
Human Endothelial Cell Interaction with Biomimetic Surfactant
Polymers Containing Peptide Ligands from the Heparin Binding
Domain of Fibronectin

SHARON SAGNELLA, Ph.D.1, ERIC ANDERSON, M.S.2, NAOMI SANABRIA, B.S.1, ROGER
E. MARCHANT, Ph.D.1,2, and KANDICE KOTTKE-MARCHANT, M.D., Ph.D.1,3

1 Department of Biomedical Engineering, Case Western Reserve University, Cleveland, Ohio.

2 Department of Macromolecular Science, Case Western Reserve University, Cleveland, Ohio.

3 Department of Clinical Pathology, Cleveland Clinic Foundation, Cleveland, Ohio.

Abstract
Biomimetic materials that mimic the extracellular matrix (ECM) provide a means to control cellular
functions such as adhesion and growth, which are vital to successful engineering of tissue-
incorporated biomaterials. Novel “ECM-like” biomimetic surfactant polymers consisting of a poly
(vinyl amine) backbone with pendant cell-adhesive peptides derived from one of the heparin-binding
domains of fibronectin were developed to improve endothelial cell adhesion and growth on vascular
biomaterials. Heparin-binding peptide (HBP) sequences, alone and in combination with RGD
peptides, were examined for their ability to promote human pulmonary artery endothelial cell
(HPAEC) adhesion and growth (HBP1, WQPPRARI; HBP2, SPPRRARVT; HBP1:RGD; and
HBP2:RGD) and compared with cell adhesion and growth on fibronectin and on negative control
polymer surfaces in which alanines were substituted for the positively charged arginine residues in
the two peptides. The results showed that HPAECs adhered and spread equally well on all HBP-
containing polymers and the positive fibronectin control, showing similar stress fiber and focal
adhesion formation. However, the HBP alone was unable to support long-term HPAEC growth and
survival, showing a loss of focal adhesions and cytoskeletal disorganization by 24 h after seeding.
With the addition of RGD, the surfaces behaved similarly or better than fibronectin. The negative
control polymers showed little to no initial cell attachment, and the addition of soluble heparin to the
medium reduced initial cell adhesion on both the HBP2 and HBP2:RGD surfaces. These results
indicate that the HBP surfaces promote initial HPAEC adhesion and spreading, but not long-term
survival.

INTRODUCTION
ONE GOAL IN THE DEVELOPMENT of materials designed to support the adhesion, growth,
and function of anchorage-dependent cell types, such as endothelial cells, is to mimic the
interaction between cell surface receptors and extracellular matrix (ECM) molecules. This
interaction is vital in regulating in vivo cellular functions including adhesion, survival,
proliferation, migration, and differentiation.1–8 The major focus in the literature has been on
the integrin family of receptors, which interact with a wide variety of ECM proteins.9–11 A
tripeptide (RGD) sequence, identified as the active integrin-binding domain of ECM proteins
including fibronectin (FN), has been intensively studied, but other domains have been
discovered that promote or enhance cell–ECM interaction.2–4,12–14

Address reprint requests to: Roger E. Marchant, Ph.D., Department of Biomedical Engineering, Wickenden Building 202, Case Western
Reserve University, 10900 Euclid Avenue, Cleveland, OH 44106-7207, E-mail:rxm4@po.cwru.edu

NIH Public Access
Author Manuscript
Tissue Eng. Author manuscript; available in PMC 2005 September 29.

Published in final edited form as:
Tissue Eng. 2005 ; 11(1-2): 226–236.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



More recently, a family of four cell surface heparan sulfate proteoglycans (HSPGs), known as
syndecans, has been identified as having a role in cell adhesion.15–17 Syndecans interact
specifically with heparin-binding domains within ECM proteins. In addition, syndecans can
interact with growth factors and act as coreceptors in the delivery of growth factors to their
receptors. One of the major heparin-binding regions in FN encompasses domains FNIII12–14.
FN–syndecan interactions, in particular between FN and syndecan-1 and syndecan-4, have
been attributed to the peptide sequences WQPPRARI and SPPRRARVT, derived from
FNIII14 and FNIII13, respectively. These interactions occur mainly through electrostatic
interactions between the negatively charged HSPG and the cluster of positively charged amino
acids within the FN-binding domains.18,19 A few studies have provided evidence of the
involvement of syndecans in focal adhesion formation and cytoskeletal interactions.15,16,
20,21

