact the growth of fibroblasts and endothelial cells. Fibroblasts demonstrated 

preferential growth on a higher modulus hydrogel (13.7kPa), whereas endothelial cells had 

preferential growth on a low modulus hydrogel (0.3kPa).[304] Researchers have attributed 

the modulation of cell behavior via mechanical stiffness to integrin-mediated transduction 

pathways.[300, 305, 306] Additionally, Murikipudi et al. determined that substrate modulus can 

affect the expression of integrins and changes in downstream signaling.[307]

In addition to modulus, studies have shown that controlling surface topography and 

architecture can direct cellular responses.[301, 308–310] For example, Guvendiren et al. 

demonstrated how the introduction of lamellar surface wrinkling of hydrogels promoted 

stem cell differentiation down the osteogenic lineage. Changing the surface morphology of 

the hydrogels to hexagonal patterns caused the cells to remain rounded and differentiate 

into adipogenic lineage.[311] Topographical effects also extend to angiogenesis and wound 

healing. Bauer et al. demonstrated that aligned scaffolds could impact sprout extension 

speeds with alignment parallel to a VEGF gradient resulting in a greater speed compared 

to alignment that is perpendicular to the gradient. [301] Similarly, in dermal wound 

healing models, it was observed that differences in the topography such as widths in 

between nanogrooves or mesh size affected cell migration speed, cell phenotype, and 

ECM production. [309, 310] In addition to topography, the 3D structure of the matrix has 

been shown to influence stem cell differentiation and cell responses.[311] Additionally, 

architectural features have also been shown to impact integrin expression with 3D substrates 

markedly increasing integrin expression over 2D substrates.[302] It is hypothesized that 3D 

matrices improve cell attachment through increased surface area and provide a dynamic 

interface that occurs naturally in their native niche.[312] Researchers have also found that 

integrin clusters are larger with longer lifetimes in traditional two-dimensional assays as 

compared to more relevant three-dimensional environments.[313] This requires additional 

investigation in translating much of the current work completed in 2D to more relevant 3D 

systems.

Researchers have several tools to modulate stiffness, surface topography, and 3D 

architecture in integrin-targeting biomaterials. Protein-based biomaterials (e.g. collagen and 

gelatin) are typically chemically crosslinked to achieve desired structural and degradation 

profiles.[314–316] Modulating the degree of crosslinking is the most common method of 

achieving variations in substrate modulus. Given that crosslinking typically occurs through 

lysine residues, there is poor control of which crosslinking sites are reacted and this 
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can interfere with integrin-binding. For example, Kishan et al. reported that increased 

crosslinking of gelatin matrices increased stiffness and degradation time but reduced cell 

adhesion.[314] Thus, it is often challenging to optimize both physical properties and integrin-

binding in protein scaffolds. Synthetic materials offer a broader range of moduli from soft 

hydrogels (100s Pa to 100s kPa) to synthetic polymers (100s kPa to 10 GPa) and metals 

(10s to 100s GPa). There are a variety of chemical and physical methodologies for ligand 

incorporation including surface adsorption, chemical conjugation, and blending. Surface 

coating can be implemented with physical adsorption or covalent bioconjugation. Physical 

adsorption leads to short retention times of proteins on the material surface; whereas, 

covalent conjugation via a functionalized group may interfere with the protein conformation 

or block the integrin-binding sites.[269, 317, 318] Recombinant proteins can be designed 

to mitigate this effect by removing the conjugation residue (e.g. lysine) from proximity 

of the integrin-binding motif or adding in additional conjugation residues at terminal 

ends (e.g. cysteine).[129] However, this requires advanced protein engineering methodology 

that ensures both retention of desired protein structures and expression viability. Solid-

phase synthesis of peptides offers more facile means to optimize binding affinity and 

conjugation strategies through direct design of the peptide sequence with rapid iterations.
[278] Biomaterial fabrication method provides researchers with control of the topography 

and geometry.[319, 320] Hydrogels derived from synthetic and natural polymers have been 

studied in a variety of forms including cell-encapsulating hydrogels,[321] coatings[322], and 

porous formulations.[323] A variety of other processing methods can be used to generate 

a wide-range of geometries including non-woven meshes with electrospinning,[314] porous 

foams with freeze drying,[324] salt-leaching,[325] and emulsion templating,[326] and more 

complex architectures with 3D printing.[327] There are several excellent reviews that cover 

the relevant structures available and the corollary effects on cell behavior.[314, 328–330]

In summary, the design of integrin-targeting materials revolves around balancing the 

advantages and limitations of the selected ligand source and material physical properties. 

