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Summary

Matrix dynamics influence how individual cells develop into complex multicellular tissues. Here 

we have developed hydrogels with identical polymer components but different crosslinking 

capacities to enable investigation of mechanisms underlying vascular morphogenesis. We show 

that dynamic (D) hydrogels increase contractility of human endothelial colony forming cells 

(hECFCs), promote clustering of integrin β1 and the recruitment of vinculin, leading to the 

activation of focal adhesion kinase (FAK) and metalloproteinase expression. This leads to robust 

assembly of vasculature and deposition of new basement membrane. We also show that non 

dynamic (N) hydrogels do not promote FAK signaling, and that stiff D- and N-hydrogels are 

constrained for vascular morphogenesis. Further, D-hydrogels promote hECFC microvessel 

formation and angiogenesis in vivo. Our results indicate that cell contractility mediates integrin 

signaling via inside out signaling and emphasizes the importance of matrix dynamics in vascular 

tissue formation, thus informing future studies of vascularization and tissue engineering 

applications.
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eTOC

Engineered viscoelastic hydrogels with dynamic cross-links permit cell contractility-mediated 

integrin clustering and FAK activation, independent of hydrogel stiffness, and promote vascular 

assembly. However, non-dynamic hydrogels prevent cell contractility and integrin clustering, 

subsequently inhibit the initiation and progression of vascular morphogenesis.

Introduction

Advancements in tissue engineering, aimed at generating complex tissues in vitro, are 

progressing alongside the development of hydrogel materials that mimic aspects of three-

dimensional (3D) physiological tissue microenvironments (Discher et al., 2005; Engler et 

al., 2004; Loebel et al., 2019; Madl et al., 2017; Tang et al., 2018). Vascularization is a 

critical step in understanding and controlling the assembly of functional healthy tissues (Li 

et al., 2017; Ronaldson-Bouchard and Vunjak-Novakovic, 2018; Zhang et al., 2016), as well 

as uncovering the mechanism governing cancer angiogenesis and metastasis via 

intravasation and extravasation processes (Boussommier-Calleja et al., 2019; Jeon et al., 

2015; McCoy et al., 2019).

Mechanosensing has emerged as an important regulator of cellular behaviors, thus impacting 

the design of hydrogels for tissue engineering. Specifically, it has been well established that 

secretion of matrix metallopeptidases (MMPs) to allow matrix degradation is a crucial step 

of vascular morphogenesis (Chun et al., 2004; Davis and Senger, 2005; Iruela-Arispe and 

Davis, 2009; Sacharidou et al., 2010; Stratman et al., 2009). In agreement, studies focusing 
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on vascular engineering in hydrogel matrices have shown that progression of vascular 

morphogenesis occurs alongside decreasing hydrogel stiffness through activation of MMPs 

(Ghajar et al., 2006; Hanjaya-Putra et al., 2011; Shen et al., 2014; Turturro et al., 2013). For 

example, West and colleagues developed protease-sensitive poly(ethylene glycol) (PEG) 

hydrogels with selected moduli for blood vessel formation from human umbilical vein 

endothelial cells (Moon et al., 2010). The Putnam group engineered another PEG-based 

hydrogel with MMP-sensitive crosslinkers for capillary morphogenesis from encapsulated 

ECs (Beamish et al., 2019). Together, these studies have revealed that, with a suitable 

stiffness, the robust in vitro vascular bed could be engineered in the synthetic elastic 

hydrogels. However, independent of matrix stiffness, recent studies have implicated that 

viscoelasticity can guide cellular behaviors in hydrogels (Brown et al., 2018; Chang and 

Chaudhuri, 2019; Lewis et al., 2019; Lou et al., 2018; Nam et al., 2019; Wang and 

Heilshorn, 2015). Unlike elastic hydrogels, covalently cross-linked viscoelastic hydrogel 

networks formed with reversible physical interactions or dynamic covalent bonds (de Greef 

and Meijer, 2008; Wei et al., 2017; Wei et al., 2014; Wojtecki et al., 2011) are able to 

reconstitute in response to external deformation in a process known as stress relaxation 

(Carreau, 1972; Matsuoka, 1992). The stress relax performance of these hydrogels has been 

found consistent with soft tissues and naturally derived extracellular matrix, and thus can be 

used to better mimic the mechanics of native microenvironments of cells (Chaudhuri et al., 

2016; Geerligs et al., 2008; Levental et al., 2007; Liu and Bilston, 2000; McDonald et al., 

2009). These dynamic hydrogel networks are able to be remodeled and rearranged in 

response to the traction forces imposed by the encapsulated cells during culture, allowing the 

cells to respond in physiologically relevant modes (Huebsch et al., 2010; Swift et al., 2013; 

Trappmann et al., 2012).

A plethora of strategies have been developed to synthesize hydrogels with stress relaxing 

behaviors to track the cell behavior and fate including spreading, proliferation, and 

differentiation of mesenchymal stem cells (MSCs) (Brown et al., 2018; Chaudhuri et al., 

2016; Tang et al., 2018), fibroblasts (Chaudhuri et al., 2015), myoblasts (McKinnon et al., 

2014), and neural progenitor cells (Madl et al., 2017), as well as the motility and mode of 

migration of cancer cells (Lewis et al., 2019; Lewis et al., 2017). Nonetheless, studies of 

how hydrogel network dynamics regulate the assembly of a tissue are scarce. Moreover, 

while the regulation of the transcriptional regulator YAP (Yes-associated protein) has been 

documented (Dupont et al., 2011), little is known about the underlying signaling pathways 

that mediate this mechanosensing process of cellular interactions with hydrogel networks 

throughout tissue formation.

Here, we hypothesize that dynamic hydrogel networks activate a distinctive 

mechanosensing-matrix remodeling mechanism that allows vascular tissue assembly. To 

investigate this, we engineered a viscoelastic hydrogel system by dynamic covalent cross-

links that permits vascular tissue assembly, enabling us to determine the role of dynamic 

networks and the underlying mechanism in regulating vascular tissue morphogenesis. We 

show that network dynamics enable integrin clustering via increased cell contractility 

leading to the recruitment of vinculin and the formation of large focal adhesions, thus 

allowing rapid network formation. Whilst non-dynamic matrices prevent the clustering of 

integrins and subsequently the initiation and progression of vascular bed formation. We 
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conclude that matrix dynamics are necessary for integrin clustering and activation 

highlighting the importance of inside-out signaling through integrin and vascular 

morphogenesis.

Results

Hydrogels with dynamic and non-dynamic networks

To examine the role of matrix dynamics on tissue assembly, we designed hydrogels from 

gelatin and dextran, two essential biopolymers commonly used for tissue engineering 

(Blatchley et al., 2015; Kang et al., 1999; Sun et al., 2010). Gelatin was selected as the main 

backbone of the hydrogel for its bio-functional cell adhesive motif and cell mediated MMP 

proteolytic degradable sites on its polymer chains, both required for vascular morphogenesis 

(Blatchley et al., 2019; Park and Gerecht, 2014; Wei and Gerecht, 2018). We utilized 

dynamic covalent bonds, imine and acylhydrazone, to generate the dynamic network 

hydrogel and static covalent bonds of methacrylates to form static, non-dynamic network 

hydrogels as control (Fig. 1a). For dynamic hydrogel network formation, the gelatin was 

first modified with adipic acid dihydrazide (ADH) to obtain the Gtn-ADH (Fig. S1a) and the 

dextran was oxidized to generate multi-aldehyde modified dextran (Dex-CHO) (Fig. 1a). 

The in situ formation of the dynamic hydrogel (D-hydrogel) is achieved by homogeneously 

mixing Gtn-ADH and Dex-CHO in phosphate-buffered saline (PBS, pH 7.4) under 

physiological conditions (37°C) with a fixed Gtn-ADH concentration of 5.0 wt%. The imine 

and acylhydrazone bonds were cross-linked by aldehyde groups on Dex-CHO with the 

original amino groups and modified acylhydrazide groups on Gtn-ADH, respectively. 

Known as dynamic covalent bonds, both imine and acylhydrazone have been used for 

preparation of numerous adaptable and self-healing hydrogels, which can perform intrinsic 

dynamic equilibrium of bond association and dissociation in polymer networks under 

physiological conditions (Wei et al., 2015; Wei et al., 2014). Moreover, the acylhydrazone 

bonds have been shown to be more stable than imine bonds (Wei et al., 2015), and thus can 

further accelerate the cross-linking efficiency and increase the stability of the dynamic 

hydrogel networks. Rheological analysis found that the cross-linking point of storage 

modulus (G’) and loss modulus (G”), which presents an estimate of gelation time, occurs 

much faster in Gtn-ADH than Gtn with the higher final G’ (Fig. S1d, e). These data were in 

concordance with the gelation kinetics observed by phase transition (Fig. S1f), 

demonstrating that the acylhydrazone bonds induce rapid network formation and enhance 

the stability of the hydrogels. For the non-dynamic hydrogel (N-hydrogel), methacrylate 

(MA) modified gelatin (Gtn-MA) (Fig. S1b) and glycidyl MA modified (Dex-GMA) (Fig. 

S1c) were conventionally cross-linked by UV polymerization in PBS (pH 7.4) to form static 

covalent hydrogel networks (Fig. 1a). Importantly, the concentrations of the backbones of 

both hydrogels were kept identical and constant throughout experiments.

