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Abstract

Bioactive coatings which support the adhesion of late-outgrowth peripheral blood endothelial 

progenitor cells (EOCs) are actively being investigated as a means to promote rapid 

endothelialization of “off-the-shelf,” small-caliber arterial graft prostheses following implantation. 

In the present work, we evaluated the behavior of EOCs on thromboresistant graft coatings based 

on the collagen-mimetic protein Scl2-2 and poly(ethylene glycol) (PEG) diacrylate. Specifically, 

the attachment, proliferation, migration, and phenotype of EOCs on PEG-Scl2-2 hydrogels were 

evaluated as a function of Scl2-2 concentration (4, 8, and 12 mg/mL) relative to human umbilical 

vein endothelial cells (HUVECs). Results demonstrate the ability of each PEG-Scl2-2 hydrogel 

formulation to support EOC and HUVEC adhesion, proliferation, and spreading. However, only 

the 8 and 12 mg/mL PEG-Scl2-2 hydrogels were able to support stable EOC and HUVEC 

confluence. These PEG-Scl2-2 formulations were therefore selected for evaluation of EOC and 

HUVEC phenotype relative to PEG-collagen hydrogels. Cumulatively, both gene and protein level 

data indicated that 8 mg/mL PEG-Scl2-2 hydrogels supported similar or improved levels of EOC 

maturation relative to PEG-collagen controls based on evaluation of CD34, VEGFR2, PECAM-1, 

and VE-Cadherin. The 8 mg/mL PEG-Scl2-2 hydrogels also appeared to support similar or 

improved levels of EOC homeostatic marker expression relative to PEG-collagen hydrogels based 

on von Willebrand factor, collagen IV, NOS3, thrombomodulin, and E-selectin assessment. 

Combined, the present results indicate that PEG-Scl2-2 hydrogels warrant further investigation as 

“off-the-shelf” graft coatings.
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1. INTRODUCTION

In the United States alone, approximately one in three adults suffer from at least one type of 

cardiovascular disease (CVD).1,2 In most patients, the onset and subsequent progression of 

CVD is associated with plaque formation within small-caliber arteries with inner diameters 

less than 6 mm.3 Diseased small-caliber vessels are primarily treated using autologous artery 

or vein grafts.3,4 However, in over 10% of patients, suitable autologous vessels are not 

available due to trauma, disease, or previous surgeries.4 In addition, grafts fabricated from 

synthetic materials generally have high, long-term failure rates in small-diameter 

applications, due in part to associated platelet activation and intimal hyperplasia.5,6 As such, 

post-implantation endothelialization of the graft lumen is believed to be critical to the 

longer-term success of “off the shelf”, small-caliber prostheses.7 However, the extent of graft 

endothelialization following implantation in vascular patients is generally limited to ~10 mm 

from each graft-host anastomosis, leaving substantial portions of the graft surface without an 

endothelial lining.8 These results in human patients are in in contrast to often extensive graft 

endothelialization observed in animal models. Therefore, a significant need exists for 

approaches which support the endothelialization of small-caliber arterial prostheses, 

particularly for grafts intended for emergency or “off-the-shelf” applications.

Graft endothelialization requires a source of autologous endothelial cells (ECs) or 

endothelial progenitor cells (EPCs) that can be obtained at high purity and at high yields – 

ideally through minimally invasive procedures. Excised jugular or saphenous vein9 or 

liposuctioned fat10 are currently the most common sources of autologous ECs. However, 

venous tissue harvest can be quite invasive and ECs derived from fat are often contaminated 

with undesired cell types.11 In contrast, endothelial progenitor cells (EPCs) can be obtained 

from an essentially non-invasive procedure in which peripheral blood mononuclear cells 

(MNCs) are harvested and then stimulated to differentiate into EC-like cells ex vivo. Distinct 

EPC subpopulations can be obtained from MNCs depending on the method of ex vivo 

culture.12–17 Specifically, “early outgrowth” EPCs can be sorted by flow cytometry from 

MNC fractions and obtained at relatively high levels.18–22 These isolated EPCs are generally 

specified as CD34+/CD133+/VEGFR2+, display several EC markers, and produce high 

levels of angiogenic factors.23 Unfortunately, “early outgrowth” EPCs have limited capacity 

to proliferate and also display markers and phagocytic capacities typical of macrophages, 

characteristics which are generally considered undesirable for endothelial applications.24

In contrast, “late outgrowth” EPCs are confined to the CD34+/CD133−/CD146+ MNC 

fraction25 and are significantly more scarce than “early outgrowth” EPCs.26,27 That said, 

“late outgrowth” EPCs (hereafter referred to as EOCs) can be expanded ex vivo at high 

yields,13,14 and EOCs have been demonstrated to endothelialize denuded vessels when 

injected in vivo in a rabbit model.28 EOCs also express normal EC surface markers,13,14 
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exhibit typical EC function,29 but do not express monocytic character.30 In fact, EOCs have 

been shown to display EC and integrin marker profiles similar to that of human umbilical 

vein endothelial cells (HUVECs),25,31,32 an EC type that has been widely examined for 

vascular graft applications.25,31,32 In addition, recent work indicates that EOCs isolated from 

patients with significant coronary artery disease (CAD) exhibit similar expansion capacity, 

adhesion, and angiogenic potential as EOCs from healthy individuals.33 Thus, blood could 

potentially be drawn from a CAD patient receiving an “off-the-shelf” vascular graft, and 

patient-specific EOCs could then be isolated, expanded, and injected in vivo to populate the 

implanted graft.

In vascular graft designs focused on EOC-based endothelialization, the graft lumen is 

generally coated with extracellular matrix (ECM) molecules and/or antibodies to EOC 

surface markers in order to enhance EOC adhesion to the luminal surface.34–43 In the case of 

ECM-based coatings, collagen,44 fibronectin43 and fibrin39 coatings have each been 

employed due to the relatively high expression levels of α5, αv, and α2 integrin subunits on 

EOC surfaces.25,33,45 However, collagen, fibronectin, and fibrin – and certain derivative 

peptides (eg. RGD) – also support platelet aggregation.46–49 An ideal vascular graft coating 

would intrinsically resist platelet aggregation and activation while promoting rapid EOC 

adhesion, proliferation, confluence, and phenotypic maturation.