The availability and known responses of native proteins such as collagen is mitigated by 

its batch-to-batch variability, lack of design flexibility, and off-target interactions. New 

generations of materials include recombinant proteins and peptide sequences that provide 

improved integrin specificity and targeted cellular responses as compared to native proteins. 

Incorporation of ligands into synthetic materials provides researchers with greater versatility 

over the material physical properties with corollary synergistic effects on cell behavior.

6. Critical Analysis and Future Directions

Although several studies have already demonstrated the potential impact of integrin-

targeting biomaterials in regenerative medicine, current research suffers from limitations 

that can affect outcomes and mitigate the potential impact of this technology. We previously 

discussed the design considerations and need for improved biomaterials to advance integrin 

targeting. In this section, we will discuss the fundamental studies needed to continue to 

unravel the complexity of integrin-ligand interactions as well as the influence of biological 

variables that can confound cell behavior testing and downstream outcomes.
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6.1 Ligand presentation and integrin clustering

Beyond individual integrin-ligand binding, it is the clustering of integrins that strengthens 

and stabilizes cellular binding to the extracellular matrix and results in activated focal 

adhesions complexes and downstream signaling. As such, ligand presentation (density, 

spatial organization) can play an important role in integrin clustering and the resulting 

cellular response from these integrin-ligand interactions.[331] Traditional methods of 

functionalizing a biomaterial non-specifically decorate the surface with cell adhesive ligands 

or blend ligands into the bulk of the material. Although the global density of the ligands can 

effectively modulate the bioactivity of the surface, the random distribution of ligands only 

promotes occupancy of cell integrins rather than effectively promoting integrin clustering. 

Researchers are now investigating the use of multivalent ligands, where the ligands are 

grouped together in islands, to better promote integrin clustering for an amplified response. 

Karimi et al. has done an extensive review of the different strategies being studied to 

engineer biomaterials that present multivalent ligands including polymer bioconjugates, 

nanolithography patterning, and protein engineering approaches.[332] Nanoscale clusters on 

the surface can be generated by first synthesizing a multivalent bioconjugate with a star 

or comb polymer base and then using these to modify synthetic materials using standard 

processes.[333, 334] One of the disadvantages of this approach is the lack of spatial control 

when presenting the multivalent ligands. The ambiguity in spacing between clusters or 

number of ligands per cluster has motivated the development of nanopatterning for better 

control of the material surface chemistry. The primary methods used for nanopatterning 

include nanoimprint lithography and block copolymer micelle nanolithography.[332, 335] 

These techniques have enabled fabrication of surfaces with highly engineered spatial 

geometries and great versatility in the designs with promising results.[336, 337] Additionally, 

researchers have also utilized recombinant protein expression to generate engineered 

sequences that control the number of integrin binding sites within linear polypeptides or 

recombinant proteins.[74, 331] The ability to control the polypeptide length and binding site 

patterns enables similar control over spatial patterning to promote integrin clustering. In 

parallel to performing cell culture studies for these newer generation materials, biomaterial 

scientists are using computer modeling to understand effects of local versus global ligand 

densities and identify potential cell binding thresholds using parameters such as ligand 

dissociation coefficients.[331] Lastly, typical in vitro studies evaluate the effects of ligand 

concentration on a cellular length scale often with single cell densities. Another factor to 

consider is how that dynamic might change in vivo when the biomaterial interfaces with 

different cell types or processes such as protein adsorption that may hide the ligands, 

thereby changing integrin binding, clustering, and downstream signaling. As the science 

is elucidated, this understanding should be used to thoroughly evaluate the robustness of 

biomaterials to confirm their true potential for triggering desired cell responses. Some of the 

current studies in recent papers have been careful to address this point performing ligand 

vs. focal adhesion studies, but broader adoption of this practice is needed to meticulously 

evaluate the capabilities of biomaterials to elicit targeted cell responses.

Synergy of integrin-targeting with other biological compounds

One of the limitations of much of the in vitro integrin-targeting investigation to date is that 

it is done in isolation of other biological cues that are present during regeneration. It has 
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been established that there is cross-talk between integrins and other biological compounds 

(e.g. growth factors). [338] After integrin-ligand binding, activated integrins cluster together 

and can recruit growth factors to amplify the signaling effects.[140] By potentially combining 

integrin-targeting biomaterials with growth factor delivery, these new biomaterials may be 

able to deliver smaller doses of growth factors along with integrin-ligand priming to push 

activation of cell responses to larger magnitudes.[339] This synergistic approach may provide 

ways to produce biomaterials with enhanced regenerative capacity. Growth factor therapy 

remains a promising approach for regenerative purposes but delivery and dosing remain a 

challenge. More often than not, supraphysiological dosing is required and this results in 

high risk as well as expensive treatment options. Therefore, a combination of integrin-ligand 

signaling with the use of growth factors may provide an improved regenerative strategy. 