We next fabricated D-hydrogels and N-hydrogels with similar initial elastic moduli by 

adjusting the cross-linker concentration of Dex-CHO (for D-hydrogel) and UV cross-linking 

time (for N-hydrogel) respectively (stiff or soft; Fig. 1b). To evaluate the rate of stress 

relaxation profiles of these hydrogels, a constant initial strain was applied in rheological 

time sweep tests. The resultant relaxation curves were obtained after normalizing the relaxed 
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stresses to the initial stresses (Fig. 1c). The corresponding relaxation rate was quantified as 

time of the initial stress to half its original value (Τ1/2). We found that the stress relaxation 

rates decrease with increasing stiffness of D-hydrogels (Fig. 1d; Fig. S1g–h). In N-hydrogels 

the relaxation rates are much slower than the D-hydrogels, in both soft and stiff conditions, 

due to their non-dynamic covalent cross-links. Finally, we immersed the soft D-hydrogels 

and N-hydrogels in culture media and incubated at 37°C for three days to assess whether 

their viscoelasticity would be influenced or changed by swelling. As seen in Fig. 1e, there 

was no significant difference in the G’ of both D- and N-hydrogels after 3 days of incubation 

in media. However, the stress relaxation rates of D-hydrogels decreased with swelling time, 

(Fig. 1f–g). Nonetheless, the Τ1/2 of D-hydrogels were still significantly shorter than the 

corresponding N-hydrogels on days 2 and 3, (Fig. 1g), thus providing us a platform to 

investigate the role of hydrogel network dynamics during vascular morphogenesis.

Hydrogels with dynamic networks promote rapid vascular morphogenesis

Vascular morphogenesis in hydrogels initiates when encapsulated endothelial cells (ECs) 

engage integrins to interact with the matrix, followed by formation of void spaces termed 

vacuoles that then coalesce intercellularly and intracellularly to form a lumen (Bayless et al., 

2000; Crosby and Zoldan, 2019; Davis and Bayless, 2003; Davis and Camarillo, 1996; 

Hanjaya-Putra et al., 2011). Sprouting and branching, concurrent with matrix degradation 

and remodeling, conclude in the formation of a perfusable, nascent vasculature (Davis and 

Bayless, 2003; Davis and Camarillo, 1996) (Fig. 2a).

Toward generation of vascular bed, we encapsulated human endothelial colony forming cells 

(ECFCs) in the D-hydrogel and N-hydrogel and examined the kinetics of morphogenesis. 

Encapsulating ECFCs in the stiffer hydrogels (~600Pa) caused slow progression of vascular 

morphogenesis (Fig. S2a), corroborating previous works using a variety of hydrogels 

(Bordeleau et al., 2017; Brown et al., 2020; Hanjaya-Putra et al., 2011; McCoy et al., 2016; 

Park and Gerecht, 2014; Zheng et al., 2012). Using softer hydrogels (~200Pa), vacuoles 

could be observed forming in both hydrogels within 4–8 hrs of encapsulation. Interestingly, 

sprouting and branching were observed in the D-hydrogels on day 1, expanding by day 2 

and forming complex vascular bed by day 3 of culture. In contrast, sprouting and branching 

events were observed in the N-hydrogels only on day 2 following encapsulation and 

expanding by day 3 (Fig. 2b). We then examined whether the difference in phenotype may 

be due to different diffusion rates of nutrients and cytokines/growth factors in the two 

hydrogels. Using Rhodamine B dye, we first confirmed that there is no significant difference 

in diffusion rates between D- and N-hydrogels (Fig. S2b), demonstrating similar transport 

properties of the hydrogel networks. To further eliminate the possible concerns of diffusion, 

both hydrogels were directly prepared with the EGM-2 media. Here too, the ECFCs in D-

hydrogels still experienced faster morphogenesis from day 1 to day 3 when compared with 

N-hydrogels (Fig. S2c).

While multiple studies have demonstrated the safety and cell-based formation of vasculature 

by UV cross-linked hydrogels (Beamish et al., 2019; Chen et al., 2012; Moon et al., 2010), 

we carefully examined and compared the cytotoxicity of D-hydrogels and N-hydrogels to 

eliminate the possible impact on ECFCs. No significant change in cell viability was 
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observed in samples treated with various gelation precursors of D- and N-hydrogels and UV 

irradiation, when compared with PBS controls (Fig. S2d). Moreover, Live/Dead staining of 

ECFCs encapsulated in the D-hydrogel and N-hydrogel for 12 hrs further showed 

comparable cytocompatibility (78.21% vs. 84.83% respectively, Fig. S2e). Finally, ECFC 

morphogenesis was found to progress along the 3 days in culture when encapsulated in D-

hydrogels with additional Irgacure 2959 and UV irradiation (Fig. S2f).

Examination of vacuole formation in both hydrogels found no significant differences (Fig. 

S3a,b). Previous works have demonstrated that lumen formation is mediated through 

activation of the Rho GTPase Cdc42 within 4–24 hrs which is modulated with matrix 

stiffness (Hanjaya-Putra et al., 2010; Kim et al., 2014). When examining Cdc42 expression, 

no significant difference was found between the two hydrogels up to 24 hrs (Fig. S3c), 

suggesting that hydrogel network dynamics do not regulate early stages of vacuole and 

lumen formation. As vascular morphogenesis progresses with decreasing hydrogel stiffness 

(Hanjaya-Putra et al., 2011; Shen et al., 2014), we next examined changes in stiffness and 

stress relaxation along the progression of vasculogenesis. We found that the stiffness of both 

hydrogels decreased along the culture period, with D-hydrogels becoming significantly 

softer than N-hydrogels on days 2 and 3 of culture (Fig. 2c), suggesting that the dynamic 

networks are being degraded as vascular morphogenesis is progressing. Stress relaxation 

behaviors of both the D-hydrogels and N-hydrogels were not influenced by the encapsulated 

cells and were consistent with the results of acellular hydrogel incubation in media during 

the duration of the experiment (Fig. 2d). Finally, we compared the characteristics of the 

vascular bed formed at the end of the morphogenesis. We found that the dynamic networks 

enable longer and thicker vessels (tube length and tube volume) as well as the formation of 

open lumens compared with non-dynamic matrix (Fig. 2e–i). In addition, we found no 

significant differences in vasculature characteristics between day 3 and 5 of culture 

following ECFCs encapsulation in D- and N-hydrogels (Fig. S3d,e). Thus, hereafter we 

focus our analysis on culture periods up to 3 days.

Hydrogels with dynamic networks promote focal adhesion formation and integrin 
clustering

As no difference was found in the kinetics of vacuoles, we next explored the role of 

hydrogel networks on cell sprouting and branching, a critical step in the formation of 

cohesive tissue structures. We hypothesized that the relaxed stress of dynamic networks 

allows integrins to better engage with hydrogel adhesion motives, such as RGD. The larger 

network dynamic and stress relaxation of the D-hydrogels further allows efficient formation 

of initial focal adhesions (FA) and cell contraction leading to the formation of larger integrin 

clusters. This in turn leads to an increase in integrin signaling and cell contraction and 

allows cells to deform and remodel the hydrogel networks, thereby enabling efficient 

sprouting and branching.

To investigate the physical interactions between ECFCs and polymer networks of D-

hydrogels or N-hydrogels, 3D traction force microscopy was performed (Legant et al., 2010; 

Yoon et al., 2019). The fluorescent beads were encapsulated with ECFCs in both D-hydrogel 

and N-hydrogels, and the displacement and speed of the beads with respect to cells was 
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analyzed, thus measuring forces applied by ECFCs to the surrounding hydrogel networks. 

We found that the ECFCs encapsulated in the D-hydrogel deformed the polymer networks 

more than in the N-hydrogels as indicated by the significantly longer track displacement and 

higher speed of bead movements during the time lapse (Fig. 3a). To further understand the 

underlying changes of the differences in traction force, we analyzed phosphorylated myosin 

light chain (pMLC). We found that cells embedded in D-hydrogels show protrusions and 

filopodia development within 12 h of culture, with pMLC strongly colocalized to actin (Fig. 

3b). However, cells embedded in N-hydrogels didn’t show any formation of filopodia nor the 

development of protrusions and localization of the cells after 12–24 hrs of culture, indicating 

no ability to migrate within the gel (Fig. 3b, Fig S4a). Additionally, pMLC is mostly 

localized to the nucleus of the cells embedded in N-gels after 12 hrs of culture with no 

changes in total pMLC levels in D- and N-hydrogels (Fig. 3b, c). Nuclear localization was 

not changed after 24 hrs of culture, however the overall amount of pMLC was significantly 

reduced in cells embedded in N-hydrogels after 24 hrs of culture (Fig.3d). Overall, these 

results indicate a strong contribution of matrix dynamic in regulation of cell-ECM contacts 

and cell sprouting.

Focal adhesions are complex structures that localize to sites of cell-matrix interaction 

through which integrins and scaffold proteins link the actin cytoskeleton to the extracellular 

matrix (Humphries et al., 2007; Sun et al., 2016). Focal adhesions usually form at filopodia 

sites and protrusions functioning as adherence points during cell migration. Therefore, we 

investigated the interaction of integrins with the hydrogel network and whether decrease in 

traction force has an effect on integrin clustering and FA formation. We found a strong 

increase in integrin β1 levels and clustering after 24 hrs in culture and significant 

upregulation of integrin β1 and integrin αV mRNA expression in the D-hydrogels, 

compared to N-hydrogels (Fig. 3e–g). These results suggest that the dynamic hydrogel 

networks allow for easier deformation and strong traction forces, which pull on the matrix to 

a greater extent, facilitating the interaction of integrins with the hydrogel networks followed 

by integrin clustering.

This clustering of integrin β1 ultimately leads to the recruitment of vinculin (del Rio et al., 

2009; Ziegler et al., 2008) and the formation of stable FAs (Fig. 3h, i). The formation of FA 

in ECFC encapsulated D-hydrogels leads to a remodeling of the cytoskeleton and changes in 

cell morphology, allowing the ECFCs to spread and initiate sprouting. While ECFCs 

encapsulated in the N-hydrogel are still capable of vacuole formation, their weak interaction 

with the matrix and the absence of stable FA results in a static state of ECFCs with no 

spreading and sprouting (Fig. 3j).

Further analysis of the N- hydrogels and whether there is a delay in timing of vasculogenesis 

showed that there is moderate increase in integrin β1 expression as well as an increase in 

filopodia and microspikes after 3 days of culture indicating a delay in integrin clustering 

(Fig S4b–d), FA formation (Fig S4e) and subsequentially vascular bed progression (Fig. 