Recently, a biomaterial platform has been developed based on the collagen-mimetic protein 

Scl2-2.50,51 Scl2-2 proteins contain the GXY-repeats characteristic of native collagen and 

spontaneously assemble into stable triple-helical structures of ~120 kDa.52 However, in 

contrast to collagen, Scl2-2 resists significant platelet aggregation52 and contains only a 

single known cell adhesion motif — GFPGER.52,53 The GF/LPGER adhesion motif is a 

structural analog of GF/LOGER (O; hydroxyproline), an adhesion site in native collagen 

which binds α1β1 and α2β1 integrins,9 with GLPGER having previously been shown to bind 

α2β1 integrins when presented in a triple helical context.53 Furthermore, although native 

collagen (which contains many cell binding sites in addition to GF/LOGER) can induce 

thrombosis, platelet interaction with the GF/LOGER site alone is not sufficient to initiate 

platelet activation.54–56 Consistent with these cumulative observations, recent studies of 

GFPGER within the triple helical context of Scl2-2 indicate that Scl2-2 supports cell 

adhesion via engagement of α1 and α2 integrin subunits57 but does not significantly 

stimulate platelet aggregation.52

As opposed to native collagen, Scl2-2 does not require post-translational modification to 

assemble into physiologically-stable triple helical structures and therefore can be readily 

expressed recombinantly in bacterial systems.52 The capacity for bacterial expression also 

allows significant potential for cost effective scale-up of Scl2-2 production. This is in 

contrast to the relatively high scale-up costs associated with solid phase synthesis of the 

lengthy GFOGER-containing peptides (~37 mers) capable of taking on the stable triple 

helical structures required for full integrin engagement.58–60 The recent conjugation of 

acrylate-functionalized Scl2-2 proteins into poly(ethylene glycol) (PEG) diacrylate 

hydrogels — which intrinsically resist protein adsorption and cell adhesion — has extended 

the potential biomedical applications Scl2-2 proteins.57,61,62 The functionalized Scl2-2 

proteins maintain a triple helical structure and confer selective bioactivity to the resulting 
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PEG-Scl2-2 hydrogels.57 In addition, PEG-Scl2-2 hydrogels have been shown to maintain 

the resistance to the platelet adhesion and activation characteristic of pure PEG hydrogels61 

and the resistance to platelet aggregation associated with pure Scl2-2 proteins.52 

Furthermore, previous studies have reported that the parent Scl2 protein is cytocompatible 

and does not elicit an immune response in SJL/J and Arc mice.1 Given the relatively high 

expression of α2β1 integrin by EOCs25,33,45 and the need for thromboresistance in vascular 

graft coatings, Scl2-2 proteins may hold promise for use in small-caliber graft applications.

The primary goal of the current study was to evaluate the capacity of PEG-Scl2-2 hydrogel 

coatings to support desired EOC behaviors – namely cell adhesion, migration, and 

phenotypic maturation.63 Three Scl2-2 concentrations — 4, 8, and 12 mg/mL — were 

selected for examination based on previous studies with bovine aortic endothelial cells.
57,61,62 PEG hydrogels containing 4 mg/mL of collagen I — which is roughly equivalent to 

4 mg/mL Scl2-2 in terms of integrin α1/α2-I domain binding affinity52 — were analyzed as 

internal controls. Collagen I was selected as a control over collagen IV, which also contains 

the GF/LOGER motif, to allow improved comparison with previous Scl2-2 studies.54,56,57 

Results were compared against HUVECs due to the phenotypic similarity between EOCs 

and HUVECs noted in previous studies25,31,32 and due to the widespread use of HUVECs in 

vascular graft literature.64–68

2. MATERIALS AND METHODS

2.1. Polymer Synthesis and Scl2-2 Expression and Functionalization

2.1.1. PEG diacrylate (PEGDA) synthesis—Twenty four grams of 3.4 kDa PEG diol 

(Fluka) dissolved in anhydrous dichloromethane were reacted with acryloyl choride using a 

1:4 molar ratio in the presence of trimethylamine (1:2 molar ratio).69 The reaction was 

carried out at 4 °C for 12 h under argon. To remove hydrochloric acid byproduct, the 

reaction mixture was washed with 2 M K2CO3 and separated into aqueous and organic 

phases. The lower phase (organic) was then dried with anhydrous MgSO4 and precipitated in 

ice cold diethyl ether. The resulting slurry was then filtered to retrieve the PEGDA. The 

conversion of the terminal hydrogel groups to acrylate groups was confirmed by proton 

nuclear magnetic resonance to be > 95%.

2.1.2. Expression, purification and characterization of Scl2-2 protein—The E. 

coli BL21 (Novagen) strain was used to express the recombinant Scl2-2 protein.52 After cell 

lysis, the released protein was separated from the lysate by affinity chromatography using a 

HisTrap HP column followed by a HiTrap Q column (GE Healthcare).52 Scl2-2 purity was 

qualitatively confirmed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

(SDS–PAGE) and Coomassie Blue staining.57 Final purification of the Scl2-2 protein was 

achieved by dialysis against double deionized water for 48 h. The final purified product was 

then lyophilized and stored at -80 °C until use.

2.1.3. Acrylate-derivatization of the Scl2-2 protein—In order to covalently link the 

Scl2-2 protein into the structure of PEGDA hydrogels, the Scl2-2 protein was acrylate-

derivatized using PEG-succinimidyl valerate (ACRL-PEG-SVA, 3.4 kDa; Laysan Bio). 