Understanding the specific nature of the cell surface receptor–ECM interactions provides a
foundation for developing functional biomaterials designed to promote endothelial cell
adhesion and growth. Many studies have focused on incorporating RGD into their biomaterial
design,5,22–26 and a limited number have included peptides from heparin-binding domains
on a biomaterial surface as a way to promote cell attachment.27,28 Verrecchio et al. designed
heparin-binding peptides containing the consensus sequences (XBBXBX)n and
(XBBBXXBB-X)n, where X indicates hydrophobic residues and B represents basic residues
(either arginine or lysine), although they were not examined for their ability to support cell
adhesion and growth.27 Renzania and Healy varied the ratio of RGD to heparin-binding peptide
(FHRRIKA, found in bone sialoprotein) attached to amine-functionalized quartz surfaces.28
They showed that all the combination surfaces as well as RGD alone promoted focal adhesion
and stress fiber formation of an osteoblast-like cell type. The RGD:HBP 1:1 and RGD:HBP
1:3 ratios supported the highest degree of cell spreading, although there was no significant
difference in proliferation on any of the surfaces.28 Thus, surface modification with adhesive
peptide sequences can be used to promote and enhance cell adhesion. Moreover, incorporation
of components from a variety of adhesive domains (i.e., heparin-binding peptides and RGD)
results in a surface that better mimics the ECM.

In the development of complex mimics of fibronectin, a clear understanding of how endothelial
cells interact with individual adhesive domains is needed. On this basis, we have developed
biomimetic polymer surfactants containing adhesive peptide ligands that allow for an effective,
simple, dip-coated surface modification process. The surfactants consist of a flexible poly(vinyl
amine) backbone with alkyl side chains to facilitate polymer attachment to a hydrophobic
substrate through hydrophobic interactions, and pendant cell-adhesive peptides. In this article,
we examine two different peptides derived from the heparin-binding domain of FN
(GSSSGWQP-PRARI and GSWSGSPPRRARVT) in our surfactant polymer system (Fig.
1) for their ability to promote human endothelial cell adhesion, growth, focal adhesion
formation, stress fiber formation, and cell survival. In addition, we examine endothelial cell
behavior on surfaces containing both RGD and an HBP. Therefore, the information gained
from the current study provides a foundation for the development of a biomimetic coatings
with FN-derived functions.

MATERIALS AND METHODS
Poly(vinyl amine) synthesis

All chemicals used for surfactant polymer synthesis were obtained from Sigma-Aldrich,
Milwaukee, WI). Poly(vinyl amine) (PVAm; Mn = 6000) was synthesized as previously
described.29 Briefly, N-vinyl formamide was polymerized in isopropanol for 4 h at 60°C, using
AIBN (2,2′-azobisisobutyronitrile) as an initiator. The product was purified by gel-permeation
chromatography (GPC) and then reacted with a 5 N NaOH solution for 6 h at 80°C, followed
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by neutralization with HCl. The sample was passed through an Amberlite-400 strong basic
exchange column to obtain the final product.

Peptide synthesis
The heparin-binding peptides GSSSGWQPPRARI (HBP1) and GSWSGSPPRRARVT
(HBP2); the negative control peptides GSSSGWQPPAAAI (xHBP1) and
GSWSGSPPAAAAVT (xHBP2), and the integrin-binding peptide GSWSGRGDSPA (RGD)
were synthesized by solid-phase peptide synthesis methods, using a PerSeptive Biosystems
(model 9050) solid-phase peptide synthesizer (Applied Biosystems, Foster City, CA). For the
negative control peptides, all positively charged arginine residues were changed to
hydrophobic alanine residues. The hydrophilic GSSSG and GSWSG spacers present at the N
terminus of the peptide were included to allow for elevation of the functional peptide sequences
away from the PVAm backbone. The W residue was included for further surface
characterization not addressed in this study. The peptides were purified by reversed phase high-
pressure liquid chromatography, and characterized by 1H nuclear magnetic resonance (NMR)
and mass spectroscopy. To facilitate peptide attachment to the PVAm backbone, peptide on
the resin was first reacted with poly(ethylene oxide) (PEO) diacid, EDC (1-[3-(di-
methylamino)propyl] 3-ethylcarbodiimide), and NHS (N-hydroxysuccinimide). The peptide–
PEO was then cleaved from the solid support resin and attached to the PVAm backbone.

