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Abstract

The objective of this study was to design an injectable biomaterial system that becomes porous in 
situ to deliver and control vascular progenitor cell release. Alginate hydrogels were loaded with 

outgrowth endothelial cells (OECs) and alginate lyase, an enzyme which cleaves alginate polymer 

chains. We postulated and confirmed that higher alginate lyase concentrations mediated loss of 

hydrogel mechanical properties. Hydrogels incorporating 5 and 50 mU/mL of alginate lyase 

experienced approximately 28% and 57% loss of mass as well as 81% and 91% reduction in 

storage modulus respectively after a week. Additionally, computational methods and mechanical 

analysis revealed that hydrogels with alginate lyase significantly increased in mesh size over time. 

Furthermore, alginate lyase was not found to inhibit OEC proliferation, viability or sprouting 

potential. Finally, alginate hydrogels incorporating OECs and alginate lyase promoted up to nearly 

a 10 fold increase in OEC migration in vitro than nondegradable hydrogels over the course of a 

week and increased functional vasculature in vivo via a chick chorioallantoic membrane (CAM) 

assay. Overall, these findings demonstrate that alginate lyase incorporated hydrogels can provide a 

simple and robust system to promote controlled outward cell migration into native tissue for 

potential therapeutic revascularization applications.
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Introduction

Despite recent advances in the medical field and efforts to delay disease progression, 

ischemic vascular diseases remain the leading cause of mortality worldwide [1, 2]. A 

promising strategy for reversing the progression of these diseases involves delivering cell 
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based therapies to stimulate revascularization in ischemic tissue [3–5]. An emerging 

paradigm for cell therapies involves isolating cells from host tissue, expanding the cells ex 
vivo and infusing them into ischemic tissue [6, 7]. While clinica applications of cellular 

therapies to promote revascularization have supported the safety of these cells, the 

therapeutic benefit of these strategies has been inconsistent [8–10]. Indeed, these simple 

infusions have resulted in poor localization of cells to ischemic tissue and low survival of the 

transplanted cells [10–12], thus leading to poor contro over cell fate in vivo. Alternatively, 

the use of biomaterial systems to deliver cells have the potential to overcome some of these 

limitations through providing a well-definec microenvironment to promote cell survival and 

retention while presenting a template for tissue formation and improving cell viability [2, 

13].

A variety of different cell sources have been delivered using biomaterials in vivo to promote 

revascularization [2, 14–20]. In particular, outgrowth endothelial cells (OECs) are a 

subpopulation of endothelial progenitor cells (EPCs) that are especially suited for promoting 

vascularization [21]. OECs orchestrate and induce vasculogenesis in vivo, maintain a high 

proliferative capacity and directly incorporate with native vasculature to promote local tissue 

neovascularization [19, 21–24]. Importantly, OECs have beer isolated from umbilical cord 

blood or adult peripheral blood as an autologous cell source capable of attenuating 

undesirable immunological challenges [21]. However, limitations with the ability of 

transplanted EPCs to incorporate with host tissue still remain a major obstacle for future 

clinical applications [19, 25, 26].

Here, we propose developing a simple and effective biomaterial system to allow for a depot 

of OECs in vivo that can promote outward cell migration over time into native host tissue. 

Alginate, a naturally occurring polysaccharide comprised of α-L-guluronic (G-block) and β-

D-mannuronic (M-block) residues, was tested as our biomaterial system as it has been 

extensively validated for the delivery of different cells, including EPCs [14, 17–20, 27]. 

Typical methods to create porous alginate scaffolds for cell delivery rely on phase inversion 

[19, 27], solvent casting [28], gas foaming [29] and three-dimensional (3D) printing [30, 

31], though many of these techniques do not allow for minimally invasive delivery through 

injections. Furthermore, additional costly or timeconsuming modifications might be 

necessary to promote tissue ingrowth and provide control over delivered cells. These 

strategies include oxidizing alginate to make the polymer susceptible to hydrolysis [32–34], 

delivering exogenous factors [19] or creating nonhomogeneous biomaterials to facilitate 

release [35]. An alternative strategy involves loading alginate hydrogels with OECs and 

alginate lyase, an enzyme which is produced by a wide range of microorganisms including 

algae that cleaves glycosidic covalent bonds in alginate polymers [36], to promote cell 

migration. These alginate hydrogels initially encapsulate cells in a stiff nanoporous material 

that can decrease in strength and increase in porosity in situ after injection as the enzyme 

degrades the alginate polymer. Thus, controlling alginate lyase concentrations in injectable 

alginate hydrogels could allow for a simple and cost effective strategy to promote cell 

release through altering the mechanical properties and mesh size of alginate hydrogels.

Therefore, the objective of this study is to determine if incorporating alginate lyase into 

alginate hydrogels can provide a controllable microenvironment to promote OEC migration 
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for potential therapeutic revascularization applications. We hypothesize that alginate lyase 

concentrations can alter alginate hydrogel mechanical properties and consequently facilitate 

OEC migration and ultimately their ability to participate in revascularization. In this work, 

we begin by determining how incorporating various enzyme concentrations effects 

degradation, swelling, storage modulus and the mesh size of alginate hydrogels over the 

course of three weeks. Then OECs and human microvascular endothelial cells (HMVECs) 

were cultured in the presence of various alginate lyase concentrations to determine if the 

enzyme inhibits OECs proliferation, viability and OEC/HMVEC sprouting potential through 

a 3D sprouting assay. Finally, we determine how incorporated alginate lyase concentrations 

effect OEC migration from alginate hydrogels and how these delivered cells can participate 

in new vessel formation and increase perfusion in vivo via the chick chorioallantoic 

membrane (CAM) assay.

