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Abstract: Polyurethane (PU) is widely used as a cardiovascular biomaterial due to its good mechanical properties
and hemocompatibility, but it is not adhesive to endothelial cells (ECs). Cell adhesive peptides, GRGDS and
YIGSR, were found to promote adhesion and spreading of ECs and showed a synergistic effect when both of them
were used. In this study, a surface modification was designed to fabricate an EC-active PU surface capable of pro-
moting endothelialization using the peptides and poly(ethylene glycol) (PEG) spacer, The modified PU surfaces
were characterized in vitro. The density of the grafted PEG on the PU surface was measured by acid-base back titra-
tion to the terminal-free isocyanate groups. The successful immobilization of peptides was confirmed by amino acid
analysis, following hydrolysis, and contact angle measurement. The uniform distribution of peptides on the surface
was observed by scanning electron microscopy (SEM) and atomic force microscopy (AFM). To evaluate the EC
adhesive property, cell viability test using human umbilical vein EC (HUVEC) was investigated in vitro and
enhanced endotheliafization was characterized by the introduction of cell adhesive peptides, GRGDS and YIGSR,
and PEG spacer. Therefore, GRGDS and YIGSR co-immobilized PU surfaces can be applied to an EC-specific vas-
cular graft with long-term patency by endothelialization.
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Introduction

For last decades, polyurethane (PU) has been widely applied
for blood-contacting devices such as catheters, stents, artifi-
cial hearts, and vascular prosthesis due to its relatively good
blood compatibility and mechanical properties."® However,
with undesirable clinical results which are caused by lack of
blood compatibility of conventional PU, many researchers
have focused on a series of biological events that may occur
at PU surface under continuous blood stream. As the results,
blood-contacting synthetic biomaterials have been found
out to generally induce thrombus formation, which is initi-
ated by absorbed plasma proteins on the surfaces, followed
by platelet adhesion and activation along coagulation path-
ways.”®
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Based upon these phenomena at the interface, various
approaches in terms of blood compatibility have been readily
attempted and the progresses for modifying surface proper-
ties of PU include (1) chemical modification by the grafting
of hydrophilic components, like poly(ethylene glycol) (PEG)
or biomembrane structure;**' (2) surface modification by
incorporating bioactive agents such as fibrolytic enzymes
(t-plasminogen activator, urokinase), various prostaglandins
(PGE,), and potent anticoagulant (heparin and hirudin),
through either physical or chemical coupling”™*" and (3)
biological modification using protein or endothelial cells
(ECs) seeding.*!” Among them, the most promising one
can be a biomimetic approach that takes advantage of the
highly thromboresistance of EC layer, which presents as the
inner surface of the natural vessel wall that constitutionally
perform a regulatory role in hemostasis. Thus, ECs seeding
technologies can improve blood compatibility of PU by creat-
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ing a new micro-environment of endothelium on the surface.

For effective ECs attachment and proliferation as the ini-
tial stage for endothelialization, a variety of methods have
been developed until now and the use of EC-adhesive mole-
cules that are derived from extracellular matrix (ECM) by
ECs is preferentially adopted.”>" Arg-Gly-Asp (RGD) pep-
tide was found to be the major functional amino acid
sequence, presenting in all major ECM proteins and it has
been known to be associated with the attachment and spread-
ing of ECs.™% As an another EC-adhesive molecule, lami-
nin derived Tyr-Ile-Gly-Ser-Arg (YIGSR) peptide was often
used for promoting endothelialization.

As previously mentioned, PEG has been frequently utilized
to improve blood compatibility of biomaterials because it
has high dynamic motions, a low interfacial free energy and
non-adhesive property.'™"* Other results demonstrate that
PEG can provide more opportunities for binding with bio-
logical matters such as proteins or cells due to the high
mobility on water interface if it can act as the spacer arm
with a biofunctionality.>*"2

In this study, PU surface was firstly modified with PEG as
a spacer for an effective EC activity, and then two kinds of
ECs-adhesive peptides (GRGDS and YIGSR) were chemi-
cally immobilized. With surface characterizations of the
modified PU, EC activities on these surfaces were investi-
gated in vitro.

