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ABSTRACT 

Cardiovascular disease (CVD) is one of the leading causes of death worldwide [1].  

Current clinical small caliber synthetic vascular grafts (<6 mm), such as Dacron and 

polytetrafluoroethlyene (ePTFE) or Teflon, have high failure rates and do not show 

promising patency results [2].  Patency rates of these grafts decrease due to thrombosis 

formation and vascular occlusion.  The majority of these failures are due to inadequate 

cell-material interactions and poor matching of arterial biomechanical properties [1], [2].  

To address these issues, Browning et al. have developed a composite vascular graft 

composed of an electrospun mesh that acts as a reinforcing outer layer and a                               

non-thrombogenic inner hydrogel-based layer that promotes bovine aortic endothelial cell 

(BAEC) endothelialization.  The blood contacting inner hydrogel is based on a                    

collagen-mimetic protein (Scl2-2) derived from the group A Streptococcus, Scl2.28, 

streptococcal collagen-like protein (Scl2-1) which has been modified to contain integrin 

binding sites that promote endothelial cell adhesion.  The unhydroxylated “parent” strain 

(Scl2-1) includes the Gly-Xaa-Yaa (GXY) motifs of native collagen, but unlike native 

collagen, it can maintain a stable triple helix without post-translational modifications [3], 

[4], [5], [6], [7].  Discrete from native collagen, the Scl2-1 “parent” strand does not contain 

any known cell signaling sequences and therefore provides a “blank-slate” into which 

desired collagen-based cell adhesion sequences can be introduced into the protein via              

site-directed mutagenesis [8], [9], [10], [11], [12], [13], [14].  A “daughter”, Scl2-2, strand 

has been engineered to incorporate a GFPGER sequence which includes α1β1 and α2β1 

integrin-binding motifs based on the GF/LOGER collagen sequence (O; hydroxyproline) 

[8], [15], [16], [17], [18].  The Scl2-2 protein is incorporated into a poly (ethylene glycol) 

diacrylate (PEGDA) hydrogel matrix in which both the bioactivity levels and substrate 

modulus can be modified.  The results from their study confirmed the thromboresistance 

of the PEGDA-Scl2-2 hydrogels, as well as the ability of the hydrogels to support BAEC 

adhesion and migration.  In addition, the mechanical properties of the electrospun mesh 

proved to be easily tunable, and can closely match current autografts.  These findings 

indicate that this multilayer design has promise for vascular graft applications [9].    

This work focuses on the evaluation of human endothelial cell response to 

thromboresistant PEGDA-Scl2-2 hydrogels towards the development of polymeric 



 

 ix 

coatings that can potentially improve the biocompatibility of existing cardiovascular 

devices.  To achieve this, three types of human endothelial cells were employed: human 

aortic endothelial cells (HAECs), human endothelial progenitor cells (EPCs), and human 

umbilical vein endothelial cells (HUVECs).  BAECs were also used as a reference.  

Endothelial cell coverage (cell adhesion) and proliferation were measured over 72 hours 

to determine the effects of protein type (Scl2-2 versus collagen I) and concentration                      

(4 mg/mL, 8 mg/mL, and 12 mg/mL) on both initial and prolonged cell interactions with 

the scaffold.  Cell migration assessments were performed for all formulations in order to 

evaluate the effect of bioactivity levels on the observed cell migration responses.  The 

current studies indicate that human endothelial cell adhesion, proliferation and migration 

responses can be tuned on our PEGDA-Scl2-2 hydrogels by modulating Scl2-2 

concentration in the scaffold.  The human endothelial cell adhesion and proliferation levels 

far exceeded those observed with the BAECs.  These results show that PEGDA-Scl2-2 

hydrogels support appropriate human endothelial cell adhesion, proliferation, and 

migration [19], [20], [21], [22], [23], [24], [25], [26], [27].  Tuning the Scl2-2 

concentration in the hydrogel will allow for the fabrication of bioactive surfaces that elicit 

endothelial cell responses similar to those observed on native collagen, without the 

thrombogenicity associated with the latter.  Conjugation of Scl2-2 within a synthetic 

PEGDA hydrogel provides the means to combine the selective bioactivity of the Scl2-2 

protein, with the thromboresistance and tunable material properties of this synthetic 

polymer.  This work demonstrates the potential utility of the proposed PEGDA-Scl2-2 

hydrogel systems in regenerative medicine applications, such as coatings to improve the 

performance of cardiovascular devices.
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1. INTRODUCTION 

Cardiovascular disease (CVD) is one of the leading causes of death worldwide.  In 

the United States, an estimated 82.6 million adults, greater than one in three, have one or 

more types of CVD.  CVD can be classified by multiple diagnoses, such as hypertension, 

heart disease, stroke, peripheral artery disease, and disease of the veins which include high 

blood pressure, coronary heart disease, heart attack, chest pain, heart failure, and more.  

Most clinical cardiovascular events are due to atherosclerosis.  Atherosclerosis is a 

systemic disease classified by buildup on the inner walls of the arteries, which can be due 

to fatty deposits, inflammation, cells, or scar tissue build up.  Given that 45 million people 

in the United States have CVD as their functional disability, heart disease, stroke, and 

hypertension are three of the 15 leading conditions that cause these functional disabilities 

[1]. 

The estimated costs of CVD for 2008 were $297.7 billion.  By 2030, medical costs 

for CVD are projected to triple, increasing the costs above $800 billion [1].  Most vascular 

disease cases involve smaller blood vessels with an internal diameter of 6 mm or less.  

Often the only solution for this condition is vascular reconstruction or vascular bypass 

surgery.  Currently, the only adequate replacements for these vessels are autologous 

arteries or veins [2].  However, in about one third of these patients a suitable autologous 

vessel is not available due to trauma, vessel disease or previous surgeries [28].  To increase 

the number of patients that could be treated surgically, an available and reliable small 

diameter off the shelf artificial graft needs to be engineered [2]. 

 Some of the first methodologies to vascular regeneration included the use of 

arterial homografts for bridging cardiovascular defects.  Initial clinical results of these 

grafts seemed promising, but the long-term results proved these grafts to be abysmal.  In 

the long term, patients suffered from thrombosis, aneurysmal dilation, and dissolution of 

the grafts.  To improve these homografts, the biological grafts were tanned with various 

aldehydes before implantation in order to prevent an immunologic attack.  Tanned human 

umbilical veins were then used as a biologic graft for small diameter vessel repair.  Despite 

the progress these grafts showed, there were still problems with the long term efficacy, 

with a poor 5 year patency rate approaching 30-55% depending on the size and position 

of the graft [2]. 
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 Due to the high percentage of long term failure for previous vascular grafts, new 

approaches needed to be developed to enhance the patency rates of implanted grafts.  

Further research revealed that if tubular textile fabric was exposed to blood it could act to 

bridge arterial defects.  Materials such as Nylon, Dacron, Orlon, and Teflon, were 

investigated for the fabrication of vascular grafts.  Techniques such as crimping, weaving, 

kitting, velouring, large pores, and small pores were explored to determine the optimal 

configuration of these fibers.  Both Dacron and polytetrafluoroethlyene (ePTFE) or Teflon 

synthetic grafts require continuous washing of the surface with high blood flow to remain 

patent.  In larger diameter (>6 mm) grafts where blood flow rates exceed the thrombotic 

threshold by more than threefold, the fibrin layer that forms becomes stabilized and 

patency rates approach 100% at 5 years.  With small diameter (<6 mm) grafts, blood flow 

rates do not exceed this threshold and, therefore, the fibrin layer does not stabilize and 

sheds as microemboli.  This reduces the flow by as much as 75% and patency rates for 

Dacron and Teflon approach 21% and 37%, respectively, at 5 years post-implantation.  

Similarly, all other current small diameter vessel replacements fail due to thrombosis and 

occlusion because of their inherent thrombogenicity or intimal hyperplasia (IH), the 

encroachment of tissue into the lumen of the graft at the point of attachment.  Despite the 

intense number of resources placed into this field, it became apparent that textile grafts 

are not effective replacements for small diameter vessels [2]. 

 Over the years, tissue engineering has become a viable option for the development 

of small diameter replacement vessels.  However, in terms of vascular tissue engineering, 

several obstacles hinder the rapid progression of this field.  The model arterial substitute 

materials should be elastic, mechanically durable, degradable and biocompatible.  The 

inner surface should also be hemocompatible [28], [29], [30], [31].  Designing                           

non-thrombogenic grafts to be compliant like natural vessels should be able to replace 

current small diameter grafts or serve as coatings for current clinical grafts.  To meet these 

design requirements, our lab proposes that designer hydrogel systems can suit as coatings 

for blood contacting devices. 