S4f). Nonetheless, the initial delay doesn’t allow the cells to “catch up” with robust vascular 

bed development even after 5 days of culture (see Fig. S3d,e).
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Hydrogel network relaxation is necessary for contraction-mediated integrin clustering and 
subsequent vessel formation

Whether integrin clustering triggers outside-in signaling to facilitate integrin activation or 

whether clustering occurs after initial activation is still debated. However, certain studies 

point towards initial integrin FAK activation in an early phase followed by contractility 

mediated integrin clustering resulting in full FA formation and signaling (Yu et al., 2011).

To further analyze the effect of hydrogel network dynamics on the initiation and progression 

of vasculogenesis via contractility mediated integrin clustering, we investigated whether 

inhibition of cell contractility using blebbistatin has a similar effect on integrin clustering as 

observed in N-hydrogels. As we described above, N-hydrogels do not allow for cell 

contractility therefore inhibiting the aggregation of distant integrin clusters and stable FA 

formation (see Fig. 4b). To further investigate this phenomena, we treated ECFCs embedded 

into D-hydrogels with blebbistatin, a known inhibitor of the myosin-II’s ATPase and cell 

contractility (Kovacs et al., 2004). Inhibition of cell contraction did not impact integrin 

intensity and number but led to a significant decrease in integrin cluster size and area 

covered (Fig. 4a, b). These indicate that cell contractility does not regulate initial integrin-

RGD binding rather the aggregation and formation of larger integrin clusters. Inhibition of 

integrin aggregation also led to a decrease in cellular protrusions and filopodia, which is 

ultimately needed for active cell sprouting and vessel formation (Fig. 4c). Subsequently the 

formation of the vascular bed was inhibited as shown by shorter tube length and reduced 

vessel volume in cells treated with blebbistatin for 3 days in D-hydrogels (Fig. 4d).

We conclude that after initial formation of small FAs, cell contractility via pMLC mediated 

actin contraction promotes integrin clustering, the recruitment of vinculin followed by the 

activation of downstream signaling events thus promoting downstream signaling and 

vascular morphogenesis. The non-dynamic matrix however, prevents myosin mediated 

integrin clustering and therefore does not allow for efficient sprouting and vessel formation. 

Moreover, matrix rigidity seems to have a significant effect on pMLC localization and 

translocation to the nucleus as shown in Fig. 3. This effect can’t be overcome by cells even 

after several days in culture.

Dynamic networks lead to the activation of FAK, the upregulation of MMP expression, and 
new ECM deposition

Previous publications suggest that integrin clustering and activation occurs in several phases, 

via regulatory signals that originate within the cell cytoplasm and are then transmitted to the 

external ligand-binding domain of the receptor (Yu et al. 2011). These “inside-out” signals 

begin with initial integrin binding to RGD sites leads to the recruitment of paxillin and focal 

adhesion kinase (FAK) in a mechanical force independent manner (Yu et al. 2011) 

Recruitment of FAK to the FAs leads to its phosphorylation and its consequent activation 

(Ren et al., 2000; Shi and Boettiger, 2003; Wang and McNiven, 2012). This process is 

followed by actin polymerization and myosin activation leading to the aggregation of distant 

integrin clusters and outward translocation (Yu et al., 2011). This process then leads to the 

recruitment of vinculin and the formation of large stable FAs, resulting in higher cell 

motility necessary for EC migration during angiogenesis (Hosseini et al., 2019; Pedrosa et 
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al., 2019). Due to the observed cell contractility mediated integrin clustering and subsequent 

formation of FAs in the D-hydrogels, we sought to investigate whether FAK is activated in 

our system and whether it directly contributes to integrin clustering. We found that after 24 

hrs post encapsulation, ECFCs cultured in D-hydrogels show significantly higher levels of 

phosphorylated FAK compared with ECFCs embedded in N-hydrogels (Fig. 5a). However, 

although ECFCs interact more vigorously with the surrounding matrix in the D-hydrogels 

through a stronger formation of FAs and activation of FAK, the Yes Associated Protein 

(YAP) (Fig. S5a) was not localized into the nucleus as previously shown (Tang et al., 2018). 

This might be contributed to the relatively low stiffness of D- and N-hydrogels (~200 Pa) 

used for ECFC culture. Taken together these findings suggest that dynamic hydrogel 

networks can support the formation of FAs and FAK phosphorylation in encapsulated 

ECFCs.

Further, matrix remodeling and degradation is an important step towards the initiation of 

vasculogenesis, allowing ECs to invade and vascularize tissues (Davis and Senger, 2005; 

Iruela-Arispe and Davis, 2009). Specifically, membrane type 1 (MT1)-MMP, MMP1 and 

MMP9 play major roles in the degradation of the extracellular matrix during angiogenesis 

(Hanjaya-Putra et al., 2011; Park and Gerecht, 2014). Therefore, we analyzed whether 

dynamic networks can promote the expression of MMPs in ECFCs. For this, ECFCs were 

encapsulated in D- and N-hydrogels and cultured for 24 hrs, before the mRNA expression 

levels were analyzed by qRT-PCR. A significant increase in the expression of MT1-MMP, 

MMP1 and MMP9 was found in ECFCs encapsulated in D-hydrogels, compared to cells 

embedded in N-hydrogels (Fig. 5b,c). To further confirm that the ECFC morphogenesis 

within the D-hydrogels is MMP-dependent, we inhibited MMPs activities using a broad-

spectrum inhibitor of MMPs, GM6001 (Blatchley et al., 2019; Hanjaya-Putra et al., 2011). 

The tubulogenesis of ECFCs in D-hydrogels was inhibited in the presence of GM6001 (0.1 

mM) when compared with the controls (Fig. 5d). As we found that the D- hydrogels do not 

significantly degrade along the culture period in the absence of cells (see Fig 1e above), we 

examined matrix stiffness following ECFC encapsulation. We found that the D-hydrogels 

are softer on day 3 of culture (Fig. 5e). When supplementing with MMP inhibitor, GM6001, 

in the culture media, day 3 hydrogels were found to be significantly stiffer compared with 

those without MMP inhibitor, further supporting the conclusion that the vascular bed 

formation in the D-hydrogels is cell-mediated matrix degradation.

As deposition of ECM may contribute to the progression of vascular morphogenesis (Chen 

et al., 2019; Marchand et al., 2019) we examined expression of collagen IV and laminin, the 

two major components of the basement membrane deposited by ECs. We found a significant 

increase of collagen IV and laminin expression in both D- and N-hydrogels along with the 

culture period (Fig 5f). Interestingly, on day 1 following ECFC encapsulation, the 

expressions of collagen IV and laminin in D-hydrogels were similar to their expression in 

the N-hydrogels, while significantly higher in D-hydrogels on day 3. We further found 

localization of collagen IV in the basement membrane of vessels in D-hydrogel in addition 

to the formation of large expended inner lumen, both which could not be observed in the N-

hydrogels (Fig 5g; Fig. S5b).
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These results indicate that the timeline of ECM deposition is longer than the observed 

phenotype differences occurring at the onset of vasculogenesis. These results further 

demonstrate that D-hydrogels promote better cell-material interactions, resulting in further 

remodeling of the matrix that is less prominent in the N-hydrogels.

Collectively, the findings above suggest that the dynamic hydrogel environment facilitates 

matrix remodeling and degradation, allowing the cells to invade their surroundings and build 

up vascular tissues.

Activation of FAK regulates integrin clustering, cell contractility, and the subsequent 
formation of vascular bed

To further delineate the role of FAK signaling and its contribution to integrin clustering and 

vasculogenesis in D-hydrogels an inhibition study was performed, where FAK 

phosphorylation was inhibited using the FAK inhibitor FI 14 (Damayanti et al., 2017). 

ECFCs were embedded in D-hydrogels and subsequently treated with FI 14. The inhibitor-

treated constructs showed significant reduction in sprouting (Fig. 6a, b; Fig. S5c,d). Further, 

analysis of the vasculature revealed that constructs treated with inhibitor had significant 

reduction in their ability to form vascular bed, as shown by a decrease in tube length and 

volume (Fig. 6c, d). These findings demonstrate that FAK is not involved in the formation of 

vacuoles and lumen, however, its activity is key for the progression of vasculogenesis, 

promoting cell sprouting and subsequent building of vascular tubes and networks.

To determine the contribution of FAK activity to FA formation and stability we analyzed the 

expression levels of Integrin β1 and Integrin αV mRNA levels in inhibitor treated cells. We 

found that inhibition of FAK significantly decreases integrin expression, therefore inhibiting 

the formation of FAs and the progression of vasculogenesis (Fig. 6e). To further analyze the 

contribution of FAK to integrin clustering, we analyzed the levels and localization of pMLC 

in D-hydrogels treated with FAK inhibitor for 24 hrs. We found that FAK inhibition doesn’t 

promote localization of pMLC to the nucleus as observed in the N-hydrogel, however FAK 

inhibition subsequently reduces the phosphorylation of MLC and therefore negatively 

influences cell contractility and integrin clustering (Fig. 6f).

To further address the function of FAK on cell sprouting and vasculogenesis, we stained the 

inhibitor treated ECFCs for MT1-MMP expression after 24 hrs in culture. ECFCs treated 

with FI 14 exhibit significantly lower expression at protein and mRNA levels (Fig. 6g, h). 

Further analysis of MMP expression showed significant reduction of MMP1 and MMP9 

mRNA levels in cells treated with FI 14, compared to untreated controls (Fig. 6h).

Taken together these findings support the hypothesis that FAK is important to maintain and 

mediate FA stability. Additionally, FAK activation promotes integrin clustering via 

promotion of MLC phosphorylation and mediation of integrin expression. Further, FAK 

participates in integrin mediated downstream signaling leading to the upregulation of various 

MMPs thereby enabling cell sprouting, branching and cell migration necessary for vascular 

morphogenesis.