Experimental

Materials. Polycarbonate urethane (PU, Bionate 90A) was
supplied by The Polymer Technology Group Inc (Berkeley,
CA). Hexamethylene diisocyanate (HMDI) (Aldrich, Mil-
waukee, WI) was distilled under a reduced pressure before
use. Poly(ethylene glycol) (PEG, Mw = 1 kDa) (Sigma, St.
Louis, MO} was dissolved in chloroform, precipitated in
diethy! ether, and dried under a reduced pressure at room
temperature. Anhydrous N,N-dimethylacetamide (DMAc),
methyl ethyl ketone (MEK), dibutyltin dilaurate (DBTDL),
L-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC) and N-hydroxysuccinimide (NHS) were purchased
from Aldrich (Milwaukee, WT). Cell adhesive peptides, such
as GRGDS and YIGSR were purchased from Chem-Impex
International Inc (Wood Dale, IL). Other reagents and sol-

vents were used without further purification.

Preparation of Aminated PU Surfaces. PU was dis-
solved in DMAc, precipitated in water, dried and extracted
with methanol for 24 h to remove the low molecular weigh
components. And then PU was completely dried under the
reduced pressure. The purified PU was dissolved in DMAc:
MEK (1:2) at 20% (w/v) and cast on teflon mold at 60 °C
and dried under the reduced pressure for 48 h. The thickness
of PU film was measured by a digital caliper (0.2 mm
approximately).

Aminated PU surface was prepared as follows. Firstly,
HMDI (0.67 g, 4 mmol) was dissolved in toluene and PEG
(2 g, 2 mmol) solutions were added dropwisely. The reac-
tion was carried out under N, gas at 60 °C for 3 h and then
HMDI-PEG-HMDI was purified through repeated precipi-
tation in diethyl ether. HMDI-PEG-HMDI was grafted onto
the PU surface through the allophanate reaction between the
urethane urea-nitrogen proton and the terminal isocyanate
group of isocyanate-derivatized PEG in the presence of
DBTDL with 0.1 v/v% in toluene at 50 °C. And then, PEG
grafted films (PU-PEG-NCO) were thoroughly washed with
dried toluene. Finally, the PU-PEG-NCO films were soaked
into distilled water for 4 h, allowing for converting terminal
isocyanate groups into amine groups. The molar amount of
the grafted PEG was measured by acid-base back titration
of free isocyanate groups on the surface, prior to the prepa-
ration of PU-PEG-NH,.

Surface Immobilization of Cell Adhesive Peptides.
Cell adhesive peptides (GRGDS and YIGSR) were chemi-
cally immobilized onto the aminated PU surface with PEG
spacer. Carboxyl groups of peptides were activated by using
EDC and NHS at a room temperature for 10 min (molar
ratio of Pep-COOH: EDC: NHS = 1: 1.2: 0.5). The peptides
solution (0.1 pmol) was added into 40 mL of distilled water,
which contained PU film (3x2 cm?), and then gently agi-
tated at a room temperature for 24 h. The modified film was
thoroughly rinsed with distilled water and dried under the
reduced pressure for 48 h. The schematic procedure for pep-
tide immobilized PU was described in Figure 1.

Surface Analysis. The surface morphology of the modi-
fied PU films was observed by a scanning electron micros-
copy (SEM) (JSM-6380, JEOL, Ltd., Tokyo, Japan) after
sputter-coating with gold and an atomic force microscopy
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Figure 1. Preparation of PU-PEG-peptide: covalently bind peptide to an aminated polymer surface using ECD and NHS as coupling

agents.
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(AFM) (PSI, AutoProbe CP), equipped with a 50 um piezo-
electric scanner. AFM images were obtained in non-contact
mode with a NCHR cantilever (resonance frequency at
approximately 310 klHz). The surface wettability of the
series of PU films was evaluated by measuring the static
contact angles toward deionized water using the sessile drop
method with a goniometer (GBX, Scientific Instrument,
Romans, France).