Materials and Methods

Hydrogel Formulation

The alginate polymers used in this study were obtained from Novamatrix (FMC), including 

LF 10/60 alginate containing a higher G-block content (> 60% as specified by the 

manufacturer) (MW~ 50 kDa). Hydrogels were prepared by dissolving alginate polymer 

powder in phosphate buffered saline supplemented with calcium and magnesium ions (PBS+

+; Life Technologies) and sterile filtering (0.22 μm, Thermo Fisher Scientific). Hydrogels 

were prepared to create a final concentration of 2% (w/v) polymer alginate solution, 8.4 

mg/mL of calcium sulfate (Sigma) and alginate lyase (Sigma) at various concentrations (0, 

5, 50 and 500 mU/mL) for degradation, swelling, modulus and polystyrene bead release 

studies. The mixture was then dispensed into plastic molds with approximately 18 mm 

diameter and 4 ml height and incubated for at least 25 minutes at room temperature. The 

alginate polymers used for the OEC studies were treated with activated charcoal to further 

purify the material and coupled with oligopeptides containing Arg-Gly-Asp (RGD) to allow 

for cell adhesion as previously described [19, 37]. In short, 1 g of alginate was dissolved in 

100 ml of deionized water overnight and mixed with 0.5 g of activated charcoal (Sigma) for 

half an hour. Alginate was then sterile filtered (0.22 μm, Thermo Fisher Scientific) and 

lyophilized prior to beginning RGD labeling. N-hydroxysulfosuccinimide (sulfo-NHS, 

Sigma), 1-ethyl-3-(dimethylaminopropyl) carbodiimide (EDC, Sigma) and oligopeptides 

(GGGGRGDSP, Peptide 2.0) were then added sequentially to alginate redissolved in 2-(N-

morpholino) ethanesulfonic acid (MES, Sigma) buffer at pH 6.5. Oligopeptides and alginate 

uronic acids were kept at a molar ratio of 1:1000 to yield two oligopeptides per alginate 

polymer (Degree of Substitution = 2.0). The reaction proceeded for 20 hours prior to 

purifying the alginate via dialysis against decreasing NaCl solutions in deionized water for 

four days (MWCO 3500, Thermo Fisher Scientific) [19, 20, 37]. RGD coupled alginate was 

lyophilized and kept at −20°C for long term storage. When needed, RGD alginate was 

reconstituted with sterile PBS++ to formulate hydrogels with a final concentration of 2% 

(w/v) polymer alginate solution, 8.4 mg/mL of calcium sulfate, various concentrations of 

alginate lyase (0, 5 and 50 mU/mL) and 1 million OECs/ml. Then the alginate solution was 

dispensed between two sterile glass plates with 1-mm spacers height and incubated for at 
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least 25 minutes at room temperature before being cut with an 8-mm biopsy punch as 

previously described [2, 38].

Swelling, Degradation and Rheological Characterization of hydrogels

Alginate hydrogels were prepared as described above with 0, 5, 50 and 500 mU/ml of 

alginate lyase. Alginate hydrogels were transferred to 12-well plates, each hydrogel was 

topped with 4 ml of PBS++ and incubated at 37°C. At t= 1 hr, 1, 3, 5, 7, 14 and 21 days 

hydrogels were removed (n = 3–4), representative images were taken and the hydrogels were 

weighed to obtain the wet weight (Ws). For swelling and degradation studies, hydrogels 

were then frozen overnight and lyophilized for 48 hours prior to weighing the hydrogels to 

obtain the dry weight (WD). Swelling ratio (Q) was determined by the following equation:

Q =

WS − WD
ρW

+
WD
ρP

WD
ρP

Here ρw is the density of water and ρP is the density of polymer (1.6 g/ml). Degradation was 

determined by the percent of the dry weight of the hydrogels at any time divided by the dry 

weight of the hydrogels at t= 1 hr. For rheological characterization, the hydrogels were 

removed and placed between parallel plates (axial force set at 0.01 N) in a rheometer (HR3, 

TA Instruments). The hydrogels were then strained over a range of 0.001–5% at a frequency 

of 1 Hz and values of storage modulus (G’) were obtained from the linear viscoelastic 

region. At least a dozen points were used to obtain the average G’ value.

Mesh Size Calculations

Mesh size was estimated for the hydrogels using swelling and rheometry data as previously 

described [38, 39]. The molecular weight between crosslinks (Mc) was determined via the 

following equation:

MC = CPRT /G′

Where CP is the polymer concentration, R is the gas constant and T is the measurement 

temperature. Mesh size (ξ) is then calculated as follows:

ξ = Q

1
3 l

2MC
Mr

1
2

Cn

1
2

Where l is the length of the repeating unit (5.15 Å), Mr is the molecular weight of the 

repeating unit (194 g/mol) and Cn is the characteristic ratio (21.1), which is a measure of 

chain stiffness. Mesh sizes were obtained using this equation for hydrogels incorporating 0, 

5 and 50 mU/ml of alginate lyase at t= 1 hr, 1, 3, 5, 7, 14 and 21 days.
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Brownian Dynamic Mesh Size Simulations

Brownian dynamic simulations were used to predict the mesh size distribution of alginate 

hydrogels with alginate lyase. In order to initiate the simulations, alginate lyase walkers 

were randomly placed within a cylinder with the same dimensions of the alginate hydrogel. 

