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ABSTRACT 
The long-term patency rates of vascular grafts and stents is limited by the lack of surface 
endothelialisation of the implanted materials. We have previously reported that GRGDS and 
WQPPRARI peptide micropatterns increase the endothelialisation of prosthetic materials in vitro. To 
investigate the mechanisms by which the peptide micropatterns affect endothelial cell adhesion and 
proliferation, a TAMRA fluorophore-tagged RGD peptide was designed. Live cell imaging revealed 
that the micropatterned surfaces led to directional cell spreading dependent on the location of the 
RGD-TAMRA spots. Focal adhesions formed within 3 h on the micropatterned surfaces near RGD-
TAMRA spot edges, as expected for cell regions experiencing high tension. Similar levels of focal 
adhesion kinase phosphorylation were observed after 3 h on the micropatterned surfaces and on 
surfaces treated with RGD-TAMRA alone, suggesting that partial RGD surface coverage is sufficient 
to elicit integrin signaling. Lastly, endothelial cell expansion was achieved in serum-free conditions 
on gelatin-coated, RGD-TAMRA treated or micropatterned surfaces. These results show that these 
peptide micropatterns mainly impacted cell adhesion kinetics rather than cell proliferation. This 
insight will be useful for the optimization of micropatterning strategies to improve vascular 
biomaterials. 
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1 INTRODUCTION 
 

Cardiovascular disease is the leading cause of mortality worldwide. Vascular prostheses are used 
in reconstructive and bypass surgeries when appropriate autologous grafts are unavailable. For 
small-diameter (< 6 mm) blood vessels such as coronary arteries and low-flow arteries below the 
knee, the long-term patency rates of vascular prostheses are poor. Intimal hyperplasia at the site of 



 

anastomosis as well as thrombosis lead to the failure of ~60% of small-diameter synthetic grafts 
within 5 years [1]. 

Autologous endothelial cell pre-seeding greatly improves the patency rates of small-diameter 
polytetrafluoroethylene (PTFE) prostheses [2,3], but the procedure is costly and inadequate for 
emergency situations due to the 2-4 weeks of in vitro cell culture required [4]. To allow endothelial 
cell adhesion and minimize cell losses after exposure to physiological shear stress, the prostheses 
are pre-coated with proteins such as fibrin gel [5], collagen [6,7] or fibronectin [8]. However, 
adsorbing proteins onto prosthetic materials provides little control over their orientation, and hence 
over their cell receptor binding affinity. Full-length proteins may also progressively lose their activity 
due to proteolytic degradation. An alternative approach consists in covalently grafting extracellular 
matrix (ECM)-derived biomimetic peptides onto the synthetic surfaces. 

Fibronectin is an ECM protein that is essential for normal vascular development [9] and is involved 
in angiogenesis during wound healing and tumorigenesis [10-12]. Several fibronectin-derived 
synthetic peptides promote endothelial cell adhesion, including the GRGDS sequence that contains 
the integrin-binding RGD domain, as well as the WQPPRARI sequence from the C-terminal heparin-
binding domain of fibronectin. The WQPPRARI peptide also enhances haptotactic cell migration 
[13,14]. The antiapoptotic effects of fibronectin require the presence of the WQPPRARI sequence, 
which may be due to synergistic survival signals mediated by this sequence and by the RGD motif. 
Cell binding to fibronectin triggers the exposure of cryptic interaction sites that cause fibronectin 
aggregation into 5-20 nm diameter fibrils that extend for several mm [15]. The cell-binding domains 
of individual fibronectin monomers are clustered within these fibrils, creating a network with 
micropatterned functional domains. 

Micropatterned cell-adhesive proteins or peptides can control the organization of the cell 
cytoskeleton, cell spreading, cell polarity and hence cell fate [16]. The extent of cell spreading on 
cell-adhesive islands micropatterned over non-adhesive substrates is correlated with decreased 
rates of cell apoptosis and increased rates of DNA synthesis [17]. Cells can spread across 
micropatterned cell-adhesive ligands if these are spaced by at most 20-25 mm [18,19]. Well-
controlled micropatterned protein or peptide environments can be created by soft lithography or 
photolithography [20,21]. Applying these techniques to vascular grafts would be challenging since 
the grafts materials are knitted, woven, extruded or molded to create tubular scaffolds, whereas 
most lithography methods are applied to 2D surfaces. 

We have previously described a scalable air atomization micropatterning method to covalently 
graft biomimetic peptides onto PTFE surfaces [22,23] that could be adapted to tubular prostheses. 
Micropatterned GRGDS spots or printed rectangles, in combination with WQPPRARI 
functionalization of the background surface, increased bovine aortic or human umbilical vein 
endothelial cell yield after 3 days of culture [22,24]. Micropatterns consisting in 10 mm diameter 
RGD peptide spots covering 20% of the surface, with the remaining surface functionalized with 
WQPPRARI led to higher cell yields than surfaces functionalized with a single peptide. However, 
the local effects of the micropatterns on endothelial cells had not been investigated. In this study, 
we designed a fluorophore-tagged RGD cell-adhesive peptide that can be efficiently conjugated to 
aminated surfaces. This peptide was used to visualize aerosol-generated RGD:WQPPRARI peptide 
micropatterns and their local effects on human saphenous vein endothelial cell (HSVEC) adhesion 
and expansion. 
 
2 MATERIALS AND METHODS 
 
2.1 Peptides 

 
The CGRGDS (referred to as “GRGDS” since cysteine was not part of the functional fibronectin-

derived RGD sequence, but was added to facilitate surface conjugation) and CWQPRRARI (referred 
to as “WQPPRARI”) peptides were produced by Thermo Fisher Scientific (Waltham, MA), whereas 



 

the fluorophore-tagged GRGDS sequence-containing peptide (referred to as RGD-TAMRA; 
molecular weight 1437 g/mol) was synthesized and purified by Anaspec (Fremont, CA). The 
sequence of this peptide is CG-K(PEG3-TAMRA)-GGRGDS-NH2, where PEG3 represents a three 
unit-long ethylene glycol spacer grafted onto the side chain of a lysine residue, TAMRA represents 
the 5-carboxytetramethylrhodamine fluorophore, and -NH2 represents C-terminal amidation of the 
peptide. This peptide was resuspended at 2 mM in dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. 
Louis, MO) and kept frozen until use. Immediately prior to surface conjugation, peptide solutions 
were prepared by resuspending the peptides at 20 mM in a solution containing 7.5% glycerol added 
to a 0.2 mm-filtered 10 mM citrate (Sigma-Aldrich) solution at pH 7.4. 
 