Briefly, Scl2-2 trimer and ACRL-PEG-SVA were reacted at a molar ratio of 1:6 for 2 h in 
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phosphate buffered saline (PBS, pH 7.4; Life Technologies). Immediately following the 

derivation reaction, the resulting ACRL-PEG-Scl2-2 product was used for the fabrication of 

the PEG-Scl2-2 hydrogels. As a control, rat tail collagen I (Life Technologies) was also 

reacted with ACRL-PEG-SVA for 2 h at a 1:6 molar ratio in 50 mM sodium bicarbonate 

buffer, pH 8.5.70 The resulting products were then dialyzed against double deionized water 

for 48 h. Following purification, the acrylate-derivatized collagen was lyophilized and stored 

at -80 ºC until use. The incorporation of acrylate groups within the Scl2-2 and collagen I 

was confirmed by Fourier Transform Infrared Spectroscopy following previously described 

methods.57 Both acrylate-derivatized and unmodified Scl2-2 were also analyzed by circular 

dichroism as previously described.57 Results from the circular dichroism analyses are shown 

in Supplementary Figure 1.

2.2. Fabrication of PEG-Scl2-2 and PEG-collagen (PEG-coll) Hydrogels

PEG-Scl2-2 hydrogels were prepared to achieve a final PEGDA concentration of 10% (w/w) 

and three distinct levels of acrylate-derivatized Scl2-2 protein: 4 mg/mL, 8 mg/mL and 12 

mg/mL. An additional control formulation comprised of 10% (w/w) PEGDA and 4 mg/mL 

acrylate-derivatized collagen I in 20 mM acetic acid was used as a positive control. 

Hydrogels were cured in 0.5 mm thick rectangular glass molds by exposure for 6 min to 

longwave UV radiation (~6 mW/cm2, 365 nm) in the presence of 2.6 mg/mL Irgacure 2959 

(Sigma).71 Resulting hydrogels were sterilized by immersion in 70% (v/v) ethanol for 1 h 

and subsequently washed with a series of graded ethanol solutions for 20 min each (70%, 

50%, 20% and 0% in PBS). The hydrogels were then immersed in PBS containing 1% PSA 

(PSA: 10,000 U/mL penicillin, 10,000 mg/L streptomycin and 25 mg/L amphotericin; 

Mediatech) for 12 h at room temperature. Unifrom 8 mm discs were cored from the 

hydrogel slabs and were placed in PBS within separate wells of a 48-well plate for seeding 

with EOCs or HUVECs.

2.3. EOC and HUVEC Culture

Cryopreserved HUVECs were obtained from Lonza, Inc., whereas EOCs were obtained 

through a protocol approved by the Duke University Institutional Review Board. In brief, 

blood was collected from a consenting 60 year old female patient with advanced CAD who 

was undergoing left heart catheterization at Duke University Medical Center. Late-outgrowth 

EOCs were isolated and expanded from the blood as previously described27,33 and were 

characterized by flow cytometry as positive for CD31 (PECAM-1) and CD105 and negative 

for CD133, CD14, and CD45.33 The EOCs derived from this CAD patient have previously 

been shown to have similar proliferative capacity, surface antigen expression, and function 

as EOCs derived from healthy patients.33

Both EOCs and HUVECs were maintained in EBM-2 medium (Lonza, Inc.) supplemented 

with EGM-2 SingleQuots, 10% fetal bovine serum (FBS; Altanta Biologicals), and 1% PSA 

(Mediatech). HUVECs were used at passage 5–7 for all experiments. EOCs were 

proliferative and exhibited healthy morphology through passage 10.33 However, the EOCs 

were utilized between passage 7–9 in the present studies.
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2.4. Flow Cytometry Analysis of Integrin Subunits

Cell expression of the integrin subunits α1 and α2 was assessed by flow cytometry using the 

Agilent 2100 Bioanalyzer microfluidic system. Briefly, EOCs or HUVECs were 

resuspended at 200,000 cells per mL, placed on ice, and exposed to 2 μM Calcein AM (Life 

Technologies) in staining buffer (1% BSA in PBS) for 30 min. The cells were then pelleted 

by centrifugation and washed twice with staining buffer, after which they were resuspended 

in 100 μL staining buffer containing 10 μg/mL of appropriate primary antibody (integrin α1: 

clone FB12, integrin α2: clone P1E6; Millipore), or IgG control. After incubation for 30 

min, the cells were centrifuged and the pellet was rinsed twice with 1 mL of staining buffer. 

Secondary antibody (Alexafluor 647 conjugated donkey anti-mouse IgG; Jackson 

Immunoresearch) was then applied at 10 μg/mL in staining buffer for 30 min. Finally, the 

cell pellet was rinsed twice with 1 mL staining buffer, resuspended at 1x106 cells/mL in 

loading buffer, and then applied to the flow cytometry microfluidic chip (Agilent 2100 

Bioanalyzer) according to the manufacturer’s instructions. For each antibody and cell type, 

flow assessment was run in triplicate. Flow cytometry for the β1 integrin subunit was also 

conducted and is shown in Supplementary Figure 2.

2.5. Assessment of Adherent Cell Number and Surface Coverage

EOCs and HUVECs were seeded at 5,000 cells/cm2 onto the surfaces of the various 

hydrogel discs. After 24 h and 72 h post-seeding, hydrogel discs were gently rinsed with 

PBS and fixed with a 10% formalin solution for 30 min. The discs were then exposed to 

DAPI (Life Technologies) and rhodamine-phalloidin (Life Technologies) to allow 

visualization of the nuclei and cytoskeletal F-actin filaments of adherent cells. A total of 10 

randomly selected regions in 6 distinct hydrogel discs were them imaged for each hydrogel 

formulation using a Zeiss Axiovert 200M fluorescence microscope and a 10X objective. All 

images were obtained using consistent microscope, lamp, and camera settings, including 

light intensity and exposure time.

To quantify the number of adherent cells (number of cells/mm2), the total number of cell 

nuclei stained with DAPI in each image field was manually counted and then normalized to 

the area of the imaged field. To quantify the fraction of the imaged area covered by cells, 

each rhodamine channel image was first loaded into Image J software as an 8-bit digital 

grayscale image. A threshold on gray levels was then selected in order to separate lighter-

appearing cells from the darker background. In this process, pixels with grayscale values 

above the selected threshold were assigned a new grayscale value of “255” (white), and 

pixels with grayscale values below this threshold were assigned a new grayscale value of “0” 

(black). A median filter was then applied to the modified images to remove non-cell debris 

appearing as “white” following thresholding. Remaining white “non-cell” regions were 

removed manually using the ImageJ “Paintbrush” tool. “Fraction area coverage” was 

subsequently calculated for each image as the total white area divided by the total imaged 

area.