Random kicks (dx) were applied to alginate lyase walkers in the x, y and z directions after 

each timestep (dt) based on the following equation:

dx = r ∗ 2 ∗ π ∗ DMesh ∗ dt

Where r is a random number from a gaussian distribution and DMesh is the hindered 

diffusion coefficient when the walker is within the hydrogel defined below [40, 41]:

DMesh = D ∗ 1
ξ2 ∗ 1 − 2.1044 ∗ a

ξ + 2.089 ∗ a
ξ

3
− 0.948 ∗ a

ξ
5

∗ (ξ − a)2

Where D is the diffusion coefficient of alginate lyase in water given by the Stokes-Einstein 

equation, ξ is the characteristic length between alginate polymers (mesh size) and α is the 

hydrodynamic radius of alginate lyase predicted from the globular protein’s molecular 

weight (3.145 nm) [36, 42]. The simulated cylinder was then separated into over 10,000 

cubic cells and the alginate lyase walkers were allowed to diffuse within or outside the 

simulated hydrogel depending on their random kicks. In order to determine how alginate 

lyase concentration effects mesh size, alginate hydrogels with 0, 5 and 50 mU/ml of alginate 

lyase were placed in PBS++ also containing an equal concentration of enzyme to allow for 

homogenous degradation of the hydrogels. Then rheometery and swelling data were 

obtained for these hydrogels to determine how the mesh size changes over five days in a 

homogeneous alginate lyase solution (data not shown). This data was then linearly 

extrapolated and applied to the simulations to determine ξ and correspondingly DMesh at 

each timestep over the course of five days based on the alginate lyase concentration in each 

unit cell. All simulations were performed in Java using Eclipse and the cross-sectional area 

through the middle of the alginate hydrogels were graphed using MATLAB (Mathworks) 

and reported.

Polystyrene Bead Release

Polystyrene beads were incorporated into alginate hydrogels to further quantify mesh size 

changes. Fluorescently labeled polystyrene beads (Sigma) with a 2 μm diameter were mixed 

with alginate dissolved in PBS++ with 0.01% BSA. Then alginate hydrogels prepared as 

described above containing 0, 5 and 50 mU/ml of alginate lyase were transferred to 12-well 

plates, topped with 4 ml of PBS++ containing 0.01% BSA and incubated at 37°C. At t= 1 hr, 

1, 3, 5, 7, 14 and 21 days one ml from each well was aliquoted to a new 24 well plate and 

the fluorescence was quantified via a plate reader. Each well was topped with a fresh ml of 

PBS++ with 0.01% BSA and returned to incubate at 37°C. Following the collection of data 

for the last time point, a solution of 0.05 M EDTA in PBS++ with 0.01% BSA is topped in 

lieu of PBS++ with 0.01% BSA to disintegrate the alginate hydrogels and the remaining 
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polystyrene beads were quantified via the plate reader to determine the percent of initial 

released.

Cell Culture

OECs used in this study were isolated from human umbilical cord blood obtained from the 

UC Davis Umbilical Cord Blood Collection Program (UCBCP) as previously described [21, 

38]. Human microvascular endothelial cells (HMVECs) were purchased from commercial 

source (Lonza). OECs were used at P5 and HMVECs at P8 for all experiments. Both OECs 

and HMVECs were cultured in EGM-2MV (Lonza) containing EBM-2 with 5% fetal bovine 

serum (FBS), human epidermal growth factor (hEGF), GA-1000 antibiotic, vascular 

endothelial growth factor (VEGF) A, human fibroblast growth factor-beta (hFGF-β), 

hydrocortisone, ascorbic acid and insulin-like growth factor-1 (IGF-1) as supplied by the 

vendor’s kit. N media is defined as EGM-2MV without the addition of growth factors.

OEC Transduction with Luciferase and GFP Reporter

OECs were transduced with a lentiviral vector (pCCLc-MNDU3-luciferase-PGK-EGFP-

WPRE) that was kindly provided from the UC Davis/CIRM Institute for Regenerative Cures 

(Prof. Jan Nolta) [43] to allow for ease of detection as previously described with minor 

modifications [20]. Briefly, OECs were seeded at a density of 5,000 cells/cm2 and incubated 

overnight. The following morning OECs were treated with EGM-2MV containing 20 μg/ml 

of protamine sulfate (Fisher Scientific) and 0.8 μl/ml of viral vector (pCCLc-MNDU3-

luciferase-PGK-EGFP-WPRE). For the control OECs, cells received EGM-2MV 

supplemented with 20 μg/ml of protamine sulfate. The OECs were incubated for 48 hours at 

37°C and then washed with warm sterile PBS. Fresh EGM-2MV media was then added to 

OECs, they were further incubated at 37°C for 24 hours and GFP expression was confirmed 

via flow cytometry (FACScan cytometer, BD). A minimum of 10,000 events were analyzed 

to identify fluorescently positive cells above 95% of control cells.

Proliferation and Viability Assay

OECs were seeded at 5,000 and 50,000 cells per well in 96-well tissue culture plates for 

proliferation and viability assays respectively. All cells were allowed to adhere to the wells 

for 24 hours in EGM-2MV media. Then 100 μl of EGM-2MV with alginate lyase at various 

concentrations (0, 5, 50 and 500 mU/mL) were added to the cells and incubated at 37°C. 

After 2 days, 10 μl of MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

(Sigma) was added to each well and was incubated for an additional 3 hours. The media was 

then aspirated, 100 μl of isopropanol (Sigma) was added to each well and placed on a shaker 

for 15 minutes while protected from light with aluminum foil. The total absorbance at 595 

nm was quantified via a plate reader (Spectramax®i3; Molecular Devices) and averaged per 

condition (n = 6). The data was then normalized to the no alginate lyase control (0 mU/ml).