Wei et al. Page 10

Cell Stem Cell. Author manuscript; available in PMC 2021 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In vivo vasculogenic and angiogenic effects of dynamic networks

To determine how dynamic networks impact vascular formation in vivo, we examined both 

vasculogenesis and angiogenesis. For vasculogenesis, pre-prepared GFP-ECFCs-loaded D-

hydrogels and N-hydrogels (100 µL for each) were directly implanted subcutaneously in 

immunodeficient mice (nu/nu mice). Confocal images of GFP-ECFCs in the extracted 

hydrogel constructs revealed that on both day 3 and day 5, higher cell density with more 

sprouting and branching cells are present in D-hydrogels compared with N-hydrogels, 

consistent with our in vitro results (Fig. 7a). Low magnification images of histological 

sections stained for CD31 show that the volume of D-hydrogels are smaller than N-

hydrogels on day 3 and day 5, suggesting that D-hydrogels degraded faster than N-hydrogels 

(Fig. S6abi, i’). High magnification images of those histological sections show numerous 

CD31+ cells distributed throughout the D-hydrogel on both day 3 and day 5. In contrast, 

there were fewer CD31+ cells present in the N-hydrogel constructs (Fig. S6abii, ii’). 

Moreover, the CD31 positive endothelial lining of microvessels can be observed in both D-

hydrogel and N-hydrogel constructs (Fig. S9abiii, iii’). Quantification of the density of these 

CD31+ microvessels revealed more vessels in D-hydrogels compared with N-hydrogels (Fig. 

S6c). Importantly, on day 7 of transplantation longer sprouts and tubes could be observed 

(Fig 7a). To further confirm the pathways we identified in vitro, we first analyzed pFAK 

expression in implanted ECFC-loaded D- and N-hydrogels. We found significant increases 

in FAK activation as indicated by overall intensity of pFAK (Fig 7b). Furthermore, we 

observed enhanced β1-integrin clustering in D-hydrogels in vivo compared to N-hydrogels 

(Fig 7c). Quantification of pFAK intensity and β1-integrin cluster size confirmed significant 

increases in D-hydrogels (Fig 7d).

We next examined how hydrogel network dynamics modulate host angiogenesis into the 

hydrogelin immunocompetent mice (C57BL/6 mice). For this, we transplanted acellular 

hydrogels with SDF-1α. We chose to use acellular gels to be able to isolate the impact of 

hydrogel network dynamics on angiogenesis.

As SDF-1 α is secreted following injury to recruit vasculature (Petit et al., 2007; Yamaguchi 

et al., 2003) we sought to mimic this and examine whether the hydrogel properties, 

independently of the chemotactic signaling, modulate angiogenic response from the host. 

After 3 days we could observe cellular infiltration into the D-hydrogel with perfused 

vasculature at the edge of the hydrogel while very little cells could be observed penetrating 

the N-hydrogel (Fig 7e; Fig S7a). To further demonstrate functionality of the infiltrating 

vessels, Evan’s blue dye was injected intravenously prior to explanation of acellular gels on 

day 3. In situ confocal imaging shows perfused vessels, stained with lectin, within the D-

hydrogel (Fig 7c, Fig S7b,c). Overall, these results suggest that the dynamic networks 

facilitate rapid vasculogenesis in vivo, as well as host angiogenesis and circulation further 

extending the observation to applications of vascular regeneration.
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Discussion

Defining the mechanism for fast vasculogenesis driven by dynamic hydrogel networks

Studies have begun to explore the role of dynamics of hydrogels during cell differentiation 

and migration. However, assembly of a tissue requires a coordinated sequence of events to 

occur in a temporal and spatial manner in neighboring cells. Specifically, in vascular 

morphogenesis, endothelial cells undergo vacuolization followed by synchronized sprouting 

and branching events, forming complex bed of tubular structures (Bayless et al., 2000; 

Crosby and Zoldan, 2019; Davis and Bayless, 2003; Davis and Camarillo, 1996; Davis and 

Senger, 2005; Iruela-Arispe and Davis, 2009). This process initiates with rapid matrix-

integrin binding and proceeds with matrix degradation. To identify and understand the role 

of stress relaxation in this process, a tailored hydrogel system was required that not only 

decouples hydrogel network dynamics from other physical properties, mainly stiffness, but 

allows the process of tissue assembly to progress. By using our gelatin/dextran-based D-

hydrogel and N-hydrogel systems, we show that the stress relaxation of dynamic hydrogel 

networks, independent of stiffness, promote the interaction of cell surface integrin with the 

RGD sites of the matrix. The initial integrin–RGD interactions then lead to the recruitment 

of FAK and other adaptor proteins such as talin (del Rio et al., 2009; Tadokoro et al., 2003) 

and paxillin (Brown et al., 1996; Mofrad et al., 2004) in a non-stiffness and mechano-

sensitive manner. Following this first step of FA formation, pMLC localization to the actin 

cytoskeleton and actin contraction then leads to the aggregation of distant integrin clusters 

and the formation of larger FAs with recruitment of vinculin and further FAK activation. 

Activated FAK then further contributes to the phosphorylation of MLC and integrin 

expression, therefore supporting the formation of larger integrin clusters. Thus, FAK is a key 

mediator in integrin clustering, stable FA formation and downstream signaling necessary for 

cell migration and vessel formation.

FAK mediated downstream signaling leads to an increase in MT1-MMP, MMP9 and MMP1 

expression, which leads to the degradation and subsequent remodeling of the matrix, 

allowing the cells to sprout, branch, and ultimately form expansive vascular bed (Fig. 7g). 

Matrix network dynamics is hereby a key mediator of vascular tissue assembly. A non-

dynamic matrix prevents contraction-mediated integrin clustering leading to the abrogation 

of cell signaling, which ultimately leads to the inhibition of vascular morphogenesis.

Vascularization is a key process that enable engineering of tissues, either healthy or 

cancerous. The implications of these results serve not only towards understanding how 

hydrogel network dynamics influence vascular morphogenesis, but as a framework for 

designing hydrogel biomaterials that can be applied to studying complex tissue assembly 

and morphogenesis, and towards range of therapeutics.

Limitations of the Study

Cell mediated remodeling of the matrix is an essential process during vascular 

morphogenesis, thus altering the mechanical properties of the hydrogel system. As a result, 

our investigations are limited to short term studies in which we can study the direct effect of 

matrix dynamics on the initiation of vasculogenesis. In vitro, by day 3 of culture we 
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observed cell-mediated degradation and new basement membrane deposition. In vivo, by 

day 3 we show rapid invasion of vessel into the cell free hydrogels as well as the formation 

of microvessels in the cell laden gels. Due to the fast degradation of the dynamic hydrogel 

by cells, the in vivo studies were limited to up to 7 days.

STAR METHODS

Resource Availability

Lead Contact—Further information and requests for resources should be directed to and 

will be fulfilled by the Lead Contact, Sharon Gerecht (Gerecht@jhu.edu).

Materials availability—This study did not generate new unique reagents.

Data and Code Availability—This study did not generate/analyze datasets/code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

GFP-ECFCs cell lines—Primary human endothelial colony forming cells (ECFCs) were 

a gift from M.Yoder (Indiana University) and GFP-expressing primary human ECFCs (GFP-

ECFCs) were generated and provided by K.Eisinger (University of Pennsylvania), following 

previously described protocol (Eisinger-Mathason et al., 2013)). Cells were maintained as 

previously described (Blatchley et al., 2019). In brief, cells were cultured on collagen type I 

(BD Biosciences) coated dishes in endothelial growth media (EGM 2, Lonza) media 

containing 10% FBS (Hyclone) and VEGF (R&D Systems) with media changes every other 

day. When cells reached confluency they were incubated with 0.5% Trypsin/EDTA solution 

(ThermoFisher Scientific) until fully detached. Cells were collected in culture medium, 

centrifuged and either embedded into hydrogels for further experiments or expanded on 

colIagen type I culture flasks. For all experiments cells were used between passages 6–9.

In vivo studies—The 7–8 weeks old female nude mice (Charles River) and 6–8 week old 

C57BL/6 male mice (The Jackson Laboratory) were used for the in vivo studies. Mice were 

kept under specific pathogen-free conditions in the medical school of Johns Hopkins 

University, Division of Animal Resources. They were housed with a maximum of 5 mice per 

cage prior to the experiments. Mice were randomly grouped for subsequent subcutaneous 

experiments. All animal procedures complied with the NIH Guidelines for the Care and Use 

of Laboratory Animals and were approved by the Institutional Animal Care and Use 

Committee.

METHOD DETAILS

Synthesis of Gtn-ADH and Dex-CHO—Gtn-ADH was synthesized as in previous 

protocol with modifications (Hozumi et al., 2018). 1.0 g of gelatin (Type A; Sigma-Aldrich) 

was dissolved in 40 mL of PBS (pH 5.5), and added with 1.74 g, 10 mmol of Adipic acid 

dihydrazide (ADH;> 98.0%; Sigma-Aldrich) at 50°C with stirring. Next, 0.77 g, 5.7 mmol 

of 1-Hydroxybenzotriazole hydrate (HOBt;≥ 97.0%; Adipic acid dihydrazide) dissolved in 5 

mL of DMSO (Sigma-Aldrich) was added to the mixture. Then 0.77 g, 4.0 mmol of N-(3-

Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC; Sigma-Aldrich) 
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(Crystalline) was directly added to the mixture, and the pH was adjusted to 5.0–5.3 by using 

1 M of NaOH. The mixture was stirred overnight at 50°C and the solution became bright 

yellow. The product was purified by dialysis (MWCO 8000) against distilled water for a 

week with the water changed every day, followed by lyophilization to obtain Gtn-ADH. The 

new proton peaks, at 1.7 ppm and 2.5 ppm, indicated the coupling of ADH on the gelatin 

chains from the 1H NMR spectra (Fig. S1a), which was recorded in D2O on a 400 MHz 

Spectrometer (Bruker Avance). The degree of modification was evaluated by trinitrobenzene 

sulfonic acid (TNBS, 5.0% w/v) assay described previously (Freedman and Radda, 1968). 