2.2 Surface conjugation and micropatterning 

 
Micropatterned glass surfaces were generated using the reaction scheme previously described 

for Teflon surfaces [22,25], except for the omission of the plasma treatment step and modification of 
the spray parameters. Commercially available aminated glass slides (treated with aminoalkysilane, 
Electron Microscopy Sciences, Hatfield, PA) circumvented the need for amination by plasma 
treatment. To minimize reagent consumption, the circumference of each glass slide was lined with 
Teflon tape. Each glass slide was covered by 600 mL of a 3 mg/mL suspension of sulfo-
succinimidyl4-(p-maleimidophenyl)-butyrate (S-SMPB, Thermo Fisher Scientific, Waltham, MA) in 
0.2 mm-filtered calcium-free phosphate buffered saline (PBS, Life Technologies) and incubated for 
2 h. Unless otherwise indicated, all reactions were performed with ~50 rpm agitation at room 
temperature in the dark. The slides were then rinsed in distilled deionized water (dd H2O), air-dried 
and stored overnight in the dark. Uniform peptide treatments consisted in the addition of 20 mM 
solutions of total peptide concentration consisting in either GRGDS alone, WQPPRARI alone, RGD-
TAMRA alone, a mixture of GRGDS and WQPPRARI or a mixture of RGDTAMRA and WQPPRARI. 
To generate micropatterned surfaces, the S-SMPB treated glass slides were placed onto an x-y 
computer-controlled table (Velmex, Bloomfiel, NY) below the spraying system. This system 
consisted in a vertically mounted syringe pump (780100C, ColeeParmer Vernon Hills, IL) holding a 
250 mL glass syringe (Gastight No 1725, Hamilton Company, Reno, NV) connected to a flat end 22 
G needle of 5 cm length introduced into an air atomizing nozzle (SU12SS, Spraying Systems Co., 
Wheaton, IL) with coaxial air flow at 30 psig. The distance between the needle exit and the glass 
slide was 21 cm. The entire glass surface was patterned with the atomized peptide solution by 15.8 
mm/s motion of the table over 15 cm x-axis distances with 0.5 cm y-axis increments. The syringe 
pump flow rate was 250 mL/h to obtain w20% surface coverage by the droplets, 500 mL/h to obtain 
~35% surface coverage and 750 mL/h to obtain ~50% surface coverage. These conditions are 
referred to as 20:80, 35:65 and 50:50 peptide patterns when using a GRGDS solution, or 20:80, 
35:65 and 50:50 TAMRA patterns when using an RGD-TAMRA solution. The peptide solution 
droplets were reacted without agitation in a humidified chamber for 3 h. The micropatterned slides 
were then rinsed in PBS and submerged for 3 h in the WQPPRARI solution. All slides were 
thoroughly rinsed in PBS and stored for at most 1 month in filtered PBS until use. 
 
2.3 Surface characterization 

 
Static contact angles between deionized water (1 mL) and test surfaces were measured using a 

VCA 2500 XE system (AST, Billerica, MA). The amine surface concentration on the aminoalkysilane-
treated glass slides was quantified through vapor-phase chemical derivatization using 5-
bromosalicylaldehyde as described elsewhere [26]. Briefly, the reaction was performed at 85oC for 
2 h in a sealed glass tube with a 1 cm-thick bed of soda lime glass beads separating the reagent 
from the reactive surface. The surfaces were then vacuum-dried overnight at 40oC and analyzed by 
X-ray Photoelectron Spectroscopy (XPS) with a PHI 5600-ci spectrometer (Physical Electronics, 
Eden Prairie, MN). 



 

To quantify covalently grafted and adsorbed peptides, glass surfaces were micropatterned with 
RGD-TAMRA and WQPPRARI, including or omitting the S-SMPB treatment step. These surfaces 
were then washed and stored in PBS or washed for 2 days in SDSTRIS solution consisting of 0.2 M 
tris(hydroxymethyl)aminomethane (TRIS, Roche Applied Science, Penzberg, Germany) and 1% 
sodium dodecyl sulfate (Bio-Rad Laboratories, Hercules, CA) at pH = 11. To determine the surface 
density of covalently grafted peptides, 0.5 mL droplets containing 1.2 nM to 20 mM RGD-TAMRA 
were arrayed onto slides with S-SMPB treatment. After 3 h of reaction, the slides were rinsed in 
PBS, or washed for 2 days in SDS-TRIS solution before storing in PBS. These slides were then 
imaged by fluorescence microscopy on an Olympus BX51 microscope (Olympus, Tokyo, Japan). In 
addition, a standard curve consisting of freshly arrayed droplets of the same concentration was also 
imaged during the same microscopy session using the same exposure time. The fluorescence 
intensity per RGD-TAMRA molecule was calculated by determining the slope of the total 
fluorescence intensity with respect to the total molar amount of RGD-TAMRA added per spot in the 
linear portion of the standard curve. The total fluorescence intensity in the surface-reacted spots 
was then divided by this value and by the spot area to obtain the surface-reacted RGDTAMRA 
concentration in molecules/nm2. 
 
2.4 HSVEC isolation 

 
Healthy saphenous vein segments removed during varicose vein stripping surgeries were 

obtained with the informed consent of donors at the CHU de Québec, Saint-François d’Assise 
Hospital in Québec city. All procedures were approved by the CHU de Québec ethics committee. 
Vein segments were stored in Hank’s balanced salt solution (Life Technologies, Carlsbad, CA) until 
HSVEC isolation. Cells were harvested by rinsing the vein in PBS, introducing 1 mg/mL collagenase 
type 1A solution (SigmaeAldrich) into the vein and incubating for 15 min at 37oC. The collected cells 
were harvested and maintained in complete medium containing 20% fetal bovine serum (FBS, 
Thermo Fisher Scientific), 50 units/mL heparin, 10 ng/ mL basic fibroblast growth factor (bFGF, 
amino acids 10-155), 50 units/mL penicillin and 50 mg/mL streptomycin in M199 basal medium (all 
from Life Technologies). The cells were maintained in tissue culture-treated t-flasks (BD 
Biosciences, Franklin Lakes, NJ) coated for 20 min with 0.2% gelatin (type A from porcine skin, 
SigmaeAldrich). Cells were frozen in 90% FBS, 10% DMSO freezing medium after the second 
passage. All experiments were performed with cultures containing >90% von Willebrand factor 
(vWF) positive cells and using cells at passage 5 or 6. 
 