Although this strategy has shown promise, there is limited understanding of how integrin-

mediated signaling and growth factor signaling converge to affect the downstream cell 

behavior. Researchers have identified key pathways that are involved in integrin-mediated 

signaling including MAPK/ERK, Wnt, β-catenin, and RTK. [340, 341] Understandably, this 

biological phenomenon gets more complicated when considering the involvement of growth 

factors and certain pieces of the biology behind synergistic signaling still remain unclear. 

The potential strategy of using integrin targeting with growth factor release in biomaterial 

design requires more efforts in the area of fundamental biology to elucidate these synergistic 

mechanisms. Biomaterial scientists may not have the tools to parse out these biological 

contingencies and it is likely that progress in this area is dependent on continued efforts 

in the field of molecular biology. Regardless, the observed benefit from empirical studies 

highlight the promise of this synergistic approach.

6.3 Translation of In Vitro Findings to In Vivo Outcomes

Integrin-targeting materials must undergo in vitro and in vivo studies to evaluate their 

regenerative potential for future clinical use. Both methods are essential in understanding 

the bioactivity of integrin-targeting materials, but there are many considerations to be 

made for in vitro and in vivo models. Although in vitro studies are relatively cheaper 

and more cost-effective, the role of other cells, extracellular cytokines, and mechanical 

signals that could affect integrin binding and signaling are challenging to replicate. Another 

consideration is the effect of a controlled cell culture environment in vitro compared to 

the dynamic environment of in vivo models. It has been demonstrated that the pattern 

of integrin expression on cultured cells does not always mimic that of cells in tissues, 

which highlights the limitation of in vitro studies.[342, 343] One way that researchers have 

verified the integrins involved in cellular processes is by using antibody-blocking studies.[61, 

71] Although this can be used to confirm initial cell adhesion, antibody-blocking studies 

cannot be used in long term experiments as their efficacy rapidly diminishes with time. 

Therefore, this method cannot be used as negative controls for experiments that evaluate 

angiogenesis, proliferation, and differentiation. A method to circumvent the limitations of 

antibody blocking is by developing synthetic peptides and recombinant proteins that lack 

integrin-targeting sequences as controls to investigate the role of integrin activations in 

longer-term studies. [73, 74] Despite these limitations, in vitro models have been successful 

in elucidating specific integrin activities in tissue regeneration and determining which 

biomaterials should be explored further in vivo.
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In vivo studies address many of the problems found with in vitro studies but are faced with 

other challenges. Transgenic mice have been a useful tool in evaluating the role of integrins 

in biological processes in vivo through the induced ablation or deletion of the specific 

integrin genes which help elucidate the roles specific integrins play in tissue regeneration.[11, 

33, 195] However, transgenic animal models can result in unknown downstream consequences 

and thus could give an inaccurate picture for the processes in an unmodified animal model.
[344] Furthermore, the participation of native factors or cells is disadvantageous for in vivo 
studies as the specific integrin-mediated interaction may be countered or compensated. For 

example, it is difficult to determine whether experimental outcomes are caused by activating 

one type of cell or if the effects are being compounded or diminished due to integrin 

activation by multiple types of cells. Additionally, in vivo models have difficulties in tracing 

cellular activities, mapping of the cell phenotypes, and detailing the downstream signal 

cascades so direct cause and effect of the integrin-targeting materials can be challenging to 

determine. Although using these in vivo and in vitro models elucidates the interactions of 

integrin-ligand binding, their limitations should be considered when evaluating experimental 

outcomes.

6.4 Cell-based Biological Variability

Innate biological variability is another factor that must be considered when evaluating the 

ability of biomaterials to direct cell responses. If not considered, these biological variables 

may confound the results of experiments utilized to delineate the role of integrins and 

evaluate integrin-targeting materials. First, non-human cell sources can result in different 

outcomes due to variable phenotypes. Several researchers have shown that cell surface 

marker expression, including integrins, varies among species.[345–348] These differences 

should be taken into consideration as it could affect the magnitude of the cell response to 

ligand-presenting materials. High variability in trends for integrin-mediated processes may 

be observed when comparing data across species simply due to differences in expression 

levels of integrins. Similarly, intraspecies donor variability in human cell lines should be 

considered. Studies have shown how cell behaviors such as migration, proliferation, and 

differentiation can differ due to factors such as donor age or sex. For example, Phinney 

et al. and Zhukareva et al. demonstrated how physiological states and age of donors can 

affect in vitro stem cell proliferation as well as osteogenic differentiation capabilities. [349] 

This observation may also extend to MSCs involved in regenerative capacities for other 

processes like wound healing and cardiovascular applications. [350, 351] To the best of our 

knowledge, researchers have yet to publish studies evaluating effects of donor variability on 

migration or proliferative capabilities for other cell types like fibroblasts or endothelial cells. 