This assay indicates that 32.7% of carboxy groups were substituted with hydrazide groups 

under the reacted conditions in this study. Dex-CHO was synthesized as reported previously 

with a slight modification (Wei and Gerecht, 2018). In brief, 1.0 g, 6.2 mmol of dextran (Mn 

= 110,000; Sigma-Aldrich) was dissolved in 100 mL of distilled water, and then sodium 

periodate (> 99.0%; Sigma-Aldrich) (1.0 g, 4.6 mmol) in 1 mL of distilled water was added 

dropwise. The solution was stirred in the dark for 20 min. The oxidation reaction was 

terminated by adding 1.0 mL ethylene glycol and stirring for an additional 30 min. The 

mixture was then dialyzed (MWCO 3500) against distilled water for a week with the water 

changed every day, followed by lyophilization to obtain Dex-CHO. The oxidation 

percentage of Dex-CHO was ~22.8%, which was determined by quantifying the number of 

aldehyde groups in the polymer using tert-butylcarbazate (t-BC, > 98.0%; Sigma-Aldrich) as 

described previously (Maia et al., 2005). The aldehyde groups of Dex-CHO reacted with 

carbazates of t-BC (excess amount) to form carbazones, subsequently the unreacted t-BC 

was quantified by adding TNBS. The resulting colored trinitrophenyl-derivative was 

measured at 334 nm using a spectrophotometer.

Synthesis of Gtn-MA and Dex-MA—The Gtn-MA was synthesized using the 

approaches previously described, with slight modification (Zhao et al., 2016). In brief, 1.0 g 

of gelatin was dissolved in 100 mL of PBS (pH 7.4) at 60°C, and 8.0 mL of methacrylic 

anhydride (94.0%; Sigma-Aldrich) was added in the solution, stirring for 3 hrs at 50°C. The 

product was finally dialyzed at 40°C (MWCO 8000) against distilled water for a week with 

the water changed every day, followed by lyophilization to obtain Gtn-MA. The degree of 

methacrylation was determined as 78.1% from 1H NMR spectra by integrating peaks at 7.3 

ppm and peaks at 5.4 ppm and 5.7 ppm, which were corresponded to the aromatic residues 

of gelatin and methacrylamides, respectively (Fig. S1c). 1H NMR spectra were recorded in 

D2O on a 400 MHz Spectrometer. The synthesis of Dex-MA was conducted as previously 

reported (Liu et al., 2015). Briefly, 1.0 g, 6.2 mmol of dextran was dissolved in 40 mL of 

DMSO and then 0.19 g, 1.55 mmol of 4-dimethylaminopyridine (DMAP, ≥ 99.0% Sigma-

Aldrich) and 0.44 g, 3.1 mmol of glycidyl methacrylate (GMA, 97.0%; Sigma-Aldrich) were 

added to the solution. The mixture was stirred at 50°C overnight and an equimolar amount 

of HCl was added to neutralize the DMAP. The product was purified by dialysis (MWCO 

8000) against distilled water for a week with the water changed every day, followed by 

lyophilization to obtain Dex-MA. The degree of substitution was calculated as 34.0% from 
1H NMR spectra by comparing the ratio of the areas under the proton peaks at 6.2 ppm and 

5.3 ppm to the peak at 4.8 ppm (Fig. S1c). 1H NMR spectra were recorded in D2O on a 400 

MHz Spectrometer.
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Preparation of the D-hydrogels and N-hydrogels—For the D-hydrogel formation, 

the Gtn-ADH and Dex-CHO were dissolved into PBS (pH 7.4) respectively. The solutions 

were mixed uniformly by pipette and then placed in 37°C water bath or incubator. The 

transparent D-hydrogel was formed after several minutes. The total weight concentration of 

Gtn-ADH was kept as a constant of 5 wt% and the final weight concentration of Dex-CHO 

was kept as 0.5 wt% (stiff gel) or 0.25 wt% (soft gel). For the N-hydrogel formation, the 

PBS (pH 7.4) of Gtn-MA, Dex-MA and the photoinitiator 2-hydroxy-4’-(2-

hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959; Sigma-Aldrich) were mixed 

uniformly by pipette. The N-hydrogel was obtained by UV polymerization of 50 s (stiff gel) 

or 20 s (soft gel). The concentration of initiator 2959 was kept at a constant of 0.5 wt%. The 

weight concentrations of the Gtn-MA and Dex-MA were kept identical with the 

corresponding D-hydrogels.

Rheological measurements—The mechanical properties of the hydrogels were tested 

by a rheometer (AR-G2, TA instruments) equipped with 25 mm or 8 mm parallel plate at 

37°C. In the gelation experiments of D-hydrogels, the hydrogel precursor solutions were 

mixed on the bottom plate in the instrument. The dynamic time sweeps were performed on 

the D-hydrogel samples in soft and stiff conditions respectively by using 25 mm plate. The 

G’ and G” were monitored at a fixed strain of 0.1% and a fixed frequency of 1 Hz. The G’ of 

the well-formed D-hydrogels and N-hydrogels were also tested on this rheometer, equipped 

with 8 mm parallel plates at 37°C. All the D-hydrogels and N-hydrogels with various 

conditions were prepared as discs measuring 8 mm in diameter. At a fixed strain of 0.1%, 

the frequency sweep was performed on the samples and the data was collected from the 

platform region. A solvent trap wetted with PBS was used to prevent sample dehydration 

during the measurements. Moreover, the G’ of D-hydrogel and N-hydrogel encapsulated 

with ECFCs were also tested, at different time points along with the increased culture time, 

by the same method. In addition, stress relaxation measurements of both D-hydrogel and N-

hydrogel were performed by time sweep tests at a constant initial strain of 10% and a fixed 

frequency of 1 Hz. The corresponding stress relaxation curves were then normalized to their 

initial value and fitted to a stretched exponential function as σ/σ0 = e−(t/Τk)β as previously 

reported (Fig. S3) (Brown et al., 2018), where σ/σ0 is the normalized stress, Τk is the fitted 

time constant and β (0 < β < 1) is the stretching exponent. The t is the experiment time and 

the fitting were performed in Matlab. The relaxation rate was quantified as the time for the 

initial stress to half of its original value as Τ1/2 throughout the paper.

Diffusion tests of D-hydrogels and N-hydrogels—The softer D-hydrogels and N-

hydrogels were immersed in the Rhodamine B (1.0 mg L−1 in PBS; Sigma-Aldrich) at 37°C, 

then taken out at selected time points and inserted into the vials. 1 mL collagenase IV 

(0.05%) was added to each hydrogel for proteolytic degradation. After 30 min by which time 

point the hydrogels were fully degraded, the absorbance of each sample was measure using a 

microplate reader at a wavelength of 554 nm. D- and N-hydrogels in collagenase IV solution 

were set as the controls/blanks.

Encapsulation of ECFCs in D-hydrogels and N-hydrogels—To encapsulate cells in 

D-hydrogel, the Gtn-ADH and Dex-CHO were dissolved into PBS (pH 7.4) respectively. 
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The cell pellet was mixed with the Dex-CHO solution and VEGF (R&D Systems; 50 ng mL
−1) and bFGF (R&D Systems; 50 ng mL−1) to obtain a cell suspension at a concentration of 

4×10 6 cell mL−1. The Gtn-ADH solution was then added to this cell mixture and pipetted 

homogeneously. The mixture of 90 µL totally was transferred into a PDMS mold with 8 mm 

diameters and placed into the incubator for 30 min of gelation, before adding 1 mL of 

EGM-2 (Lonza) with 10% FBS (Hyclone), VEGF (R&D Systems; 50 ng mL−1) and bFGF 

(R&D Systems; 50 ng mL−1) (Stratman et al., 2011). The media was replaced every 24 hrs. 

To encapsulate cells in N-hydrogel control, the cell pellet was mixed with the Gtn-MA, Dex-

MA and Irgacure 2959 uniformly mixed by pipette with PBS (pH 7.4) with VEGF (R&D 

Systems; 50 ng mL−1) and bFGF (R&D Systems; 50 ng mL−1) to obtain a cell suspension at 

a concentration of 4×10 6 cell mL−1, which was then transferred into the PDMS mold with 8 

mm diameters. The hydrogels were obtained by UV polymerization, then adding 1 mL of 

EGM-2 (Lonza) with 10% FBS (Hyclone) with VEGF (R&D Systems; 50 ng mL−1) and 

bFGF (R&D Systems; 50 ng mL−1) with replacement of every 24 hrs. The morphologies of 

the encapsulated ECFCs were observed and tracked by optical microscopy (phase-contrast) 

and confocal microscopy (LSM 780, Zeiss).

Cytocompatibility of D-hydrogel and N-hydrogel components—The cytotoxicity 

was investigated by WST-1 assay (Roche) according to the manufacturer’s instructions. In 

brief, 2×10 4 cells were cultured in 100 mL EGM-2 media (Lonza) with 10% FBS (Hyclone) 

in each well of 96-well plate and treated by Gtn-MA (5 wt%), Gtn-ADH (5 wt%), Dex-MA 

(0.5 wt%), Dex-CHO (0.5 wt%), Irgacure 2959 (0.5 wt%) and 50 s UV, respectively. PBS 

only, Gtn and Dex were set as controls. After 24 hrs incubation, 10 µL of WST-1 mixture 

was added to each well. After placing in an incubator for another 2 hrs, the absorbance of 

each sample was measured using a microplate reader at a wavelength of 450 nm. Cell 

viability was determined as the percentage of PBS controls.

Traction force microscopy—D-hydrogel and N-hydrogel precursor solutions were 

prepared as stated above. 1 µm FluoSpheres (ThermoFisher Scientific) that are carboxylated 

were rinsed with PBS 2 times and then mixed with the GFP-ECFC pellet prior to hydrogel 

formation. We have chosen 1µm beads as they are large enough to neglect Brownian 

displacements (Bloom et al., 2008). Using a confocal microscope (LSM 780, Zeiss) z-stacks 

of beads were taken in 1 min intervals for 20 min to observe bead movement, according to a 

previously established method (Bloom et al., 2008).