 Hydrogels are polymeric materials that exhibit the ability to swell in a solvent 

while retaining greater than 20% of the solvent within its structure.  Hydrogels resemble 

natural living tissue more so than any other class of synthetic biomaterials because they 
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contain high contents of a solvent and exhibit a soft and rubbery consistency most similar 

to natural tissue.  These features contribute to their biocompatibility by minimizing 

mechanical irritation to surrounding cells and tissues [32].  Poly (ethylene glycol) (PEG) 

hydrogels are exceptionally tunable and their versatile chemical, mechanical, and 

biological properties enable them to be used for a plethora of applications [33], [34], [35], 

[36], [37].  Acrylate-derived PEG (PEGDA) creates cytocompatible scaffolds with high 

permeability and solvent content when mildly cross-linked.  Varying the molecular weight 

of PEGDA as well as its concentration allows for PEGDA hydrogels to have a range of 

elastic moduli and swelling ratios that are comparable to many soft tissues [33].  PEGDA 

hydrogels are intrinsically resistant to protein adsorption and cell adhesion [38], [39], [40], 

[41], which allows for PEGDA hydrogels to have an attenuated host response and 

controlled bioactivity through conjugation of specific bioactive agents, including proteins 

and peptides [8], [42], [43], [44].  Moreover, it is believed that PEGDA is a promising 

material for vascular tissue engineering applications because it displays the characteristics 

of being flexible, biocompatible, and biodegradable [2]. 

 One type of protein that can be incorporated into PEGDA hydrogels are               

collagen-mimetic proteins.  Collagen-mimetic proteins, or designer collagens, are a novel 

recombinant Gly-Xaa-Yaa (GXY) polymer derived from group A Streptococcus, Scl2.28, 

streptococcal collagen-like proteins (Scl2-1) [5], [6], [8], [14].  This unhydroxylated 

“parent” strain includes the GXY motifs of native collagen, but differs from native 

collagen because it can maintain a stable triple helix without post-translational 

modifications [3], [4], [5], [6], [7].  Unlike native collagen, the Scl2-1 “parent” strand does 

not contain any known cell signaling sequences and, therefore, provides a “blank-slate” 

into which desired collagen-based cell adhesion sequences can be introduced via                       

site-directed mutagenesis [8], [9], [10], [11], [12], [13], [14].  In conjunction with the 

Höök lab at Texas A&M Health Science Center, a “daughter”, Scl2-2, strand has been 

engineered to incorporate a GFPGER sequence which includes α1β1 and α2β1                

integrin-binding motifs based on the GF/LOGER collagen sequence (O; hydroxyproline) 

[8], [15], [16], [17], [18].  This sequence allows the complex tertiary “daughter” structural 

protein to promote endothelial cell adhesion while maintaining thromboresistance [10], 

[11].  The Scl2-2 protein has shown its ability to support BAEC specific binding and 
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migration [18].  These proteins are recombinantly expressed in prokaryotes, which helps 

reduce the batch to batch variability that is seen with native collagen extraction and also 

reduces the cost associated with solid phase synthesis of extracellular matrix peptides [4], 

[5], [14].   

The major advantage of using Scl2-1 derived proteins (Scl2-2) over native 

collagen is the ability of these proteins to reduce thrombosis formation in vascular grafts 

[14].  In order to test the thrombogenicity of the Scl2 proteins, previous platelet 

aggregation experiments were performed.  The optical density of human platelet rich 

plasma was measured during a 10 minute interval to assess aggregation.  Collagen I 

aggregated platelets to greater than 90%, while the Scl2 proteins (Scl2-1 and Scl2-2) 

demonstrated less than 5% aggregation of platelets, even at protein concentrations that 

were increased 10-fold when compared with collagen I.  Scl2-1 and Scl2-2’s resistance to 

aggregating platelets suggests that these proteins are thromboresistant [18].  Therefore, 

this Scl2-2 protein is under investigation to be used as a replacement for collagen in 

biomaterials [8]. 

The introduction of Scl2-2 into PEGDA hydrogel matrices has been previously 

developed [8].  In brief, the Scl2-2 protein is covalently crosslinked to the PEGDA through 

an established polymer chemistry reaction which generates these hybrid biosynthetic 

hydrogels.  This method allows for high control over the PEGDA-Scl2-2 hydrogel 

properties [34], [35], [36], [37].  Consequently, both protein and matrix variables on               

cell-material interactions can be investigated.  Increasing the bioactive factor 

concentration also directly increases cell adhesion and spreading [45], [46], [47], [48].  

Although cell migration speed tends to increase with adhesion and spreading, migration 

rates tend to decrease as the adhesion strength overcomes the ability to migrate.  While 

increased adhesion and spreading are desirable, cell migration rates are crucial in the 

successful development of scaffolds for regenerative medicine and tissue engineering 

applications [49], [50]. 

The results from the study conducted by Browning et al. [9] confirmed the 

thromboresistance of the PEGDA-Scl2-2 hydrogels as well as the ability of the hydrogel 

to support BAEC adhesion and migration.  This work focuses on the evaluation of human 

endothelial cell response to thromboresistant PEGDA-Scl2-2 gels towards the 
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development of polymeric coatings that can potentially improve the biocompatibility of 

existing cardiovascular devices.  To achieve this, three types of human endothelial cells 

were employed: human aortic endothelial cells (HAECs) because of their ability to migrate 

into a replacement vessel from anastomoses, human endothelial progenitor cells (EPCs) 

because they would adhere onto the coating from the blood stream, and human umbilical 

vein endothelial cells (HUVECs) because they are most commonly used in vascular 

replacement studies so it would allow our graft coating to be compared to other coatings 

in literature.  Bovine aortic endothelial cells (BAECs) were also used as a reference.  

Endothelial cell coverage (cell adhesion) and proliferation were measured over 72 hours 

to determine the effects of protein type (Scl2-2 versus collagen I) and concentration                 

(4 mg/mL, 8 mg/mL, and 12 mg/mL) on both initial and prolonged cell interactions with 

the scaffold.  Cell migration assessments were performed for all formulations in order to 

evaluate the effect of bioactivity levels on the observed cell migration responses.  

Conjugation of Scl2-2 within a synthetic PEGDA hydrogel can provide the means to 

combine the selective bioactivity of the Scl2-2 protein with the thromboresistance and 

tunable material properties of this synthetic polymer.  The current work allows for the 

examination of the effects of protein type and concentration on human endothelial cell 

binding affinity and the associated effects of adhesion, proliferation, and migration.  

Overall, the present work aims to evaluate the potential utility of the proposed                       

PEGDA-Scl2-2 designer hydrogel systems in regenerative medicine applications such as 

coatings to improve the performance of cardiovascular devices. 
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2. MATERIALS AND METHODS 

2.1  Scl2-2 Expression and Functionalization 

The Scl2.28 sequence was amplified from a variant of the serotype M28 strain 

MGAS6274A [8].  The Scl2-2 variant contains the GFPGER sequence, which was 

introduced via the QuikChange site-directed mutagenesis kit as previously described [17].  

The recombinant protein was expressed in E. coli BL21 (Novagen) and harvested.  The 

Scl2-2 protein was purified via HisTrap HP affinity chromatography (GE Healthcare) and 

HiTrap Q anionic chromatography (GE Healthcare).  Protein purity was determined via 

SDS-PAGE and Coomassie blue staining.  Dialysis against ddiH2O (double distilled 

water) was performed over a 48-hour period.  The resulting protein was lyophilized using 

a Labconco-CentriVap Cold Trap and stored at -20C until use. 

Scl2-2 proteins were functionalized with photoreactive cross link sites adapted 

from Sebra et al’s protocol [17].  A previously pegylated rat-tail collagen type I:SVA 

(succinimidyl valerate) control was used as a positive control.  The Scl2-2 protein is 

comprised of ~9% lysine groups which allow for its bioconjugation through the 

established NHS-lysine Ɛ-amino group reaction.  The Scl2-2 protein (4, 8, and 12 mg/mL) 

was dissolved in DPBS (Dulbecco's phosphate-buffered saline) and the collagen I:SVA 

protein (4 mg/mL) was dissolved in 20mM acetic acid.  The Scl2-2 protein solutions were 

reacted with Acrylate-Poly (Ethylene Glycol) – Succinimidyl Valerate (Acr-PEG-SVA, 

MW 3400, Laysan Bio Inc.) in 50 mM sodium bicarbonate buffer (pH 8.5) at a 1:6               

Scl2-2:Acr-PEG-SVA molar ratio.  The reaction was mixed for 2 hours at room 

temperature. 