Regardless, this should be accounted for when evaluating the bioinstructive capabilities 

of integrin-targeted materials by observing cell-material interactions from cultures isolated 

from different donors to confirm trends with added rigor.

One last consideration is the homogeneity of cell cultures that are expanded and culture 

conditions used for in vitro studies. This specific inspection may be more significant for 

certain cell lines like MSC that can be a heterogeneous mixture of cells, resulting in variable 

osteogenic potentials. It has been noted that this difference can cause variable expression 

levels and patterns of specific osteogenic markers such as RUNX2 expression, alkaline 
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phosphatase activity, and bone ECM proteins.[349] Differing osteogenic potentials can be 

further confounded due to different culture conditions (media, cell densities, time frames) 

that are used across different research groups, further impacting the levels of differentiation 

observed in studies.[343] All of these factors can culminate to affect how MSCs behave 

when they interact with ligand-presenting materials. To alleviate some of these concerns, 

verification procedures can be performed to limit the effect of these biological variables 

- new technologies now allow for isolation and expansion of more homogenous MSC 

cultures. Additionally, standard practices such as verifying cell populations using flow 

cytometry before use in studies are being implemented. It is important to note that the 

whole field should become more standardized in these practices, including other specific 

like culture conditions as well. Understanding these biological nuances can provide means to 

develop new tools for evaluating these biomaterials and improve their capabilities in the in 
vivo setting.

6.5 Concluding Remarks and Outlook

Tissue regeneration is a complex process that is partially orchestrated through interactions 

with the intricate and multifaceted extracellular matrix. This review highlights the role of 

integrin binding in mediating cellular responses at each stage of osteogenesis, angiogenesis, 

and wound healing. These three areas were selected as illustrative examples only. There is a 

growing body of research elucidating integrin-mediated cellular processes across numerous 

regenerative medicine applications. In addition, there is a growing understanding of the role 

of integrin interactions in medical device integration and host response. For example, we 

recently reviewed the roles of integrin and syndecan-binding in endothelial cell phenotype 

and hemostatic regulation. Identification of endothelium-substrate interactions that limit 

platelet aggregation and thrombosis is central to the design of improved biomaterials 

with long-term thromboresistance.[352] The design of integrin-targeting biomaterials is 

the key research hurdle to taking advantage of these key mediators of cell behavior 

in order to improve regeneration strategies. Research spans the use of native proteins, 

recombinant proteins, and engineered peptides with integration in a diverse set of 

substrates from conjugation to hydrogel matrices to adsorption coatings of titanium 

implants. Although current studies have already demonstrated the benefit of these strategies, 

critical consideration should be given to how variables in the ligand, substrate, and cell 

sourcing affect downstream outcomes. Additional research is needed to advance both our 

understanding of these factors and generate improved materials with optimized integrin-

targeting and clustering. Overall, the introduction of integrin-targeting to material design 

provides numerous opportunities to enhance tissue regeneration and device integration while 

also providing new tools to probe the complex processes of tissue remodeling.
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Figure 1: 
Integrin binding to ECM ligands induces integrin clustering and conformational changes 

that can transmit outside-in signals across the plasma membrane. Activated focal adhesion 

complexes that assemble upon integrin clustering recruit intracellular proteins that initiate 

cascades of signaling events that alter gene expression and cellular behavior.
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Figure 2: 
Overview of key cell processes in bone formation and remodeling: (A) Recruited and 

resident mesenchymal stem cells (MSCs) differentiate to osteoblasts that produce new bone; 

(B) Osteoclast resorption of bone.
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Figure 3: 
Graphic illustration of integrin-mediated bone formation and remodeling. Integrins play 

a critical role in each of these processes: α1β1 promotes the differentiation of MSC 

to osteoblasts and promotes osteoblast cartilage formation and mineralization; α2β1 

promotes osteogenic differentiation in MSCs and increases osteoblastic bone formation and 

mineralization; α3β1 increases calcium deposition of MSCs; α4β1 promotes recruitment 

of MSCs to the defect site; α5β1 promotes osteogenic differentiation in MSCs and the 

proliferation of osteoblasts and bone matrix formation; α9β1 promotes osteoclastogenesis; 