Fak-specific inhibition (FI 14), MMP inhibition (GM6001), and blebbistatin 
inhibition studies—For 2D screening of the FI 14 (FI-14, ≥ 95.0%; Sigma-Aldrich), the 

ECFCs were seeded into a 96-well plate at a cell density of 10000 cells/well in EGM-2 

media (Lonza) with 10% FBS (Hyclone). After 1 day of culture, 100 µL of EGM-2 media 

containing increased concentrations of FI 14 ranging from 0 to 10 µM were added per well 

and culture for additional 24 hrs following by staining for phospho-FAK 

(Tyr397;ThermoFisher Scientific) as described below. Biological triplicates were tested for 

each FI 14 concentrations. For inhibition studies, ECFCs were suspended in the hydrogel 

precursor as above with the addition of 10 µM of FI-14 (Sigma-Aldrich) or GM6001 (1 mg 

mL−1; Sigma-Aldrich), 60 µM Blebbistain (Sigma-Aldrich) or vehicle control (DMSO; 
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Sigma-Aldrich). The corresponding culture media also supplied with the corresponding 

inhibitor/vehicle control at the same concentration. Media was replenish every 24 h till 

analysis.

Vacuole visualization and quantification—Quantification of vacuoles and lumen 

formation in 4–8 hrs was performed using light microscopy as previously reported (Bayless 

et al., 2000). For each D-hydrogel and N-hydrogel condition, we analyzed biological 

triplicates with 2–3 images per replicate for vacuole and lumen formation. A cell was 

considered to be vacuolating if > 30% of the cell’s area contained a vacuole or lumen.

Immunofluorescence (IF)—The D-hydrogel or N-hydrogel constructs were fixed with 

2% paraformaldehyde (PFA; Sigma-Aldrich) for 20 min at room temperature, then washed 

three times with PBS with 10 min in between each wash. For staining, the encapsulated cells 

were permeabilized with a solution of 0.5% Triton-X (Sigma-Aldrich) for 20 min, followed 

by staining with primary antibody in antibody diluent solution (Life Technologies; 1:100) 

overnight at 4°C, then washed with PBS three times with 10 min in between each wash. 

Hydrogels were then incubated in a secondary antibody in antibody diluent solution (Life 

Technologies; 1:250) for 4 hours at room temperature and then washed with PBS three times 

with 10 min between each wash. Finally, the hydrogels were counterstained with DAPI 

(ThermoFisher Scientific; 1:1000) for 15 min at room temperature and then washed with 

PBS with 10 min in between each wash before analyzing using confocal microscopy. 

Primary antibodies of anti-Cdc42 (clone 11A1; Cell Signaling), anti-Integrin β1 (clone 

4Br7; Santa Cruz Biotechnology, anti-Vinculin (Sigma-Aldrich), anti-phospho-FAK 

(Tyr397; ThermoFisher Scientific), anti-MMP14 (clone EP1264Y; abcam), anti-YAP (clone 

H-125; Santa Cruz Biotechnology), anti ColIV (abcam), anti-pMLC (Cell Signaling) were 

diluted in antibody diluent as 1:100, according to the manufacturer’s protocol. Secondary 

antibodies of goat 488/546 (Invitrogen) or mouse 488/546 (Invitrogen) with 635 phalloidin 

(Invitrogen) were used at 1:250 in antibody diluent. Images were taken using fluorescence 

(AxioObserver Zeiss) or confocal (LSM 780 or LSM 800, Zeiss) microscopes. To image 

lumen, orthogonal views (z-stacks) where taken and merged to the corresponding plain 

views (x,y, stacks) in the figure. For IF-based quantification, the intensity of Cdc42, integrin 

β1 and p-FAK were normalized to the intensity of corresponding DAPI using ImageJ. 

Biological triplicates (10 cells per replicate, 30 cells total) in each condition were used for 

the analysis. The aspect ratio was also obtained by ImageJ from IF images of actin with 

biological triplicates (20 cells per replicate, 60 cells total). The analysis of FA and integrin 

cluster size, number and areas were performed by ImageJ as shown in previous publication 

(Humphries et al., 2007). Biological triplicates (10 cells per replicate, 30 cells totally) in 

each condition were used for this analysis. The quantification of vascular tube length and 

tube volume in D-hydrogel and N-hydrogel were analyzed using Imaris. Biological 

triplicates with 5–6 images per replicate were used for the analysis.

For nuclear protein quantification the images were analyzed using ImageJ software. The z 

stacks were analyzed using average intensity z-projections. DAPI staining was used to 

outline the nucleus and the nuclear pMLC signal intensity was normalized to overall pMLC 

intensity.
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Real-time RT-PCR—Quantitative real time RT-PCR was performed as described 

previously (Hanjaya-Putra et al., 2011; Park and Gerecht, 2014). In brief, total RNA was 

isolated from ECFCs encapsulated in D-hydrogels or N-hydrogels using TRIzol according to 

the manufacturer’s instructions. Two-step RT-PCR was performed using TaqMan™ Gene 

Expression Master Mix (ThermoFisher Scientific) according to the manufacturer’s 

instructions: for MT1-MMP ((hs01037003_g1), Integrin β1 (hs00559595_m1), Integrin α5 

(hs00233808_m1), MMP1 (hs00233958_m1), MMP9 (hs00957562_m1), Collagen IV 

(hs00266237_m1) and laminin (hs00267056_m; all from ThermoFisher Scientific). All 

samples were examined in triplicate, analyzed, and graphed as previously described 

(Hanjaya-Putra et al., 2011; Park and Gerecht, 2014).

In vivo subcutaneous implantation of GFP-ECFC-loaded D-hydrogels and N-
hydrogels—To analyze in vivo vasculogenesis, the ECFCs or GFP-ECFC-loaded D- and 

N-hydrogels (pre-prepared as detailed above) were subcutaneously implanted into nude mice 

(7–8 week-old females; N = 3) as in previous studies (Ghajar et al., 2006; Wei and Gerecht, 

2018). To analyze vascularization of acellular hydrogel constructs (ie angiogenesis), gels 

were subcutaneously implanted in C57Bl/6J mice (6–8 week-old males; N=3 per group). In 

both cases, the constructs were subcutaneously implanted and sutured into both flanks of the 

mice (100 µL of each side). To assess perfused vessels in the gel, Evans blue dye (Sigma-

Aldrich) at 30 mg/kg; 150 µL in PBS was injected into the lateral tail vein prior to 

euthanasia. At each time point indicated, mice were euthanized and the constructs were 

removed with surrounding tissue, fixed in 3.7% PFA (Sigma-Aldrich). The explants were 

immediately analyzed using in situ confocal imaging and then proceeded to histological 

analysis. The animal studies were performed using a protocol # MO19E328 approved by 

The Johns Hopkins University Institutional Animal Care and Use Committee.

Immunohistochemistry—For immunohistochemical analysis, paraffin embedded tissue 

sections (5 µm) were dehydrated through graded ethanol followed by heat mediated antigen 

retrieval and incubation of anti-CD31 (abcam; 1:500), anti-phospho-FAK (ThermoFisher 

Scientific; 1:200), and anti-integrin-β1 (Santa Cruz Biotechnology; 1:200) diluted in 

antibody diluent overnight at 4°C. For CD31 staining the ImmPRESS HRP anti-rabbit IgG 

polymer detection kit (Vector Laboratories) and DAB was used for detection followed by 

counterstaining with hematoxylin. Quantification was performed by ImageJ to count CD31+ 

positive cells and microvessels. For immunofluorescent detection of phospho-FAK and 

Integrin-β1 anti-rabbit IgG secondary antibody Alexa Fluor 546 conjugate (Invitrogen; 

1:500) and anti-mouse IgG secondary antibody Alexa Fluor 546 conjugate 

(Invitrogen;1:500) were used. Slides were counterstained with DAPI (ThermoFisher 

Scientific; 1:1000). Quantification of overall expression was performed using ImageJ by 

calculating the integrated density of the signal for each cell.

QUANTIFICATION AND STATISTICAL ANALYSIS

Characterization of hydrogels, including stiffness, stress relaxation, cytocompatibility, and 

diffusion rates, were performed in N = 3 (biological replicates) with technical duplicates; 

image based quantifications were performed in at least N = 3 biological samples in technical 

duplicates and detailed throughout the methods and figure legends; qRT-PCR was performed 
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in N = 3 biological samples with technical triplicate. Analysis of stress relaxation of the 

hydrogel was performed using a custom MATLAB script. Analysis of cell aspects, 

fluorescence intensity and FA measurements were performed using ImageJ. The filaments of 

vascular networks in the hydrogels were quantified using Imaris. The statistical analysis was 

performed by GraphPad Prism 6. We also used this software to perform t-tests to determine 

significance. All graphical data are reported as means ± SD. Significance levels were set at 

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. All graphical data were reported.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Development of dynamic hydrogels to study matrix dynamics role in vascular 

assembly

• Dynamic hydrogels promote cell contractility-mediated integrin clustering

• Non-dynamic hydrogels prevent integrin clustering, subsequently inhibit 

morphogenesis

• Dynamic hydrogels promote the formation of microvessels and angiogenesis 

in vivo.
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Figure. 1. Design and characterization of Dynamic-network hydrogels (D-hydrogels) and Non-
dynamic-network hydrogels (N-hydrogels).
See also Figure S1. (a) Schematic depicting networks of D-hydrogel cross-linked by the 

dynamic covalent bonds of imine and acylhydrazone bonds between Gtn-ADH and Dex-

CHO, and N-hydrogel cross-linked by the covalent bonds between Gtn-MA and Dex-GMA. 