Biomimetic surfactant polymer synthesis
To create a surfactant polymer containing peptide side chains, HBP1–PEO, HBP2–PEO,
xHBP1–PEO, xHBP2–PEO, or RGD–PEO was reacted with PVAm, using the same
carbodiimide chemistry mentioned above. The solution was stirred for 3 h at 37°C, removed
from the heat, and allowed to react overnight. Hexanoic acid, NHS, and EDC were then added
to the reaction, which was again stirred for 3 h at 37°C, removed from heat, and allowed to
react overnight. The peptide:hexanoyl ratio was controlled by the molar feed ratios, where two
peptide–PEO were added for every three hexanoic acid. In the case of the HBP:RGD
combination surfactant polymers, one HBP–PEO and one RGD–PEO were added for every
three hexanoic acid. The product was purified by dialysis against water, followed by
lyophilization. Spectra obtained from analysis by Fourier transform infrared spectroscopy
(FTIR) were used to confirm successful attachment of the peptide. The final molar
peptide:hexanoyl ratios were calculated by 1H NMR.

The surfactant polymers were dissolved in water and sterile filtered through 0.2-μm pore size
nylon syringe filters. Each surfactant was then adsorbed on ethylene oxide-sterilized glass
coverslips (15 mm in diameter, no. 2.; Fisher Scientific, Pittsburgh, PA) with a self-assembled
monolayer of octadecyltrichlorosilane (OTS) for 24 h. The samples were removed from the
solution and dried overnight. Reduced water contact angles were used to indicate successful
adsorption of the surfactant onto the OTS surface.

Culture of human pulmonary artery endothelial cells
Human pulmonary artery endothelial cells (HPAECs) were harvested from nonatherosclerotic
pulmonary arteries of heart transplant donors at the time of organ harvest on obtaining
institutional review board-approved family consent.30,31 ECs (passages 2 to 10) were
routinely subcultured via trypsinization and grown to confluence from a 1:3 split ratio in 25-
cm2 flasks (Costar; Corning Life Sciences, New York, NY) coated with rabbit fibronectin (FN;
1 μg/cm2) in MCDB 131 medium (Sigma, St. Louis, MO) with 0.015% endothelial cell growth
factor supplement (ECGS; Core Facilities Laboratory, Cell Biology Department, Cleveland
Clinic Foundation, Cleveland, OH), 0.009% heparin (heparin activity, 16.3 U/mL; isolated
from porcine mucosa, Sigma) and 10% fetal bovine serum (FBS; Sigma) (complete growth
medium). The cobblestone morphology of the confluent cell layer in conjunction with anti-
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factor VIII immuno-fluorescence (American Diagnostica, Greenwich, CT) established the
endothelial nature of the cells.

Initial cell adhesion
Control glass coverslips were coated with FN for 1 h before EC seeding. Cells were plated in
either complete growth medium or basal MCDB 131 containing bovine serum albumin (BSA,
2 mg/mL) (serum-free media) on the surfactant-modified coverslips. For all initial adhesion
studies, HPAECs were seeded at a density of 15,000 cells/cm2, and allowed to adhere for 3 h
at 37°C. To examine the effect of soluble heparin on HPAEC adhesion to the HBP-containing
surfaces, cells were plated in either complete growth medium or complete growth medium
containing heparin at 15 mg/mL (heparin activity, 2715 U/mL). Coverlsips were examined by
phase-contrast microscopy, and images of adherent cells were obtained for the different
surfaces. Coverslips were rinsed with fresh medium to remove nonadherent cells, and cell
numbers were quantified by MTS assay (Promega, Madison, WI). Cells were incubated for 2
h with MTS reagent [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt], and aliquots of medium with MTS were taken in
triplicate and transferred to a 96-well plate. The absorbance was measured at 490 nm and the
value obtained converted to a cell number, using a standard curve obtained by plating known
densities of cells on FN. The MTS assay provides an estimate of actual cell numbers, as the
MTS is a metabolic assay and metabolic activity may not remain constant with all culture
conditions such as confluence or differentiation state.

Cell growth
HPAEC growth was examined over time on the various surfaces, from an initial seeded density
of 15,000 cells/cm2. Phase-contrast images of the same coverslips were acquired at set time
intervals over a 48-h time period. Corresponding coverslips were rinsed with phosphate-
buffered saline (PBS) and fixed in 4% paraformaldehyde (PFA; Sigma) for fluorescent
staining, or cells were incubated with MTS reagent and used to examine proliferation over time
via an MTS assay.

