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Improved biodegradable vascular grafts and stents are in demand, particularly for pediatric patients. Poly
(l-lactic acid) (PLLA) is an FDA-approved biodegradable polymer of potential use for such applications.
However, tissue culture studies have shown that endothelial cell (EC) attachment and growth occurs relatively
slowly on PLLA surfaces. This slow growth has been attributed to the fact that PLLA represents a hydrophobic
substrate, relatively devoid of active functional groups. As a result, the slow EC recovery on the luminal side of
PLLA stents provides an increased risk of induced thrombosis. In the present study, surface modification of
PLLA substrates has been examined as a potential route to enhance EC growth. For this purpose, PLLA surfaces
were modified via pulsed plasma deposition of thin films of poly(vinylacetic acid). The –COOH surface groups,
introduced by the plasma deposition, were employed to conjugate fibronectin (FN), followed by attachment of
vascular endothelial growth factor to FN. Pig Aorta ECs (PAE) and kinase-insert domain-containing receptor
(KDR)-transfected PAE showed increased cell adhesion and proliferation, as well as substantially improved cell
retention under fluidic shear stress on surface-modified PLLA compared with untreated PLLA. Although KDR-
transfected PAE exhibited better cell proliferation than PAE, normal EC functions, including EC morphology,
nitric oxide production, and KDR expression, were observed when cells were grown on surface-modified PLLA.
The results obtained clearly indicate that this combined surface modification technique using poly(vinylacetic
acid) deposition, FN conjugation, and vascular endothelial growth factor surface delivery can enhance en-
dothelialization on PLLA, particularly when employed in conjunction with the growth of KDR-transfected ECs.

Introduction

Angioplasty and stenting have been widely used in
the United States over the last two decades to treat

vascular stenosis. Metals such as stainless steel and nitinol
are the major materials for vascular stents; however, they
are permanently stable and almost impossible to remove
once inserted into an artery. This limits their use for chil-
dren and young patients whose vasculatures are still
growing and having congenital diseases such as branched
pulmonary artery stenosis, coarctation of aorta, and supe-
rior vene cava stenosis. Although adult vascular stents are
often used as an off-label manner in pediatric patients, these
stiff metal stents could impair the growth and development
of the vasculatures for the young ones.1 Additionally, metal
stents could interfere with vasculature remodeling due to
their rigidity and permanence.2 Other limitations of metal
stents include thrombogenecity and possible erosion.3 To
overcome these limitations, biodegradable polymers are
receiving increasing attention as new structural materials
for vascular stents. In light of the inherent bioabsorbability

of such materials, success in this area would help overcome
the problems noted above, particularly those involving
pediatric care.

Poly(l-lactic acid) (PLLA), a material that has received
FDA approval for implants, is the most promising biode-
gradable synthetic polymers identified to date. For exam-
ple, its use extends to a wide variety of implantable medical
devices, including sutures, dental devices, and orthopedic
plates and screws.4–7 Due to its high mechanical strength
and comparatively long degradation period, PLLA is an
ideal material for use as a fully biodegradable vascular
stent. The safety and feasibility of a PLLA stent was first
reported by Tamai and his colleagues early in 2000,8 and
more recently, the IGAKI-TAMAI� bioabsorbable PLLA
stent received approval for use by the European Union in
2007. Additionally, in the United States, Abbott’s vascular
clinical studies of PLLA-based everolimus-eluting stents
exhibited minimal intrastent neointimal hyperplasia after
1 year of implantation.9 Thus current research suggests that
PLLA is a promising material for use in biodegradable
stents.
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Despite the promising results noted above, concerns re-
main with respect to the biocompatibility of PLLA stents, es-
pecially their endothelialization after stent implantation. For
example, recovery of vascular endothelial cells (ECs) on the
luminal side of stents, also called re-endothelialization, is be-
lieved to play an important role in preventing late (>1 year)
stent thrombosis.10,11 The EC lining along the blood vessel
lumen has natural antithrombotic properties by producing a
number of antithrombotic factors such as nitric oxide (NO),
prostacylcin, plasminogen, and thrombomodulin.12–14 There-
fore, it is generally believed that enhancing the development
of functional ECs on vascular prostheses could help prevent
late stent thrombosis. Unfortunately, PLLA has a very low
affinity for ECs due to its high hydrophobicity, coupled with a
lack of active surface functional groups.15 As a result, various
surface modification techniques have been employed to en-
hance PLLA’s affinity for these cells. One widely used method
is to coat extracellular matrix (ECM) proteins such as collagen
or fibronectin (FN) on the PLLA surface. However, physical
adsorption of certain proteins is generally fairly weak, and
they can be quickly displaced by other proteins. Additionally,
the adsorbed molecules are poorly resistant to the fluidic sheer
stress presented in arteries. In principle, covalent binding of
these biomolecules to the stent surfaces would represent a
sufficiently strong interaction to resist desorption and thus
retain the ECM molecules. However, a difficulty encountered
with respect to covalent attachment of molecules to PLLA is
the absence of reactive surface groups. Thus, to increase its
covalent binding capacity for ECM proteins, the PLLA sub-
strates must be initially surface modified to provide surfaces
with more active groups for this purpose.