2.5 HSVEC culture and live cell imaging on functionalized surfaces 
 

Cells washed twice in M199 medium were seeded at 5000 cells/ cm2 on test surfaces, except for 
serum-free cell expansion experiments where the cells were seeded at 10 000 cells/cm2. The test 
surfaces consisted in functionalized glass slides cut into 2.5 cm by 2.5 cm squares with trimmed 
corners placed in tissue culture-treated 6-well plates (Sarstedt, Nümbrecht, Germany). Before use, 
the slides were cleaned and sterilized by 10 min sonication in 95% ethanol (Commercial Alcohols, 
Markham ON). After 3 h of adhesion, the medium was completed with FBS, heparin, bFGF and 
antibiotics to culture cells in complete medium for up to 6 days. For serum-free cultures, the M199 
medium was removed after 3 h and replaced by serum-free EGM-2 medium. This medium consisted 
in EBM-2 and Bulletkit supplements (Lonza, Basel, Switzerland), except that the serum supplied in 
the kit was replaced by 0.4% bovine serum albumin (BSA, Sigma-Aldrich A9647) and insulin, 
transferrin, selenium (1X ITS, Life Technologies) supplements. Antibiotics (50 units/mL penicillin and 
50 mg/ml streptomycin from Life Technologies) were also added. Time-lapse phase contrast and 
fluorescence images were acquired at 10 to 40 magnification on an automated Olympus IX81 
microscope. Between 9 and 25 images per time point per surface were acquired. For live cell imaging 
on glass test surfaces, 1.5 cm diameter holes were drilled into 6-well plates and glass surfaces were 



 

fastened on top of the drill holes with aquarium silicone glue (Lepage, Henkel, Düsseldorf, 
Germany). The glue was dried overnight, and the plates were sterilized for 10 min in 95% ethanol 
before use. At the end of live cell imaging experiments, nuclei were stained with 0.5 mg/mL Hoechst 
(Life Technologies) added directly to the cultures, followed by fluorescence imaging. Cultures were 
fixed after 3 h, 3 days or 6 days in 3.7% formaldehyde (VWR International, Radnor, PA) in PBS for 
20 min at room temperature and stored in PBS. 
 
2.6 Immunocytochemistry 
 

Fixed cells were permeabilized for 15 min with 0.1% Triton X (VWR) in PBS. After rinsing in PBS, 
the slides were blocked for 15 min using serum-free protein block (Dako, Glostrup, Denmark) and 
antibodies against human vinculin (mouse anti-vinculin, SigmaeAldrich) or human vWF (rabbit anti-
vWF, SigmaeAldrich) diluted 1:200 in Antibody diluent (Dako) were added. After 1 h at 37 oC (anti-
vinculin) or 2 h at room temperature (vWF), the slides were washed in PBS and incubated for 1 h in 
the dark with goat anti-mouse Alexa 488 (for vinculin) or goat anti-rabbit Alexa 568 (for vWF) 
secondary antibodies (both Life Technologies) diluted 1:200 in Antibody diluent. The slides were 
then stained for 1 h at 37oC with TRITC-phalloidin (SigmaeAldrich) diluted 1:250 in PBS before 
washing in PBS and dd H20, followed by staining for 10 min with 1 mg/mL DAPI (SigmaeAldrich) 
diluted in dd H2O. The slides were then washed with dd H2O and PBS, mounted using Vectashield 
and imaged on an Olympus BX51 microscope. 
 
2.7 Western blotting 

 
Cells were lifted from maintenance cultures using 0.25% TrypsineEDTA (Life Technologies). The 

trypsin was neutralized by mixing with an equal volume of 0.5 mg/mL soybean trypsin inhibitor (Life 
Technologies). After washing twice in M199 medium, the cells were seeded at 10 000 cells/cm2 in 
M199 medium on functionalized glass slides lined by Teflon tape to create a 10 cm2 surface. After 3 
h, the slides were placed on ice, the medium was removed, and the slides were rinsed with ice-cold 
PBS. The cells were lysed in RIPA buffer with freshly added 1% phenylmethanesulfonyl fluoride and 
1% phosphatase inhibitor cocktail 2 (all from Sigma-Aldrich). After 20 min incubation at 4oC and 300 
rpm, the lysate was frozen at 80oC until analysis. Cell lysates were migrated on 4-20% SDS-PAGE 
tris-glycine gels (Life Technologies) and transferred to a PVDF membrane (Biorad, Hercules, CA). 
After blocking for 1 h with 5% non-fat dry milk in TBST buffer (50 mM TRIS, 150 mM NaCl from VWR 
and 0.1% Tween 20 from Amresco, Solon, OH), the membrane was stained overnight at 4oC with 
1:500 rabbit anti-pY397 focal adhesion kinase antibody (Life Technologies) or 1:1000 rabbit anti-
tubulin antibody (New England Biolabs, Ipswich, MA) diluted in TBST with 5% BSA. The next day, 
the membrane was incubated in 1:1000 peroxidase-labeled anti-rabbit antibody (New England 
Biolabs) for 1 h at room temperature. Protein bands were then revealed on an Image Quant™ LAS 
biomolecular imager (GE Healthcare, Little Chalfont, UK) after staining with Pierce enhanced 
chemiluminescence 2 substrate (Thermo Fisher Scientific). The membranes were then stripped for 
30 min at 50oC in 2% sodium dodecyl sulfate (Biorad, Hercules, CA), 62.5 mM and 0.8% b-
mercaptoethanol (Bioshop Canada, Burlington, ON) at pH 6.8. After washing for 30 min under 
running tap water and rinsing in TBST, the membranes were re-probed overnight in 1:500 rabbit 
anti-focal adhesion kinase antibody (New England Biolabs) before staining and revealing as 
described previously. 
 
2.8 Image analysis and cell adhesion kinetics 

 
The cell-covered surfaces (S(t), or degree of confluence) in phase contrast time-lapse images 

were computed in Matlab® using a range filter of a specified size (RFS), a threshold (MRT) and by 
filtering out pixel groups smaller than a specified number of pixels (MOST), as described previously 



 

[27]. The algorithm parameters were determined by grid search for each experiment, maximizing 
the F-measure function for a value of 0.5 (to reach an equal compromise between recall and 
precision). The performance of the algorithm was assessed by comparing the algorithm output to 
manually segmented cell-covered surfaces in at least 12 representative ground truth images per 
experiment. The average F-measure over the entire dataset of calibration images was 0.73 0.12 
(standard deviation of 254 images). The average cell area (A(t)) was calculated by dividing the cell-
covered surface (S(t)) by the number of cells counted manually in each image (N(t)), and averaging 
the S(t)/N(t) values of all images taken at a given time t for a given surface. Trends of the average 
cell area as a function of time were modeled using a general rate equation for a reversible first order 
reaction: 
 
𝐴(𝑡) − 𝐴! = (𝐴"#$ − 𝐴!)'1 − 𝑒𝑥𝑝(−𝑘𝑡)-                                                                                           (1) 
 

where Ai is the initial cell area, Amax is the maximum cell area determined from the average cell 
area after 3 h and k is a first order reversible reaction rate constant. This equation is analogous to 
first order surface adsorption kinetics in liquid/solid systems [28]. This equation can be 
conceptualized as a highly simplified cell adhesion model where the rate of change in cell area is 
proportional to the concentration of surface ligands that remain available in the cell vicinity defined 
as a region surrounding the initial cell area. 

In fluorescent images, the cell nuclei, RGD-TAMRA spots and focal adhesions were identified 
using CellProfiler by correcting the image illumination, enhancing speckles in the case of the focal 
adhesions, and applying the “Robust background” thresholding method. In Western blot images, 
protein bands were detected, and their intensities were quantified with ImageJ [29]. The average 
spot diameter and area of the RGD-TAMRA peptide micropatterns were determined by analyzing 
>1000 spots per sample surface. 
 