Amino Acid Analysis. The amount of peptides on the
modified PU film was quantitatively analyzed by amino
acid analysis (AAA).”" The film was placed into a glass
tube, added 1 mL of 6 N HCI, and vacuum sealed. The tube
was hydrolyzed at 110 °C for 24 h. Free amino acids were
analyzed by a high-performance liquid chromatograph (HPLC,
Hewlett Packard 1100 Series, Waldbom, Germany), equipped
with a reverse-phase column (Waters symmetry C18).

In vitro Cell Culture. Human umbilical vein endothelial
cells (HUVEC, Cambrex Bioscience, Walkersville, MD)
were seeded and cultured in the dish in an endothelial cell
basal medium-2 (EBM-2, Clonetics, Walkersville, MD)
supplements with 2% fetal bovine serum (Lonza), 1% anti-
biotic antimycotic solution (Sigma) and EC growth supple-
ments (Sigma) at 37 °C in a humidified 5% CO, atmosphere.
The modified PU films (Diameter: 0.9 cm), which sterilized
under an ethylene oxide (EO) gas prior to use were placed a
48-well tissue culture plate (Corning, NY). Culture wells
were inoculated 0.5 mL growth medium containing of the
HUVECs (1x10°). The attachment and proliferation of cells
on each film were measured by the mitochondrial depen-
dent reduction of 3-(4,5-dimethylthiazol-2-yl)-diphenyltet-
razolium bromide (MTT reagent, Sigma, St. Louis, MO) to
formazan. After cell culture for 3 days, 50 um of MTT
reagent was added to the samples. After 4 h of incubation at
37 °C in humidified atmospheres of 5% CO,, the produced
formazan crystals were dissolved in 200 mL of dimethyl
sulfoxide and the solution was transferred to a 96 well plate
(Falcon, NJ, USA). The absorbance of the resulting solution
was measured using an ELISA reader (Spectra Max 340,
Molecular Device Co., Sunnyvale, CA, USA) at a wave-
length of 570 nm. The absorbance is directly proportional to
the mitochondrial activity which is related to the number of
living cells present in the culture wells.

Statistical Analysis. All the quantitative values were
expressed as a mean + standard deviation. Statistical analy-
sis was carried out using a student’s T-test ( p < 0.05).

Results and Discussion

Surface immobilization of EC adhesive peptides onto PU
has been established for improving its blood compatibility
through the induction of endothelial layer that prevents
spontaneous blood clotting in the blood vessel. To accom-
plish this strategy, PU surface was firstly functionalized by
using the allophanate reaction between secondary amine
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Table 1. Surface Characterization of Treated or Non-Treated
PU Film

Peptide Contact  Roughness

Surfaces Density” Angle® (Ray

(nmol/c®)  (degree) (nm)
PU 56.242.3 3.3+0.3
PU-PEG 35.3+1.2 4.7+0.4
PU-PEG-GRGDS 0.39 34.2%1.7 11.0+£1.2
PU-PEG-YIGSR 0.53 33.1x2.1 10.9£0.9
PU-PEG-GRGDS/YIGSR 0.32/0.47 34.4+£19 11.2+1.7

“Measured by an amino acid analysis. Free amino acids were ana-
lyzed by a HPLC. *Saturated water contact angle was measured by a
Sessil Drop method (mean+S.D., n=10). “Values of roughness
parameter (Ra) for the surfaces was measured by scanning mode of
an atomic force microscopy (mean + SD., n=5).

groups and diisocyanates as previously mentioned, and the
molar amount of residual isocyanates (PU-PEG-NCO) on
the surface was about 8.2 x 107 mol/em®.