Fluorescent staining of HPAECs
Organization of the actin cytoskeleton and focal adhesion complex was examined by
fluorescence microscopy. HPAECs were rinsed with PBS and fixed with 4% PFA for 20 min.
HPAECs were then rinsed three times with Tris-buffered saline (TBS) and submerged in
HEPES blocking buffer (10 mM HEPES, 150 mM NaCl, and BSA [1 μg/mL]), where they
were stored at 4°C overnight. They were rinsed again three times with TBS, and permeabilized
with 0.2% Triton X-100 in TBS for 20 min. HPAECs were again rinsed with TBS and then
incubated for 1 h with a 1:100 dilution of primary murine monoclonal antibodies against human
vinculin (clone hVIN-1; Sigma) in TBS containing 4% fetal bovine serum. HPAECs were
washed in TBS after incubation and then stained with a biotinylated goat anti-mouse IgG
secondary antibody for 45 min. HPAECs were rinsed with TBS and then stained with a mixture
of Alexafluor 568 phalloidin (Molecular Probes, Eugene, OR) for actin stress fibers and
streptavidin–Alexafluor 488 (Molecular Probes) for the focal adhesion protein vinculin.
Fluorescently stained HPAECs were examined by scanning confocal microscopy (MRC 600;
Bio-Rad, Hercules, CA) and at least five images were obtained at different positions for each
time point.

Statistical analysis
Statistical analysis was performed in Excel 97 (Microsoft, Redmond, WA). A Student t test
was performed to compare differences in cell adhesion and growth on the various surfaces.
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Significance was considered a p value less than 0.05. All experiments were performed in
triplicate.

RESULTS
A series of novel biomimetic surfactant polymers containing either pendant oligopeptides from
the heparin-binding domain of fibronectin only, or a combination of one of the HBPs and RGD,
were examined for their ability to support cell adhesion, growth, focal adhesions, and stress
fiber formation. Table 1 shows the ratio of hydrophilic peptide to hydrophobic side chain in
the HBP-containing polymers as determined by 1H NMR, as well as water contact angles of
the surfactant adsorbed on OTS. Typical contact angles for the OTS self-assembled monolayer
range from 107 to 110°, which drops drastically after surfactant polymer adsorption.

Surfactant polymers containing HBP1 only, HBP2 only, HBP1:RGD (1:1), or HBP2:RGD
(1:1) adsorbed on OTS-, or FN-coated glass were examined for their ability to promote HPAEC
adhesion, growth, stress fiber, and focal adhesion formation. Figure 2 shows phase-contrast
images of HPAEC adhesion and growth with time on the surfaces. Initially (3 h after seeding),
cells adhered equally well to HBP1 (Fig. 2D), HBP2 (Fig. 2G), HBP1:RGD (Fig. 2J),
HBP2:RGD (Fig. 2M), and the positive FN control surface (Fig. 2A). By 24 h, HPAECs on
FN and the two HBP:RGD combination surfaces (Fig. 2B, K, and N) approach confluence,
demonstrating the characteristic cobblestone morphology. However, HPAECs on HBP1 (Fig.
2E) have acquired a more spindled morphology and do not cover a significant portion of the
surface. HPAECs on the HBP2 surface (Fig. 2H) also appear spindled, with even lower surface
coverage. By 48 h, HPAECs on FN and the combination surfaces (Fig. 2C, L, and O) appear
healthy and cover a large portion of the surface, whereas HPAECs on HBP1 (Fig. 2F) cover
slightly more area than they did at 24 h but still appear spindled, and most cells on the HBP2
surface have detached and died (Fig. 2I).