2.9 Cell adhesion kinetics modeling and statistics 

 
Two-way comparisons between samples relied on Student’s t-tests. Unless otherwise mentioned, 

results represent the average standard error of the mean of 3 experiments. For cell culture 
experiments, each experiment was performed with cells from a different donor. Multiple group means 
were compared by ANOVA using the cell donor as a blocking variable, followed by applying the 
Tukey-Kramer honestly significant difference test. The additive effects of the cell donor, the surface 
RGD peptide concentration, the type of RGD peptide used and the presence of micropatterns were 
modeled by least squares linear regression according to Equation (2): 
 
𝐸(𝑌) = 𝛽% + ∑ 𝛽&'𝑥&' + 𝛽(𝑥( + 𝛽)𝑥)

'*+!"#"$%
'*% + 𝛽,𝑥,                                                                           (2) 

 
where bi and bij are the model fitting parameters. The variable x1j is a categorical variable 

representing the cell donor, with a value of 1 attributed to a single donor and all other donors set to 
0 for a given experimental data point (i.e. the sum of all b1j will be equal to a single b1j, such as b13 
for donor 3). The total number of donors (Ndonors) was 3 for the focal adhesion phosphorylation 
response and 5 for other response variables (Y). The variable x2 is a scaled continuous variable 
representing the fraction of RGD in the solutions reacted with the glass surfaces, x3 is a categorical 
variable representing the type of RGD peptide used (GRGDS or RGD-TAMRA) and x4 is a 
categorical variable representing the presence or absence of micropatterns. The x2 variable was 
scaled between -1 (representing 0% RGD) and +1 (representing 100% RGD) by calculating x2 = 
(%RGD-50%)/50%. The term E(Y) represents the expected value of the dependent variable Y. The 
responses modeled (Y) included the initial rate of cell spreading, the degree of cell spreading after 
3 h and the level of focal adhesion kinase phosphorylation, leading to 3 different models of the form 



 

given by Equation (2). The initial rate of cell spreading was determined from the slope of the cell 
area as a function of time during the first 0.6 h of cell adhesion. The degree of cell spreading after 3 
h was determined from the average surface area covered per cell after 3 h of cell adhesion, divided 
by the average initial cell area. The level of focal adhesion kinase phosphorylation was determined 
by dividing the pY397 focal adhesion kinase (FAK) band intensity by the b-tubulin band intensity for 
each sample in Western blots. It should be noted that the experimental design was not adequate to 
investigate interaction terms, and these were not included to avoid model bias. All statistical 
analyses were performed using JMP software (SAS Institute, Cary, NC). Results were considered 
to be statistically significant at p < 0.05. 
 
3 RESULTS 
 
3.1 HSVEC adhesion and expansion on non-fluorescent peptide micropatterns 
 

In previous studies with bovine aortic endothelial cells, aerosol-generated GRGDS and 
WQPPRARI peptide micropatterns increased endothelial cell expansion on PTFE surfaces after 3 
days compared to surfaces functionalized with a single peptide. The optimal micropatterns consisted 
in GRGDS spots of 10 mm average diameter covering 20% of the surface, with the remaining surface 
functionalized with WQPPRARI. To determine whether these patterns also increased glass surface 
endothelialisation by human cells, HSVECs were cultured for up to 6 days on functionalized glass 
surfaces. To obtain the target micropatterns, the aerosol spray flow rate was decreased from 1000 
mL/h on PTFE to 250 mL/h on the glass surfaces due to the higher water wettability of 
aminoalysilane-treated glass (50 ± 5o contact angle after S-SMPB treatment) compared to PTFE 
(64o contact angle after S-SMPB treatment). Time-lapse phase contrast imaging revealed that the 
HSVECs spread more rapidly and extensively on surfaces with uniform GRGDS distribution (Fig. 
1A). These observations were confirmed by quantifying the initial rate of cell spreading, which was 
significantly higher on surfaces treated with GRGDS or with a 20:80 GRGDS:WQPPRARI mixture 
than on the WQPPRARI or the 20:80 micropatterned surfaces (Fig. 1B). The fraction of cells retained 
on surfaces after fixing at 3 h was 83 ± 4%, with no significant differences between surface 
treatments. Compared to the untreated surfaces, the micropatterned surfaces led to significantly 
higher cell expansion after 6 days in serum-containing medium (Fig. 1C). However, no significant 
differences in cell expansion were observed between the micropatterned surfaces and surfaces with 
uniform GRGDS and/or WQPPRARI peptide distributions. For the same amount of RGD ligands, 
the peptide micropatterns therefore reduced the rate of cell spreading without altering the maximum 
spread cell surface area or subsequent cell proliferation rates. 

 
3.2 Surface micropatterning with a fluorophore-tagged RGD peptide 

 
To observe the local effects of peptide micropatterns on HSVECs, a fluorophore-tagged RGD 

peptide was designed (Fig. 2A). To avoid steric hindrance of integrin binding to the RGD site, the 
TAMRA fluorophore was placed on a polyethylene glycol spacer arm (17.8 °A nominal length) linked 
to a lysine side chain (6.41 °A nominal length). This added lysine residue was placed upstream from 
the RGD sequence and flanked by two glycine residues to increase chain flexibility. To create an 
anchorage point to the S-SMPB treated surface, a cysteine residue was added at the N-terminus of 
the peptide chain. The C-terminus of the peptide was amidated to reflect the non-terminal location 
of the peptide within fibronectin, although this was not expected to significantly change integrin 
binding affinity [30]. This RGD-TAMRA peptide was reacted with aminoalkysilane and S-SMPB 
treated glass surfaces. Fig. 2B shows the RGD-TAMRA surface concentration obtained after this 
reaction scheme compared to unreacted peptide standards. Based on XPS analysis, the relative 
amount of primary amine moieties on the glass surfaces before S-SMPB treatment was 5.4%. In 
previous studies of the surface amine content of plasma-treated PTFE, we determined that 2-3.5% 



 

amine surface concentrations correspond to 0.5 to 2 amine groups/nm2 [24]. Based on this estimate, 
the XPS data suggests that the amine surface concentration should be between 0.8 and 5.4 amine 
groups per nm2. After S-SMPB treatment and reaction with 20 mM RGD-TAMRA, the surface 
concentration of RGD-TAMRA residues was 0.223 0.002 RGD-TAMRA molecules/nm2 based on 
fluorescence measurements. It is possible that unreacted amine groups remained on the surfaces 
but were inaccessible for further reaction due to steric hindrance by the surface-conjugated RGD-
TAMRA. The concentration of the unreacted RGDTAMRA solution was in large excess over both 
the primary amine surface concentration before reaction and the final covalently grafted RGD-
TAMRA surface concentration. In the absence of SSMPB, no significant TAMRA fluorescence was 
detected on the surfaces after washing with detergent. Fig. 3A shows the fluorescent micropatterns 
observed after spraying RGD-TAMRA onto the surface at different flow rates and reacting the 
remaining surface with WQPPRARI. Increasing the RGD-TAMRA spray flow rate from 250 mL/h to 
500 mL/h or 750 mL/h significantly increased the surface area covered by spots from 21 3% to 
respectively 37 ± 4% or 48 ± 1%. These values also correspond to the average area under the curve 
in Fig. 3B. Surfaces treated with uniform peptide mixtures were reacted with solutions containing 
20:80, 35:65 and 50:50 RGD-TAMRA:WQPPRARI peptide ratios, which are not significantly 
different from the ratios present on the patterned surfaces. To simplify the notation, the 
micropatterning conditions described above were referred to as 20:80, 35:65 and 50:50 TAMRA 
micropatterns. For the 20:80 TAMRA micropatterns, the average spot diameter was 9 ± 1 mm. The 
average spot area was 608 ±150 mm2, corresponding to an average area-based spot diameter of 
28 ± 14 mm, which is a more relevant indication of the average spot size cells contacted during cell 
adhesion. No significant differences in the average spot area were observed for the 35:65 and the 
50:50 TAMRA micropatterns. These results show that fluorophore-tagged RGD micropatterns with 
reproducible spot densities can be obtained using the aerosol-based technique. 
 