α11β1 directly and indirectly promotes MSC osteogenic differentiation via MSC and 

osteoblast integrin-binding; αvβ3 inhibits MSC proliferation and osteogenic differentiation 

and promotes bone resorption.
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Figure 4: 
Overview of wound healing phases and key cellular processes. (A) Hemostasis and 

inflammation: blood clot is formed after formation of a platelet plug and fibrin matrix 

when macrophages and neutrophils are recruited to induce innate immune responses 

against invading microbes and foreign substances; (B) Proliferation: re-epithelialization 

and granulation tissue formation occur with migration, proliferation, and differentiation 

of fibroblasts and keratinocytes; (C) Remodeling and maturation: Matrix remodeling and 

wound closure lead to the restoration of skin barrier and reconstruction of connective tissue.
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Figure 5: 
Graphic illustration of integrin-mediated cellular processes in wound healing that begins 

with basal keratinocyte migration into the wound bed (A) and proliferation above the basal 

keratinocyte layer (B) followed by recruitment of activated fibroblasts and proliferation 

(C). Subsequent fibroblasts migration into the fibrin-fibronectin provisional matrix (D) and 

production and deposition of essential ECM components (collagen, fibronectin, and laminin) 

occurs after fibroblasts infiltrate into the blood clot (E). Finally, fibroblasts differentiation 

into myofibroblasts induces wound contraction by interacting with reconstructed ECM 
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matrix (F). In each of these processes, integrins play a critical role: (A) keratinocyte 

migration is regulated by integrins α2β1, α3β1, and α6β4; (B) keratinocyte proliferation 

is regulated by α2β1, α4β1, α5β1, α6β1, and α9β1; (C) fibroblast proliferation is regulated 

by α4β1 and α9β1; (D) fibroblast migration is regulated by α5β1, α9β1, α11β1, and αvβ5; 

(E) ECM deposition (collagen, fibronectin, and laminin) is regulated by α1β1, α3β1, α4β1, 

α5β1, α6β1, α11β1, and αvβ3; (F) myofibroblast differentiation is regulated by α5β1 and 

α11β1 and wound contraction regulated by α1β1, α2β1, α4β1, α5β1, and αvβ3.

Dhavalikar et al. Page 49

Adv Healthc Mater. Author manuscript; available in PMC 2022 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6: 
Overview of key cell processes in angiogenesis: (A) Vessel in non-proliferative quiescent 

state; (B) Stimulation by proangiogenic factors results in basement membrane breakdown 

and sprouting; (C) Vascular tube formation via vacuole formation; (D) Pericyte reassociation 

and reformation of the basement membrane stabilizes the newly formed vessel.
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Figure 7: 
Graphic illustration of integrin-mediated cellular processes in angiogenesis. Integrins play 

a critical role in each phase of angiogenesis: α2β1 promotes endothelial migration and 

tube formation; α3β1 represses pathogenic angiogenesis and forms mature vessels; α4β1 

supports pericyte-endothelial interaction during angiogenesis supporting survival; α6β1 

promotes tube formation; α5β1 promotes endothelial migration, tube formation, and the 

promotion of mature vasculature; αvβ5 promotes endothelial migration and tube formation; 

αvβ3 supports endothelial migration and tube formation, but has been associated in the 

development of an immature and leaky vascular network; α6β1 supports vessel stabilization; 

α9β1 promotes endothelial cell migration; and α1β1 promotes endothelial migration.
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Figure 8: 
A schematic of different integrin-targeting ligand sources and biomaterial matrices used for 

ligand presentation.
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Table 1:

Summary of integrins and extracellular matrix proteins with complementary ligands.

Integrin Extracellular matrix protein ligands

α1β1 Collagen I, Collagen IV, Laminin[8–11]

α2β1 Collagen I, Collagen IV, Laminin[10–12]

α3β1 Laminin, Entactin, Collagen I, Fibronectin [10, 13–17]

α4β1 Fibronectin, ELIMIN1, VCAM [15,18–21]

α5β1 Gelatin, Fibronectin, Fibrin, [10, 22–25]

α6β1 Laminin, CCN2 [26–28]

α7β1 Laminin[29]

α9β1 Fibronectin, Tenascin-C, ELIMIN1, Osteopontin, ADAM8, VEGF [20, 30–34]

α11β1 Collagen I, Osteolectin [11, 35]

αvβ1 Fibronectin, Osteopontin [36]

αvβ3 Gelatin, Fibrinogen, Vitronectin, Fibronectin, Bone Sialoprotein, CCN1 [10, 22–25, 37–41]

αvβ5 Vitronectin, Fibronectin, CCN1[10, 15,26,42,43]

α6β4 Laminin[26]
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