2.6. Cell Migration on Hydrogels

To assess cell migration rate, EOCs or HUVECs were seeded at 5,000 cells/cm2 and were 

allowed to attach and spread for 24 h. For each hydrogel formulation, cell migration was 
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then assessed by monitoring the position of 110–290 cells from at least three randomly-

selected regions of 6 different hydrogel discs for 55 min at 5-min intervals. The Manual 

Tracking Plug-In in Image J was utilized to track the movement of individual cell centroids 

within each acquired image series. Monitored cells maintained at least 100 μm distance from 

surrounding cells throughout the image series. Positional information was used to calculate 

the mean-square displacement (MSD, <D2>) of each tracked cell at each 5-min time 

increment, i, over the monitoring period, t:

〈D2〉 =
1
N ∑

i = 1

N
di

where N is the total number of 5-min time intervals within the time t, and di is the square of 

cell displacement during time increment, i.72 The cell speed, S, and persistence time, P, were 

then determined by fitting the MSD (<D2>) and the time interval, t, to the persistent random 

walk equation using nonlinear least squares regression analysis:73,74

〈D2〉 = 2S2P t‐P 1 − e−
t
P

2.7. Cell Phenotype at Confluence on Hydrogels

For characterization of cell phenotype, EOCs or HUVECs were seeded at 10,000 cell/cm2 

on hydrogels containing 4, 8, or 12 mg/mL Scl2-2. Twenty four hours following confluence 

(defined herein as greater than 90% cell surface coverage), adherent cells were lysed for 

gene expression and protein analyses relative to 4 mg/mL PEG-collagen (PEG-58coll) 

controls.

2.7.1. Extraction of mRNA and gene expression analyses—mRNA was extracted 

from confluent cell layers using the Dynabeads mRNA direct kit (Life Technologies).71 

Briefly, the cell culture media was carefully removed from the samples. Following media 

removal, the hydrogels discs were rinsed with 200 μL of PBS for 5 min and then incubated 

with 330 μL of lysis buffer (provided with the kit) at room temperature for 10 min. PolyA-

mRNA in the lysis buffer was subsequently harvested using 20 μL of oligo(dT)25 magnetic 

beads. Following rinsing steps, the polyA-mRNA was released from the beads in 100 μL of 

a 10 mM Tris-HCl solution by heating the beads to 80 ºC for 2 min. The polyA-mRNA was 

stored at -80 ºC until the time of analysis.

Gene expression analyses were performed using a StepOne real-time PCR system (Life 

Technologies) and the SuperScript III Platinum One-Step qRT-PCR kit (Life Technologies). 

Verified qPCR primers (OriGene) targeting mRNA encoding for human CD34, VEGR2, 

EphrinB2, EphB4, VE-Cadherin, von Willebrand factor (vWF), NOS3, and RPL-32 were 

utilized (Table 1). Approximately 16 ng of polyA-mRNA and 5 μL of a 1 μM primer 

solution were combined into a total reaction volume of 25 μL. Forty amplification cycles 

were monitored using SYBR Green as a reporter and ROX dye as a passive reference. A 

threshold value for the fluorescence signal was identified in the exponential phase of 
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amplification using the StepOne software v2.0. The fractional cycle value at the intersection 

between the amplification curve for a particular gene product and this threshold line was 

recorded as the Ct (threshold cycle) of that gene. Melting temperature analysis was 

performed to verify the desired product. To calculate the relative expression of the genes of 

interest, the ΔΔCt method was employed using utilizing RPL-32 as the reference gene and 

the HUVEC PEG-coll hydrogels as the reference sample.75

2.7.2. Quantification of protein production—Based on the gene expression results, a 

subset of hydrogel formulations were further analyzed by western blot or protein multiplex 

assay. Specifically, cell phenotype was assessed by measuring the protein levels of 

PECAM-1, thrombomodulin (TM), E-Selectin, and Collagen IV (Col IV) (Table 2). For each 

target protein analyzed by western blot, an amount of cell lysate representing a similar 

number of cells (~150 ng DNA as measured by the Quant-iT™ PicoGreen® dsDNA 

Reagent (Life Technologies)) was utilized. Samples were first concentrated using a 3,000 

MWCO Amicon filter units (Millipore) and then denatured by the addition of β-

mercaptoethanol and sample heating at 95 °C for 10 min. The concentrated protein lysates 

were loaded into the wells of a 10% polyacrylamide gel and separated via SDS-PAGE. After 

electrophoresis, proteins were transferred to a nitrocellulose membrane (Thermo Scientific), 

washed twice with double distilled water and blocked with a solution of 5% bovine serum 

albumin (BSA; Fisher Scientific) in TBST (25 mM Tris-HCl, pH 7.5, 137 mM NaCl, 0.1% 

Tween 20) for 1 h at room temperature. Following blocking, the membranes were incubated 

for 12 h at 4 °C with primary antibodies for PECAM-1 (clone EP3095; Abcam), TM (clone 

H-11; Santa Cruz Biotechnology), or E-selectin (clone D7; Santa Cruz Biotechnology) 

diluted in TBST containing 5% BSA and 0.05% NaN3. Corresponding horse radish 

peroxidase (HRP)-conjugated or alkaline phosphatase (AP)-conjugated secondary antibody 

(Jackson Immunoresearch) diluted in TBST solution containing 5% BSA was applied to the 

membrane for 1 h at room temperature. Bound secondary antibody was detected using 

Luminol reagent (Santa Cruz Biotechnology) or AP chemiluminescent solution (Invitrogen). 

The signal intensity of the reporting molecule was monitored using a Chemidoc XRS system 

(Biorad). The integrated optical density of each target band was measured using Adobe 

Photoshop and subsequently normalized to sample DNA content.

The protein levels of Col IV were measured from the cell lysates using a human premixed 

magnetic bead analyte kit (R&D Systems) and a MAGPIX detection system (Luminex). 

