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Abstract

Degradation of three-dimensional hydrogels is known to regulate many cellular behaviors. 

Accordingly, several elegant approaches have been used to render hydrogels degradable by cell-

secreted proteases. However, existing hydrogel systems are limited in their ability to 

simultaneously and quantitatively tune two aspects of hydrogel degradability: cleavage rate (the 

rate at which individual chemical bonds are cleaved) and degraded hydrogel architecture (the 

network structure during degradation). Using standard peptide engineering approaches, we alter 

the proteolytic kinetics of the polymer cleavage rate to tune gel degradation time from less than 12 

h to greater than 9 days. Independently, we vary the cross-linker functionality to achieve network 

architectures that initially have identical molecular weight between cross-links but upon 

degradation are designed to release between 5% and 100% of the polymer. Confirming the 

biological relevance of both parameters, formation of vascular-like structures by endothelial cells 

is regulated both by bond cleavage rate and by degraded hydrogel architecture. This strategy to 

fine-tune different aspects of hydrogel degradability has applications in cell culture, regenerative 

medicine, and drug delivery.
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Hydrogel-based materials that mimic the native extracellular matrix (ECM) have been 

employed as tissue engineering scaffolds,1,2 injectable carriers for stem cell therapies,3 and 

three-dimensional (3D) cell culture platforms.4 In the native cellular microenvironment, the 

ECM provides biochemical and biophysical cues that regulate cell phenotype. In synthetic 

systems, material properties such as stiffness, viscoelasticity, adhesive ligand interactions, 

and growth factor presentation influence cellular behaviors including proliferation, 

differentiation, and migration.5 By embedding cells within 3D hydrogels, researchers can 

recapitulate aspects of the native cellular microenvironment that are absent from traditional 

two-dimensional (2D) culture.6 A particular advantage provided by 3D culture is the ability 

to study matrix degradation and remodeling. While 2D culture permits unrestricted 

spreading, proliferation, and migration, matrix remodeling of 3D hydrogels is required to 

facilitate these same behaviors, which are crucial to processes such as blood vessel sprouting 

and cancer metastasis.6

The degradation of bulk hydrogel materials is a function of both the cleavage rate of 

individual chemical bonds in the polymers comprising the network and how the individual 

polymers are connected within the network (i.e., the network architecture). The simplest 

method to alter the degradation rate of a hydrogel is to increase the cross-linking density of 

the network, either by increasing the polymer content or by decreasing the molecular weight 

between cross-links. Both approaches result in a smaller network mesh size, which 

decreases transport through the hydrogel. This decreased transport is thought to be the 

primary cause for decreased degradation. However, this change in network mesh size will 

also alter the biomaterial mechanical properties, which are well-known to impact the biology 

of encapsulated cells.5,6 As an alternative approach, another common method to control the 

degradation rate of hydrogels is to incorporate peptides into the network that are targets for 

cell-secreted proteases. Our group and others have demonstrated that changing either the 

concentration of these peptides or their amino acid target sequences, which dictate their rate 

of proteolytic cleavage, can be used to control the rate of gel degradation.7–10

While all of these degradation strategies have been widely useful for a number of interesting 

biomaterial designs, the network structure of the hydrogel during degradation has been a 

typically overlooked parameter. Depending on the initial network connectivity, cleavage of 
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chemical bonds within the hydrogel can result in the release of polymer fragments. This loss 

of polymer content can open up space within the hydrogel to enable cell spreading, 

migration, proliferation, and cell–cell contact. Thus, it is important to develop new strategies 

to control the network structure during degradation, without altering the initial polymer 

content, the initial hydrogel mesh size, or the rate of chemical bond cleavage. To accomplish 

this goal, we combine the use of protease-targeted peptides with synthetic cross-linkers of 

varying functionality to control the initial network connectivity. We reasoned that networks 

formed with bifunctional cross-linkers would have a much greater release of polymer 

fragments during degradation than networks formed with tetrafunctional cross-linkers, even 

though both networks have similar polymer concentration, similar mesh size, and similar 

rate of chemical bond cleavage (Figure 1).