 



 

 
 
Figure 1. Cell spreading and growth on functionalized surfaces. Surfaces were functionalized with 
WQPPRARI, GRGDS, 20:80 GRGDS:WQPPRARI micropatterns or a 20:80 mixture of the two 
peptides. A) Change in the average cell surface area during the first 3 h after seeding, modeled by 
first order reversible reaction rate kinetics (Equation (1)). The data from one experiment is shown. 
B) Ratio of the average final cell surface area after 3 h to the initial cell area measured in each 
experiment (white bars) and initial rate of cell spreading (gray bars). Note that the average initial cell 
area of 5 donors was 603 ± 8 mm2. C) Cell yield after 6 days of culture in serum-containing medium. 
*p < 0.05 compared to the condition aligned with the “*” symbol. Note: in (C), the comparisons are 
based on paired t-tests, whereas no significant difference was identified following Tukey’s range test 
for multiple comparisons. 



 

3.3 Cell adhesion on fluorophore-tagged peptide micropatterns 
 
Next, the effects of the fluorophore-tagged peptide micropatterns on cell adhesion were examined 

by time-lapse imaging. First, HSVEC adhesion was monitored side-by-side on surfaces treated with 
GRGDS alone or RGD-TAMRA alone to determine whether the cell binding activity was conserved 
with the TAMRA-tagged peptide. Surprisingly, HSVEC spreading was faster and more extensive on 
the RGD-TAMRA surfaces than on the GRGDS surfaces (Movie 1). Within 30 min on RGD-TAMRA 
surfaces, the cells returned to cobblestone morphologies typical for endothelial cells, contrary to 
cells on the GRGDS surfaces. The binding affinity between cell integrins and the RGD sequence 
therefore appeared to be higher for surface-conjugated RGD-TAMRA than for the GRGDS peptide. 
On the micropatterned surfaces, local effects of the RGDTAMRA micropatterns on cell adhesion 
were observed (Movie 2). 

 

 
Figure 2. Surface conjugation of the TAMRA fluorophore-tagged RGD peptide. A) Final molecular 
structure of the RGD-TAMRA peptide covalently reacted with aminosilane glass surfaces using the 
bi-functional sulfo-SMPB linking arm. B) RGD-TAMRA surface concentration before and after 
reaction of 0.5 mL droplets on the surfaces. The surface concentration was calculated by relating 
the total fluorescence intensity per nm2 droplet surface to known concentration standards. 

 
Pseudopod extension was guided by the neighboring RGD-TAMRA spots, leading to non-uniform 

cell spreading, contrary to surfaces with uniform RGD-TAMRA distributions. During cell spreading, 
cell pseudopods that contacted the RGD-TAMRA spots continued to extend or were retained on the 
spots but were retracted from WQPPRARI regions. Actin polymerization was observed during cell 
adhesion using an actin-GFP fusion protein. After 3 h of cell adhesion to the micropatterned 
surfaces, most actin filaments spanned cell regions between the RGD-TAMRA spots, while few 
filaments were observed within the spots (Movie 3). The actin filaments appeared to be anchored at 
the periphery of the RGD-TAMRA spots. The actin-GFP protein was also concentrated in membrane 
ruffles at the cell periphery. Supplementary data related to this article can be found online at 
http://dx.doi.org/10.1016/j.biomaterials.2013.09.076. 

Quantitative analysis of the rate and extent of cell spreading confirmed the qualitative 
observations from time-lapse movies. Fig. 4A shows characteristic curves representing the change 
in cell area as a function of time during cell adhesion. A rapid increase in cell surface area was noted 
within the first 30 min of adhesion on surfaces functionalized with RGD-TAMRA, RGD-
TAMRA:WQPPRARI micropatterns or a mixture of the two peptides. The initial rate of cell spreading 
measured over this time period was significantly higher on the RGD-TAMRA and 35:65 TAMRA 
micropatterned surfaces than on surfaces with WQPPRARI (Fig. 4B). It should be noted that the 



 

image analysis algorithm overestimated the cell surface area for surfaces with low cell spreading 
(e.g. WQPPRARI) and underestimated the cell area on surfaces with high cell spreading (e.g. RGD-
TAMRA) based on the mean signed differences between the estimated areas and the areas in 
ground truth images. This can be explained by the fact that the model parameters were set to 
minimize the relative error over all surface types, which may lead to increased bias for surfaces 
leading to cell phenotypes different from the average cell phenotype. As a consequence, the 
differences observed between different surfaces in Fig. 4 may be conservative. 

As expected from the time-lapse imaging experiments, HSVECs formed focal adhesions within 3 
h on the micropatterned surfaces, as well as other surfaces reacted with RGD-TAMRA (Fig. 5). The 
number of focal adhesions per cell was 221 ± 47 on RGD-TAMRA treated surfaces, 47 ± 11 on 
WQPPRARI-treated surfaces, 143  5 on surfaces treated with a 35:65 mixture of the two peptides 
and 108 ± 8 on the micropatterned surfaces. Few focal adhesions were visible on the WQPPRARI-
treated surfaces (Fig. 5) or gelatinized surfaces (not shown). On surfaces with uniform RGD-TAMRA 
distribution, the focal adhesions were uniformly distributed near cell edges. On the micropatterned 
surfaces, most (73 ± 2% for the 35:65 TAMRA patterns) of the focal adhesions were co-localized 
with the RGD-TAMRA spots, and they were concentrated near spot edges. Increasing micropattern 
densities (20%, 35% or 50% surface coverage by RGD) appeared to lead to increasing levels of cell 
spreading (Fig. 5). However, this observation in fixed cell samples was not reflected by statistically 
significant differences in phase contrast images. In the absence of statistically significant effects 
between different patterning densities, further experiments were conducted with the 35:65 TAMRA 
patterns. 
 