Briefly, samples were loaded into a 96-well plate, after which magnetic bead suspensions, 

detection antibodies, and streptavidin-phycoerythrin were added to sample wells. Sample 

concentrations of Col IV were obtained on the basis of a mean fluorescence intensity (MFI) 

relative to a standard curve. The resulting measures were then normalized by sample DNA 

content.

2.8. Statistical Analyses

A two-factor analysis of variance (ANOVA) was utilized to detect significant differences 

caused by the following main effects: cell type (EOC and HUVEC) and formulation (4, 8, 

and 12 mg/mL PEG-Scl2-2 and 4 mg/mL PEG-coll hydrogels). For comparisons among 

more than two formulations, significant differences were detected utilizing a Tukey’s post-
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hoc test. In cases of a significant interaction between factors (cell type and formulation), 

differences among formulations were determined with a one way ANOVA with a Tukey 

post-hoc for each cell type separately. In these instances, differences were not claimed 

between EOC and HUVECs. All analysis was done with SPSS software with p < 0.050 

considered significant. All data are reported as average ± standard error of the mean with a 

sample size of at least 3–4 independent specimens.

3. RESULTS

In the following study, EOC adhesion, proliferation, migration, and phenotype on PEG-

Scl2-2 hydrogels containing varying concentrations of Scl2-2 were assessed relative to PEG-

coll hydrogels, and results were compared against corresponding data for HUVECs.

3.1. Integrin Subunit Expression

As previously noted, Scl2-2 proteins support interactions with integrin α1 and α2 subunits.
52,57 Thus, EOCs and HUVECs were assessed for their expression of integrin α1 and α2 via 

flow cytometry. Figure 1 shows the percentage of cells with positive staining for a particular 

integrin subunit relative to their respective negative controls. Consistent with previous 

literature,45 ~98% of EOCs and HUVECs expressed the integrin subunit α2. In contrast, 

only 7–9% of EOCs and HUVECs expressed the α1 integrin subunit. This lower level of 

integrin α1 expression by EOCs and HUVECs relative to integrin α2 is also in agreement 

with previous literature.25,31,32,37 These data – coupled with the fact that pure PEG-based 

hydrogels do not enable significant cell attachment in the absence of specifically-

incorporated adhesion ligands61 – indicate that initial EOC and HUVEC attachment to the 

PEG-Scl2-2 hydrogels may be mediated primarily via integrin subunit α2.

3.2. Number of Adherent Cells and Extent of Surface Coverage

EOCs and HUVECs were seeded onto PEG-Scl2-2 hydrogel surfaces at 5,000 cells/cm2
, and 

the number of adherent cells and their surface coverage were analyzed at 24 h and 72 h of 

culture. Representative images of EOCs and HUVECs on PEG-Scl2-2 hydrogels are shown 

in Figure 2 and Supplementary Figure 3 (at lower magnification) to allow for qualitative 

comparison of adherent cell number across hydrogel formulations. Quantitative assessment 

at 24 h indicated that the average adherent cell number on 8 mg/mL PEG-Scl2-2 hydrogels 

was ~30% greater than on 4 mg/mL PEG-Scl2-2 hydrogels for both EOCs and HUVECs (p 

< 0.001 and p = 0.044, respectively; Figure 3). For HUVECs, the level of adherent cells at 

24 h also increased as Scl2-2 concentration increased from 8 mg/mL to 12 mg/mL (p = 

0.021). By 72 h of culture, the number of adherent EOCs and HUVEC on each PEG-Scl2-2 

hydrogel had increased significantly from the 24 h adhesion levels (p < 0.001; Figure 3), 

indicating that Scl2-2 surfaces were able to support stable cell attachment and proliferation. 

Furthermore, both cell types continued to display a ~30% greater number of adherent cells 

on 8 mg/mL PEG-Scl2-2 hydrogels relative to 4 mg/mL PEG-Scl2-2 hydrogels at 72 h of 

culture (EOC: p < 0.001; HUVEC: p < 0.001). However, no increase in the average adherent 

cell number was observed for either cell type at 72 h when Scl2-2 levels were further 

increased from 8 mg/mL to 12 mg/mL.
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Notably, the numbers of adherent EOCs and HUVECs on the PEG-coll controls at both 24 h 

and 72 h were ~2-fold greater than on the PEG-Scl2-2 hydrogels (p < 0.001; Figure 3). At 

24 h of culture, this difference in adherent cell number observed between the PEG-Scl2-2 

and PEG-coll surfaces was also reflected in assessments of percent cell surface coverage 

(Figure 4). Specifically, the levels of EOC and HUVEC surface coverage on the PEG-Scl2-2 

hydrogels at 24 h were 2.3- to 2.6-fold lower, respectively, than on the PEG-coll hydrogels 

(p < 0.001). By 72 h of culture, however, only a 1.3-fold difference in surface coverage was 

observed between the PEG-Scl2-2 and the PEG-coll hydrogels for either EOCs or HUVECs 

(Figure 4). In addition, similar levels of fraction area coverage were observed for both cell 

types irrespective of Scl2-2 concentration at 72 h. This occurred despite the lower adherent 

cell number present on the 4 mg/mL PEG-Scl2-2 hydrogels relative to 8 mg/mL and 12 

mg/mL PEG-Scl2-2 hydrogels. In short, HUVECs and EOCs displayed increased spreading 

on the lower concentration Scl2-2 hydrogels at 72 h of culture, resulting in similar degrees 

of surface coverage across Scl2-2 formulations (as can be seen visually in Figure 2).