In the present study, the feasibility of surface modification
to achieve improved endothelialization on PLLA substrates
was explored. For this purpose, radio-frequency (RF) plasma
polymerization, operated in a pulsed mode, was employed.
As shown in several prior studies, the pulsed plasma
approach provides a simple and convenient technique to
introduce reactive surface functionalities, for example, –NH2

and –COOH groups.16,17 In the current study, –COOH
groups were deposited on PLLA in the form of a polymerized
vinyl acetic acid (PVAA) thin film, and subsequent molecular
tailoring of these surfaces included covalent coupling of FN to
plasma-deposited –COOH groups, followed by attachment of
growth factor vascular endothelial growth factor (VEGF) to
promote EC surface adhesion and proliferation. VEGF is a
well-known angiogenic growth factor stimulating EC prolif-
eration and migration.18,19 VEGF exerts its mitogenic function
mainly through binding to kinase-insert domain-containing
receptor (KDR), also called VEGF receptor-2, on human
ECs. We hypothesize that gene-transfected ECs, which over-
express KDR, will promote higher proliferation of ECs
and thus enhance endothelialization of PLLA. As detailed
below, this surface tailoring approach, particularly when
coupled with KDR-transfected ECs, provides a very large
increase in cell growth as studied with the use of Pig Aorta
ECs (PAE).

Materials and Methods

Materials

PLLA (L210 Resomer, MW¼ 130,000 g/mol) was pur-
chased from Boehringer Ingelheim, Inc. Human FN was

obtained from Chemicom, Inc. Vinylacetic acid (VAA),
2-(N-morpholino)ethanesulfonic acid, and 1-[3-(dimethyla-
mino) propyl]-3-ethylcarbodiimide (EDC) were received from
Sigma, Inc. Rabbit anti-human FN polyclonal antibody and
bovine anti-rabbit IgG-fluorescein isothiocyanate (FITC) anti-
body were obtained from Santa Cruz Biotechnology, Inc.
VEGF165, human VEGF enzyme-linked immunosorbent assay
kit, Measure-iT� high-sensitive nitrite assay kit, and Picogreen
DNA assay were purchased from Invitrogen, Inc. CellTiter 96�

AQueous Non-Radioactive Cell Proliferation Assay was ob-
tained from Promega, Inc. Mouse anti-human VEGF receptor-
2 IgG antibody was purchased from Zymed Invitogen, Inc.
Goat anti-mouse IgG-FITC antibody was a product of Jackson
ImmunoResearch Laboratories, Inc. All the other chemicals
were from Sigma-Aldrich, Inc.

PLLA film preparation

PLLA powder was dissolved in chloroform; a 2.5% (w/v)
solution was cast into 12-cm-diameter Teflon Petri dishes and
allowed to dry completely. The thickness of the PLLA films
was *500mm, and its surface was fairly smooth, as observed
with scanning electron microscopy (SEM). PLLA film was cut
into round discs (1.5 cm in diameter), glued onto round glass
cover slips with medical-grade UV glue, and then placed in 24-
well plates. The films were washed with ethanol, de-ionized
water, and sterilized under UV for 30–45 min before use. For
cell retention studies, PLLA films were cast on glass slides.

Surface modification of PLLA
by plasma deposition of PVAA

The PLLA substrates were coated with thin plasma-
deposited polymeric films using a bell-shaped RF plasma
reactor. Details of the plasma reactor used for this work were
described elsewhere.20 An RF power supply (13.56 MHz)
was connected capacitively to two external electrodes. The
monomer employed, namely, vinyl acetic acid (VAA), was
subjected thrice to freeze/thaw cycles to remove dissolved
gases before use. The system was evacuated to <5 mtorr and
then purged three times with monomer vapor. The working
pressure was adjusted to 160 mtorr as controlled by a but-
terfly valve. The monomer vapor flow rate was 250 cc/min.
The system was operated at room temperature. The thick-
ness of all PVAA films was *100 nm. In prior studies from
this laboratory, it had been demonstrated that the surface
density of –COOH groups retained during the polymeriza-
tion of vinylacetic is readily controlled under pulsed plasma
conditions.21 In the present case, depositions were carried
using a 2/30 duty cycle (time ON/time OFF in ms) pulsed
plasma discharge. Although the peak power was 150 W, the
average power was significantly less in view of the pulsed
mode operation. The average power is computed from the
plasma duty cycle (ratio of ON time to the sum of the ON
plus OFF time) multiplied by the peak power. Thus, the
average power input was 9.4 W for the 2/30 pulses.