The surface characteristics of the modified PU were sum-
marized in Table L It has been reported that EC behaviors
on the polymeric surface with EC adhesive peptides depend
on the surface density of immobilized peptides, which
resulted in the enhanced EC activity when it ranged 0.1 to
0.2 nmol/em® ! Accordingly, the surface density of pep-
tides on PU-PEG surface has been considered and each den-
sity of GRGDS and YIGSR were measured to be 0.39 and
0.53 nmol/cm?, respectively. In the case of co-immobiliza-
tion of these peptides, the similar values were obtained by
the feed amounts of peptides.

EDC/NHS coupling chemistry was carried out according
to previously reported references. Of course, the reaction
between peptides could be occurred, but the reaction could
be minimally diminished by the control of the reaction time,
feed ratios of reagents, and order of reagent addition. For
example, the end of PEG chain was firstly activated with
EDC/NHS before adding peptides.

Although the surface immobilization of cell adhesive pep-
tides has been known to play a crucial role for in vitro and in
vivo cellular responses, various parameters such as hydro-
philicity/hydrophobicity and the morphological changes can
also affect to cell attachment and proliferation. The contact
angle of PU-PEG surface showed a decreased value due to
grafting of hydrophilic PEG chains, compared to PU control.
After the immobilization of peptides, they did not change
significantly in contact angles. There have been some
results that hydrophilicity of polymeric surfaces with RGD
or YIGSR peptide increased by the presence of ionic pep-
tide molecules on the surface.”*** However, the grafted PEG
spacer was much more hydrophilic than the peptides which
are coupled to PEG spacer.

To characterize the surface disturbance of the modified
PU films, the morphology of films was observed by SEM
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Figure 2. SEM micrographs of the modified PU surfaces. (a) PU,
(b) PU-PEG, (¢) PU-PEG-GRGDS, (d) PU-PEG-YIGSR, and (¢)
PU-PEG-GRGDS/YIGSR.

and AFM. As shown in Figure 2, SEM micrograph for the
PU control film was smooth but some ripples were
observed after grafting of PEG and peptides onto the PU.
For further investigating their surface disturbance, AFM
topographies in non-contact mode were shown by three-
dimensional (3-D) images of films and Ra values as a
parameter for surface roughness were presented (Figure 3).
The Ra value of PU-PEG surface increased, indicating that
its roughness is higher than that of the non-treated film.
After surface immobilization of peptides, the Ra value sig-
nificantly increased as compared to PU-PEG (Table I).
However, there were no significant differences in Ra results
between two kinds of peptides due to their similarities with
both surface density and molecular weights.

There have been attempts to introduce the ECM-derived
proteins (fibronectin, vitronectin, laminin) or specific pep-
tide sequences onto various surfaces for higher cytocompat-
ibility and cell adhesion. Since the finding of the signaling
domains that are composed of several amino acids along the
long chain of ECM proteins, the short peptide fragments,

Macromol. Res., Vol. 17, No. 7, 2009

like RGD and YIGSR, have been used for surface modifica-
tion in numerous studies. The RGD sequence is derived
from fibronectin and laminin, whereas, the YIGSR sequence is
derived from only £ chain of laminin. Therefore, we
hypothesized that as all ECM proteins play a role in cell-
ECM interactions, more than one peptide sequences are
required and complementary for cell-materials interactions.
For example, when RGD and YIGSR were combined, it is
possible that the rate of assembly and disassembly of the
focal adhesion sites might have been influenced by the
YIGSR-driven association of laminin binding protein with
the RGD, focal adhesion sites.

The early attachment and the proliferation tests of EC
were performed in order to investigate the effect of immobi-
lized peptides on surface affinity of EC. The effects of cell
adhesive peptides (GRGDS and YIGSR) immobilized onto
the PU surfaces on the adhesion and proliferation (1 and 3
days, respectively) of HUVECs were analyzed with MTT
assay. The attachment of HUVECs depending on modified
PU surfaces was shown in Figure 4. The attached cell num-
bers on all peptides-immobilized PU surfaces increased as
comparing to that on PU surface at early stage of incubation
(4 h). This result indicates that modified surface environ-
ments affect the early attachment of HUVECs, mainly
attributed to the presence of immobilized peptides. Figure 5
shows the surface-dependent HUVEC proliferation at 1 and
3 day incubations. Peptides-immobilized PU surfaces had
higher HUVECs viability than those of unmodified PU sur-
face at both incubation times. Especially, there was signifi-
cantly increase in HUVECs population on GRGDS grafted
PU-PEG surface at 1 day. The presence of the tripeptide
RGD sequence, and its critical role in the cell-attachment
process were found in many adhesion plasma and extracel-
lular matrix proteins, such as von Willebrand factor, vit-
ronectin, fibronectin, and collagen.”® In addition, there are a
lot of researches that the peptide have an important part of
mediating cell attachment and spreading***