To experimentally test this idea, we describe a modular approach using protein engineering 

to independently tune chemical bond cleavage rate and degraded network architecture in 

response to the proteolytic enzyme urokinase plasminogen activator (uPA). The hydrogels 

are comprised of engineered elastin-like proteins (ELPs) with alternating elastin-like 

structural domains and variable domains that contain uPA cleavage sites or cell-adhesive 

sites (Figures 2A and S1). The previously reported uPA-cleavable domains were derived 

from a combinatorial peptide screen and were shown to have different proteolytic kinetics in 

response to uPA treatment,9,11 thereby enabling control of the chemical bond cleavage rate 

independent of the hydrogel network connectivity. The elastin-like domains contain lysine 

residues that are functionalized with azides via aqueous diazo transfer to permit cross-

linking of the hydrogels by the bioorthogonal strain-promoted azide–alkyne cycloaddition 

(SPAAC) reaction (Figures S2 and S3).12 The ELPs were designed such that three potential 

cross-linking sites were located between each uPA-cleavable domain. To control the initial 

network architecture, we cross-linked the ELPs using multiarm poly(ethylene glycol) (PEG) 

cross-linkers with different degrees of functionality (Figures 2B,C and S4). The molecular 

weights of the PEG cross-linkers were chosen such that the average PEG molecular weight 

between two ELP cross-link points was ~10 kDa (Figure 2B). Thus, all hydrogel 

formulations have approximately identical cross-link densities (~7.2 mM), identical 

concentrations of cleavable peptides (~2.6 mM), and identical molecular weights between 

cross-links (~13.5 kDa). We hypothesized that controlling the network connectivity in this 

way would allow control of the hydrogel architecture during degradation. Thus, hydrogel 

networks formed with lower functionality cross-linkers are expected to release more 

polymer fragments and eventually lose their percolating architecture. In contrast, hydrogel 

networks formed with higher functionality cross-linkers will release fewer polymer 

fragments and can maintain a percolating network architecture, even after cleavage of all 

proteolytically degradable sites (Figure 2C).

The probability of a cross-linked network remaining after chemical bond cleavage can be 

estimated from percolation theory. The critical gelation point (pg), i.e., the percent of 

productive cross-links needed to form a percolating network, can be estimated from the 

Flory–Stockmayer equation (Table S1)13,14
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pg = 1
r 1 − fA 1 − fB

(1)

where r is the stoichiometric ratio of the reactive groups; fA is the number of reactive groups 

on hydrogel component A (the azides on the ELPs); and f B is the number of reactive groups 

on hydrogel component B (the bicyclononynes (BCN) on the PEG cross-linkers). Estimating 

the degree of azide functionalization by NMR reveals that ~2.75 potential cross-linking sites 

exist between each uPA cleavage site (Figure S2). In our system, this means that for a 

bifunctional PEG cross-linker (PEG-bis-BCN) pg is ~0.89 after all the proteolytic sites have 

been cleaved (Table S1). Given that this theoretical treatment assumes ideal network 

connectivity, the estimate that 89% cross-linking efficiency is sufficient to maintain a 

percolating network is likely too low. This led us to hypothesize that a bifunctional cross-

linker may permit complete loss of network percolation. In contrast, an 8-arm cross-linker 

would still yield a predicted pg of ~0.34 after full proteolysis, suggesting that an 8-arm 

cross-linker would largely retain the percolating architecture even after complete proteolysis.

Hydrogel stiffness is known to influence cellular behavior,5,6 so the stiffness of the 

hydrogels post-cross-linking should ideally be similar for all networks studied to prevent 

introduction of a confounding variable. As predicted by ideal elastic theory,15 controlling 

PEG molecular weight to ensure equivalent cross-link density in all formulations resulted in 

hydrogels with similar shear moduli on the order of 103 Pa, independent of network 

architecture or proteolytic cleavage kinetics (Figure S5A). This choice of PEG molecular 

weights also ensured that the total polymer content of the hydrogels was constant across all 

conditions. As expected, all hydrogel formulations exhibited predominantly elastic 

mechanical properties (Figure S5B,C).

Another potential confounding variable is local heterogeneity within the network 

architecture, resulting in variations in cross-link density at the microscopic scale that can 

impact hydrogel mesh size and thus alter the diffusion of proteases and affect hydrogel 

degradation. Step-growth cross-linked polymer networks are reported to form nearly 

homogeneous networks,16 in contrast to chain-growth networks that are highly 

heterogeneous.17 In addition to being highly cytocompatible, SPAAC cross-linking has been 

shown to yield approximately ideal step-growth networks.18 Thus, we do not expect 

significant heteroegeneities to be present in the gels used in this study.