The film compositions were characterized by FT-IR spec-
troscopy and X-ray photoelectron spectroscopy (XPS). FT-IR
spectra of the plasma-deposited PVAA films were obtained
using a Brucker Model Vector 22, with spectra recorded
using 4 cm�1 resolution. The XPS spectra were acquired using
a Kratos Axis Ultra DLD instrument equipped with a mono-
chromator operated at a pass energy of 10.0 eV. A neutralizer
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was used in these measurements since the samples were
nonconductive. The neutralizer was operated at a current of
1.7A and charge balance of 3.4 V. The high-resolution XPS
spectra were analyzed (deconvoluted) using Casa XPS soft-
ware. The binding energy (BE) of the carbon atoms not directly
bonded to any heteroatoms was centered at 284.6 eV. XPS data
were acquired for the various samples starting with the un-
modified PLLA films and continuing through the sequence of
surface modifications involving the plasma depositions and
attachment of FN.

Static water contact angles measurements were made for
the different surfaces using a Rame-Hart goniometer, model
number 100-00-115. Distilled water was employed for these
measurements. Contact angles were measured at three dif-
ferent spots for each surface examined. Virtually no variation
in contact angle (�2%) was observed for each sample. The
average value of these three measurements is reported in the
Results section.

Conjugation of FN on PLLA film

Fluorescence labeling studies were employed to charac-
terize the extent of covalent coupling of human FN to plas-
ma-modified PLLA substrates. In these studies human FN
was conjugated to PLLA substrates using two methods,
passive adsorption, and covalent coupling. For passive ad-
sorption, 500mL FN solution (33mg/mL) was added on top
of each PLLA film and incubated for 4 h at room tempera-
ture. For covalent coupling, PVAA-modified PLLA films
were treated with EDC (10 mg/mL, in 0.1 M 2-(N-morpho-
lino)ethanesulfonic acid buffer) for 20 min to activate the
–COOH groups on the film surface, followed by incubation
with 500 mL FN solution (33mg/mL) for 4 h at room tem-
perature with gentle agitation, a two-step method similar to
the protocol published by Bang’s Lab.22–24 After conjugation
with FN, the PLLA films were rinsed gently with PBS buffer
to remove any loosely attached proteins.

To quantify the amount of FN conjugated on these sur-
faces, the PLLA films were incubated with rabbit anti-human
FN polyclonal antibody as the primary antibody, followed
by bovine anti-rabbit IgG-FITC antibody as the secondary
antibody. After removal of unbound antibodies, by thorough
rinsing with PBS, the PLLA films were treated with 2% SDS
for 2 h, with constant agitation, to strip off the antibodies.
The fluorescence intensity of antibodies, which correlates
with the amount of surface-bound FN, was measured using
Versafluor� fluorometer (Bio-Rad).

Conjugation and release of VEGF on PLLA film

The surface conjugation of FN has been shown to permit
the subsequent incorporation of VEGF through its specific
binding domains for VEGF.25,26 After conjugation with FN as
described above, PLLA films were washed once with ice-cold
binding buffer (containing 25 mM HEPES and 0.1% BSA, pH
5.5), and then incubated with 250 ng VEGF165 dissolved in
the same binding buffer for 2.5 h at 48C. After incubation, the
PLLA films were gently washed with PBS.

To quantify the release of surface-conjugated VEGF, the
films were incubated with 1 mL of PBS at 378C for up to 5
days with constant agitation. At preset times (1, 2, 3, and 5
days), 0.5 mL PBS containing released VEGF were collected
and replaced with 0.5 mL fresh PBS. A human VEGF

enzyme-linked immunosorbent assay kit was used to mea-
sure the VEGF concentration in the releasing medium fol-
lowing the manufacturer’s instructions. The VEGF release
was plotted as a function of incubation time.