Sprouting Assay

Cytodex 3 microcarrier (MC) beads (GE Healthcare Life Sciences) were seeded with 

HMVECs or OECs as previously described in detail [21, 44]. In short, 16.8 mg of MC beads 

were hydrated in Dulbecco’s phosphate-buffered saline (DPBS) overnight at room 
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temperature with gentle agitation and were then sterilized via autoclaving. After cooling, the 

sterile MC beads were mixed with 1.5 mL of either HMVECs (~2 × 106 P8 cells) or OECs 

(~2 × 106 P5 cells) in EGM-2MV medium. The solution of beads and cells were transferred 

to a 15 ml conical tube and incubated at 37°C for 4 hours with gentle agitation applied every 

20 minutes by inverting the tube 3–5 times. The HMVEC or OEC seeded MC beads were 

then transferred to T25 flasks on a rotating shaker (~1 rev/sec) at 37°C with daily media 

changes until confluent. Then MC beads seeded with OECs or HMVECs were incorporated 

within fibrin gels [19, 45]. Briefly, MC beads were suspended in EGM-2MV media and 

mixed with fibrinogen solution (4 mg/mL in 0.9% NaCI; Sigma) containing aprotinin (~60 

μg/mL; Sigma). Then 250 μl of this fibrinogen and MC bead solution were aliquoted in 24-

well plates. Finally, 200 μl of thrombin (2.1 U/mL in DPBS; Sigma) was additionally 

aliquoted into the 24 well plates and the final solution in each well was mixed. The plates 

were allowed to incubate at room temperature for five minutes before being incubated at 

37°C for 25 minutes. For characterizing the response of OEC and HMVEC sprouting in the 

presence of alginate lyase, 800 μl of EGM-2MV with alginate lyase at various 

concentrations (0, 5, 50 and 500 mU/mL) were incubated for two days with daily media 

changes. All gels were then washed with DPBS and fixed overnight at 4°C in 4% 

formaldehyde. Hoescht 33342 (Life Technologies) was used to stain the cells for fluorescent 

imaging. The total number of sprouts (nS) and confluent beads (nB) were visually quantified 

per each well. Sprouts were defined as a cell migrating outwards while remaining attached 

to the bead. The average number of sprouts per bead for each gel, nave = nS/nB, was 

determined and normalized to the no alginate lyase control wells (n = 3). Representative 

images of sprout formation were taken with an inverted fluorescent microscope (Axio Vert 

A.4, Zeiss) at 10X magnification.

Migration Assay

The ability of OECs encapsulated within alginate hydrogels incorporating various alginate 

lyase concentrations to migrate outward from the hydrogels were determined using a 

migration assay. OECs were encapsulated in hydrogels containing 0, 5 or 50 mU/ml of 

alginate lyase as described above. OECs encapsulated hydrogels were then placed in 24 well 

plates, 0.5 ml of EGM-2MV media was added to each well and was incubated at 37°C for 

one hour to remove any cells on the surface of the hydrogel. Then alginate hydrogels were 

embedded within fibrin gels by moving the alginate hydrogels to fresh 24 well plates and 

then adding fibrinogen and thrombin solutions as described above to more closely simulate 

in vivo conditions. The 24 well plates containing alginate/fibrin gels were incubated at 37°C 

for 30 minutes to ensure full fibrin gelation and 0.8 ml of EGM-2MV media was added to 

each well. Alginate hydrogels were kept in contact with the fibrin gel and the media was 

changed daily. At t= 1 hr, 3, 5 and 7 days alginate hydrogels were carefully removed from 

fibrin gels and were dissolved with trypsin containing 50 mM EDTA at 37°C for five 

minutes to determine the remaining cells within the hydrogel. The process for removing 

OECs from fibrin was adapted from previous work [46]. The fibrin was well mixed and 

trypsin supplemented with 50 mM EDTA was added to the gels for 15 minutes at 37°C to 

remove migrated cells. The total number of live cells were quantified via trypan blue with a 

Countess automated cell counter (Life Technologies) and averaged per condition (n = 4–6).
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Chick Chorioallantoic Membrane (CAM) Assay

Fertilized hy-line white leghorn chicken eggs (E0) were purchased from the UC Davis Avian 

Facility and were incubated for three days vertically at controlled temperature and humidity 

(37.8°C with 90% humidity) with six rotations per day. After 3 days (E3), the eggs were 

gently cracked open and transferred with aseptic techniques into 88.9 × 88.9 mm weigh 

boats (Fisher Scientific) in a laminar flow hood. Under aseptic conditions, embryos within 

the weigh boats were further incubated at 37.8°C with 90% humidity for an additional week. 

On day 10 (E10), both blank (negative control) and hydrogels disks with OECs and various 

concentrations of alginate lyase (either 0, 5 or 50 mU/ml) were placed on the CAM avoiding 

major blood vessels and left on the CAM for three days. Hydrogels were kept hydrated by 

adding 100 μl of N media to each hydrogel twice a day. Pictures were taken with a 16-

megapixel camera (Galaxy Note 4; Samsung Inc.) around the region of the hydrogel location 

at 0, 24 and 72 hours of incubation (n = 3–5). The angiogenic effects were quantified by 

manually assessing the number of blood vessels between 8 to 10 mm from the center of the 

hydrogel as previously described [38, 44, 47]. Additionally, at 0, 24 and 72 hours of 

incubation, blood flow measurements were quantified surrounding the blank and OEC 

incorporating hydrogels using Periscan system blood perfusion monitor laser Doppler 

equipment (Perimed, Stockholm, Sweden). The percent change in the number of blood 

vessels and perfusion over 24 and 72 hours was calculated for each CAM and was 

normalized to blank controls. Each condition then had the percent difference from the blank 

control reported. The details of the CAM assay used in this work was officially informed 

and consulted with the UC Davis Institutional Animal Care and Use Committee (IACUC) 

Office, however the CAM assay is UC Davis IACUC exempt. UC Davis is an Office of 

Laboratory Animal Welfare (OLAW), National Institutes of Health (NIH), Public Health 

Service (PHS) assured institution (UC Davis Animal Welfare Assurance number is #A3433–

01) and follows PHS guidance of the definition for what constitutes a live, vertebrate animal.