Examination of cell density over time (Fig. 3) shows a steady increase in cell number on the
FN surface, a slight decrease followed by a slower increase in cell number on the HBP1 surface,
and a decrease in the number of cells present on the HBP2 surface over a 48-h period. Cell
density on the HBP:RGD combination surfaces was similar to that on FN. Examination of
cytoskeletal and focal adhesion formation after 3 h on the various surfaces (Fig. 4A, D, G, J,
and M) shows stress fibers with modest focal adhesions for HPAECs on FN (Fig. 4A), whereas
HPAECs on any of the HBP-containing surfaces—HBP1 (Fig. 4D), HBP2 (Fig. 4G),
HBP1:RGD (Fig. 4J), and HBP2:RGD (Fig. 4M)—demonstrate similar stress fiber formation
and more focal adhesions. By 6 h after seeding (Figs. 4B, E, H, K, and N), all surfaces support
HPAEC adhesion and growth, showing good stress fiber and focal adhesion formation. The
inability of HBP alone to support long-term HPAEC survival is demonstrated by the loss of
focal adhesions and the disorganized cytoskeleton that develops, as seen in Fig. 4F and I,
acquired 48 h after EC seeding, whereas cells on the combination surfaces appear healthy and
maintain their focal adhesions and stress fibers (Fig. 4L and O).

Assessment of adherent cell density 3 h after seeding (Fig. 5) in both complete growth medium
and serum-free medium on the three surfaces showed significantly more cells present on FN
than on HBP1, HBP2, and HBP1:RGD surfaces in complete growth medium, but similar
numbers in serum-free medium for these surfaces. Interestingly, the HBP2:RGD surface
displayed cell adhesion similar to that on FN in the presence of serum in the medium and
significantly more adherent cells than on FN in the absence of serum in the medium. In addition,
when the positive arginine (R) residues in the HBPs were converted to alanine (A) (xHBP1
and xHBP2), HPAEC adhesion was significantly reduced on both HBP1 and HBP2 in the
presence of serum, and almost completely abolished in the absence of serum.
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To examine the specificity of the EC–HBP interaction, soluble heparin (15 mg/mL) was added
to the medium to compete with HSPG binding to the HBPs. Interestingly, the number of
adherent HPAECs 3 h after seeding was significantly reduced (but not completely inhibited)
on the HBP2 and HBP2:RGD surfaces, but not on any of the other surfaces (Fig. 6).

DISCUSSION
In the initial phase of cell surface interactions after seeding, the HBP surfaces demonstrated
results like those of RGDS-containing surfactant polymer, as reported previously.8 Both HBP1
and HBP2 promoted EC adhesion in the presence or absence of serum, indicating that some
specific interaction occurred between the ECs and the HBPs. Furthermore, in peptide sequences
where the arginine was converted to an alanine, cell adhesion was significantly reduced in the
presence of serum, and almost abolished in the absence of serum, further indicating a specific
receptor–ligand interaction. Moreover, when surfaces contained both the RGD and either of
the HBPs, cellular adhesion and growth were similar and in some cases superior to the FN
control. Although we have demonstrated a definite specific interaction with our RGD surfaces
in previous studies,8 the ability of the HBPs to promote a specific interaction remains largely
unknown.

Heparan sulfate contains negatively charged sulfate groups, whereas the heparin-binding
domains of proteins contain a large number of positively charged amino acids (arginine, lysine,
and histidine at a ratio of ~3:2:1). Published studies indicate that the numbers and placement
of these amino acids in the binding sequence dictate their ability to interact with heparan sulfate.
2,32 Moreover, serine and glycine, which have small side chains that provide minimal steric
hindrance and allow for increased chain flexibility, are present in larger amounts compared
with other amino acids in heparin-binding domains. Their location between basic residues
should allow for optimal electrostatic interaction with the anionic sulfate groups of heparan
sulfate.32 Our HBPs contain the basic arginine residues needed for heparin binding in
conjunction with a flexible N terminus consisting of glycines and serines, thereby allowing the
possibility of at least a non-specific electrostatic interaction with any negatively charged
species present on the cell surface, including heparin sulfate proteoglycan. With respect to
promoting cellular adhesion, the syndecans (cell surface HSPGs), and in particular syndecan-4,
have been implicated as the receptors responsible for interaction between cells and the heparin-
binding domains of ECM proteins. Syndecan-4 acts as a coreceptor with the integrins and
localizes to focal adhesion sites, where it plays both a structural and functional role in cellular
adhesion.21,33–35 More recently, it has been shown that although syndecan-4 is not necessary
for focal adhesion formation, it is sufficient, by itself, to facilitate focal adhesion formation.
36 Both of the HBP surfaces are able to promote focal adhesion formation even in the absence
of serum proteins. Although our results indicate some specificity, more research is necessary
to fully determine the possible role of the syndecans in this interaction.