 
Figure 3. RGD-TAMRA/WQPPRARI micropatterns generated using different RGD-TAMRA spray 
flow rates. A) Fluorescence photomicrographs of the surface-conjugated RGD-TAMRA patterns 
obtained. B) Size distribution of the RGD-TAMRA spots with respect to the fraction of the total 
surface area covered by spots of a given size. 
 

To confirm that focal adhesion formation led to the activation of downstream signaling cascades, 
phosphorylated Y397 focal adhesion kinase (FAK) was quantified (Fig. 6). FAK is a scaffolding 
protein that is recruited to sites of integrin clustering, which leads to FAK trans-autophosphorylation 
on Y397 and subsequent recruitment of SH2 proteins that activate other kinases and phosphatases. 
After serum starvation and detachment from surfaces, the levels of Y397 phosphorylated FAK 
(pY397 FAK) in HSVECs were nearly undetectable by Western blot. After 3 h of cell adhesion, pY397 
FAK was activated on all of the biomimetic materials (Fig. 6A). The pY397 FAK/b-tubulin ratio was 
significantly higher on the 35:65 TAMRA mix surfaces than any of the surfaces without TAMRA. It 
should be noted that although the total FAK levels appeared to be elevated in the 35:65 TAMRA mix 
and patterned conditions, no significant changes between conditions were quantified. There were 



 

also no significant differences in pY397 FAK/b-tubulin ratio between the 35:65 TAMRA patterns, the 
35:65 TAMRA mix and the RGD-TAMRA conditions. Moreover, the presence of 35% RGDTAMRA 
on the surfaces (i.e. 0.35 x 0.2 » 0.07 molecules/nm2 for the 35:65 mix surfaces) was sufficient to 
elicit similar pY397 FAK/b-tubulin ratios as controls coated with gelatin and supplemented with 
serum. This striking increase in pY397 FAK/b-tubulin ratio and the lack of further increase on 100% 
RGD-TAMRA surfaces suggests that this RGD-TAMRA surface concentration was sufficient to 
reach maximal surface-dependent FAK phosphorylation, both with uniform and patterned RGD 
distributions. 
 

Figure 4. Endothelial cell spreading on fluorophore-tagged micropatterned surfaces and controls. A) 
Change in the average cell surface area during the first 3 h after seeding, modeled by first order 
reversible reaction rate kinetics (Equation (1)). The data from one experiment is shown. B) Ratio of 
the average final cell surface area after 3 h to the initial cell area measured in each experiment 
(white bars) and initial rate of cell spreading (gray bars). *p < 0.05 compared to the condition aligned 
with the “*” symbol. 
 

 
Figure 5. Effect of peptide surface grafting on the distribution of focal adhesions. HSVECs were fixed 
after 3 h of adhesion. Vinculin staining is shown in green, RGD-TAMRA patterns are shown in red 
and DAPI nuclear staining is shown in blue. Surface were functionalized with WQPPRARI, RGD-



 

TAMRA, a 35:65 mixture of RGD-TAMRA:CWQPPRARI or micropatterned to obtain either 10%, 
35% or 50% RGD-TAMRA surface coverage with WQPPRARI (dark background) reacted with the 
remaining surface. The red channel was omitted from the “RGD-TAMRA” and “35:65 mix” panels. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
 

 
Figure 6. Effect of functionalized surfaces on focal adhesion kinase phosphorylation. HSVECs were 
cultured in serum-free medium overnight, resuspended for 1 h in basal medium and then seeded in 
basal medium on test surfaces. As a positive control, cells were seeded in complete medium with 
20% FBS on gelatin-coated surfaces. After 3 h, the cells were lysed and pY397 FAK, total FAK and 
b-tubulin were quantified by Western blot. Note: the results shown are from a single HSVEC culture, 
with the results from 2 further cultures pending. *p < 0.05 compared to the 35:65 TAMRA mix or 
micropatterned surfaces. 
 

Finally, a multifactorial model was applied to quantify the relative importance of the main effects 
of the RGD surface concentration, of using RGD-TAMRA instead of the GRGDS peptide and of 
surface patterning. The responses modeled were the change in cell surface area after 3 h of 
adhesion, the initial rate of cell spreading and the pY397/b-tubulin ratio. This model also included 
the donor cell source as a main effect, since high variability between experiments was observed. 
This overall model (Fig. 7) therefore summarizes the findings shown in Figs. 1, 4 and 6. This global 
model revealed that taken together, only the use of RGDTAMRA instead of GRGDS significantly 
affected the rate and extent of cell spreading, and FAK autophosphorylation. In Figs. 1 and 4, the 
RGD:WQPPRARI ratio was found to significantly alter the rate of cell spreading and FAK 
phosphorylation, but the added variability from combining all the collected data reduced the 
significance of this effect. This model indicated that RGD-TAMRA lead to a pronounced increase in 



 

cell integrin affinity for the biomimetic surfaces, which largely surpassed the effect of the GRGDS 
peptide concentration alone. At 35% RGD-TAMRA surface coverage, the micropatterns did not 
significantly affect the rate of cell spreading, but the orientation of cell spreading was guided by 
neighboring patterns. The RGD-TAMRA micropatterns can therefore be used to control cell 
morphologies while providing similar matrix-cell signals as uniformly distributed cell adhesion 
peptides. 
 

 
Figure 7. Surface effects on the rate and extent of cell spreading, and FAK phosphorylation. The 
linear model described by Equation (2) was applied to the different dependent variables (Y values, 
indicated in the legend). The main effects of four independent variables were modeled: the cell donor 
(x1j), the presence of micropatterns on the surface (x2), the type of cell adhesion peptide used 
(GRGDS or RGD-TAMRA, x3) and the fraction of RGD-containing peptides on the surface (x4). The 
values of the model parameters corresponding to the effects of these variables (bi) are reported 
relative to the model intercept for each read-out (b0). The model parameters associated with the cell 
donor are not shown, but the donor effects were statistically significant and the b1j/b0 values ranged 
between -0.65 ± 0.2 and 1.14 ± 0.2. *p < 0.05, **p < 0.001. 
 