To quantify the effects of proteolytic cleavage kinetics and initial network architecture on the 

release of polymer fragments over time, the uPA-cleavable ELPs were labeled with a Cy5 

fluorescent dye. Labeled ELP hydrogels were then incubated with human uPA in phosphate-

buffered saline (PBS) at 37 °C. At designated time points, a sample of the buffer was 

collected for fluorescence measurements to assess release of material from the hydrogel 

network. After the final time point, any remaining hydrogel material was treated with 2.5% 

(w/v) trypsin to fully degrade the gels, allowing for normalization to total fluorescence 

signal to calculate the fraction of the gel that had been released in response to uPA.

Hydrogels were prepared using the u1 ELP sequence (Figure 2A), which was previously 

shown to facilitate rapid proteolysis.9 Consistent with our predictions from percolation 
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theory, u1 ELP gels cross-linked with bifunctional PEGs degraded completely, with no 

percolating gel network remaining after 12 h (Figure 3A). In u1 ELP hydrogels cross-linked 

with PEGs of higher functionality, the fraction of the network that was released reached a 

plateau value, instead of completely degrading as with the bifunctional cross-linker (Figure 

3A). As predicted, increasing the degree of cross-linker functionality resulted in a decrease 

in the total degradable fraction of the network, from ~30% in 3-arm PEG cross-linked gels 

to ~16% in 4-arm cross-linked gels to ~5% in 8-arm cross-linked gels. Thus, even after 

complete proteolysis of all uPA-cleavable sites, hydrogels cross-linked by PEGs with a 

functionality greater than 3 retained a percolating gel architecture. Importantly, this control 

over degraded hydrogel architecture is afforded while retaining similar starting material 

properties, including hydrogel mesh size, protein and PEG weight fraction, mechanical 

stiffness, concentration of uPA-degradable peptides, and protein amino acid sequence.

Controlling hydrogel network degradation and fragment release by varying cross-linker 

functionality was generalizable to hydrogels with different proteolytic cleavage kinetics. To 

demonstrate this, hydrogels were prepared using the u2 ELP sequence (Figure 2A), which is 

less susceptible to uPA-mediated cleavage and has a slower chemical bond cleavage rate.9 

As expected, u2 gels released hydrogel fragments at a slower rate than the u1 gels for all 

cross-linker functionalities tested (Figure 3B). Slowly degrading u2 ELP gels exhibited a 

similar dependence of fraction released on cross-linker functionality to the u1 gels. At each 

time point, the gel fraction released was observed to decrease with increasing cross-linker 

functionality, ranging from substantial material released from bifunctional PEG cross-linked 

gels to minimal material released from 8-arm PEG cross-linked gels (Figure 3B). Due to the 

slower degradation kinetics of the u2 gels, the fraction of the network released did not reach 

a plateau value over the course of the experiment. If provided additional time to degrade, we 

expect that the maximal fraction of material able to be released from the u2 networks would 

be dictated by the cross-linker functionality, similar to the u1 gels.

Having established a system that permitted independent tuning of the chemical bond 

cleavage kinetics and the connectivity of the hydrogel architecture, we next sought to 

determine how simultaneous tuning of these two parameters influences cellular behavior. 

Vasculogenesis requires matrix degradation and remodeling to permit endothelial cell 

migration and organization into new vessels.19 In vitro, endothelial migration is known to 

require matrix degradation,10,20,21 so we employed a 3D endothelial network formation 

assay to interrogate the influence of chemical bond cleavage kinetics and degraded hydrogel 

architecture. As a model endothelial cell line, we chose the murine brain microvascular cell 

line bEnd.3, which is known to secrete high levels of uPA.22 We have previously 

demonstrated high viability and phenotypic maintenance of endothelial cells encapsulated 

within SPAAC-cross-linked ELP hydrogels.12 Dispersed cell suspensions of bEnd.3 cells 

were encapsulated within u1 and u2 ELP hydrogels with varying cross-linker functionality. 

Cell-adhesive ELPs containing an extended RGD integrin-binding domain from human 

fibronectin23 were included in these gels to permit cell spreading and migration. The RGD 

ELPs were modified with a low degree of azide substitution (less than 2 per protein) to allow 

incorporation via reaction with excess BCN groups without appreciably altering network 

connectivity. The total RGD concentration was kept constant at ~1 mM.
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After 5 days, the embedded cells were fixed and stained to assess cell spreading and 

endothelial network formation by confocal microscopy. Validating that both the chemical 

bond cleavage kinetics and the degraded hydrogel architecture are important parameters, 

endothelial network formation only occurred in hydrogels that had rapid bond cleavage and 

full disruption of the percolating gel architecture (Figure 4). Within these gels, the cells 

became elongated and formed multiple cell–cell contacts with a typical branching-type 

morphology. In contrast, in gels that had slower bond cleavage rates that still resulted in full 

disruption of the percolating gel architecture, only some cell spreading and clustering was 

observed. The chemical bonds in these gels likely cleave too slowly to permit endothelial 

network assembly within the culture duration assessed. Further, in gels with rapid bond 

cleavage rates but an architecture that results in release of only ~30% of the gel material, the 

cells also only exhibited moderate spreading. In this case, the remaining percolating 

hydrogel architecture likely inhibited cellular migration to block endothelial network 

assembly. In all other hydrogel formulations, negligible cell spreading was observed, and 

cells retained a rounded morphology with limited cell–cell contact.