3.3. Cell Average Surface Migration Speed

Cell migration over the graft luminal surface is also critical to achieving post-implantation 

graft endothelialization. Previous studies have shown that the average speed of cell 

migration on a surface displays a biphasic dependence on the adhesion ligand density 

presented by that surface.76,77 Specifically, the average cell migration speed generally 

increases with increasing adhesion ligand density through a maximum, after which further 

increases in ligand density result in a decrease in cellular migration capacity.76,77 Thus, EOC 

and HUVEC migration rates on PEG-Scl2-2 hydrogels were analyzed as a function of 

Scl2-2 concentration with the goal of identifying a PEG-Scl2-2 formulation which supports 

an appropriate balance of adhesion strength and migration speed (Figure 5). For EOCs, the 4 

mg/mL PEG-Scl2-2 hydrogels were associated with the highest average migration speed 

(~0.94 μm/min) of the formulations assayed. Furthermore, average EOC migration speeds 

decreased monotonically as Scl2-2 concentration increased from 4 mg/mL to 8 mg/mL to 12 

mg/mL (p < 0.001), with the average EOC migration speed on the 12 mg/mL PEG-Scl2-2 

hydrogels approaching that observed on PEG-coll controls (~0.66 μm/min). In contrast, the 

average migration speed of HUVECs on PEG-Scl2-2 hydrogels (~0.92 – 0.99 μm/min) did 

not display a clear dependence on Scl2-2 concentration. However, each PEG-Scl2-2 

hydrogel type supported a higher average HUVEC migration speed than the PEG-coll 

control (p < 0.042).

3.4. Cell Confluence and Phenotypic Marker Expression

A successful graft coating not only must support initial EOC attachment, but also must 

support EC marker expression and the formation of a confluent cell layer. Relative to “early-

outgrowth” EPCs, EOCs demonstrate a number of phenotypic similarities to HUVECs – a 

fully committed EC type and lack monocytic characteristics.25,31,32 Thus, a panel of markers 

associated with EC phenotypic maturation and activation were examined for confluent EOCs 

on the various hydrogel surfaces.

3.4.1. Gene expression analyses—To evaluate cell phenotype on the PEG-Scl2-2 

surfaces, EOCs and HUVECs were seeded at an initial density of 10,000 cells/cm2. Cells on 
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all surfaces achieved confluence by 72 h. However, confluent EOC and HUVEC layers on 

the 4 mg/mL PEG-Scl2-2 hydrogels proved to be unstable. Although the HUVEC layers 

delaminated at a later time-point than the EOC layers, both HUVEC and EOC cell layers 

delaminated from the 4 mg/mL PEG-Scl2-2 hydrogels within several hours of confluence 

(data not shown). As a result, only the 8 mg/mL and 12 mg/mL PEG-Scl2-2 formulations 

were included in the gene expression analyses (Table 1) and were evaluated relative to PEG-

coll controls.

At 24 h post-confluence, both EOCs and HUVECs expressed mRNA for CD34, a cell 

surface glycoprotein associated not only with hematopoietic cells but also with EPCs and 

committed vascular ECs (Figure 6A).25,31,32,63,78 As anticipated, both HUVECs and EOCs 

expressed CD34, with EOC CD34 mRNA levels being 10–14 fold greater than for HUVECs 

(p < 0.001).31 Notably, however, EOC CD34 mRNA levels on PEG-Scl2-2 hydrogels were 

~30% lower than on the PEG-coll control (p = 0.033). Gene expression levels of VEGFR2 – 

the receptor subtype considered to be the primary mediator of the mitogenic and chemotactic 

effects of VEGF observed in adult ECs79 – were ~70% greater on PEG-Scl2-2 hydrogels 

relative to PEG-coll controls for both cell types (p < 0.001; Figure 6B). In contrast, mRNA 

levels for VE-cadherin – a primary EC intercellular junction protein – were similar across 

cell types and hydrogel formulations (Figure 6D).

Given the goal of small-caliber arterial graft endothelialization, the relative expression of 

EphrinB2 to EphB4 was examined to gain initial insight into the capacity of PEG-Scl2-2 

hydrogels to support EOC progression toward an arterial EC phenotype (Figure 6C). In early 

arteriovenous differentiation, the transmembrane signaling molecule EphrinB2 is 

specifically expressed in arterial ECs, and its tyrosine kinase receptor EphB4 is specifically 

expressed in venous ECs prior to the onset of circulation.80,81 A higher ratio of 

EphrinB2:EphB4 during early EC commitment has thus been correlated with increased 

progression toward an arterial (versus venous) EC phenotype.82 Although the HUVEC 

EphrinB2:EphB4 gene expression ratio did not vary with hydrogel formulation, EOCs on the 

12 mg/mL PEG-Scl2-2 hydrogels displayed an increased EphrinB2:EphB4 ratio relative to 

the PEG-coll control (p = 0.005). Furthermore, gene expression of vWF – a blood 

glycoprotein generally associated with an increased risk of thrombosis – was ~40% lower on 

both PEG-Scl2-2 hydrogel formulations relative to PEG-coll controls for both EOCs and 

HUVECs (p < 0.005; Figure 6E).

Collectively, the above data indicate that the examined PEG-Scl2-2 hydrogels may support 

improved EOC maturation relative to PEG-coll hydrogels, although there appeared to be 

limited differences between the 8 mg/mL and 12 mg/mL PEG-Scl2-2 hydrogels. When 

NOS3 gene expression was evaluated, however, differences in the gene expression supported 

by the Scl2-2 formulations were observed. Notably, HUVEC and EOC mRNA levels for 

NOS3 – an enzyme that plays a critical role in vascular homeostasis and thromboresistance – 

were over 50% lower on the 12 mg/mL PEG-Scl2-2 formulation relative to both the 8 

mg/mL PEG-Scl2-2 hydrogel and the PEG-coll control (p < 0.005 for all; Figure 6F). These 

differences in NOS3 expression – coupled with the fact that EOC migration was 

significantly reduced on the 12 mg/mL relative to the 8 mg/mL PEG-Scl2-2 formulation – 
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led us to focus our final protein level analyses on the 8 mg/mL PEG-Scl2-2 hydrogels and 

the PEG-coll controls.

3.4.2. Protein level analyses—To further compare EOC and HUVEC phenotypic 

differences on the 8 mg/mL PEG-Scl2-2 hydrogels relative to PEG-coll controls, the 

following additional markers were examined at the protein level using either western 

blotting or magnetic bead multiplexing: PECAM-1 (an endothelial intercellular cell junction 

protein), Col IV (a basement membrane protein that plays a key role in regulating EC 

behavior), TM (a protein with anti-coagulant activity expressed by ECs),75,83 and E-selectin 

(an endothelial-leukocyte adhesion protein expressed following EC activation with 

proinflammatory cytokines).