 

2.2  Preparation of Bioactive PEGDA-Scl2-2 Hydrogels 

PEGDA was synthesized as previously described [39].  Under argon, 4 molar 

equivalents of acryloyl chloride were added drop-wise to a PEG (3.4 kDa; 1 molar 

equivalent) and triethylamine (2 molar equivalents) solution in anhydrous 

dichloromethane (DCM).  The solution was stirred for 24 hours.  The resulting solution 

was washed with 2 molar potassium bicarbonate (8 molar equivalents) and dried with 

anhydrous sodium sulfate.  The product was precipitated in cold diethyl ether, filtered, and 

dried under vacuum.  Functionalization of PEGDA was confirmed via FTIR (Fourier 
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transform infrared spectrometer) spectroscopy and proton nuclear magnetic resonance 

(1H-NMR) spectroscopy.  Control and functionalized polymers were solution cast onto 

KBr (potassium bromide) pellets to acquire transmission FTIR spectra with a Bruker 

TENSOR 27 spectrometer.  A spectral ester peak at 1730 cm-1 and loss of the 3300 cm-1 

hydroxyl peak was associated with successful acrylation.  A Mercury 300 MHz 

spectrometer was used for the proton NMR (Nuclear Magnetic Resonance) spectra of 

control and functionalized polymers.  A TMS (tetramethylsilane)/solvent signal was used 

as an internal reference.  Acrylation of the PEG end hydroxyl groups was characterized 

by 1H-NMR spectroscopy to be ~85%.  1H-NMR (CDCl3): 3.6 ppm (m, -OCH2CH2-),            

4.3 ppm (t, -CH2OCO-) 5.8 ppm (dd, -CH=CH2), 6.1 and 6.4 ppm (dd, - CH=CH2). 

PEGDA-Scl2-2 and PEGDA-collagen I hydrogels were prepared by dissolving 

PEGDA (3.4 kDa, 97.5% acrylation, 10 wt%) in the functionalized protein solutions.  A 

photoinitiator solution (Irgacure in ethanol (100 mg/mL)) was added at 1% v/v to each 

solution.  Each solution was pipetted into a glass mold, 0.5 mm in thickness, and exposed 

to long-wave ultraviolet (UV) light (Spectroline Ultraviolet Transilluminator, 365 nm) for 

6 minutes to allow for hydrogel crosslinking.  The resulting hydrogels were subjected to 

an ethanol sterilization gradient bath.  In brief, hydrogels were immersed in 70% ethanol 

in DPBS for 1 hour, followed by 50% and 20% ethanol in DPBS for 20 minutes each time.  

The hydrogels were then transferred and immersed in DPBS for two 15 minute washes.  

Subsequently, the hydrogels were allowed to swell in a DPBS and 1% PSA                      

(PSA: 10 U/mL penicillin, 10 g/L streptomycin, and 10 g/L amphotericin; Mediatech, 

Manassas, VA) solution overnight.  The following day, sets of 8 mm diameter punches 

were made from the swollen gels and immersed into DPBS in 48-well non tissue culture 

treated plates (Celltreat®).  Once all punches were transferred, the DPBS was removed 

and replaced with either EGM-2 (Endothelial Growth Media; Lonza) + 10% FBS (Fetal 

Bovine Serum; Hyclone) or 1 X DMEM (Dulbecco’s Modified Eagle’s medium)                     

+ 10% BCS (Bovine Calf Serum) + 1% PSA medium for human cell and bovine cell 

seeding respectively. 

 

2.3  Endothelial Cell Adhesion and Proliferation 
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Endothelial cell coverage (cell adhesion) and proliferation on PEGDA-Scl2-2 gel 

surfaces is required to show that the hydrogels support vascularization.  Human aortic 

endothelial cells (HAECs, passage 6 (P6)), human endothelial progenitor cells (EPCs, 

passage 8 (P8)), human umbilical vein endothelial cells (HUVECs, passage 7 (P7)), and 

bovine aortic endothelial cells (BAECs, passage 6 (P6)) were harvested and seeded onto 

the different hydrogel surfaces at 5,000 cells cm-2 with either EGM-2 (Lonza) + 10% FBS 

(Hyclone) or 1 X DMEM + 10% BCS + 1% PSA, for the human cells and animal cells 

respectively, at 37 °C/5% CO2 (carbon dioxide).  Following 24hr or 72hr of culture, cells 

were fixed with 10% formalin and stained with rhodamine phalloidin (1:100 dilution in 

PBS (phosphate-buffered saline)) for a minimum of 6 hours at room temperature, followed 

by Dapi staining (300nM in PBS) for 15-20 minutes at room temperature.  The rhodamine 

phalloidin stain binds to F-actin, allowing for localization of the cell cytoplasm, and the 

Dapi stain binds to cell nuclei.  Representative fluorescence images (10 per hydrogel) were 

obtained using a Zeiss Axiovert microscope at 10X magnification with a 6-12 second 

exposure for phalloidin and a 1-2 second exposure for Dapi. 

 

2.4  Quantitative Analysis of Cell Adhesion and Proliferation 

Fluorescent images (10 images per hydrogel specimen) of rhodamine phallodidin 

and Dapi stained cells were used to quantify the extent of endothelial cell coverage (cell 

adhesion) and proliferation.  The average fraction of area covered was quantified using 

the Freehands Selection Tool in the open access ImageJ software to trace either the outer 

edges of the cell (Acell) or unstained area (Aunstained).  Cell adhesion and the fraction of area 

(F) covered was calculated using the following equation: 

F =
𝐴𝑐𝑒𝑙𝑙

𝐴𝑖𝑚𝑎𝑔𝑒
 or F =

𝐴𝑖𝑚𝑎𝑔𝑒−𝐴𝑢𝑛𝑠𝑡𝑎𝑖𝑛𝑒𝑑

𝐴𝑖𝑚𝑎𝑔𝑒
 . 

The number of cell nuclei per image was assessed using the Cell Counter Plug-In on Image 

J and used as a quantitative assessment of cell adhesion and proliferation on each hydrogel.  

Cell attachment and proliferation (CP) were calculated using the following equation:  

CP =
𝑛𝑐𝑒𝑙𝑙𝑠

𝐴𝑖𝑚𝑎𝑔𝑒
 . 

Data are reported as mean ± standard error of the mean. 
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2.5  Endothelial Cell Migration 

For the cell migration assessments, human aortic endothelial cells (HAECs, P6), 

human endothelial progenitor cells (EPCs, P8), human umbilical vein endothelial cells 

(HUVECs, P7), and bovine aortic endothelial cells (BAECs, P6) were harvested and 

seeded onto the different hydrogel surfaces at 5,000 cells cm-2 with either EGM-2 (Lonza) 

+ 10% FBS (Hyclone) or 1 X DMEM + 10% BCS + 1% PSA, for the human cells and 

animal cells respectively, at 37 °C/5% CO2.  Following 24hr of culture, endothelial cell 

migration was monitored for 1 hour at 5-minute intervals in 2 randomly selected locations 

on each hydrogel using a Zeiss Axio Observer with XL Incubator at 10X magnification.  

To establish single cell migration data, only cells in isolation (>100m from other cells) 

were measured.  The Manual Tracking ImageJ Plug-In was used to track the movement of 

individual cells by monitoring the movement of their nuclei throughout the image 

sequences.  The cell centroid position (x, y) was used to calculate the displacement (〈d2〉) 

for a range of time intervals.  Displacement was calculated using the following equation: 

〈d2〉 = ((x − 𝑥0)2) + ((y − 𝑦0)2). 

The speed, S, was determined using the displacement (〈d2〉) value, previous slice number 

(n-1), and interval, t=5: 

S =

√〈d2〉

√(n−1)

t
. 

The individual cell speeds were averaged.  Data are reported as mean ± standard error of 

the mean. 