In an attempt to further investigate the role of charge in cellular adhesion to the HBP surfaces,
soluble heparin was added before initial cell attachment. The negatively charged heparin should
bind to the positively charged HBPs, thereby hindering the interaction between the cells and
the surface. The heparin used in this study was of low molecular weight (MW ~3000 g/mol),
derived from a porcine source. As expected, soluble heparin had little to no effect on adhesion
to FN. Although FN contains heparin-binding domains that may interact with the soluble
heparin, it also contains a wide variety of other cell-binding domains, including the RGD
sequence, which promote EC adhesion by other mechanisms.

Interestingly, although there was a significant decrease in adhesion to HBP2 with the addition
of heparin, no significant difference was observed with respect to cell adhesion to HBP1. The
same was true for the combination surface containing HBP2:RGD, but not the surface
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containing HBP1:RGD. HBP1 is the WQPPRARI sequence found in FNIII14. This sequence
has been shown to interact specifically a variety of cell surface receptors.37,38 Thus, heparin
may be able to block some but not all of the possible interactions that may take place between
HBP1 and the cell surface and therefore have a lesser effect on cellular adhesion to the HBP1-
containing surfaces. In addition, the HBP1 sequence contains fewer arginine residues, and thus
has a reduced ionic interaction with the negatively charged heparin compared with the HBP2
surface. This reduced interaction may explain the ineffectiveness of soluble heparin in
inhibiting adhesion to HBP1.

The HBP surfaces, unlike the positive FN control, showed poor results with respect to long-
term cell growth and survival. Initially, ECs were able to adhere, form focal adhesions, and
proliferate. However, after about 12 h, these functions deteriorated, particularly on the HBP2
surface, where cell numbers decreased. Although cell numbers increased slightly by 48 h on
the HBP1 surface, the ECs appeared unhealthy and did not achieve confluence. A number of
reports have implicated cell surface HSPG, or HSPG shed from the cell surface, in the reduced
cell proliferation and the induction of apoptosis for a variety of cell types, although this has
not yet been demonstrated for ECs.39–41 With time, ECs on the HBP surfaces lose their focal
adhesions and stress fiber development. This may be a major factor in the initiation of cell
death that occurs on these surfaces. ECs on the RGD combination polymer surfaces maintain
focal adhesions and stress fiber development and continue to proliferate to confluence. The
results obtained from the combination surfaces indicate that the RGD sequence is necessary
for long-term survival, which is likely due to the initiation of integrin signaling.1,3,4

FN represents an ideal surface for promoting EC adhesion, growth, and survival because of
the presence of a variety of cell-binding domains including RGD and heparin-binding domains
that have been shown to interact specifically with cell surface syndecans. Evidence exists of
“cross-talk” between different cell surface receptors and, therefore, when binding to both
integrins and HSPG occurs, they are able to colocalize to the focal adhesion sites and act
cooperatively in generating focal adhesions and stress fibers, and in promoting cell survival as
seen on the FN surfaces.36 Therefore, synthesizing a surface that contains both RGD and
heparin-binding domains should provide a more desirable biomimetic material for promoting
cell adhesion, growth, and function than those containing only the individual components. The
combination RGD:HBP surfaces show cell adhesion and growth similar to and in some cases
better than on FN. In the case of the HBP-only surfaces, the results obtained here for EC–HBP
interactions are somewhat different from those obtained by Rezania et al.22,28 They showed
that proliferation of osteoblasts on their HBP polymers was no different than on RGD polymers
or polymers with both RGD and HBP in combination. However, the HBP sequence (derived
from bone sialoprotein) and the cell types used in their study were different from those
examined here. Moreover, a report in which WQP-PRARI and SPPRRARVT sequences were
adsorbed to tissue culture surfaces showed that human umbilical vein endothelial cells could
adhere to and spread on these peptides, but long-term cell growth and survival was not
examined.42