For both HUVECs and EOCs, PECAM-1 levels were 1.4-to-2.1 fold higher on 8 mg/mL 

PEG-Scl2-2 hydrogels relative to PEG-coll controls (p = 0.008; Figure 7). In addition, Col 

IV deposition by EOCs and HUVECs was 17.8-fold and 7.3-fold greater, respectively, on 8 

mg/mL PEG-Scl2-2 hydrogels relative to PEG-coll hydrogels (p < 0.005). In contrast, no 

differences could be distinguished in the levels of the anti-coagulant protein TM across 

formulations for either EOCs or HUVECs. For the EC activation marker E-selectin, no 

difference in EOC E-selectin levels was noted with formulation although the 8 mg/mL PEG-

Scl2-2 hydrogel was associated with a ~ 63% reduction in HUVEC E-selectin production (p 

= 0.013). Together, the protein data suggest that 8 mg/mL PEG-Scl2-2 formulation supports 

EC maturation while maintaining similar levels of cell quiescence/activation relative to 

PEG-coll controls. Representative western blot images are shown in Supplementary Figure 

4.

4. DISCUSSION

One approach to promote rapid endothelialization of “off-the-shelf” vascular prostheses 

involves utilizing bioactive luminal coatings to support EOC adhesion, proliferation, and 

differentiation.34–43 As previously noted, PEG-Scl2-2 hydrogels have been shown to 

maintain the resistance to the platelet adhesion and activation characteristic of pure PEG 

hydrogels61 and the resistance to platelet aggregation52 and activation associated with pure 

Scl2-2 proteins.61 Thus, we investigated the effect of hydrogels containing 4 mg/mL, 8 

mg/mL, or 12 mg/mL of Scl2-252,61 on EOC responses relative to 4 mg/mL collagen-

containing controls (roughly equivalent to the 4 mg/mL PEG-Scl2-2 formulation in terms of 

integrin α1/α2-I domain binding affinity).52 The EOC results were also compared against 

data for HUVECs, an commited EC type commonly employed in graft pre-

endothelialization procedures.84

To enable EOC-based endothelialization following implantation, PEG-Scl2-2 coatings must 

support EOC adhesion, proliferation, and confluence. The combined cell adhesion/

proliferation data (Figure 3) indicated that increasing Scl2-2 levels from 4 mg/mL to 8 

mg/mL resulted in a moderate increase in initial cell adhesion. However, no further increase 

in initial cell attachment was observed with a further increase in Scl2-2 levels to 12 mg/mL, 

and Scl2-2 concentration did not appear to impact the rate of cell proliferation. Furthermore, 

the percent surface coverage by EOCs and HUVECs on the PEG-Scl2-2 hydrogels increased 
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from 20–28% at 24 h to 74–79% at 72 h and did not display a dependence on cell type or 

Scl2-2 concentration. Nevertheless, differences in ability of the various PEG-Scl2-2 

formulations to support confluence (> 95% surface coverage) were observed. Specifically, 

the 4 mg/mL PEG-Scl2-2 surfaces were unable to support stable EOC or HUVEC 

confluence, while the 8 mg/mL and 12 mg/mL PEG-Scl2-2 surfaces both allowed for the 

formation of stable, confluent cell layers for both cell types.

The present cell adhesion and surface coverage results appear to compare favorably with 

results from several previously published EOC endothelialization strategies.36,37,39 For 

instance, Camci-Unal et al. recently reported that methacrylated hyaluronic acid hydrogels 

with conjugated methacrylate-heparin supported ~75% coverage for EOCs and ~35% 

coverage for HUVECs.37 Furthermore, these surfaces retained less than 18% and 14% of 

initially seeded EOCs and HUVECs, respectively, after 72 h of culture. That said, the cell 

number on all PEG-Scl2-2 surfaces was significantly lower than that on the PEG-coll 

controls at both 24 h and 72 h for both cell types. These collagen versus Scl2-2 results are 

consistent with the fact that native collagen provides a range of cell-interaction/binding 

motifs aside from GFOGER,85,86 and thus is likely to be able to support cell adhesion 

through a broader array of pathways.

As with cell adhesion and proliferation, cell migration can significantly enhance the process 

of graft endothelialization.87 While the average HUVEC migration speed did not display a 

dependence on Scl2-2 concentration, the average migration speed for EOCs decreased from 

~0.94 to ~0.66 μm/min as Scl2-2 levels increased from 4mg/mL to 8 mg/mL (p < 0.005). 

The difference in the dependence of HUVEC and EOC migration rates on Scl2-2 

concentration likely stems from the cell-type specific, biphasic interplay between average 

cell migration speed and surface adhesion ligand density.76 Notably, both the 4 mg/mL and 8 

mg/mL Scl2-2 formulations supported significantly higher average EOC and HUVEC 

migration speeds than the collagen controls.

To evaluate the potential of PEG-Scl2-2 hydrogels to support phenotypic maturation, we 

assessed EOC and HUVEC phenotype at confluence on the various hydrogel formulations. 

Cumulatively, both gene and protein level data indicated that 8 mg/mL PEG-Scl2-2 

hydrogels supported similar or improved levels of EOC maturation relative to PEG-coll 

controls (i.e. ↓ CD34, ↑ VEGFR2, ↑ PECAM-1, ↔ VE-Cadherin). The 8 mg/mL PEG-

Scl2-2 hydrogels also appeared to support similar or improved levels of EOC homeostatic 

marker expression relative to PEG-coll hydrogels (i.e. ↓ vWF, ↑ Col IV, ↔ NOS3, ↔ TM, 

↔ E-selectin). Furthermore, EOCs on PEG-Scl2-2 hydrogels displayed a higher 

EphrinB2:EphB4 ratio relative to EOCs on PEG-coll hydrogels. These EphrinB2:EphB4 

ratio results may suggest increased EOC progression toward an arterial (versus venous) EC 

phenotype on PEG-Scl2-2 hydrogels, although further phenotypic and functional 

assessments would be required for definitive statements to be made. However, an increased 

arterial phenotype would be desirable for EOC use in coronary artery applications, as 

important functional differences are known to exist between arterial and venous ECs.88–91 