Vascular endothelial and smooth muscle
cell proliferation on surface modified PLLA films

PAE and stable KDR-transfected PAE (KDR-PAE) were
generous gifts from Dr. Rolf Brekken from the University of
Texas Southwestern Medical Center. Using ECs from animals
such as porcine to study the cell–substrate interaction is widely
accepted. Using ECs from comparatively large animals, such as
pigs, in the present study is based on the consideration that we
plan to evaluate the effectiveness of transplantation of surface-
modified PLLA vascular grafts and/or stents in vivo using pigs
in subsequent studies. The KDR-PAE cells were transfected
using electroporation. In this process, cell suspensions are
transferred to a chamber containing two aluminum electrodes
0.4 cm apart. The cells were subjected to two electrical pulses,
as produced by a discharge of 2.5 kV/cm and 0.9 mF, to
introduce a full-length KDR cDNA constructed in the cyto-
megalovirous-based eukaryotic expression vector pcDNAI/
Neo as previously described.19 PAE and KDR-PAE were cul-
tured using F-12 cell culture medium supplemented with 10%
fetal bovine serum and 1% penicillin–streptomycin. Cells be-
tween passages 10 and 13 were used in all experiments. Human
aortic smooth muscle cells (HASMCs) were purchased from
Cascade Biologics, Inc. They were cultured using Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum and 1% penicillin–streptomycin. Cells be-
tween passages 6 and 8 were used in all experiments.

For the cell adhesion and proliferation studies, three
groups of PLLA films were tested: (1) untreated PLLA films;
(2) PLLA films treated with PVAA and covalently conju-
gated with FN via EDC [PLLA-PVAA-(EDC)-FN]; (3) PLLA
films treated with PVAA, covalently conjugated with FN via
EDC and with VEGF incorporation [PLLA-PVAA-(EDC)-
FN-VEGF]. PAE, KDR-PAE, or HASMC cells were seeded on
these films at 5000 cells/cm2, and cultured in an incubator at
378C for up to 5 days. At preset times of 1, 3, and 5 days, cell
adhesion and proliferation was assessed using CellTiter 96
AQueous Non-Radioactive Cell Proliferation Assay following
the manufacturer’s instructions.

Measurement of NO production from ECs

PAE and KDR-PAE cells were seeded on untreated PLLA,
PLLA-PVAA-(EDC)-FN, or PLLA-PVAA-(EDC)-FN-VEGF
films and cultured as described above. The complete DMEM
was replaced with phenol red-free complete DMEM (as re-
commended by the manufacturer of the Nitrite Assay Kit) for
this study. At day 1, 3, and 5, the cell culture medium was
collected, frozen at �808C, and freeze-dried. The lyophilized
medium was dissolved in 5 mL DI water, and the nitrite
concentrations in these samples were measured using
Measure-iT high-sensitiviy nitrite assay kit following the
manufacturer’s instructions.

Immunofluorescence staining of KDR

PAE and KDR-PAE cells were grown on PLLA-PVAA-
(EDC)-FN-VEGF films or untreated PLLA films for 3 days.
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For immunofluorescence staining, the cells were fixed with
2% formaldehyde and treated with mouse anti-human KDR
antibody as the primary antibody, followed by goat anti-
mouse IgG-FITC antibody as the secondary antibody.
Stained cells were observed by a fluorescent microscope
(Zeiss).

SEM of cells grown on modified PLLA

PAE grown on untreated PLLA films or KDR-PAE grown
on PLLA-PVAA-(EDC)-FN-VEGF films for 5 days were fixed
with 1.5% gluteraldehyde for 20 min, postfixed with 1% os-
mium tetroxide for 1 h, and then dehydrated with alcohol
(50%, 75%, 90%, and 100% in sequence) as previously de-
scribed.27 After complete drying, the samples were sputter-
coated with silver and then examined with SEM (Hitachi
S-3000N).

EC retention under fluid shear stress

An in vitro parallel flow system was used to assess the cell
retention under fluidic shear stress.28 The PAE and KDR-
PAE cells were grown on either PLLA-PVAA-(EDC)-FN-
VEGF films or untreated PLLA films for 5 days. The cells
were then exposed to the cell culture medium flowing over
the cells with a shear stress of 15 dyn/cm2 for 30 min. After
this flow exposure, the cells remaining on the PLLA films
were lysed with 1% Triton X-100. The total amount of cell
DNA, which correlates with total cell counts, was measured
with PicoGreen DNA assays. Cells not exposed to flow were
also analyzed as controls.

Statistical analysis

Results were shown as mean� SD. Analysis of the results
was performed using one sample t-test, and n¼ 3–6 for each
data point. p< 0.05 was regarded as significant differences
existing between groups.