(b) Storage moduli (G’) of D-hydrogels and N-hydrogels with different stiffness. (D-

hydrogels are in red and N-hydrogels are in blue) (c) Stress relaxation curves of D-hydrogels 

and N-hydrogels with different stiffness. Stress is normalized to the initial stress. (d) 

Quantification of timescale at which the stress is relaxed to half its original value, Τ1/2, from 

stress relaxation tests of D-hydrogels and N-hydrogels with differing stiffness. (e) No 

significant change in stiffness, G’, of D-hydrogels and N-hydrogel along 3 days of 

incubation in endothelial growth medium-2 (EGM-2). (f) Significant increase in stress 

relaxation time over 3 days in culture in EGM-2 but (g) half stress relax time, Τ1/2, is 

maintained lower than in N-hydrogel along the 3 days culture period. Significance levels 

were set at n.s. p > 0.05, *p ≤ 0.05, and **p ≤ 0.01.
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Figure. 2. Hydrogels with dynamic and non-dynamic networks differently modulate 
morphogenesis of encapsulated endothelial colony forming cells (ECFCs).
See also Figures S2 and S3. (a) Schematic displaying the vasculogenesis of ECFCs 

encapsulated in hydrogels: from initial step of vacuole or lumen formation, then to sprouting 

and branching, to final tubulogenesis of complex vascular bed. (b) Light micrographic 

images showing phenotype changes of encapsulated ECFCs in D-hydrogels and N-hydrogels 

along 3 days in culture in EGM-2 media. Scale bars are 100 µm for the larger images and 20 

µm for the insets. (c) The stiffness, G’, and (d) Τ1/2 of D-hydrogels and N-hydrogels 

encapsulated with ECFCs along the 3 days culture period. D-hydrogels are in red and N-

hydrogels are in blue) (e) Confocal maximum intensity projection images of vascular 

phenotypes in D-hydrogels and N-hydrogels after 3 days in culture (GFP-ECFC in green, 

nuclei in blue) showing extensive vascular bed formed in D-hydrogels. Scale bars are 100 

µm. (f-g) Quantitative analysis of vascular tube formation after 3 days in culture shows 

higher mean and total tube length (f), and higher mean and total tube volume (g) of ECFCs 

encapsulated in D-hydrogels compared with N-hydrogels (analysis using Imaris Filament 

Tracer; N = 3 biological replicates with 5–6 images per replicate). (h) Representative 

confocal maximum intensity projection with orthogonal views (on the upper and right side 

of the images) of luminal structures (indicated with asterisks) in D-hydrogels after 3 days in 

culture (F-actin in purple and nuclei in blue). Scale bars are 50 µm. (i) Magnified confocal 

maximum intensity projection images of vessels with orthogonal views (on the upper and 

right side of the two images of the left) of luminal structures (indicated with asterisks) in D-

hydrogels after 3 days in culture (F-actin in purple and nuclei in blue). Scale bars are 50 µm. 

Significance levels were set at n.s. p > 0.05, *p ≤ 0.05, **p ≤ 0.01, and ****p ≤ 0.0001.
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Fig. 3. Hydrogels with dynamic networks promote focal adhesion (FA) formation in encapsulated 
ECFCs.
See also Figure S4. (a) Representative IF images of ECFCs (in green) with fluorescent beads 

(in purple) in D-hydrogels and N-hydrogels, and quantification of displacement and speed of 

the beads over time lapse (n = 15 cells from biological triplicates). (D-hydrogels are in red 

and N-hydrogels are in blue). Scale bars are 20 µm (b) Maximum intensity projections of 

confocal images of cells 12h after embedding into N- and D-hydrogels show protrusion 

formation and localization of pMLC to actin in D-hydrogels. Cells embedded in N-

hydrogels have round shape without any protrusions and pMLC localized to the nucleus 

(phalloidin in green, pMLC in red, DAPI in blue). Scale bars are 20 µm. (c) corresponding 

quantification (n=30 cells from biological triplicates) of normalized intensities (lower graph) 

and % nuclear protein to overall protein levels (upper graph). (d) Quantification of 

normalized intensities (lower graph) and % nuclear protein to overall protein levels (upper 

graph) of cells embedded into D- and N-hydrogels after 24 h in culture. (e) IF images of 

integrin β1 staining and (f) corresponding quantifications (n = 30 cells from biological 

triplicates) of the normalized intensities (left graph) and FA areas (calculated as a percentage 

of the total cell area; right graph) showing more FA in ECFCs encapsulated within D-

hydrogels compared to N-hydrogels, after day 1 in culture. Scale bars are 20 µm and 10 µm 

for higher magnification of FA. (g) Real-time RT-PCR analysis show higher integrin β1 and 

integrin αV mRNA expression in ECFCs encapsulated in D-hydrogels compared with N-

hydrogels after day 1 in culture. (h) IF images of GFP-ECFCs encapsulated in D-hydrogels 

and N-hydrogels stained for vinculin after day 1 in culture. Scale bar is 20 µm and 10 µm for 

higher magnification of FA. (i) Quantifications (n = 30 cells from biological triplicates) of 

FA size, number and areas using vinculin staining showing more FA in ECFCs encapsulated 

in D-hydrogels compared with N-hydrogels after day 1 in culture. (j) Quantifications (n = 60 

cells from biological triplicates) of aspect ratio using F-actin staining, demonstrating ECFCs 

spreading to a higher degree when encapsulated in D-hydrogels compared with N-hydrogels 

after 1 day in culture. Significance levels were set at ***p ≤ 0.001 and ****p ≤ 0.0001.
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Fig. 4. Cell contraction mediates integrin clustering and subsequent vessel formation.
Inhibition of cell contractility with Blebbistatin leads to reduction in integrin cluster size. (a) 

Maximum intensity projections of confocal images show reduced integrin cluster size and 

area coverage in cells treated with 60 µm blebbistatin after 24 hrs in culture. (integrin β1 in 

red, nuclei in blue). Scale bars are 10 µm. (b) analysis of integrin cluster size, number per 

cell, are covered and relative intensity (n = 30 cells from biological triplicates) of the 

normalized intensities (top left graph) and integrin area (calculated as a percentage of the 

total cell area; bottom right graph) showing smaller integrin clusters in ECFCs encapsulated 

within D-hydrogels treated with blebbistatin for 24 hrs. (c) Maximum intensity projections 

of representative confocal image of reduced lamellipodial extension in ECFCs in D-

hydrogels treated with blebbistatin for 24 hrs (nuclei blue, phalloidin magenta). Scale bare 

10 µm. (d) Confocal projection images of day 3 (GFP-ECFC in green, nuclei in blue and 

phalloidin in red), showing inhibition of vasculature formation in blebbistatin treated cells 

compared to untreated controls. Scale bars are 100 µm. Quantitative analysis of vascular 

tube formation, in D-hydrogels and D-hydrogels treated with blebbistatin after 3 days 

showing a decrease in mean tube length, as well as mean and tube volume (analysis using 

Imaris Filament Tracer; N = 3 biological replicates with 4 images per replicate). 

Significance levels were set at ***p ≤ 0.001 and ****p ≤ 0.0001.
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Fig. 5. Dynamic networks lead to the activation of FAK, matrix degradation via increased MMP 
expression and ECM deposition.
See also Figure S5. (a) Representative IF images and quantifications of the normalized 

intensities of P-FAK showing increased activation in ECFCs encapsulated in D-hydrogels 

compared to N-hydrogels (P-FAK in red, nuclei in blue) (n = 30 cells from biological 

triplicates). Scale bars are 20 µm. (b) Representative IF images of MT1-MMP stains 

showing higher expression of MT1-MMP in ECFCs encapsulated in D-hydrogels compared 

to N-hydrogels after 24 hrs in culture (MT1-MMP in red, nuclei in blue). Scale bars are 50 

µm. (c) Real-time RT-PCR analysis show that ECFCs encapsulated in D-hydrogels highly 

express MT1-MMP, MMP-1 and MMP-9 mRNA compared to N-hydrogels. (D-hydrogels 

are in red and N-hydrogels are in blue) (d) Light micrographic images of ECFCs 

encapsulated in D-hydrogels treated with MMP inhibitor GM6001, at a concentration of 0.1 

mM after days 1 and 3 of culture, showing inhibition of sprouting and vasculature formation 

compared to untreated controls. Scale bars are 100 µm (e) The G’ of ECFC-loaded D-

hydrogel controls and D-hydrogels treated with GM6001 along with 3 days culture period. 

(f) Real-time RT-PCR analysis show that ECFCs encapsulated in D-hydrogels highly 

express Collagen IV and laminin on day 3 of culture compared to N-hydrogels. (g) 

Representative confocal maximum intensity projection with orthogonal views (on the 

bottom and right side of the image) of ColIV stains (in white/red; cells in green; nuclei in 

blue) after 3 days in D-hydrogels show strong localization of ColIV at the basement 

membrane of the lumenized vessels. Lumens are indicated with an asterisk. Scale bars are 20 

µm. For graphs: D-hydrogels are in red, D-hydrogels treated with GM6001 or cells before 
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encapsulation are in grey. Significance levels were set at *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 

and ****p ≤ 0.0001.
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Fig. 6. FAK activation in ECFCs is required for D-hydrogel remodeling and vascular 
morphogenesis.
See also Figure S5. (a) Light micrographic images of ECFCs encapsulated within D-

hydrogels treated with FAK inhibitor 14 (FI 14) at a concentration of 10 µM after days 1 and 

3 of culture and corresponding confocal projection images of day 3 (GFP-ECFC in green, 

nuclei in blue), showing inhibition of sprouting and vessel formation compared to untreated 

controls. Scale bars are 100 µm and 20 µm for the inset. (b) Quantifications of ECFC aspect 

ratio showing cell spreading is reduced when encapsulated in D-hydrogels treated with FI 14 

compared with control D-hydrogels, after 24 hrs in culture (n = 60 cells from biological 

triplicates). (D-hydrogels are in red and D-hydrogels treated with FI 14 are in brown). (c) 

Quantitative analysis of vascular tube formation in D-hydrogels and D-hydrogels treated 

with FI 14 after 3 days showing a decrease in mean and total tube length as well as (d) mean 

and total tube volume (analysis using Imaris Filament Tracer; N = 3 biological replicates 

with 5–6 images per replicate). (e) RT-PCR analysis shows downregulation of integrin β1 

and integrin αV mRNA expression in ECFCs in D-hydrogels treated with FI 14 compared to 