It is well established that high attachment of cell is an evi-
dent prerequisite for a number of important cell-function
processes, such as cell proliferation or cell migration.”**In
this study, however, YIGSR grafted PU-PEG surfaces
increased much more than GRGDS modified PU-PEG sur-
face at 3 days, although lower cell attachment rate. Interest-
ingly, the combination of GRGDS plus YIGSR was found
to significantly increase in HUVEC proliferation rate rela-
tive to GRGDS and YIGSR alone at 3 days.

The major extracellular matrix proteins (laminin, fibronectin
and collagen) that directly interact with cells have been
found to contain several distinct and different regions.”’
Fibronectin molecules have different cellular and ECM pro-
tein binding capabilities that can bind to collagen, glycosami-
noglycans and also to cells through a RGD sequence.® On
the other hand, laminin contains RGD in the « helix and
YIGSR in the S sheet which facilitate cellular attachment.”
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Figure 3. AFM 3-D images of the modified surfaces. (a) PU, (b) PU-PEG, (¢) PU-PEG-GRGDS, (d) PU-PEG-YIGSR, and (¢) PU-PEG-

GRGDS/YIGSR.
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Figure 4. Relative numbers of HUVECs attached on surfaces of
peptide-modified PU films after incubation for 4 h. Mean + S.D
(n=4, p<0.05).
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And YIGSR has been shown to mediate attachment and
spreading on a laminin substrate in endothelial cells, hepa-
tocytes,*! and melanoma cells.” It is, therefore, reasonable
to assume that combination of these two peptides will be

462

z E

= 2

Celt Proliferation (% of control}
g

g

240
o1day
=3 day
40
o

PU-PEG PU-PEG-GREDS PU-PEG.YIGSR  PU-PEG-GRBDS/YIGSR

Figure 5. Time-dependent number of cells (HUVECs) adhered on a
series of peptide modified PU films. Mean £ S.D (n =4, p <0.05).

needed to support increased biological activity of HUVEC
to varying degrees.

There are some researches that introduction of hydro-
philic PEG spacer onto surfaces hindered rather helped pep-
tide or cell adhesion. In our previous study, peptides were

Macromol. Res., Vol. 17, No. 7, 2009
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modified after chemically grafting with hydrophilic PEG
and the same tendency also exhibited. The adhesion rate of
HUVECs for the PEG-PU surface is lower than that of no
hydrophilic group grafted PU surface. In proliferation
result, however, the result for PEG modified PU surface
was much higher than unmodified surface after 3 days (data
not shown). As stated above, the advantage of using PEG
onto surface include high mobility that can act as the spacer
arm with a biofunctionality so provide more opportunities
for binding with proteins or cells was conformed.

Conclusions

In this study, bioactive polyurethane surface was prepared
by chemically immobilizing peptides which enable its cell
compatibility to improve simultaneously. Our results dem-
onstrated that PU surfaces were successfully modified with
peptides (GRGDS and YIGSR) for enhancing endothelial-
ization. These bioactive PU surfaces revealed higher HUVEC
activities than unmodified PUs in vifro. In addition, the
combination of GRGDS plus YIGSR was found to syner-
gistically increase HUVEC proliferation rates compared to
single peptide immobilized surfaces. Therefore, peptides
immobilized PU surfaces as EC-specific material can be
applied to various cardiovascular devices, including a novel
vascular graft with long-term patency.
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