Statistical Analysis

A one-way analysis of variance (ANOVA) followed by Tukey’s test for multiple 

comparisons was used to assess differences between proliferation, viability and sprouting of 

cells to varying alginate lyase concentrations. A two-tailed paired Student’s t-test was used 

for the in vivo CAM assay to determine if OEC hydrogel conditions led to an increase in 

vasculature density or perfusion. Differences between experimental conditions for the CAM 

assay were also compared via a two-tailed unpaired Student’s t-test with an applied 

Bonferroni correction to assess increases in vascular or perfusion between groups. In all 

cases, significance was asserted at P < 0.05. GraphPad Prism software (GraphPad Software 

Inc.) was used to perform all analyses.

Results

The Mechanical Properties of Alginate Hydrogels Depend on Alginate Lyase 
Concentrations

The change in mechanical properties of alginate hydrogels with varying concentrations of 

alginate lyase were assessed over time (Fig. 1A). Alginate hydrogels with 5 mU/ml of 

alginate lyase were observed to form visible pores, while alginate hydrogels with 50 mU/ml 
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of alginate lyase showed a noticeable decrease in size after one week (Fig. 1B). Quantifying 

this degradation determined that hydrogels with 0, 5, 50 and 500 mU/ml of alginate lyase 

had approximately 83%, 72%, 43% and 0% remaining dry mass respectively after one week 

(Fig. 1C). Hydrogels with 500 mU/ml of alginate lyase experienced an abrupt and rapid 

degradation, thus leading to this condition being discontinued from further studies. 

Interestingly, swelling was initially found to increase with alginate lyase concentrations, 

though hydrogels with 5 and 50 mU/ml of alginate lyase approached a similar swelling ratio 

as hydrogels with no alginate lyase after three weeks (Fig. 1D). Storage modulus was also 

responsive to alginate lyase concentrations, with higher concentrations of alginate lyase 

leading to both a more rapid loss of strength and an overall lower storage modulus after 

three weeks (Fig. 1E).

Alginate Mesh Size Increases with Alginate Lyase Concentrations

The change in mesh size of alginate hydrogels with alginate lyase was predicted and 

quantified using different technical approaches. Computational work applying Brownian 

dynamics simulations were used to predict the mesh size distributions of alginate hydrogels. 

These simulations found that alginate hydrogel mesh size varied from approximately 36 nm 

to 65 nm and 41 nm to 129 nm for hydrogels with 5 and 50 mU/ml of alginate lyase 

respectively after five days (Fig. 2A). Additionally, the simulations predicted that the mesh 

size was consistently higher near the center of the hydrogel than the peripherals. Similarly, 

mesh sizes determined from the swelling and modulus data found that the mesh size of 

alginate hydrogels was very dependent on alginate lyase concentrations, with hydrogels 

incorporating 0, 5 and 50 mU/ml of alginate lyase having a mesh size of approximately 40 

nm, 78 nm and 98 nm respectively after five days (Fig. 2B). Polystyrene beads were 

incorporated into alginate hydrogels to provide an indirect determination of mesh size. 

These polystyrene beads were also found to have an accelerated release from alginate 

hydrogels containing alginate lyase, with hydrogels incorporating 5 and 50 mU/ml of 

alginate lyase having approximately 1.2 and 4.4 fold more bead release respectively than the 

no alginate lyase hydrogels after three weeks (Fig. 2C).

Effect of Alginate Lyase on Endothelial Cell Proliferation, Viability and Sprouting

In order to determine the response of OECs and HMVECs to alginate lyase, cells were 

cultured with varying concentrations of alginate lyase for proliferation, viability and 3D 

sprouting assays. OECs were exposed to media supplemented with 0, 5, 50 or 500 mU/ml of 

alginate lyase for two days and all groups were normalized to the no alginate lyase control. 

OECs exposed to different concentrations of alginate lyase experienced no significant 

difference in proliferation after 48 hours (Fig. 3A). Viability of OECs were also found to be 

independent on lower alginate lyase concentrations, though OECs cultured in the presence 

of 500 mU/ml of alginate lyase were found to lead to approximately a 22% reduction in 

viability (Fig. 3B). The effects of alginate lyase on the early stages of blood vessel formation 

was determined via a 3D sprouting assay (Fig. 3C). HMVECs were used to model the 

microvasculature found in native tissue. The various concentrations of alginate lyase were 

not found to lead to any differences in the total number of sprouts for OECs (Fig. 3D) or 

HMVECs (Fig. 3E).
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Alginate Lyase Promotes OEC Migration from Alginate Hydrogels

The ability for OECs to migrate outward from alginate hydrogels with various 

concentrations of alginate lyase were assessed via a migration assay. Alginate hydrogels 

containing OECs and varying concentrations of alginate lyase were embedded within fibrin 

gels to mimic placement in tissue. OECs were found to localize around the alginate hydrogel 

and fibrin interface without alginate lyase, though hydrogels with both 5 and 50 mU/ml of 

alginate lyase were observed to have OEC migration from the alginate hydrogels (Fig. 4A). 

Quantifying OEC migration found that higher concentrations of alginate lyase led to 

significantly more migration, with approximately 6%, 28% and 66% of the initial alginate 

encapsulated OECs occupying the fibrin gel after seven days for hydrogels with 0, 5 and 50 

mU/ml of alginate lyase respectively (Fig. 4B). The amount of viable OECs populating 

alginate hydrogels were also found to decrease with higher alginate lyase concentrations, 

with approximately 89%, 78% and 14% of the initially encapsulated OECs remaining in the 

alginate hydrogels after seven days for hydrogels with 0, 5 and 50 mU/ml of alginate lyase 

respectively (Fig. 4C).