 

2.6  Statistical Analysis 

 Data are reported as mean ± standard error of the mean.  Statistical Package for the 

Social Sciences (SPSS) software was used to perform analysis of variance, ANOVA, and 

Tukey’s post-hoc tests, p < 0.05, to compare the sample means. 
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3. RESULTS 

3.1  Endothelial Cell Adhesion and Proliferation 

Figure 3.1 illustrates the relative HAEC adhesion and proliferation on                  

PEGDA-Scl2-2 and PEGDA-collagen I hydrogels at 24 and 72hr.  As shown in Figure 

3.1A, HAECs adhered to PEGDA-collagen I hydrogels at 24hr.  PEGDA-Scl2-2 

hydrogels, especially 12 mg/mL, facilitated HAEC adhesion at 24hr.  Also, HAECs 

proliferated (Figure 3.1C) on PEGDA-collagen I hydrogels at 72hr.  PEGDA-Scl2-2 

hydrogels, especially the 12 mg/mL and 8 mg/mL formulations, enabled HAEC 

proliferation at 72hr.  For the fraction of area covered (Figure 3.1B), HAEC adhesion to 

PEGDA-collagen I hydrogels was significantly higher than the adhesion to all                  

PEGDA-Scl2-2 hydrogels at 24hr.  HAEC adhesion to PEGDA-Scl2-2 12 mg/mL 

hydrogels was significantly higher than the adhesion to the PEGDA-Scl2-2 4 mg/mL 

hydrogel at 24hr.  Most importantly, an increase in Scl2-2 concentration corresponded 

with an increase in initial adhesion of HAECs.  Table 3.1 shows the percentage of HAEC 

adhesion on the PEGDA-Scl2-2 hydrogels at 24hr when compared with                           

PEGDA-collagen I hydrogels.  In addition, HAECs degree of fraction of area covered to 

PEGDA-collagen I hydrogels was significantly higher than the degree of fraction of area 

covered to the 4 mg/mL and 8 mg/mL PEGDA-Scl2-2 hydrogels at 72hr.  HAECs degree 

of fraction of area covered to PEGDA-Scl2-2 8 mg/mL and 12 mg/mL hydrogels was 

significantly higher than the degree of fraction of area covered to the PEGDA-Scl2-2                    

4 mg/mL hydrogel at 72hr.  Most importantly, an increase in Scl2-2 concentration 

corresponded with an increase in the fraction of area covered by the HAECs.  Table 3.2 

shows the percentage of HAECs degree of fraction of area covered on the                        

PEGDA-Scl2-2 hydrogels at 72hr when compared with PEGDA-collagen I hydrogels.  

Although the initial endothelial cell coverage (cell adhesion) of the HAECs to the 

PEGDA-Scl2-2 hydrogels was not comparable with the initial adhesion to the                  

PEGDA-collagen I hydrogel surfaces, the degree of fraction of area covered at 72hr for 

all PEGDA-Scl2-2 hydrogel formulations was comparable with the PEGDA-collagen I 

hydrogels.   
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Figure 3.1.  Relative endothelial cell coverage (cell adhesion; A and B) and proliferation (C and 

D) on PEGDA-Scl2-2 and PEGDA-collagen I hydrogels.  HAECs were seeded at 5000 cells cm-2 

and cultured for either 24 or 72hr.  Cells were stained with phalloidin (A) and Dapi (C).  n = 4-6; 

∗ significantly different  relative to all Scl2-2 hydrogels; # significantly different relative to the     

4 mg/mL Scl2-2 hydrogel; β significantly different relative to the 4 mg/mL and 8 mg/mL Scl2-2 

hydrogels. 
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Figure 3.2.  Relative endothelial cell coverage (cell adhesion; A and B) and proliferation (C and 

D) on PEGDA-Scl2-2 and PEGDA-collagen I hydrogels.  EPCs were seeded at 5000 cells cm-2 

and cultured for either 24 or 72hr.  Cells were stained with phalloidin (A) and Dapi (C).  n = 4-6; 

∗ significantly different relative to all Scl2-2 hydrogels; ξ significantly different relative to the        

4 mg/mL and 12 mg/mL Scl2-2 hydrogels. 
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Figure 3.3.  Relative endothelial cell coverage (cell adhesion; A and B) and proliferation (C and 

D) on PEGDA-Scl2-2 and PEGDA-collagen I hydrogels.  HUVECs were seeded at                                

5000 cells cm-2 and cultured for either 24 or 72hr.  Cells were stained with phalloidin (A) and Dapi 

(C).  n = 4-6; ∗ significantly different relative to all Scl2-2 hydrogels; # significantly different 

relative to the 4 mg/mL Scl2-2 hydrogel. 
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Figure 3.4.  Relative endothelial cell coverage (cell adhesion; A and B) and proliferation (C and 

D) on PEGDA-Scl2-2 and PEGDA-collagen I hydrogels.  BAECs were seeded at 5000 cells cm-2 

and cultured for either 24 or 72hr.  Cells were stained with phalloidin (A) and Dapi (C).  n = 4-8; 

∗ significantly different relative to all Scl2-2 hydrogels; # significantly different relative to the        

4 mg/mL Scl2-2 hydrogel. 
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Cell Fraction of Area Covered Table – 24hr 

Table 3.1.  Percentage of endothelial cell coverage (cell adhesion) at 24hr when compared with 

the adhesion observed on PEGDA-collagen I positive control hydrogels. 

 HAECs EPCs HUVECs BAECs 

PEGDA-Scl2-2 

4 mg/mL 
46.5 35.1 22.2 26.7 

PEGDA-Scl2-2 

8 mg/mL 
63.4 40.6 32.9 19.5 

PEGDA-Scl2-2 

12 mg/mL 
74.8 38.9 40.6 19.9 

 

Cell Fraction of Area Covered Table – 72hr 

Table 3.2.  Percentage of the cells’ fraction of area covered at 72hr when compared with the 

fraction of area covered on PEGDA-collagen I positive control hydrogels. 

 HAECs EPCs HUVECs BAECs 

PEGDA-Scl2-2 

4 mg/mL 
64.1 79.3 47.6 3.6 

PEGDA-Scl2-2 

8 mg/mL 
84.3 76.2 66.4 2.8 

PEGDA-Scl2-2 

12 mg/mL 
89.3 81.3 73.1 3.2 

 

Number of Cells Table – 24hr 

Table 3.3.  Percentage of number of cells (cell attachment) at 24hr when compared with the 

attachment observed on PEGDA-collagen I positive control hydrogels. 

 HAECs EPCs HUVECs BAECs 

PEGDA-Scl2-2 

4 mg/mL 

59.5 58.8 34.9 37.9 

PEGDA-Scl2-2 

8 mg/mL 

74.4 74.2 42.9 39.8 

PEGDA-Scl2-2 

12 mg/mL 
88.7 66.7 51.9 39.9 
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Number of Cells Table – 72hr 

Table 3.4.  Percentage of number of cells (cell proliferation) at 72hr when compared with the 

proliferation observed on PEGDA-collagen I positive control hydrogels. 

 HAECs EPCs HUVECs BAECs 

PEGDA-Scl2-2 

4 mg/mL 

37.1 34.4 27.4 3.4 

PEGDA-Scl2-2 

8 mg/mL 

51.9 45.1 35.7 3.5 

PEGDA-Scl2-2 

12 mg/mL 

53.4 47.5 37.8 3.1 

 

In terms of the proliferation (Figure 3.1D), HAEC attachment on                         

PEGDA-collagen I hydrogels was significantly higher than the attachment to the            

PEGDA-Scl2-2 4 mg/mL hydrogels, but was indistinguishable when compared with the 

PEGDA-Scl2-2 8 mg/mL and 12 mg/mL hydrogel formulations at 24hr.  Most 

importantly, an increase in Scl2-2 concentration corresponded with an increase in initial 

attachment of HAECs.  Table 3.3 shows the percentage of HAEC attachment on the 

PEGDA-Scl2-2 hydrogels at 24hr when compared with PEGDA-collagen I hydrogels.  

HAEC proliferation on PEGDA-collagen I hydrogels was significantly higher than the 

proliferation on all PEGDA-Scl2-2 hydrogels at 72hr.  HAEC proliferation on              

PEGDA-Scl2-2 8 mg/mL and 12 mg/mL hydrogels was significantly higher than what 

was observed for the PEGDA-Scl2-2 4 mg/mL samples at 72hr.  Most importantly, an 

increase in Scl2-2 concentration corresponded with an increase in proliferation of the 

HAECs.  Table 3.4 shows the percentage of HAEC proliferation on the PEGDA-Scl2-2 

hydrogels at 72hr when compared with PEGDA-collagen I hydrogels.  Although the initial 

attachment of the HAECs to the PEGDA-Scl2-2 hydrogels was comparable with the initial 

attachment to the PEGDA-collagen I hydrogel surfaces, the proliferation numbers at 72hr 

for all PEGDA-Scl2-2 hydrogel formulations were not comparable with the                    

PEGDA-collagen I hydrogels.   