D-hydrogel controls after 24 hrs in culture. Significance levels were set at **p ≤ 0.01, ***p 
≤ 0.001 and ****p ≤ 0.0001. (f) Quantification of normalized intensities (right graph) and % 

nuclear protein to overall protein levels (left graph) of cells embedded into D-hydrogels and 

treated with 10 µm FAK inhibitor. (g) Representative IF images show lower expression for 

MT1-MMP in ECFCs encapsulated in D-hydrogels treated with FI 14 compared to control 

D-hydrogels after 24 hrs in culture (GFP in green, MT1-MMP in red, phalloidin in purple 

and nuclei in blue). Scale bar are 20 µm. (h) RT-PCR analysis shows downregulation of 
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MT1-MMP, MMP-1 and MMP-9 mRNA expression in ECFCs encapsulated in D-hydrogels 

treated with FI 14 compared to D-hydrogel controls after 24 hrs in culture.
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Fig. 7. Dynamic networks accelerate vasculogenesis in vivo and proposed molecular pathway of 
ECFCs in response to dynamic networks.
See also Figures S6 and S7. (a) GFP-ECFC-loaded D- and N-hydrogels were directly 

implanted subcutaneously in nude mice and retrieved after (i) day 3, (ii) day 5, and (iii) day 

7 (n = 3). Representative confocal images show GFP-ECFC (in green) of the corresponding 

extracted hydrogels. (b) FAK activation is increased in ECFC-loaded D-hydrogels compared 

with N-hydrogels in vivo on day 5 indicated by pFAK signal intensity (pFAK in red, nuclei 

in blue) scale bars are 20 µm (i) and 5 µm (ii) (c) integrin cluster size is larger in ECFC-

loaded D-hydrogels (β1-integrin in green some indicated by arrows, nuclei in blue) in vivo 
on day 5 scale bars are 20 µm (i) and 5 µm (ii). (d) quantification of pFAK signal intensity 

(i) and β1-integrin cluster size. (e) Representative histological images of CD31+ vessels 

infiltrating into acellular hydrogels in D-hydrogels compared to individual cells invading 

into the edge of N-hydrogels (indicated by arrows). Scale bars are 100 µm (f) Vessels, 

labeled with lectin, infiltrating into D-hydrogels were perfused (indicated by arrows) with 

Evans blue dye injected intravenously. Scale bars are 100 µm. Significance levels were set at 

**p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001. (g) Hydrogels with dynamic networks enable 
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the rapid formation of FA in a stiffness-independent manner. Contrarily, static covalent 

hydrogels do not facilitate the formation of FA, leading to an abrogation of vascular 

morphogenesis. In both systems, ECFCs interact with the hydrogel binding sites, leading to 

vacuole and lumen formation. (i) The rigidity of the non dynamic matrix prevents the 

formation of integrin clusters via cell contractility inhibition; (ii) In the dynamic matrix, 

integrin β1 interaction with RGD binding sites of the Gtn leads to the recruitment of FAK 

and other FA proteins. In a second step, pMLC mediated actin contractility leads to the 

formation of larger integrin clusters. Integrin clustering and the recruitment of vinculin to 

the FAs leads to the formation of larger, stable FAs. These FAs allow for robust downstream 

signaling and further FAK activation. Activated FAK then further contributes to cell 

contraction and integrin expression promoting the formation of larger integrin clusters and 

taking in part in robust downstream signaling. The activation of FAK leads to the 

upregulation of the MT1-MMP and MMP-1, MMP-9, resulting in matrix degradation and 

remodeling, allowing the progression of ECFC vasculogenesis.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-Cdc42 (clone 11A11) Cell Signaling Technology Cat#2466, RRID: AB_2078082

Mouse monoclonal anti- Integrin β1 (clone 4B7R) Santa Cruz Biotechnology Cat#Sc-9970, RRID:AB_627004

Mouse monoclonal anti-Vinculin Sigma-Aldrich Cat#v9131, RRID: AB_477629

Rabbit polyclonal anti-phospho-FAK (Tyr397) Thermo Fisher Scientific Cat#44-624G, RRID: AB_2533701

Rabbit monoclonal anti-MMP14 (clone EP1264Y) abcam Cat#ab51074, RRID: AB_881234

Rabbit polyclonal anti-YAP (clone H-125) Santa Cruz Biotechnology Cat#Sc-15407, RRID: AB_2273277

Rabbit polyclonal anti-ColIV abcam Cat# ab6586, RRID: AB_305584

Rabbit polyclonal anti-human CD31 abcam Cat# ab32457, RRID: AB_726369

Rabbit polyclonal anti-CD31 abcam Cat# ab28364, RRID: AB_726362

Rabbit polyclonal anti-pMLC Cell Signaling Technology Cat# 3674, RRID:AB_2147464

Donkey anti-mouse IgG secondary antibody- Alexa Fluor 
546 conjugate

Invitrogen Cat# A10036, RRID: AB_2534012

Goat anti-mouse IgG Secondary Antibody Alexa Fluor 488 
conjugate

Invitrogen Cat#A11029, RRID: AB_138404

Goat anti-rabbit IgG Secondary Antibody Alexa Fluor 488 
conjugate

Invitrogen Cat#A11008, RRID: AB_143165

Goat anti-rabbit IgG Secondary Antibody Alexa Fluor 546 Invitrogen Cat#11035, RRID: AB_143051

Alexa Fluor 635-phalloidin Invitrogen Cat#A34054

Alexa Fluor 488- phalloidin Invitrogen Cat#A12379

Chemicals, Peptides, and Recombinant Proteins

Gelatin Type A Sigma-Aldrich CAS: 9000-70-8; Cat#V900863-100G

Adipic acid dihydrazide Sigma-Aldrich CAS: 1071-93-8; Cat#A0638-25G

1-Hydroxybenzotriazole hydrate Sigma-Aldrich CAS: 123333-53-9; Cat#711489-50G

N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide 
hydrochloride

Sigma-Aldrich CAS: 25952-53-8; Cat#8009070025

Dextran (Mn = 110,000) Sigma-Aldrich CAS: 9004-54-0

Sodium periodate Sigma-Aldrich CAS: 7790-28-5; Cat#S1878-25G

tert-Butylcarbazate Sigma-Aldrich CAS: 870-46-2; Cat#B91005-5G

Methacrylic anhydride Sigma-Aldrich CAS: 760-93-0; Cat#276685-100ML

4-Dimethylaminopyridine Sigma-Aldrich CAS: 1122-58-3; Cat#107700-25G

Glycidyl methacrylate Sigma-Aldrich CAS: 106-91-2; Cat#151238-100G

2-Hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone Sigma-Aldrich CAS: 106797-53-9; Cat#410896-10G

Evans Blue dye Sigma-Aldrich CAS: 314-13-6; Cat#E2129-10G

Rhodamine B Sigma-Aldrich CAS: 81-88-9; Cat#R6626-25G

DAPI (4’,6-Diamidino-2-Phenylindole, Dihydrochloride) ThermoFisher Scientific Cat# D1306

VEGF R&D Systems Cat#293-VE-010

bFGF R&D Systems Cat#233-FB-010

Endothelial growth media-2 Lonza CC-3162
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REAGENT or RESOURCE SOURCE IDENTIFIER

FBS (Defined) Hyclone Cat# SH30070.03

GM6001 MMP inhibitor Sigma-Aldrich Cat#CC1010

Fak inhibitor 14 Sigma-Aldrich CAS: 4506-66-5; Cat#SML0837-10MG

DMSO Sigma-Aldrich Cat#D2438-10ML

Paraformaldehyde (PFA) Sigma-Aldrich Cat# 003218

Antibody diluent solution Life Technologies Cat# 003218

Triton X-100 Sigma-Aldrich Cat#T8787

Trypsin-EDTA (0.05%) ThermoFisher Scientific Cat#25300054

Blebbistatin Sigma-Aldrich B0560

Collagen type I BD Biosciences, Franklin Lakes, 
NJ

Cat#354236

Critical Commercial Assays

WSE-1 assay Roche Cat# 05015944001

FluoSpheres ThermoFisher Scientific Cat# F8816

TaqMan™ Gene Expression Master Mix Thermo Fisher 
Scientific Cat#4369016

ThermoFisher Scientific Cat#4369016

ImmPRESS HRP anti-rabbit IgG polymer detection kit Vector Laboratories Cat# MP-7401, RRID:AB_2336529

Experimental Models: Cell Lines

Primary human: Passage 6–9 ECFCs M. Yoder; Indiana University
Yoder et al., 2007

N/A

Primary human: Passage 6–9 GFP-ECFCs Transfected by K. Eisinger; 
University of Pennsylvania

N/A

Experimental Models: Organisms/Strains

Mouse: 7–8 weeks old female nude mice Crl:NU-Foxn1nu 

Immunodeficient Outbred
Charles River Cat# CRL:088, RRID:IMSR_CRL:088

Mouse: 6–8 weeks old male C57BL/6 mice The Jackson Laboratory Cat# 5816320, RRID:MGI:5816320

Oligonucleotides

MMP14 (hs01037003_g1) Thermo Fisher Scientific Cat# 4453320

MMP1 (hs00233958_m1) Thermo Fisher Scientific Cat# 4453320

MMP9 (hs00957562_m1) Thermo Fisher Scientific Cat# 4453320

ITGAV (hs00233808_m1) Thermo Fisher Scientific Cat# 4453320

ITGB1 (hs00559595_m1) Thermo Fisher Scientific Cat# 4453320

LAMC1 (hs00267056_m1) Thermo Fisher Scientific Cat# 4453320

COL4A1 (hs00266237_m1) Thermo Fisher Scientific Cat# 4453320

Software and Algorithms

ImageJ Schneider et al., 2012 ImageJ, RRID:SCR_003070

Imaris version 9.0 Bitplane Imaris, RRID:SCR_007370

MATLAB script MathWorks MATLAB, RRID:SCR_001622

Prism version 7.04 GraphPad Software Inc. PRISM, RRID:SCR_005375

ZEN imaging software Carl Zeiss Black Zen software, RRID:SCR_018163
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