Alginate Hydrogels Incorporating Alginate Lyase Promotes New Vasculature in a CAM 
Assay

The proangiogenic potential of hydrogels with OECs and various concentrations of alginate 

lyase were assessed in vivo via a CAM assay. Alginate hydrogels with OECs and 0, 5 or 50 

mU/ml of alginate lyase were placed on separate CAMs with a blank hydrogel to assess 

changes in vasculature over the course of three days (Fig. 5A). Hydrogels with 5 and 50 

mU/ml had a significant increase in new vasculature after one day, leading to approximately 

24% and 9% increase in new vessels respectively when compared to the blank control (Fig. 

5B). However, after three days only hydrogels with 0 and 5 mU/ml had a significant increase 

in vasculature, with approximately 4% and 55% increase in new vessels respectively when 

compared to the blank control. Interestingly, hydrogels with alginate lyase were observed to 

visibly decrease in size of the course of three days.

Alginate Hydrogels with Low Alginate Lyase Increases Localized Perfusion in a CAM 
Assay

Finally, the ability of alginate hydrogels with OECs and alginate lyase to increase perfusion 

in CAMs were assessed with laser Doppler perfusion imaging (LDPI). Alginate hydrogels 

incorporating OECs and different concentrations of alginate lyase (0, 5 or 50 mU/ml) were 

placed on separate CAMs with a blank hydrogel to assess changes in perfusion over the 

course of three days (Fig. 6A). Alginate hydrogels with OECs and either 0 or 50 mU/ml of 

alginate lyase resulted in no significant increase in perfusion at one or three days when 

compared to the blank control. In contrast, hydrogels with OECs and 5 mU/ml of alginate 

lyase led to approximately 2.6 and 5.0 fold increase in perfusion at one and three days 

respectively when compared to the blank control (Fig. 6B). Interestingly, this increase in 

perfusion followed a similar trend to the increase in vessel density for the tested alginate 

hydrogels.
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Discussion

This study investigates the utility of an injectable and enzymatically degradable alginate 

hydrogel system for the delivery of OECs. This work demonstrates that increasing the 

alginate lyase concentration in alginate hydrogels decreased the mechanical properties and 

enhanced outward cell migration. Additionally, OECs delivered from these alginate lyase 

incorporated hydrogels were able to participate in new vessel formation and increase 

localized perfusion in vivo via a CAM assay. To our knowledge, this is the first study 

characterizing an alginate hydrogel system utilizing alginate lyase to promote cell release for 

potential therapeutic angiogenic applications.

This work indicates how an enzymatically degradable biomaterial system can be utilized to 

create adjustable microenvironments for potential revascularization applications. 

Enzymatically mediated biomaterial degradation has many advantages for regenerative and 

tissue engineering applications, including creating space for tissue ingrowth and altering 

local properties to influence cell behavior [48–50]. This has led to the application of many 

proteolytically degradable biomaterials, including alginate, to allow for cell mediated 

degradation [51–53]. However, an alternative strategy involves incorporating alginate lyase 

in alginate hydrogels to facilitate enzymatic degradation. Alginate lyase does not require 

post-polymerization modifications to exert its enzymatic activity, is not expressed in 

mammalian cells and degrades alginate hydrogels crosslinked with calcium [54, 55], thus 

allowing for a method to easily alter alginate hydrogel properties via controlling the 

concentration of alginate lyase. Previous work delivering neural progenitor cells in alginate 

hydrogels containing poly(lactide-co-glycolide) (PLGA) microspheres incorporating 

alginate lyase found that hydrogel degradation was dependent on the concentration of the 

enzyme [54]. More recent work incorporated alginate lyase into alginate microbeads via 

electrostatic interactions for bone regeneration applications and also observed accelerated 

degradation in the presence of higher alginate lyase concentrations [56]. In this study, we 

apply a widely tested and validated alginate hydrogel system [27, 32, 35, 57–59] to bypass 

microbead/sphere formation for potential revascularization applications. Our results found 

that alginate hydrogels experienced significant degradation, increased short term swelling 

and loss of storage modulus with higher concentrations of alginate lyase over three weeks.

The use of porous biomaterials for cell delivery applications hold great potential for 

therapeutic strategies due to their ability to mimic natural extracellular matrix and allow 

cells to migrate, proliferate and function [60]. However, many of these porous forming 

methods typically require additional processing steps that can be harsh to protein and cell 

based therapies and do not allow for delivery via injection [61]. In this study, we investigate 

how initially nanoporous alginate hydrogels increase in porosity in response to encapsulated 

alginate lyase. Alginate lyase produced from Azotobacter vinelandii produces a family of 

alginate lyase enzymes that are predicted to have a hydrodynamic radius of approximately 

3.14 nm based on its molecular weight (50 kDa) [36, 42] and do not always tightly bind to 

alginate but instead are able to diffuse and relocate [62]. Thus, we applied Brownian 

dynamic simulations to predict the alginate lyase and mesh size distributions within alginate 

hydrogels. These simulations found that alginate lyase maintained the highest concentration, 

and thus a greater mesh size, within the center of the hydrogel after five days. Mesh size 
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determined using the storage modulus and swelling data also found a similar increasing 

trend in mesh size for hydrogels incorporating higher enzyme concentrations over the course 

of three weeks, though the maximum mesh size was only approximately 214 nm and still 

smaller than the size of a typical endothelial cell. Interestingly, 2 μm polystyrene beads 

experienced a much faster release from alginate hydrogels than mesh size alone would 

predict, suggesting that degradation and decrease in hydrogel strength also has a significant 

role in the observed release. These enzymatically degradable alginate hydrogels were found 

to increase in mesh size and alter mechanical properties for potential cell release 

applications.