3.4 Cell expansion on fluorophore-tagged peptide micropatterns 
 

As expected from the previous results with GRGDS:WQPPRARI (Fig. 1C), the RGD-
TAMRA:WQPPRARI micropatterned glass surfaces led to higher levels of endothelialisation than 
untreated surfaces (Fig. 8A). Similar to cell adhesion kinetics, there were no significant differences 
in cell expansion between patterned or uniform RGD-TAMRA distribution. During the adhesion 
experiments, adhesion to the RGD-TAMRA containing surfaces led to FAK activation in the absence 
of serum. Since FAK activation can trigger activation of the mitogen-activated protein kinase 
pathway and cell proliferation, the potential of the biomimetic surfaces for serum-free cell expansion 
was tested (Fig. 8B). Contrary to untreated surfaces, significant cell expansion was observed on the 
RGDTAMRA functionalized surfaces. The serum-free cell expansion obtained on RGD-TAMRA was 
~2/3 the cell expansion quantified on gelatin. This result indicated that primary HSVECs can be 
cultured in defined surface and medium conditions on RGD-TAMRA functionalized surfaces. On the 
35:65 TAMRA patterned surfaces, no significant colocalization between the RGD-TAMRA spots and 
focal adhesions was observed after 3 days of cell expansion. The patterns also did not appear to 
impact cell shape or membrane extensions during serum-free cell culture (Movie 4), including during 
cell division events (Movie 5). On a cautionary note, cells cultured in serum-free medium grew as 
clustered elongated cells, contrary to the well-spread cobblestone phenotype of endothelial cells in 
serum-supplemented medium. The reduced size and vinculin staining intensity of focal adhesions 
in serum-free medium also suggested reduced maturity or higher turnover of focal adhesions in the 
absence of serum. Supplementary data related to this article can be found online at 



 

http://dx.doi.org/10.1016/j.biomaterials.2013.09.076. Overall, the trends observed in both the cell 
adhesion experiments and in cell expansion experiments are consistent with increased cell-surface 
interactions on surfaces with RGD-TAMRA, including the micropatterned surfaces. Peptide 
micropatterning using RGD-TAMRA constituted a unique tool to identify the location of peptides in 
live cell imaging experiments. This approach confirmed significant effects of peptide micropatterns 
on cell morphology and focal adhesion formation during cell adhesion, without affecting FAK 
activation and the rates of cell spreading or proliferation. 

 

Figure 8. Cell expansion on RGD-TAMRA functionalized surfaces in serum-free medium. A) Cell 
expansion (cell number on day 3 or day 6/initial cell number) in serum-free or B) serum-containing 
medium based on DAPI-stained nuclei enumeration. C and D) Distribution of focal adhesions 
observed after 3 days on RGD-TAMRA functionalized surfaces in serum-containing (C) or serum-
free (D) media. *p < 0.05 compared to the condition aligned with the “*” symbol, except in B, where 
conditions with p-values <0.08 compared to RGD-TAMRA are also indicated. The number of 
replicate experiments (with separate donors for each experiment) was N = 4 for B. 
 
4 DISCUSSION 
 

The surface modification of synthetic vascular grafts with biomimetic peptides is a promising 
simple strategy to improve graft endothelialisation and long-term performance. In this study, we 
characterized the effects of surface-conjugated fibronectin-derived peptide micropatterns on 
endothelial cell adhesion and proliferation kinetics. The micropatterns significantly affected cell 
morphology and the localization of focal adhesions, without altering the extent of cell spreading or 
proliferation. The micropatterns consisted in ~10 mm diameter RGD peptide spots that guided 
pseudopod orientation and focal adhesion formation, surrounded by a WQPPRARI background that 
improved cell expansion compared to bare surfaces (Fig. 1C). Although the RGD spots only covered 
a fraction of the surface (e.g. 35%), the micropatterned surfaces led to similar levels of FAK Y397 



 

phosphorylation as surfaces with 100% RGD surface coverage. The peptide micropatterning 
strategy therefore affords control over cell shape and orientation, while avoiding anoikis and allowing 
similar levels of cell expansion as surfaces with uniform distributions of peptide mixtures. 

The main advantage of the aerosol-based micropatterning method is that it could be adapted to 
pattern tubular structures such as commercially available vascular prostheses or other tubular 
vascular devices. Another unique feature of the micropatterning strategy described here and in our 
previous work [22,23,25,31] was the use of combinations of peptides rather than micropatterning a 
single peptide or protein. In this case, the surfaces were patterned with peptides containing the 
GRGDS cell adhesion-promoting sequence, while the remaining surface was reacted with the cell 
motility-enhancing WQPPRARI peptide. The surface conjugation strategy led to ~0.2 molecules/nm2 
peptide concentrations, or w1 nm mean random distance between the surface-grafted molecules. 
For the 35:65 peptide micropatterns, the mean random distance calculated between spot centers 
was 7.5 mm. In vivo, fibrillogenesis leads to the cell-mediated reorganization of fibronectin into 
clustered fibrils of mm-scale length [32] with repeating units spaced by ~71 nm [33]. The 
micropatterns generated by the aerosol technique therefore approach the length scales between 
fibronectin fibrils in the ECM, but not the nanoscale-level clustering of RGD and WQPPRARI 
residues within clustered fibrils. To further enhance surface biomimetism, it would be interesting to 
study the combined effects of nanoscale clustering [34-36] and micropatterning on cell adhesion and 
cell fate. On the other hand, one drawback of the aerosol technique was that the random distribution 
of the aerosol-generated spots complicated the identification of regions reacted with each peptide. 
One approach to overcome this challenge was to develop well-characterized fluorophore-tagged 
peptides that would enable more refined analysis of the effects of the micropatterns on cell behavior. 

To uncover the local effects of the peptide patterns on endothelial cell spreading and proliferation, 
we designed a TAMRA fluorophore-tagged RGD-containing peptide that allows live cell imaging of 
cell-peptide interactions. This peptide was efficiently conjugated to activated aminated surfaces 
through simple maleimide-thiol coupling chemistry. One surprising finding was that this RGD-
TAMRA peptide significantly increased the rate and extent of endothelial cell adhesion compared to 
the original GRGDS sequence. The RGD-TAMRA peptide also led to significantly higher levels of 
FAK Y397 phosphorylation. Both of these peptides contain the GRGDS cell-adhesive sequence, but 
the RGD-TAMRA peptide contains 3 additional N-terminal amino acids. These amino acids include 
two glycine residues flanking a lysine residue with a PEG3 spacer and the TAMRA fluorophore 
conjugated to the lysine side chain. The enhanced integrin binding affinity of this surface-conjugated 
peptide compared to the GRGDS peptide could therefore be explained by the increased distance 
between the cell-binding sequence and the surface, the increased chain flexibility provided by the 
added glycine residues and/or changes in the electronic environment of the cell-binding sequence. 
The presence of different spacer arms between a solid support and affinity binding molecules can 
affect the interactions between these molecules and their binding partners. The effect of the spacer 
length has been well-studied in the context of microarray technologies [37,38] and the targeting of 
nanoparticles to desired tissues [39,40]. The conformation of the RGD sequence and the residues 
surrounding this sequence impact its integrin binding affinity [41] and its effect on cell adhesion [42]. 
For instance, the presence of two sequential glycine residues preceding the RGD sequence or the 
presence of the large PEG3-TAMRA group may have favored higher affinity conformations similar 
to those found in cyclic RGD peptides. Lastly, changes in the electronic environment, for example 
through the addition PEG groups, can change the preferential conformations of small charged 
peptides [29,43]. 