Figure 3.2 illustrates the relative EPC adhesion and proliferation on                      

PEGDA-Scl2-2 and PEGDA-collagen I hydrogels at 24 and 72hr.  As shown in Figure 

3.2A, EPCs adhered to PEGDA-collagen I hydrogels at 24hr.  PEGDA-Scl2-2 hydrogels 

also facilitated EPC adhesion at 24hr.  EPCs proliferated (Figure 3.2C) on                     
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PEGDA-collagen I hydrogels at 72hr.  PEGDA-Scl2-2 hydrogels enabled EPC 

proliferation at 72hr.  For the fraction of area covered (Figure 3.2B), EPC adhesion to 

PEGDA-collagen I hydrogels was significantly higher than the adhesion to all                 

PEGDA-Scl2-2 hydrogels at 24hr.  Increasing the Scl2-2 concentration had little effect on 

the overall initial cell adhesion when compared with the PEGDA-collagen I hydrogel 

surface coverage.  Table 3.1 shows the percentage of EPC adhesion on the                          

PEGDA-Scl2-2 hydrogels at 24hr when compared with PEGDA-collagen I hydrogels.  

Similarly, EPCs degree of fraction of area covered to PEGDA-collagen I hydrogels was 

significantly higher than the degree of fraction of area covered to all PEGDA-Scl2-2 

hydrogels at 72hr.  Increasing the Scl2-2 concentration had little effect on the overall 

fraction of area covered when compared with the PEGDA-collagen I hydrogel surface 

coverage.  Table 3.2 shows the percentage of EPCs degree of fraction of area covered on 

the PEGDA-Scl2-2 hydrogels at 72hr when compared with PEGDA-collagen I hydrogels.  

Although the initial endothelial cell coverage (cell adhesion) of the EPCs to the                 

PEGDA-Scl2-2 hydrogels was not comparable with the initial adhesion to the                 

PEGDA-collagen I hydrogel surfaces, the degree of fraction of area covered at 72hr for 

all PEGDA-Scl2-2 hydrogel formulations was was comparable with the                          

PEGDA-collagen I hydrogels.   

In terms of the proliferation (Figure 3.2D), EPC attachment on                                

PEGDA-collagen I hydrogels was significantly higher than the proliferation on the 

PEGDA-Scl2-2 4 mg/mL hydrogels, but was indistinguishable when compared with the 

PEGDA-Scl2-2 8 mg/mL hydrogel formulation at 24hr.  Increasing the Scl2-2 

concentration had little effect on the overall initial attachment when compared with the 

PEGDA-collagen I hydrogel surface coverage.  Table 3.3 shows the percentage of EPC 

attachment on the PEGDA-Scl2-2 hydrogels at 24hr when compared with                           

PEGDA-collagen I hydrogels.  EPC proliferation on PEGDA-collagen I hydrogels was 

significantly  higher than the proliferation on all PEGDA-Scl2-2 hydrogels at 72hr.  Most 

importantly, an increase in Scl2-2 concentration corresponded with an increase in 

proliferation of the HAECs.  Table 3.4 shows the percentage of EPC proliferation on the 

PEGDA-Scl2-2 hydrogels at 72hr when compared with PEGDA-collagen I hydrogels.  

Although the initial attachment of the EPCs to the PEGDA-Scl2-2 hydrogels was 
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comparable with the initial attachment to the PEGDA-collagen I hydrogel surfaces, the 

proliferation numbers at 72hr for all PEGDA-Scl2-2 hydrogel formulations were not 

comparable with the PEGDA-collagen I hydrogels.   

Figure 3.3 illustrates the relative HUVEC adhesion and proliferation on      

PEGDA-Scl2-2 and PEGDA-collagen I hydrogels at 24 and 72hr.  As shown in Figure 

3.3A, HUVECs adhered to PEGDA-collagen I hydrogels at 24hr.  PEGDA-Scl2-2 

hydrogels also facilitated HUVEC adhesion at 24hr.  HUVECs proliferated (Figure 3.3C) 

on PEGDA-collagen I hydrogels at 72hr.  PEGDA-Scl2-2 hydrogels also enabled HUVEC 

proliferation at 72hr.  For the fraction of area covered (Figure 3.3B), HUVEC adhesion 

on PEGDA-collagen I hydrogels was significantly higher than the adhesion to all               

PEGDA-Scl2-2 hydrogels at 24hr.  Most importantly, an increase in Scl2-2 concentration 

corresponded with an increase in initial adhesion of HUVECs.  Table 3.1 shows the 

percentage of HUVEC adhesion on the PEGDA-Scl2-2 hydrogels at 24hr when compared 

with PEGDA-collagen I hydrogels.  Similarly, HUVECs degree of fraction of area covered 

to PEGDA-collagen I hydrogels was significantly higher than the degree of fraction of 

area covered to all PEGDA-Scl2-2 hydrogels at 72hr.  Most importantly, an increase in 

Scl2-2 concentration corresponded with an increase in the fraction of area covered by the 

HUVECs.  Table 3.2 shows the percentage of UVAECs degree of fraction of area covered 

on the PEGDA-Scl2-2 hydrogels at 72hr when compared with PEGDA-collagen I 

hydrogels.  Although the initial endothelial cell coverage (cell adhesion) of the HUVECs 

to the PEGDA-Scl2-2 hydrogels was not comparable with the initial adhesion to the 

PEGDA-collagen I hydrogel surfaces, the degree of fraction of area covered at 72hr for 

all PEGDA-Scl2-2 hydrogel formulations was comparable with the PEGDA-collagen I 

hydrogels.   

In terms of the proliferation (Figure 3.3D), HUVEC proliferation was 

indistinguishable on all hydrogels at 24hr.  Increasing the Scl2-2 concentration had little 

effect on the overall initial attachment when compared with the PEGDA-collagen I 

hydrogel surface coverage.  Table 3.3 shows the percentage of HUVEC attachment on the 

PEGDA-Scl2-2 hydrogels at 24hr when compared with PEGDA-collagen I hydrogels.  On 

the contrary, HUVEC proliferation on PEGDA-collagen I hydrogels was significantly 

higher than the proliferation on all PEGDA-Scl2-2 hydrogels at 72hr.  Most importantly, 
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an increase in Scl2-2 concentration corresponded with an increase in proliferation of the 

HUVECs.  Table 3.4 shows the percentage of HUVEC proliferation on the                    

PEGDA-Scl2-2 hydrogels at 72hr when compared with PEGDA-collagen I hydrogels.  

Although the initial attachment of the HUVECs to the PEGDA-Scl2-2 hydrogels was 

comparable with the initial attachment to the PEGDA-collagen I hydrogel surfaces, the 

proliferation numbers at 72hr for all PEGDA-Scl2-2 hydrogel formulations was not 

comparable with the PEGDA-collagen I hydrogels.   

Figure 3.4 illustrates the relative BAEC adhesion and proliferation on         

PEGDA-Scl2-2 and PEGDA-collagen I hydrogels at 24 and 72hr.  As shown in Figure 

3.4A, BAECs adhered to PEGDA-collagen I hydrogels at 24hr.  In comparison,                 

PEGDA-Scl2-2 hydrogels facilitated minimal BAEC adhesion at 24hr.  BAECs 

proliferated (Figure 3.4C) on PEGDA-collagen I hydrogels at 72hr.  On the contrary, 

PEGDA-Scl2-2 hydrogels did not enable BAEC proliferation at 72hr.  For the fraction of 

area covered (Figure 3.4B), BAEC adhesion to PEGDA-collagen I hydrogels was 

significantly higher than the adhesion to all PEGDA-Scl2-2 hydrogels at 24hr.  Increasing 

the Scl2-2 concentration had little effect on the overall initial adhesion when compared 

with the PEGDA-collagen I hydrogel surface coverage.  Table 3.1 shows the percentage 

of BAEC adhesion on the PEGDA-Scl2-2 hydrogels at 24hr when compared with 

PEGDA-collagen I hydrogels.  Similarly, BAECs degree of fraction of area covered to 

PEGDA-collagen I hydrogels was significantly higher than the degree of fraction of area 

covered to all PEGDA-Scl2-2 hydrogels at 72hr.  Increasing the Scl2-2 concentration had 

little effect on the overall fraction of area covered when compared with the                        

PEGDA-collagen I hydrogel surface coverage.  Table 3.2 shows the percentage of BAECs 

degree of fraction of area covered on the PEGDA-Scl2-2 hydrogels at 72hr when 

compared with PEGDA-collagen I hydrogels.  Both the initial endothelial cell coverage 

(cell adhesion) and degree of fraction of area covered by the BAECs to the                           

PEGDA-Scl2-2 hydrogels was not comparable with the initial adhesion and degree of 

fraction of area covered to the PEGDA-collagen I hydrogel surfaces.  