While only the fully degradable, bifunctionally cross-linked hydrogels enabled endothelial 

network formation, it is not clear that total disruption of the percolating architecture is 

necessary for formation of vascular-like structures. In the trifunctionally cross-linked 

hydrogels that exhibited a maximal fraction degraded of only ~30%, there is significant cell 

spreading and local regions of high cell–cell contact. Further increasing the fraction 

degraded above 30% may enable larger-scale organization of the endothelial cells into tube-

like structures without requiring complete degradation of the local hydrogel architecture.

By harnessing the modular design afforded by protein engineering, we have developed 

hydrogels with tunable bulk degradation properties through simultaneous, independent, and 

quantitative control of chemical bond cleavage kinetics and degraded hydrogel architecture. 

Both of these parameters play a role in enabling endothelial network formation in vitro, as 

endothelial network formation was observed only in gels with rapid proteolytic cleavage 

kinetics that could fully disrupt the percolating hydrogel architecture. We anticipate that 

other cell types of therapeutic interest, such as neural progenitor cells24 and mesenchymal 

stem cells,25 may also exhibit changes in cellular behavior in response to both chemical 

bond cleavage kinetics and degraded hydrogel architecture, making materials with control 

over these properties of interest to the tissue engineering and regenerative medicine 

communities. These systems may additionally find applications in drug delivery to 

simultaneously control the rate and amount of drug release. Furthermore, the design 

principles employed in this study can be used to modulate changes in hydrogel swelling 

upon degradation. Varying the identity of the protease cleavage sequence does not alter the 

initial swelling properties of the gels (Figure S6), and protease-degradable PEG hydrogels 

are known to swell in proportion to the number of cross-links cleaved.8 The system 

described herein may thus be useful for controlling the rate and extent of hydrogel swelling, 

with possible applications in device fabrication, such as materials for stimulus-responsive 

valves in microfluidic devices.
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Figure 1. 
Simplified schematic for an idealized hydrogel network illustrating control of degraded 

network architecture by varying cross-linker functionality. After a given number of bonds 

are cleaved, (A) significant fragments of a network formed with bifunctional cross-linkers 

are released from the hydrogel, whereas (B) the same extent of bond cleavage in a network 

formed with tetrafunctional cross-linkers results in no fragment release.
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Figure 2. 
(A) Engineered elastin-like proteins (ELPs) enable simultaneous tuning of peptide bond 

cleavage rate, cell adhesivity, and hydrogel network architecture through modular design. 

Primary amines on the ELPs are functionalized with azides to permit cross-linking via 

SPAAC. (B) Multiarm PEGs functionalized with bicyclononynes serve as cross-linkers to 

control network connectivity while keeping molecular weight between cross-links (and 

hence mesh size) constant. (C) The maximal degradable fraction of the network is controlled 

by altering cross-linker functionality. Increasing the cross-linker functionality increases the 

redundant connections within the network, decreasing the fraction of the network able to be 

released and retaining the percolating achitecture.
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Figure 3. 
Fraction of the original protein hydrogel material that is released over time during uPA-

mediated bond cleavage of (A) u1 and (B) u2 ELP hydrogels cross-linked by PEGs with 

varying functionality. Right panels show rescaled y-axes to visualize differences among 

hydrogels with a PEG functionality of 3 or greater. Data are mean ± SD, n = 4.
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Figure 4. 
(A) Confocal microscopy of brain microvascular cells embedded in ELP hydrogels reveals 

that endothelial network formation depends on both the chemical bond cleavage kinetics and 

the degraded hydrogel architecture. Insets are higher magnification images to assess cell 

spreading. Representative images were selected from 3 biological replicates. Blue: nuclei 

(DAPI), Green: F-actin (phalloidin). (B) “Phase diagram” summarizing how endothelial cell 

phenotype is affected by chemical bond cleavage rate and degraded hydrogel architecture.
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