This study demonstrates that low concentrations of alginate lyase did not inhibit in vitro 
OEC proliferation, viability or OEC/HMVEC sprouting potential. Our results showed that 

OECs cultured in the presence of 0 to 500 mU/ml of alginate lyase experienced no decrease 

in proliferation after 48 hours. However, OECs in the presence of 500 mU/ml were found to 

have a slight, yet significant, decrease in viability. The effect of alginate lyase on the initial 

stages of blood vessel formation was also tested with a 3D sprouting assay. The 3D 

sprouting assay is an in vitro model that allows for dynamic vessel formation of many 

different types of ECs throughout an embedded gel to simulate the early events of vessel 

formation [44, 59, 63, 64]. Various concentrations of alginate lyase between 0 and 500 

mU/ml were not found to led to any difference in the number of sprouts for OECs and 

HMVECs. Previous work has also shown that similar ranges of alginate lyase concentrations 

did not inhibit neural progenitor cells proliferation in vitro [54] or provoke an immune 

response in vivo [56]. Thus, the presence of low concentrations of alginate lyase was not 

found to have any detrimental effects on OECs or the initial stages of blood vessel 

formation.

The results from this work also found that higher alginate lyase concentrations induced more 

OEC migration from alginate hydrogels. Alginate has been utilized to deliver many different 

cells in vivo for cardiovascular applications, including endothelial cells [17, 65], cardiac 

cells [14], EPCs [19, 20] and stem cells [66, 67], though current techniques to control cell 

migration and incorporation into native tissue is limited. This has led to studies developing 

various methods for promoting cell migration from alginate including oxidizing the polymer 

to be sensitive to hydrolysis [32–34], loading exogenous growth factor to mediate migration 

[19] or designing the cell carrier to become void forming in situ [35]. In this study, we 

investigated enzymatically degradable alginate hydrogels to promote OEC migration. 

Hydrogels with 5 and 50 mU/ml of alginate lyase had approximately a 3.6 and 9.7 fold 

increase in migrated OECs respectively after a week than the hydrogels without alginate 

lyase. Previous work delivering OECs from oxidized alginate scaffolds was also able to 

accelerate the release of OECs by approximately 1.0 to 1.5 fold after three days by loading 

the scaffolds with various isoforms of VEGF [19]. Additionally, we found that hydrogels 

without alginate lyase experienced very little OEC migration, with only approximately 6% 

of the cells migrating after a week. This was expected, as these hydrogels maintain a 

significantly stronger storage modulus and smaller mesh size than hydrogels with alginate 

lyase thus providing additional polymer sterics and hindering OEC migration. Other work 

delivering adipose-derived stem cells or mesenchymal stem cells from alginate hydrogels for 

bone regeneration applications also showed little cell migration for extended periods of time 
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without designing the hydrogels to degrade or become void forming [35, 56]. Interestingly, 

higher concentrations of alginate lyase greatly accelerated migration from alginate 

hydrogels, while lower concentrations of alginate lyase supported cell migration while 

maintaining a cell depot within the hydrogel after a week. Alginate lyase mediated 

degradable alginate hydrogels provided a simple and robust method to create a tunable 

microenvironment to promote OEC migration from alginate hydrogels.

Alginate hydrogels with alginate lyase concentrations stimulated new vasculature in vivo via 

a CAM assay, which is a well-established model for studying angiogenesis and vascular 

growth [68, 69]. Biomaterial systems have been previously utilized to deliver EPCs to 

promote vascularization in CAMs [20, 70]. These methods generally utilize relatively weak 

hydrogels that allow for the delivered cells to displace the material carrier and interact with 

the CAM to promote new vasculature. In this study, alginate hydrogels with alginate lyase 

resulted in weaker mechanical properties and increased localized vascularization in vivo via 

a CAM assay. Alginate hydrogels with 5 and 50 mU/ml of alginate lyase had approximately 

29% and 9% increase in vasculature respectively after one day, which could be the result of 

OECs interacting with the CAM microvasculature from the alginate hydrogel through the 

production of proangiogenic cytokines [27]. However, after three days only the 5 mU/ml 

condition was significant with approximately a 55% increase in blood vessels. Additionally, 

alginate hydrogels without alginate lyase did not yield a significant increase in blood vessel 

after one day, though a slight increase was observed after three days. This is similar to 

previous work showing that degradable alginate hydrogels could promote more 

vascularization than nondegradable hydrogels in vivo [33]. The lack of significant increases 

in vascularization in the CAM after three days for hydrogels with 50 mU/ml of alginate 

lyase could be the result of the limited sensitivity of the migrating OECs to the surrounding 

CAM microvasculature. Alginate hydrogels with 50 mU/ml of alginate lyase were found to 

promote migration of OECs at the expense of maintaining OEC retention within the 

hydrogel. However, the hydrogels were in contact with a two-dimensional monolayer thus 

limiting OECs in direct contact with the CAM to incorporate with tissue [71–73]. This is in 

contrast to hydrogels with 5 mU/ml of alginate lyase which promoted both OEC migration 

and retention in vitro and likely supported OECs which could interact with the CAM 

microvasculature both directly and from the alginate microenvironment through 

proangiogenic cytokine production [27]. Interestingly, hydrogels incorporating OECs were 

observed to decrease in size, which was expected as previous work has shown that cells will 

readily create contractile forces on their surrounding matrix [74–76]. Furthermore, weaker 

hydrogels support more matrix strains generated from cell-cell communications and allow 

for the cells to displace polymers, which likely resulted in additional contraction of the 

hydrogel matrix for hydrogels incorporating alginate lyase [77–81]. Alginate hydrogels with 

low concentrations of alginate lyase were also found to increase local perfusion. Only 

alginate hydrogels with 5 mU/ml of alginate lyase led to significant increases in perfusion 

over three days, with approximately 2.6 and 5.0 fold increase in perfusion at one and three 

days respectively. Taken together, this work highlights how alginate hydrogels with alginate 

lyase can deliver OECs in a manner suitable for inducing functional blood vessel formation 

and thus could have promising revascularization applications.
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Conclusions