In terms of the proliferation (Figure 3.4D), BAEC attachment was 

indistinguishable on all hydrogels at 24hr.  Increasing the Scl2-2 concentration had little 

effect on the overall initial attachment when compared with the PEGDA-collagen I 
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hydrogel surface coverage.  Table 3.3 shows the percentage of BAEC attachment on the 

PEGDA-Scl2-2 hydrogels at 24hr when compared with PEGDA-collagen I hydrogels.  

Differently, BAEC proliferation PEGDA-collagen I hydrogels was significantly  higher 

than the proliferation on all PEGDA-Scl2-2 hydrogels at 72hr.  Increasing the Scl2-2 

concentration had little effect on the overall proliferation when compared with the 

PEGDA-collagen I hydrogel surface coverage.  Table 3.4 shows the percentage of BAEC 

proliferation on the PEGDA-Scl2-2 hydrogels at 72hr when compared with                       

PEGDA-collagen I hydrogels.  Although the initial attachment of the BAECs to the 

PEGDA-Scl2-2 hydrogels was comparable with the initial attachment to the                     

PEGDA-collagen I hydrogel surfaces, the proliferation numbers at 72hr for all               

PEGDA-Scl2-2 hydrogel formulations was not comparable with the PEGDA-collagen I 

hydrogels.   

 

 

Figure 3.5.  Comparison of endothelial cell coverage (cell adhesion), as measured by the fraction 

of area covered by HAECs (A), EPCs (B), HUVECs (C), and BAECs (D), on PEGDA-Scl2-2 and 

PEGDA-collagen I hydrogels.  Cells were seeded at 5000 cells cm-2 and cultured for either 24 or 

72hr.  n = 4-8; ∗ significantly different relative to all Scl2-2 hydrogels; # significantly different 

relative to the 4 mg/mL Scl2-2 hydrogel; β significantly different relative to the 4 mg/mL and          

8 mg/mL Scl2-2 hydrogels; + significantly different relative to its respective 24hr hydrogel. 
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Figure 3.5 shows the comparison of endothelial cell coverage (cell adhesion) at 

24 and 72hr of all cell lines on PEGDA-Scl2-2 and PEGDA-collagen I hydrogels.  HAECs 

(Figure 3.5A), EPCs (Figure 3.5B), and HUVECs (Figure 3.5C) support an increase in 

the area covered from 24hr to 72hr.  The fraction of the area covered at 72hr is significantly 

higher than the fraction of the area covered at 24hr for each respective hydrogel.  

Therefore, although the initial endothelial cell coverage (cell adhesion) may have been 

lower for all PEGDA-Scl2-2 formulations when compared to the PEGDA-collagen I 

formulation, all of the human cells were able to proliferate towards a confluent monolayer 

on all hydrogels.  BAECs (Figure 3.5D) only increased surface coverage for the                 

PEGDA-collagen I hydrogel from 24 to 72hr.  There was almost no change in the fraction 

of area covered from 24 to 72hr on the PEGDA-Scl2-2 hydrogels.  BAECs were unable 

to approach the same degree of fraction of area covered on the PEGDA-Scl2-2 hydrogels 

as observed on PEGDA-collagen I hydrogels.  Accordingly, these results indicate that 

PEGDA-Scl2-2 and PEGDA-collagen I hydrogels appear to mediate the adhesion and 

degree of fraction of area covered of human endothelial cells.  This study indicates that 

Scl2-2 concentration controls human cellular adhesion rates. 

Figure 3.6 shows the comparison of proliferation at 24 and 72hr for all cell lines 

on PEGDA-Scl2-2 and PEGDA-collagen I hydrogels.  HAECs (Figure 3.6A) support an 

increase in proliferation for all hydrogels.  The proliferation at 72hr is significantly higher 

than the proliferation at 24hr for each respective hydrogel.  EPCs (Figure 3.6B) only 

support a significant increase in proliferation from 24 to 72hr on the 12 mg/mL                 

PEGDA-Scl2-2 and PEGDA-collagen I hydrogels.  HUVECs (Figure 3.6C) only support 

a significant increase in proliferation from 24 to 72hr on the 8 mg/mL PEGDA-Scl2-2,                 

12 mg/mL PEGDA-Scl2-2 and PEGDA-collagen I hydrogels.  Although the initial 

attachment to all PEGDA-Scl2-2 formulations were comparable to the                                  

PEGDA-collagen I formulation and the human cells were able to proliferation on all 

hydrogels, the human cells were unable to proliferate at a rate comparable to that observed 

on the PEGDA-collagen I hydrogel.  BAECs (Figure 3.6D) only support a significant 

increase in proliferation from 24 to 72hr on the PEGDA-collagen I hydrogel.  There was 

almost no change in the number of cells that were present on the PEGDA-Scl2-2 hydrogels 

from 24 to 72hr.  BAECs were unable to approach the same level of proliferation on the 
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PEGDA-Scl2-2 hydrogels as observed on PEGDA-collagen I hydrogels.  Consequently, 

these results show that PEGDA-Scl2-2 and PEGDA-collagen I hydrogels appear to 

mediate the cell attachment and proliferation of human endothelial cells.  This study 

indicates that Scl2-2 concentration controls human cellular proliferation rates. 

 

 

Figure 3.6.  Comparison of proliferation, as measured by the number of cells per millimeter 

squared of HAECs (A), EPCs (B), HUVECs (C), and BAECs (D), on PEGDA-Scl2-2 and 

PEGDA-collagen I hydrogels.  Cells were seeded at 5000 cells cm-2 and cultured for either 24 or 

72hr.  n = 4-8; ∗  significantly different relative to all Scl2-2 hydrogels; # significantly different 

relative to the 4 mg/mL Scl2-2 hydrogel; ξ significantly different relative to the 4 mg/mL and                

12 mg/mL Scl2-2 hydrogels; + significantly different relative to its respective 24hr hydrogel. 

 

Overall, the three types of human endothelial cells were able to adhere and 

proliferate on PEGDA-Scl2-2 hydrogels.  As the concentration of Scl2-2 increased, the 

human endothelial cells’ coverage (cell adhesion), fraction of area covered, attachment, 

and proliferation increased and approached that observed on PEGDA-collagen I 

hydrogels.  Although the initial endothelial cell coverage (cell adhesion) of the human 

endothelial cells may have been lower for all PEGDA-Scl2-2 formulations when 

compared to the PEGDA-collagen I formulation, all of the human cells were able to 

proliferate towards a confluent monolayer on all hydrogels.  The human endothelial cells 

were able to approach the same degree of fraction of area covered with a lower cell 

number.  In contrast, the PEGDA-Scl2-2 hydrogels were unable to promote endothelial 
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cell coverage (cell adhesion) and proliferation of BAECs.  An increase in Scl2-2 

concentration, did not correspond to an increase in initial endothelial cell covergae (cell 

adhesion).  Also, BAECs did not proliferate on the PEGDA-Scl2-2 hydrogels.  There was 

almost no change in the fraction of area covered and number of cells that were present on 

the PEGDA-Scl2-2 hydrogels from 24 to 72hr.  On PEGDA-Scl2-2 hydrogels BAECs 

were unable to approach the same level of adhesion and proliferation seen on                  

PEGDA-collagen I hydrogels.  Consequently, these results indicate that PEGDA-Scl2-2 

and PEGDA-collagen I hydrogels appear to mediate the adhesion and proliferation of 

human endothelial cells. 

 

3.2  Endothelial Cell Migration 

 

Figure 3.7.  Representative micrographs used to track endothelial cell nuclei position to determine 

migration rates on 12 mg/mL PEGDA-Scl2-2 hydrogels.  Images are shown at 5 minute intervals. 

 

 PEGDA-Scl2-2 hydrogels must be able to promote endothelial cell migration 

because it is one of the most relevant processes in vasculogenesis [49], [50].  All 

endothelial cells were seeded on hydrogels and tracked over a 1 hour period, at 5 minute 

intervals, Figure 3.7.  Endothelial cell migration was affected by both type and 

concentration of protein, Figure 3.8.  Migration speeds on PEGDA-Scl2-2 hydrogels were 

increased relative to those on PEGDA-collagen I hydrogel counterparts.  However, an 

increase in the concentration of Scl2-2 per hydrogel corresponded to a decrease in 

migration rate, approaching cellular migration rates on PEGDA-collagen I hydrogels.   