The use of small cell-binding peptides to create a cell reactive surface is advantageous for a
variety of reasons. First, they are easily synthesized and reproducible. In addition, covalent
coupling of these peptides to material surfaces and surface coatings can be done simply and in
a controlled fashion. Third, their small size allows them to be included with other peptides and
functional components that can impart desirable surface properties for the selected application.
These properties, in conjunction with the fact that specific peptide sequences can promote
cellular adhesion and growth, make peptide modification of biomaterial surfaces an ideal
method of creating EC-adhesive surfaces. Our biomimetic surfaces provide a system that is
easily modified to alter peptide composition and density. By incorporating peptides derived
from the heparin-binding domains of FN, we have demonstrated the ability to engineer
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endothelial cell-adhesive surfaces using graft polymer architecture. Further elaboration of the
surfactant polymer system should provide opportunities to determine quantitative relationships
between RGD and HBP peptide densities on the polymer and EC responses.
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FIG 1.
Molecular models of ECM-like surfactant polymers with individual cell-binding domains
specific for heparan sulfate proteoglycans. (a) GSSSGWQPPRARI (HBP1), and (b)
GSWSGSPPRRARVT (HBP2). Surfactant polymer consists of (c) pendant oligopeptides to
facilitate cell adhesion and (d) hexanoyl side chains to facilitate spontaneous surface-induced
self-assembly onto a hydrophobic substrate via hydrophobic interactions.
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FIG 2.
Phase-contrast images of human pulmonary artery endothelial cells (HPAECs) on fibronectin
(FN) (A–C), HBP1 (D–F), HBP2 (G–I), HBP1:RGD (J–L), and HBP2:RGD (M–O) at 3 h
(A, D, G, J, and M), 24 h (B, E, H, K, and N), and 48 h (C, F, I, L, and O) after seeding at
15,000 cells/cm2 (original magnification, ×10).
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FIG 3.
Changes in HPAEC density over time on fibronectin (FN), HBP1, HBP2, 100% RGD,
HBP1:RGD, and HBP2:RGD as determined by MTS assay. HPAECs fail to survive on HBP2
over the 48-h time period, and growth on HBP1 is poor, whereas HPAECs on FN reach
confluence (~40,000 cells/cm2). HPAECs were seeded at a density of 15,000 cells/cm2 and
grown in complete growth medium. *Significantly (p < 0.05) lower cell density at 48 h
compared with FN, HBP1:RGD, HBP2:RGD, and 100% RGD. †Significantly (p < 0.05) lower
cell density at 48 h compared with FN, HBP1:RGD, and HBP2:RGD. For data concerning
100% RGD see Murugesan et al.8
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FIG 4.
Focal adhesion and stress fiber formation on FN (A–C), HBP1 (D–F), HBP2 (G–I),
HBP1:RGD (J–L), and HBP2:RGD (M–O) at 3 h (A, D, G, J, and M), 6 h (B, E, H, K, and
N), and 48 h (C, F, I, L, and O). HPAECs are stained for actin stress fibers (red), and the focal
adhesion protein vinculin (green). Images were obtained by scanning confocal microscopy
(original magnification, ×60).
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FIG 5.
Number of adherent HPAECs on fibronectin (FN), HBP1, HBP2, xHBP1 (arginine replaced
by alanine in HBP1 sequence), and xHBP2 (arginine replace by alanine in HBP2 sequence)
surfaces in complete growth medium, which has a 10% serum content, and serum-free medium
3 h after seeding. HPAECs were seeded at a density of 15,000 cells/cm2. *Significantly (p <
0.05) lower cell density compared with the FN positive control in complete growth
medium. †Significantly (p < 0.05) lower cell density compared with the FN positive control in
serum-free medum. ζSignificantly (p < 0.05) higher cell density compared with the FN positive
control in serum-free medium.
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FIG 6.
Number of adherent HPAECs on FN, HBP1, and HBP2 surfaces in complete growth medium
and complete growth medium plus heparin (15 mg/mL) 3 h after seeding. HPAECs were seeded
at a density of 15,000 cells/cm2. *Significantly (p < 0.05) lower cell density compared with the
same surface in complete growth medium.
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Table 1
LIGAND RATIOS AND WATER CONTACT ANGLES FOR HEPARIN-BINDING DOMAIN SURFACTANT POLYMERS

a

Surfactant polymer Molar feed ratios (HBP: RGD: HEX) Water contact angle

HBP1 2:0:3 46 ± 16
HBP2 2:0:3 67 ± 80
xHBP1 2:0:3 17 ± 50
xHBP2 2:0:3 49 ± 12
HBP1:RGD 1:1:3 69 ± 19
HBP2:RGD 1:1:3 52 ± 23
RGD 0:2:3 68 ± 24

Abbreviations: HBP, heparin-binding peptide; HEX, hexanoic acid.

a
Water contact angle for uncoated OTS was 107–110°.

OTS, octadecyltrichlorosilane self-assembled monolayer on glass.
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