Results

Spectroscopic characterization of surfaces employed

FT-IR spectra of the synthesized PLLA films employed,
along with a spectrum of the plasma-generated PVAA film,
are shown in Figure 1. The PVAA was deposited on a KBr
substrate. These spectra are important with respect to pres-
ence and absence of –COOH groups in these films. As shown
in the PLLA spectrum (Fig. 1a), there is virtually no ab-
sorption in the spectral region extending from around 3400–
3000 cm�1. In contrast, the PVAA film exhibits a very broad
band, extending from *3400 to 2600 cm�1. This broad band
is uniquely associated with the presence of –COOH
groups.29 The absorbance bands around 3000–2850 cm�1 are
those associated with C–H stretching vibrations, as expected
from the presence of C–H bonds in each film. The additional
bands, including particularly the strong absorptions at
*1750 cm�1 characteristic of C¼O from carboxyl groups, are
in accord with the expected film compositions. Thus, the IR
data confirm the absence of –COOH in the PLLA and the
presence of such groups in the PVAA-modified PLLA.

XPS spectra of the various surfaces employed in this study
are shown in Figures 2 and 3. The high-resolution C(1s)
spectra obtained from pure PLLA (Fig. 2a), PVAA film de-

posited on the PVAA (Fig. 2b), and PLLA-PVAA after con-
jugation with FN (Fig. 2c) are presented. The XPS of the pure
PLLA film is in excellent accordance with the accepted
spectrum of this polymer as previously described.30 The
three peaks shown in the C(1s) spectrum corresponded to the
presence of saturated C atoms not directly bonded to O
atoms (BE, 284.6 eV); C atoms singly bonded to O atoms of
a carboxyl group, that is, –C-O-C(¼O) (BE 286.5 eV); and
C atoms of the carboxyl group –C-O-C(¼O) (BE 288.5 eV).
Deposition of the PVAA film on the PLLA dramatically
changed the C(1s) spectrum, as shown in Figure 2b. The
much enhanced peak at 284.6 eV, relative to the other peaks,
is consistent with the higher content of saturated C atoms not
bonded to O atoms in the VAA monomer to that of lactic
acid. The C(1s) peaks at the intermediate binding energies of
285.5 and 287 eV could be assigned to –OH and carbonyl
groups produced from partial fragmentation or rearrange-
ment of the VAA during plasma exposure, as generally
observed in plasma polymerizations.31 The peak at 288.5 eV,
representing 9% of the total carbon content,32 is that of the
carboxyl groups of the starting VAA that are retained in the
plasma film. A further change in the C(1s) spectrum is easily
observed after covalent attachment of the FN, as shown in

FIG. 1. FT-IR absorption spectra of PLLA (a) and PVAA (b)
films. PLLA, poly(l-lactic acid); PVAA, poly(vinylacetic acid).
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Figure 2c. Most notable are the increases in the high BE peak
at *288 eV and the intermediate BE peak around *286.5 eV.
The relative increased prominence of these peaks, compared
with PVAA, is consistent with presence of –COOH and
amide groups corresponding to the presence of the FN. Since
this protein is presumably present as a monolayer, it is im-
portant to recognize that photoelectrons from the underlying
PVAA film undoubtedly contribute to this spectrum under
the 708 take-off angle employed, thus complicating more
quantitative discussion.

Additional evidence of successful conjugation of FN to
PVAA-modified PLLA surfaces was documented by XPS
survey scans, as shown in Figure 3. This Figure shows the
comparison of results from a spectrum of FN covalently
bonded to the modified surface, PLLA-PVAA-(EDC)-FN
(Fig. 3a) compared with that of FN simply adsorbed on the
original PLLA surface (PLLA-FN, Fig. 3b). The important
distinction between these two spectra is the prominent N(1s)
peak at 400 eV in Figure 3a compared with the trace quantity
in the spectrum of Figure 3b. The nitrogen atom content of the
covalently coupled FN sample was 8.8% as compared with
only 2.3% for the physically adsorbed sample. The higher
nitrogen atom content of the EDC-coupled FN provides ad-
ded confirmation of the covalent bonding of the FN to the
plasma-modified surface, as opposed to simple physical

FIG. 2. High-resolution X-ray photoelectron spectroscopy
C (1s) spectra of PLLA (a), PVAA (b), and PLLA-PVAA-
(EDC)-FN (c). FN, fibronectin; EDC, 1-[3-(dimethylamino)
propyl]-3-ethylcarbodiimide. The deconvoluted curves, in-
dicated in each spectrum by colored curves, correspond to
photoelectrons from C atoms of differing functionalities, as
identified explicitly in the manuscript. Color images avail-
able online at www.liebertonline.com/ten.

FIG. 3. X-ray photoelectron spectroscopy survey scan of
PLLA-PVAA-(EDC)-FN (a) and PLLA-FN (b).
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adsorption. Additionally, the fact that the covalently bonded
FN surface does not exhibit a much higher N atom content is
consistent with its presence as a monolayer.