As shown in Figure 3.8A, HAECs reduce their migration speed with an increase 

in Scl2-2 concentration.  The migration on PEGDA-Scl2-2 4 mg/mL hydrogels is 

significantly higher than the migration on the PEGDA-Scl2-2 12 mg/mL and              
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PEGDA-collagen I hydrogels.  The migration on the PEGDA-Scl2-2 8 mg/mL hydrogel 

is also significantly higher from the migration on the PEGDA-Scl2-2 12 mg/mL and the 

PEGDA-collagen I hydrogels.  In terms of HAEC migration, there was no statistical 

difference between the PEGDA-Scl2-2 4 mg/mL hydrogel and the PEGDA-Scl2-2                  

8 mg/mL hydrogel.  There was no statistical difference between the PEGDA-Scl2-2                    

12 mg/mL and PEGDA-collagen I hydrogel.  Table 3.5 shows the percentage of HAEC 

migration on the PEGDA-Scl2-2 hydrogels when compared with PEGDA-collagen I 

hydrogels.  HAECs were able to migrate on PEGDA-Scl2-2 hydrogels at rates higher than 

or similar to those observed on PEGDA-collagen I hydrogel surfaces. 

In terms of EPC migration response, Figure 3.8B, EPC migration speed declines 

with an increase in Scl2-2 concentration.  The migration on PEGDA-Scl2-2 4 mg/mL 

hydrogels is significantly higher than the migration on the remaining hydrogels.  The 

migration on the PEGDA-Scl2-2 8 mg/mL hydrogel is significantly higher from the 

migration on the PEGDA-Scl2-2 12 mg/mL and PEGDA-collagen I hydrogel.  In terms 

of EPC migration, there was no statistical difference between the PEGDA-Scl2-2                      

12 mg/mL and PEGDA-collagen I hydrogel.  Table 3.5 shows the percentage of EPC 

migration on the PEGDA-Scl2-2 hydrogels when compared with PEGDA-collagen I 

hydrogels.  EPCs were able to migrate on PEGDA-Scl2-2 hydrogels at rates higher than 

or similar to those observed on PEGDA-collagen I hydrogel surfaces. 

As shown in Figure 3.8C, HUVECs reduce their migration speed with an increase 

in Scl2-2 concentration.  The migration on PEGDA-Scl2-2 4 mg/mL hydrogels is 

significantly higher than the migration on the PEGDA-collagen I hydrogels.  In terms of 

HUVEC migration, there was no statistical difference among the PEGDA-Scl2-2 

hydrogels.  There was also no statistical difference among the migration on the                          

PEGDA-Scl2-2 8 mg/mL and 12 mg/mL hydrogels from the PEGDA-collagen I 

hydrogels.  Table 3.5 shows the percentage of HUVEC migration on the PEGDA-Scl2-2 

hydrogels when compared with PEGDA-collagen I hydrogels.  HUVECs were able to 

migrate on PEGDA-Scl2-2 hydrogels at rates higher than or similar to those observed on 

PEGDA-collagen I hydrogel surfaces. 
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Figure 3.8.  Migration rates of HAECs (A), EPCs (B), HUVECs (C), and BAECs (D) on          

PEGDA-Scl2-2 and PEGDA-collagen I hydrogels.  Cells were seeded at 5000 cells cm-2 and 

cultured for 24hr.  n = 53-132; ∗  significantly different relative to the 8 mg/mL and 12 mg/mL 

Scl2-2 and collagen I hydrogels; # significantly different relative to the collagen I hydrogel;                     

β significantly different relative to the 12 mg/mL Scl2-2 and collagen I hydrogels. 

 

Cell Migration Table 

Table 3.5.  Percentage of cell migration rates when compared with the migration rates observed 

on PEGDA-collagen I positive control hydrogels. 

 HAECs EPCs HUVECs BAECs 

PEGDA-Scl2-2 

4 mg/mL 

148.9 154.7 128.6 162.5 

PEGDA-Scl2-2 

8 mg/mL 

128.8 126.0 126.8 162.2 

PEGDA-Scl2-2 

12 mg/mL 

99.2 98.2 104.9 147.7 

 

Overall, all of the endothelial cells were able to migration on PEGDA-Scl2-2 

hydrogels.  As the concentration of Scl2-2 increased, the endothelial cell migration rates 
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decreased and approached that observed on PEGDA-collagen I hydrogels.  This 

decreasing migration trend is opposite of the increasing trend observed for the fraction of 

area covered and proliferation of the human endothelial cells.  This shows that although 

the initial endothelial cell coverage (cell adhesion) may have been lower on the                 

PEGDA-Scl2-2 hydrogels when compared with the PEGDA-collagen I hydrogels, the 

human endothelial cells were able to migrate at rates better than or similar to those 

observed on the PEGDA-collagen I hydrogel surfaces.  This alludes to an inverse relation 

between adhesion and proliferation and migration of human endothelial cells.  

Consequently, these results indicate that PEGDA-Scl2-2 and PEGDA-collagen I 

hydrogels appear to mediate the migration of endothelial cells. 
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4. DISCUSSION 

PEGDA-Scl2-2 hydrogels have shown to be an ideal system for the investigation 

of bioactivity and a specific signal on cellular behavior.  The incorporation of the α2β1 

integrin-binding motifs into these novel collagen-mimetic biomaterial platforms has 

shown to support BAEC adhesion, spreading, and migration [9].  Results from the present 

work indicated that human endothelial cell coverage (cell adhesion), proliferation, and 

migration can be tuned on these hydrogels by modulating the Scl2-2 concentration.  

Increasing the Scl2-2 protein concentration resulted in increased endothelial cell coverage 

(cell adhesion) and proliferation levels more similar to those observed on                          

PEGDA-collagen I hydrogels.  Although the endothelial cell coverage (cell adhesion) and 

proliferation rates were lower when compared to PEGDA-collagen I hydrogels, initial cell 

attachment rates were higher than 42.9% and the fraction of area covered after 72hr were 

higher than 66.4% for the 8 mg/mL and 12 mg/mL PEGDA-Scl2-2 formulations when 

compared to PEGDA-collagen I hydrogel surfaces.  The increase in endothelial cell 

coverage (cell adhesion) and proliferation with an increase in Scl2-2 concentration is 

consistent with the previously published trend of bovine endothelial cell adhesion and 

proliferation to PEDGA-Scl2-2 hydrogels [9].  Therefore, these results are assuring 

because modulating the Scl2-2 concentration is creating enhanced endothelial cell 

coverage (cell adhesion) and proliferation on the hydrogel surfaces.   

Increasing the Scl2-2 protein concentration had the opposite effect on cell 

migration speeds.  Migration rates decreased closer to those observed on PEGDA-collagen 

I hydrogels with an increase in Scl2-2 concentration.  This phenomenon is most likely due 

to the specificity in signaling that occurs with Scl2-2 relative to collagen considering that 

the Scl2-2 protein only contains the integrin binding site for the α1β1 and α2β1 integrin 

units whereas collagen contains multiple integrin binding sites [8], [9], [39].  In addition, 

these opposing adhesion and migration trends imply that there is an inverse relationship 

between the adhesion of the cells and their ability to migrate.  Cell adhesion contributes 

to the rate of migration in a biphasic manner, with the highest migration rate occurring at 

some intermediate adhesive strength.  After this migration high point, cell speed and 

adhesion appear to be inversely related, with slower moving cells exhibiting greater 

adhesion [51], [52].  This validates that increasing the Scl2-2 concentration within the 
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hydrogel systems increases the number of binding sites available to the cells which causes 

an increase in endothelial cell coverage and a decrease in migration speeds.  Moreover, 

the observed migration rates on PEGDA-Scl2-2 hydrogels were higher than those detected 

on PEGDA-collagen I hydrogel counterparts.  This increase in migration on the                

PEGDA-Scl2-2 counterpart when compared with PEGDA-collagen I hydrogels is 

consistent with the previously published trend of bovine endothelial cell migration on 

PEDGA-Scl2-2 hydrogels [9].  Therefore, these results are assuring because modulating 

the Scl2-2 concentration is still producing migration rates on the PEGDA-Scl2-2 hydrogel 

surfaces comparable to those observed on PEDGA-collagen I hydrogels.   

Overall, the HAECs and EPCs showed similar percentages on PEGDA-Scl2-2 

hydrogels when compared to PEGDA-collagen I hydrogels throughout all experiments 

performed.  After 72hr, the HAECs and EPCs degree of fraction of area covered were 

comparable on the 8 mg/mL and 12 mg/mL PEGDA-Scl2-2 hydrogel surfaces.  Although 

BAECs and HUVECs are standard cell lines used when investigating vascular structures, 

the data from this work implies that HUVECs and BAECs are not appropriate cell lines 

for further investigation.  The BAECs were unable to adhere and proliferate to the same 

extent and the HUVECs did not reach comparable degrees of fraction of area covered on 

the PEGDA-Scl2-2 hydrogels when compared with the HAECs and EPCs.  Both HAECs 

and EPCs are of arterial nature implying that different types of arterial cells behave in a 

similar fashion on these PEGDA-Scl2-2 hydrogels. 