The RGD-TAMRA micropatterns revealed that most of the focal adhesions formed within 3 h were 
localized on the RGD spots, particularly at spot edges. This observation is consistent with the 
reported increase in focal adhesion strength and maturation where higher tensional forces are 
applied on the substrate [16,44]. Actin filaments formed between but not within the RGD spots 
(Movie 3), reminiscent of observations made with adhesive islands printed over non-adhesive 
substrates [45]. Changes in the micropattern density from 20% to 35% or 50% surface coverage by 



 

the RGDTAMRA spots did not significantly impact cell spreading or expansion kinetics. However, 
these changes did significantly impact cell shape, progressively leading to more uniform spreading 
rather than directional spreading. This property of the micropatterns could be used to fine-tune cell 
shape and hence cell fate decisions [46]. Although cell motility was not monitored in this study, 
directional cell spreading is associated with more rapid and directional cell migration on 
micropatterned substrates [47]. This could be related to the increased extension of lamellipodia in 
cell regions exerting higher tractional forces [48]. We similarly observed high levels of membrane 
ruffling at cell edges extending on peptide spots away from the cell center (Movie 3). The RGD 
micropatterning density could therefore be adjusted to modify the rate of cell migration. After 3 days 
of cell expansion, the micropatterns ceased to critically impact the localization of focal adhesions, 
suggesting endogenous ECM deposition by the HSVECs after 3 days. The aerosol micropatterning 
technique using RGD and WQPPRARI therefore offers a simple means to modify cell shape and 
events occurring during the first few hours of cell-substrate interaction without affecting FAK 
activation or cell expansion at later time points. 

In our previous studies, PTFE micropatterned with surface-conjugated GRGDS and WQPPRARI 
peptides significantly improved bovine aortic endothelial cell [22] and human umbilical vein 
endothelial cell [24] expansion. Similar results were obtained for human pulmonary aortic endothelial 
cells grown on surfactant polymers functionalized with a mixture of RGD and WQPPRARI peptides 
[49]. Conversely, the current results did not indicate any significant differences in HSVEC expansion 
between uniform and micropatterned GRGDS:WQPPRARI surface treatment. We previously 
reached the same conclusion for HSVEC expansion on PTFE at most time points examined although 
the peptide surface density in these experiments was higher, at ~0.9 peptides/nm2 [25]. The 
micropatterns also did not significantly improve cell spreading or FAK activation. The results 
obtained both on the micropatterned and on uniformly-treated surfaces indicated no significant 
synergistic effects between the WQPPRARI and RGD peptides on cell adhesion, FAK activation or 
cell expansion. Surfaces reacted with WQPPRARI alone did lead to cell spreading, focal adhesion 
formation and FAK activation as suggested by previous reports [13,24], albeit at lower levels than 
the RGD peptides. The WQPPRARI sequence is derived from the heparin-binding type III repeat 
region 14 of fibronectin. This sequence binds heparansulfate proteoglycans including syndecans 
through electrostatic interactions [50,51], and also binds the a4b1 integrin [50]. Syndecans 
cooperate with integrins to bind and reorganize the ECM [52]. The lack of effects of the 
RGD:WQPPRARI micropatterns on HSVEC expansion could therefore be explained by differences 
in integrin or syndecan subtypes expressed by different endothelial cell types [53]. Further 
optimization of the peptide micropatterning strategy could therefore benefit from analyzing the 
expression patterns and post-translational modifications [54] of heparan-sulfate proteoglycans, 
integrins and other surface receptors in different endothelial cell subtypes. The surface modification 
strategy could then be adapted to targeted cell types that should be recruited to the prostheses, 
such as endothelial progenitor cells. Micropatterning with two or several peptides could help tailor 
the surfaces to promote the adhesion and expansion of several cell types, such as endothelial 
progenitor cells as well as the desired mature endothelial cell progeny. 

FAK was activated on all peptide-modified surfaces, particularly on all surfaces reacted with RGD-
TAMRA. FAK phosphorylation is activated upon integrin clustering and maintained by cytoskeletal 
contraction through Rho activation. Highly spread cells such as those observed on RGD-TAMRA 
have high levels of cell contraction, which is associated with the activation of cell growth [16]. Several 
signaling cascades activated upon FAK Y397 phosphorylation play a key role in promoting cell 
spreading, motility and proliferation. FAK and its targets also play a crucial role in normal vascular 
development and angiogenesis [55]. This led us to test whether the RGDTAMRA modified surfaces 
could support the expansion of HSVECs in the absence of serum. To our knowledge, there are 
currently no commercially available serum-free media allowing primary human endothelial cell 
expansion in defined conditions. We modified a commercially available medium containing 1% 
serum by replacement with insulin, transferrin, selenium and BSA, leading to fully defined culture 



 

conditions except for the non-recombinant BSA. Similar levels of HSVEC expansion were observed 
on RGD-TAMRA treated surfaces and collagen. Furthermore, HSVEC morphology and focal 
adhesion distributions were similar between RGD-TAMRA and collagen surfaces in serum-free 
medium, albeit fewer large mature focal adhesions were observed compared to control cultures with 
20% serum. The significant cell expansion observed after 3 days on RGD-TAMRA is a promising 
basis for testing long-term primary endothelial cell expansion in defined conditions. The serum-free 
medium could be further optimized through the addition of other biomimetic peptides or soluble 
growth factors. 

Promising avenues to improve the clinical potential of the aerosol-based micropatterning strategy 
include testing micropattern effects on cells exposed to physiological wall shear stress. For example, 
it would be interesting to compare the aerosol-generated patterns with linear GRGDS:WQPPRARI 
micropatterns that enhanced flow-induced cell reorientation [56]. The aerosol-generated 
micropatterns could also facilitate the large-scale production of micropatterned surfaces for 
therapeutic cell production. 

The non-uniform cell microenvironment produced by micropatterned ECM molecules can 
significantly impact stem cell fate decisions [16]. For example, different shapes or sizes of 
micropatterned cell-adhesive substrates on non-adhesive backgrounds determine the differentiation 
pathways activated in mesenchymal stem cells. The anisotropic distribution of the aerosol-generated 
patterns could impact whether stem cells undergo symmetric or asymmetric cell division. In the 
context of vascular surgeries, micropatterned fibronectin-derived peptides could help recruit 
endothelial progenitor cells to vascular graft surfaces and control endothelial progenitor cell fate 
decisions [57], similar to fibronectin. 

 
5 CONCLUSIONS 

 
Vascular graft surface modification using biomimetic peptides could improve their long-term 

performance by creating a microenvironment more conducive to graft endothelialisation. 
Micropatterning of these peptides could better replicate the micron-scale anisotropic distribution of 
ECM proteins observed in fibrillar matrices. Aerosol-based peptide micropatterning is a simple 
technique that could be adapted to functionalize tubular structures or large surface areas. Aerosol-
generated GRGDS:WQPPRARI micropatterns significantly increased endothelial cell adhesion and 
expansion compared to untreated surfaces. Surfaces reacted with mixtures of the two peptides led 
to uniform cell spreading, whereas the micropatterns led to directional cell spreading determined by 
the location of the micropatterns. Lastly, a fluorophore-tagged RGD peptide allowed real-time 
monitoring of micropattern effects on endothelial cells. This RGD-TAMRA peptide significantly 
increased cell spreading and FAK activation, in addition to allowing primary endothelial cell 
expansion in serum-free medium. 
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