Covalent conjugation of FN on the PVAA-modified PLLA
films was also documented by fluorescence measurement of
fluorescence (FITC)-labeled antibodies. As shown in Figure 4,
the amount of FN passively adsorbed on untreated PLLA
(PLLA-FN) or PVAA-modified PLLA (PLLA-PVAA-FN) was
essentially the same. In contrast, a marked increase of co-
valently coupled FN, in excess of 100%, was observed on the
PVAA-modified PLLA sample (PLLA-PVVA-(EDC)-FN)
compared with other control samples. The control samples
included unmodified PLLA (PLLA-FN), PLLA exposed to
EDC and FN but not plasma treated (PLLA-(EDC)-FN), and
PVAA-modified PLLA exposed to FN in the absence of EDC
exposure (PLLA-PVAA-FN).

The successful surface modifications were also evidenced
with progressive changes in the surface wettability with each
modification procedure. The initial static water contact of the
unmodified PLLA film was 788. After deposition of the PVAA
film on the PLLA, the contact angle dropped to 598. Attach-
ment of the FN to this surface resulted in a further decrease in
contact to 528. Each measurement involved an uncertainty
of� 2%. This sequential decrease in contact angle is in accor-
dance with expectations based on the increasingly polar na-
ture of the molecules involved in the surface modifications.
Although, the surface modification reduced the water contact
angles, the differences of contact angles among these surfaces
are relatively small, and thus unlikely to play a significant role
in determining the biocompatibility and cell adhesion of the
polymers. Additionally, topographies of the PVAA-treated
PLLA films were determined using AFM. These surfaces were
found to be very smooth, with roughness (RMS) of 0.3–0.7 nm,
similar to that of the original PLLA surfaces. Thus, possible
topographical changes introduced by the plasma deposition
process can be eliminated in terms of exerting a significant
role in the results obtained in this study.

VEGF surface conjugation and release

Previous studies have shown that VEGF can bind to FN
though specific binding domains,25 and their binding is en-

hanced in an acidic (pH 5–6) environment.26 In the present
study, ice-cold buffer, with pH 5.5, was employed to bind-
VEGF165 to FN on PLLA and PVAA-modified films. The
release of VEGF conjugated on PLLA films to the sur-
rounding medium was measured for up to 5 days, and was
plotted as cumulative release curves as shown in Figure 5.
The four types of samples employed this study were same as
used in the previous FN conjugation study as described
above. VEGF conjugated on all four groups showed an initial
quick release at the first day, followed by a comparatively
slower release thereafter. Plateau was shown on the release
curve after day 3, indicating most VEGF was released within
the first 3 days. In comparison with other samples, PLLA
pretreated with PVAA and covalently conjugated with FN
using EDC coupling [PLLA-PVAA-(EDC)-FN] had the
highest amount of VEGF conjugation on its surface and
subsequent VEGF release. This trend is similar to that of FN
conjugation on PLLA films (Fig. 4).

Vascular endothelial and smooth muscle cell adhesion
and proliferation on surface-modified PLLA

In these experiments, cell adhesion after 1 day of incuba-
tion and cell proliferation after 3 or 5 days of incubation on
surface-modified PLLA films were compared with that ob-
served on untreated PLLA films. As shown in Figure 6a,
PLLA films modified with PVAA and FN significantly en-
hanced both PAE and KDR-PAE cell adhesion. In fact, at
days 3 and 5, both the PAE and KDR-PAE cells seeded on
untreated PLLA exhibited a discernible decline in surface
density, suggesting that cells were dying on the untreated
PLLA surfaces. In contrast, both PAE and KDR-PAE cells
exposed to surface-modified PLLA films, especially to PLLA
films releasing VEGF [PLLA-PVAA-(EDC)-FN-VEGF], ex-
hibited fast proliferation. The cell proliferation of KDR-PAE
cells appeared to be slightly better than that of the PAE
cells, particularly on PLLA-PVAA-(EDC)-FN-VEGF surfaces.
Overall, we observed that surfaces modified with the PLLA-

FIG. 5. Cumulative release of VEGF from PLLA or PVAA-
treated PLLA. FN was coated on these substrates by either co-
valent coupling via EDC or by passive adsorption. :
PLLA-PVAA-(EDC)-FN-VEGF; : PLLA-FN-VEGF; :
PLLA-PVAA-FN-VEGF; : PLLA-(EDC)-FN-VEGF. n¼ 4.
*p< 0.05 compared with all the other groups at the same time
point. VEGF, vascular endothelial growth factor.