Other vascular coatings under investigation include the following: fibrin coatings, 

elastin coatings, heparin coatings, gelatine coatings, fibronectin coatings, and collagen 

coatings.  Although these coatings are novel designs and have potential promising 

outlooks, there are disadvantages associated with each design.  Although the fibrin coated 

grafts increase the patency rate to 74% at seven years, endothelialization of the graft needs 

to occur pre-implantation.  Graft endothelialization pre-implantation limits its use as well 

as increases the time frame for surgical implantation [53], [54].  Creating the elastin 

coating requires submerging the whole graft into an elastin solution for six hours.  This 

prolonged processing time can cause problems if the outer surface of the graft starts to 

develop an elastin coating.  In order to eliminate this risk, the production of these grafts 

needs to be redesigned [53], [55].  In addition, heparin coatings are a controversial design 
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because heparin has been known to be lethal and can cause thrombocytopenia as well as 

platelet aggregation under certain circumstances [56].  Also, cellular adherence 

underperforms on gelatin coatings when compared with fibronectin coatings, but cell 

viability on fibronectin coatings on ePTFE grafts has a noteworthy decrease when 

compared with fibronectin coatings on PCL/PLA/PEG grafts [57].  And finally, only 

fibroblast viability tests have been performed on the collagen coatings [58].  So although 

there is a potential for these designs to improve the current patency rates of small diameter 

replacement vessels, it is essential to continue to look into other novel coatings to further 

increase the patency rates for current clinical vascular grafts.  

Our goal is to investigate a novel collagen-mimetic (Scl2-2) vascular coating to 

help reduce the risks associated with thrombosis seen in small diameter replacement 

grafts.  Through this experiment, our lab has been able to show that hybrid                 

PEGDA-Scl2-2 hydrogels support human endothelial cell coverage (cell adhesion), 

proliferation, and migration.  Cumulatively, these results suggest that the human 

endothelial cell response to PEGDA-Scl2-2 hydrogels support key mechanisms for the 

generation of blood vessels [19], [20], [21], [22], [23], [24], [25], [26], [27].  Our results 

show that higher Scl2-2 concentrations in PEGDA hydrogels allows for the formation of 

bioactive surfaces that elicit endothelial responses closer to those observed on native 

PEGDA-collagen I hydrogels without the thrombogenicity associated with collagen.  

These PEGDA-Scl2-2 hydrogels serve to elucidate key effects of protein concentration 

cues on cell interactions to improve the rational design of both synthetic and natural 

polymer-based bioactive hydrogel systems.  This current study demonstrates the potential 

use of the proposed PEGDA-Scl2-2 hydrogel systems in tissue engineering applications 

to improve the performance of blood contacting cardiovascular devices, in particular small 

diameter vascular grafts. 
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5. CONCLUSION 

In the current study, novel PEGDA-Scl2-2 hydrogels were fabricated towards the 

development of a coating that can potentially improve the performance of blood contacting 

devices.  The results from the current studies indicate that human endothelial cell coverage 

(cell adhesion), proliferation and migration responses can be tuned on these hydrogel 

systems by modulating Scl2-2 concentration.  Increasing the Scl2-2 concentration 

increased the human endothelial coverage (cell adhesion) and proliferation levels more 

similar to the levels observed on PEGDA-collagen I hydrogels.  Although the endothelial 

cell coverage (cell adhesion) and proliferation rates were lower when compared to 

PEGDA-collagen I hydrogels, initial cell attachment rates were higher than 42.9% and the 

fraction of area covered after 72hr were higher than 66.4% for the 8 mg/mL and 12 mg/mL 

PEGDA-Scl2-2 formulations when compared to PEGDA-collagen I hydrogel surfaces.  

This shows that although initial endothelial cell coverage (cell adhesion) may have been 

lower, the human endothelial cell lines were able to proliferate and approach the same 

degree of fraction of area covered with a lower cell number.  This displays the versatility 

of modulating the bioactivity levels of PEGDA-Scl2-2 hydrogels to tailoring cellular 

adhesion and proliferation levels.  Increasing the Scl2-2 concentration decreased human 

endothelial cell migration speeds to similar rates observed on PEGDA-collagen I 

hydrogels.  The observed migration rates on PEGDA-Scl2-2 hydrogels were higher than 

those detected on PEGDA-collagen I hydrogel counterparts.  This shows that although 

initial endothelial cell coverage (cell adhesion) levels may have been lower on                  

PEGDA-Scl2-2 hydrogels, the human endothelial cells were able to migrate at rates higher 

than or similar to those observed on PEGDA-collagen I hydrogel surfaces.  This displays 

the versatility of modulating the bioactivity levels of PEGDA-Scl2-2 hydrogels to 

tailoring cellular migration rates.   

Overall, these adhesion, proliferation, and migration studies demonstrated that 

PEGDA-Scl2-2 hybrid hydrogels support human endothelial cell coverage (cell adhesion) 

and proliferation as well as migration.  The conjugation of the Scl2-2 protein within a 

synthetic PEGDA hydrogel provides the means to combine the selective bioactivity of the 

Scl2-2 protein with the thromboresistance and tunable material properties of this synthetic 

polymer.  These studies demonstrated that human endothelial cell coverage (cell 
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adhesion), proliferation, and migration speeds can all be tuned on these hydrogels by 

modulating the Scl2-2 concentration.  Cumulatively, these results show that                   

PEGDA-Scl2-2 hydrogels support appropriate human endothelial cell adhesion, 

proliferation, and migration, which are key mechanisms for the generation of blood vessels 

[19], [20], [21], [22], [23], [24], [25], [26], [27].  Since these scaffolds can support 

vasculogenesis, these designer tissue engineered platforms have a high potential to be used 

for the improvement of existing vascular devices.  This is one of the first accomplished 

steps in showing the potential use of the proposed PEGDA-Scl2-2 hydrogel systems as a 

blood contacting cardiovascular device to improve the performance of current clinical 

vascular grafts.  In order to continue the evaluation of the potential use of these proposed 

PEGDA-Scl2-2 hydrogels as blood contacting devices, future studies still need to be 

performed.  
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6. FUTURE DIRECTIONS 

Future research can be conducted to further tune the bioactivity levels of the             

PEGDA-Scl2-2 hydrogels to optimize human endothelial cell coverage (cell adhesion), 

proliferation, and migration.  Evaluating adhesion, proliferation, and migration rates at 

increased Scl2-2 concentrations, such as 15 mg/mL, 18 mg/mL, 20 mg/mL, or higher, can 

give insight into whether further increasing the Scl2-2 concentration can produce adhesion 

and proliferation results more similar to those seen on PEGDA-collagen I hydrogels while 

maintaining comparable migration rates.  Further elucidation of these interactions is 

essential in developing blood contacting devices that promote rapid in vivo formation of 

stable endothelial linings. 

Further research is also needed to investigate the ability of human endothelial cells to 

form and sustain a confluent monolayer on PEGDA-Scl2-2 hydrogels.  Forming and 

sustaining a monolayer will allow for the cells to gain and express individual phenotypes.  

If confluent monolayers are established, the monolayers’ phenotypic profile can be 

assessed via fluorescent staining, Real Time RT-PCR (reverse transcription polymerase 

chain reaction), and Western Blotting.  Key vascular markers that will be evaluated 

include VE-cadherin (vascular endothelial cadherin), an endothelial specific adhesion 

molecule, thrombomodulin, a key intrinsic mediator of vascular thromboresistance, eNOS 

(endothelial nitric oxide synthase 3), a nitric oxide synthase that generate NO (nitric oxide) 

in blood vessels, and PECAM-1 (platelet endothelial cell adhesion molecule 1), a platelet 

endothelial cell adhesion molecule [59], [60], [61], [62].  Cell monolayers from                

PEGDA-collagen I hydrogels and polystyrene would serve as controls.   

As seen from the aforementioned results, BAECs did not adhere and proliferate to the 

same extent of the human endothelial cells.  Since the idyllic in vivo model for this vascular 

research is pigs, repeating these studies with porcine endothelial cells will need to be 

performed before proceeding to check for patterns mimicking that of human endothelial 

cells.  Confluent monolayer studies and phenotype analysis will also need to be performed 

to confirm similar trends to the human endothelial cell data.  If the patterns mimic that of 

the human cells, then preliminary bioreactor research can be performed with these 

hydrogels.  On successful completion of the bioreactor studies, in vivo studies can begin.  
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These studies can help give insight into whether PEGDA-Scl2-2 hydrogels can serve as 

coatings to improve the performance of current clinical vascular grafts. 
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