Biomaterial systems for cell based therapies are a promising strategy for promoting 

revascularization. In particular, the use of injectable systems to support and promote cell 

integration with native tissue is attractive for future clinical applications due to their 

minimally invasive delivery. In this work, the use of enzymatically degradable alginate 

hydrogels provided a simple method to create controllable microenvironments to induce cell 

migration which could have future therapeutic applications. This study shows that higher 

concentrations of alginate lyase mediated loss of hydrogel mechanical properties, increased 

mesh size and promoted more OEC migration in vitro. Furthermore, alginate hydrogels 

incorporating OECs and low alginate lyase concentrations significantly increased the 

number of functional blood vessels in vivo via a CAM assay. Besides applications for 

delivering OECs, the therapeutic relevance of utilizing hydrogels incorporating alginate 

lyase may also benefit other cell based therapies.
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Fig 1. Alginate Hydrogels Experience Decreased Mechanical Properties with Higher Alginate 
Lyase Concentrations
Alginate hydrogels with higher concentrations of alginate lyase resulted in accelerated 

degradation and weaker hydrogels over the course of three weeks. A schematic of the 

proposed cell release mechanism is provided (A). Representative images of hydrogels with 

various alginate lyase concentration over the course of three weeks are shown. Scale bar 

represents 5 mm (B). Hydrogels with higher concentrations of alginate lyase experienced 

greater loss of dry mass (C). Alginate hydrogels had greater short term swelling when 

incorporating higher concentrations of alginate lyase (D). The Storage modulus abruptly 
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decreased for hydrogels with alginate lyase (E). Data represent mean ± SD (indicated by 

shaded areas). (C-E, n = 3–4).
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Fig 2. Alginate Lyase Increases the Porosity of Alginate Hydrogels
Alginate hydrogels with higher concentrations of alginate lyase resulted in larger mesh size. 

Brownian dynamic simulations found that mesh size increased for higher concentrations of 

alginate lyase, with the greatest increase in mesh size near the center of the hydrogel (A). 

Mesh size determined from mechanical data also found that the mesh size significantly 

increases for hydrogels with higher concentrations of alginate lyase (B). Polystyrene beads 

had faster release from hydrogels incorporating alginate lyase (C). On figure panel A, the 
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color represents the mesh size of each unit cell of the simulated hydrogel. Data represent 

mean ± SD (indicated by shaded areas). (B & C, n = 3–4).
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Fig 3. OEC and HMVEC Response is Independent on Low Alginate Lyase Concentrations
Proliferation and viability of OECs were assessed in the presence of various concentrations 

of alginate lyase (A and B). 3D sprout formation was observed for different concentrations 

of alginate lyase for OECs and HMVECs. Scale bar represents 100 μm (C). Sprout 

formation for both OECs and HMVECs were independent on alginate lyase concentrations 

(D and E). On figure panel A, B, D and E, bar represent mean, scatter dot plots display 

individual measurements and error bars represent standard deviation. (A & B, n = 6; D & E, 

n = 3). Asterisk indicate statistically significant differences (P < 0.05).
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Fig 4. OEC Migration is Accelerated from Hydrogels Incorporating Higher Alginate Lyase 
Concentrations
OEC migration from alginate hydrogels was found to be dependent on the alginate lyase 

concentrations. Representative images of the alginate hydrogels embedded within fibrin gels 

are shown. Scale bar represents 100 μm (A). Quantifying migration found that hydrogels 

incorporating higher concentrations of alginate lyase promoted significantly faster OECs 

migration (B). OECs had less retention in alginate hydrogels with higher concentrations of 

alginate lyase (C). Data represent mean ± SD (indicated by shaded areas). (B & C, n = 4–6).
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Fig 5. Delivering OECs from Alginate Hydrogels Incorporating Alginate Lyase Enhances Vessel 
Formation in an Ex Ovo CAM assay
Alginate hydrogels with OECs and alginate lyase induced blood vessel formation in a CAM 

assay. Representative images of the alginate hydrogels with OECs and varying alginate lyase 

are shown. Scale bar represents 1 mm (A). Quantified blood vessel development showed that 

alginate hydrogels with OECs and low concentrations of alginate lyase promoted the most 

significant increase in vascular density (B). On figure panel B, bar represent mean, scatter 

dot plots display individual measurements and error bars represent standard deviation. (B, n 

= 3–5). Asterisk indicate statistically significant differences (P < 0.05).
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Fig 6. Alginate Hydrogels with OECs and 5 mU/ml of Alginate Lyase Promotes Functional 
Vasculature in an Ex Ovo CAM assay
Alginate hydrogels with OECs and low alginate lyase concentrations promoted increased 

perfusion in a CAM assay. Representative color coded LDPI images surrounding alginate 

hydrogels with OECs and varying alginate lyase are shown (A). Quantified perfusion 

showed that only hydrogels with OECs and 5 mU/ml of alginate lyase promoted significant 

increases in perfusion (B). On figure panel B, bar represent mean, scatter dot plots display 
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individual measurements and error bars represent standard deviation. (B, n = 3–4). Asterisk 

indicate statistically significant differences (P < 0.05).
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