FIG. 4. Fluorescent intensity measurement of FN coated on
PLLA or PVAA-treated PLLA, with or without EDC cou-
pling, as shown. (A) PLLA-FN, (B) PLLA-PVAA-FN, (C)
PLLA-(EDC)-FN, and (D) PLLA-PVAA-(EDC)-FN. n¼ 4,
*p< 0.05 compared with all the other groups.
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PVAA-(EDC)-FN-VEGF sequence were superior to those of
PLLA-PVAA-(EDC)-FN with respect to supporting greater
EC proliferation, especially with KDR-transfected ECs. There-
fore, this best combination was used to compare with the
worse combination, that is, untransfected ECs grown on un-
treated PLLA to illustrate the overall effectiveness of the sur-
face modification technique in the subsequent studies,
including immunofluorescence staining and SEM.

HASMCs had a similar growth trend on these films
(shown in Fig. 6b). On untreated PLLA films, these cells
presented lower adhesion and proliferation rate, whereas on
FN-conjugated PLLA films, cells adhered better and had a
significantly faster proliferation. However, the presence of
VEGF had relatively little effect on the HASMC proliferation.

NO production of ECs

NO production is one of the important functions of nor-
mal vascular ECs. NO produced by cells is released into the
cell culture medium and quickly oxidized to nitrite. In this
study, we measured the nitrite concentration in the cell cul-

ture medium as a representative of NO produced by the
cells. The concentration of nitrite was normalized to the
number of cells. As shown in Figure 7, both PAE and KDR-
PAE had comparable production of NO when cells were
grown on all the substrates exhibiting no statistically signif-
icant difference ( p> 0.05). Therefore, it can be concluded that
cells maintained their normal functions such as NO pro-
duction despite the significantly higher adhesion and pro-
liferation of ECs grown on the modified PLLA surfaces.

Immunofluorescence staining of KDR

KDR is a large multimeric glycoprotein produced consti-
tutively in vascular ECs, and it is often used as an EC marker
and to assess EC function. As shown in Figure 8, both PAE
and KDR-PAE cells preserved KDR very well, indicating that
they both retained proper EC functions. Slightly stronger
KDR expression is observed with the KDR-PAE cells, a rea-
sonable result given the fact these cells are genetically
modified to overexpress KDR. Additionally, it is noted that
the cells exhibited poor surface coverage and uneven

FIG. 6. Endothelial cell (a)
or smooth muscle cell
(b) adhesion and proliferation
on untreated PLLA, PLLA-
PVAA-(EDC)-FN, or PLLA-
PVAA-(EDC)-FN-VEGF
films. n¼ 4, *p< 0.05 com-
pared with PAE grown on the
same film at the same time
point. PAE, pig aorta endo-
thelial cells.
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spreading on untreated PLLA films, whereas on our modi-
fied PLLA films, the cells were evenly spread and had a far
higher extent of coverage.

SEM of ECs grown on surface-modified PLLA

SEM studies were employed to provide morphological
information of cell growth on the different surfaces. Specifi-

cally, KDR-PAE cells grown on PLLA-PVAA-(EDC)-FN-
VEGF surfaces were compared with that of PAE cells grown
on untreated PLLA films, which are relatively smooth (Fig.
9a). As shown in Figure 9c, the KDR-PAE cells grown on
surface-modified PLLA films had almost full coverage of the
available film surface, with the cells exhibiting a contiguous,
flatter morphology. In contrast, PAE cells covered only a
small portion of the untreated PLLA film were sporadically
located and exhibited irregular morphology (Fig. 9b).

Cell retention under fluidic shear stress

Under physiological conditions, vascular ECs are exposed
to shear stress by the flowing blood. For this reason, retention
of ECs on PLLA and modified PLLA surfaces when exposed
to fluid shear stress was examined. In this study, PAE and
KDR-PAE cells grown on untreated PLLA or PLLA-PVAA-
(EDC)-FN-VEGF films were exposed to 15 dyn/cm2 flow,
which is within the physiological range of shear stress in
arteries. As shown in Figure 10, PAE and KDR-PAE grown
on untreated PLLA had <40% of cells retained after exposure
to 30 min of flow. However, on surface-modified PLLA, both
PAE and KDR-PAE cells showed significantly more per-
centage of cells retained compared with cells grown on un-
treated PLLA ( p< 0.05), with more than 60% of cells were
retained after the same flow exposure. In fact, after the flow
exposure, PAE and KDR-PAE had approximately nine times

FIG. 7. Nitric oxide production of endothelial cell grown on
untreated PLLA, PLLA-PVAA-(EDC)-FN, or PLLA-PVAA-
(EDC)-FN-VEGF films. n¼ 4.