Finally, although Col IV is a natural component of the arterial basement membrane, it is 

possible – if confluence of endothelial layer is disrupted – that the Col IV deposited by the 

EOCs and HUVECs could be exposed to blood and induce thrombus formation. That said, 
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Col IV is considered to be among the less blood-reactive collagens92 and has previously 

been utilized to reduce thrombus formation through its ability to enhance endothelial cell 

recruitment.93

Collectively, the results from the current study indicate that PEG-Scl2-2 hydrogel 

formulations can be identified which promote intermediate levels of EOC adhesion and 

migration, while also supporting EOC phenotypic maturation and quiescence. Future work 

will extend the development of PEG-Scl2-2 coatings to incorporate the effects of dynamic 

flow conditioning on EOC behavior and layer stability. Furthermore, a broader panel of EC 

markers will be assessed in evaluating EOC phenotypic changes, including the development 

of key functional behaviors (eg. endothelial layer barrier function).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Integrin α1 and α2 subunit assessment by flow cytometry for EOCs and HUVECs. Gray 

filled curves represent negative controls. Black lined curves represent test samples.
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Figure 2. 
Representative images of EOCs and HUVECs stained with phalloidin and counterstained 

with DAPI on PEG-Scl2-2 and PEG-coll hydrogels at 24 h and 72 h. The scale bar in each 

image series equals 200 μm and applies to all images in the series.
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Figure 3. 
Quantitative assessment of the surface cell density of (A) EOCs and (B) HUVECs at 24 h 

and 72 h. Measurements are expressed as mean ± standard error of mean. Results were 

obtained from n = 6 independent samples per formulation with 10 images per sample. All 

values at 24 h for a given cell type were significantly different from the corresponding 72 h 

values. * significantly different from the 4 mg/mL PEG-Scl2-2 hydrogel at the 

corresponding time point, p < 0.05; # significantly different from the 8 mg/mL PEG-Scl2-2 

hydrogel at the corresponding time point, p < 0.05; $ significantly different from the 12 

mg/mL PEG-Scl2-2 hydrogel at the corresponding time point, p < 0.05.
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Figure 4. 
Quantitative assessment of the fraction of surface covered by (A) EOCs and (B) HUVECs at 

24 h and 72 h of culture. Measurements are expressed as mean ± standard error of the mean. 

For each hydrogel type, n = 5–6 independent samples were analyzed. All values at 24 h for a 

given cell type were significantly different from the corresponding 72 h values. * 

significantly different from the 4 mg/mL PEG-Scl2-2 hydrogel at the corresponding time 

point, p < 0.05; # significantly different from the 8 mg/mL PEG-Scl2-2 hydrogel at the 

corresponding time point, p < 0.05; $ significantly different from the 12 mg/mL PEG-Scl2-2 

hydrogel at the corresponding time point, p < 0.05.
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Figure 5. 
Influence of Scl2-2 concentration on the migration speed of (A) EOCs and (B) HUVECs. 

For each formulation, n = 110–290 cells were analyzed per cell type. Measurements are 

expressed as mean ± standard error of mean. * significantly different from the 4 mg/mL 

PEG-Scl2-2 hydrogel, p < 0.05; # significantly different from the 8 mg/mL PEG-Scl2-2 

hydrogel, p < 0.05.
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Figure 6. 
Relative gene expression of the endothelial markers (A) CD34, (B) VEGFR2, (C) 

EphrinB2:EphB4, (D) VE-Cadherin, (E) vWF, and (F) NOS3 of confluent EOCs and 

HUVECs cultured on PEG-Scl2-2 hydrogels and PEG-coll controls. For each cell type, n = 

3–6 independent samples were analyzed for each hydrogel formulation. Measurements are 

expressed as mean ± standard error of the mean. * significantly different from the 8 mg/mL 

PEG-Scl2-2 hydrogel, p < 0.05; # significantly different from the 12 mg/mL PEG-Scl2-2 

hydrogel, p < 0.05; + significant difference between cell types.
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Figure 7. 
Relative protein expression of the endothelial markers PECAM-1, Col IV, TM, and E-

selectin by confluent EOCs and HUVECs cultured on PEG-Scl2-2 hydrogels and PEG-coll 

controls. For each cell type, n = 3–6 independent samples were analyzed for each hydrogel 

formulation. Measurements are expressed as mean ± standard error of the mean. * 

significantly different from the 8 mg/mL PEG-Scl2-2 hydrogel, p < 0.05; # significantly 

different from the 12 mg/mL PEG-Scl2-2 hydrogel, p < 0.05; + significant difference 

between cell types.
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Table 1

Genes assessed in evaluating shifts in EOC and HUVEC phenotype.

Function Gene Marker Primer sequence
Forward 5′-3 (F), Reverse 5′-3′ (R)

Reference Gene RPL-32
F: ACAAAGCACATGCTGCCCAGTG
R: GCTCGCAGTACGACTACACTGAC

Late Outgrowth Endothelial Progenitor Cell Markers

CD34
F: AAGGCTGGGTGAAGACCCTTA
R: TGAATGGCCGTTCTGGAAGT

VEGFR2
F: GGAACCTCACTATCCGCAGAGT
R: CCAAGTTCGTCTTTTCCTGGGC

Arterial/Venous Endothelial Cell Markers

EphrinB2
F: GCAAGTTCTGCTGGATCAACCAG
R: GCTGTTGCCGTCTGTGCTAGAA

EphB4
F: GAAAAGGAAGTGCCCAACA
R: CTGGCAAGGGAGTCACACT

Mature Endothelial Cell Marker VE-Cadherin
F: GAAGCCTCTGATTGGCACAGTG
R: TTTTGTGACTCGGAAGAACTGGC

Regulators of Vascular Homeostasis
vWF

F: CCTTGAATCCCAGTGACCCTGA
R: GGTTCCGAGATGTCCTCCACAT

NOS3 Proprietary (Qiagen)
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Table 2

Proteins assessed in evaluating shifts in EOC and HUVEC phenotype.

Function Protein Marker

Endothelial Cell Marker PECAM-1

Mature Endothelial Cell Marker Col IV

Regulators of Vascular Homeostasis
TM

E-selectin
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