FIG. 8. KDR immunofluo-
rescence staining of PAE or
KDR-PAE cells grown on
untreated PLLA or surface-
modified PLLA film. (a) PAE
grown on untreated PLLA,
(b) PAE grown on PLLA-
PVAA-(EDC)-FN-VEGF,
(c) KDR-PAE grown on
untreated PLLA, and (d)
KDR-PAE grown on PLLA-
PVAA-(EDC)-FN-VEGF.
KDR, kinase-insert domain-
containing receptor;
KDR-PAE, KDR-transfected
PAE. Color images available
online at www.liebertonline
.com/ten.
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cells retained on surface-modified PLLA films than on un-
treated PLLA films (94.6–112 ng DNA/mL for modified
PLLA films versus 10.9–19.2 ng DNA/mL for untreated
PLLA films).

Discussion

The relatively poor biocompatibility between PLLA sur-
faces and ECs is well recognized. As a result, a variety of
methods have been employed in attempt to improve en-
dothelialization of these surfaces. Such methods include bulk
modifications like incorporating copolymers to provide hy-
drophilic segments in the PLLA as well as surface modifica-
tions of the PLLA.15,33 However, modifying the polymer chain
creates the risk of changing PLLA mechanical properties,
which are critical for certain applications. As a result, surface
modifications would appear to be a more desirable route to
achieve improved EC-PLLA interactions. In prior reports,
ECM proteins such as collagen or FN have been employed to
coat PLLA. Although passive coating is relatively easy to do
and thus commonly used, weakly adsorbed initial proteins
may be replaced quickly by other proteins.34,35 Further, for
in vivo endothelialization of vascular prostheses, the physi-
cally adsorbed proteins may not be able to withstand the

sheer stress created by blood flow. Therefore, stronger adhe-
sion of the ECM proteins to the PLLA surfaces, such as that
involved with covalent coupling, is preferred. However, direct
covalent coupling of ECM proteins to PLLA surfaces is se-
verely restricted by the paucity of active functional groups on
these surfaces.36 Thus, in an effort to provide the requisite
covalent protein-surface conjugation, plasma surface modifi-
cation was employed to provide a relatively high surface
density of reactive –COOH groups. This was achieved em-
ploying plasma polymerization of vinylacetic acid, under
pulsed plasma conditions, in which sufficient –COOH groups,
representing some 9% of the surface carbon atoms, were re-
tained for use in attaching FN via standard EDC coupling
chemistry. As shown in Figure 4, a more than 100% increase in
surface FN was observed on the plasma modified surface
compared with the untreated PLLA. The XPS data, shown in
Figure 3, also confirm a much higher surface coverage of FN
attachment on the plasma modified surface.

The surface-conjugated FN makes possible the subsequent
incorporation of VEGF to the PLLA surfaces. VEGF is widely
recognized as one of the most potent mitogenic factors for
vascular ECs.37,38 ECM proteins including FN,25 fibrin,39

vitronectin,40 and tenascin41 have been reported to posses
specific binding domains for VEGF. In this study, a sub-
stantially increased surface density of VEGF was found on
FN-incorporated PLLA relative to that observed on non-FN
containing controls (Fig. 5). Although the required effective
concentration of VEGF to enhance EC proliferation is low
(1–6 ng/mL),42 high dosages are required for systemic de-
livery, considering its distribution to the whole blood circu-
lation system. These high dosages are not only costly, but can
lead to certain undesirable side effects, such as increasing the
permeability of blood vessels.43,44 As a result of these con-
siderations, localized delivery of VEGF to the adjacent cells
or tissues is favorable since it requires relatively small
amounts to reach the effective concentration at the targeted
site. In this study, significantly enhanced proliferation of ECs
has been observed with only nanogram quantities of VEGF
attached to the PLLA surfaces. Although the adsorbed VEGF
was clearly effective in stimulating EC growth, its release
from the surface appeared to end after *3 days (Fig. 5).
Nevertheless, the increased EC proliferation, as a result of the
VEGF usage, appears to persist for the 5-day period em-
ployed (Fig. 6). These results suggest the possible important
role the initial favorable EC-surface interactions exert on
maintaining proper cell function and phenotype. Alternately,
possibly trace amounts of VEGF remaining in solution can

FIG. 9. Scanning electron microscopic images of untreated PLLA film (a), PAE cells grown on untreated PLLA film (b), and
KDR-PAE cells grown on PLLA-PVAA-(EDC)-FN-VEGF film (c). Scale bar¼ 50 mm.

FIG. 10. PAE or KDR-PAE cells retention on PLLA or
surface-modified PLLA (PLLA-PVAA-FN-VEGF) after ex-
posed 15 dyn/cm2 shear stress for 30 min. n¼ 4, *p< 0.05
compared with amount of cells (same type) grown on un-
treated PLLA.
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continue to take part in promoting cell growth by reattach-
ment to FN. The period of VEGF release can be extended
by various means. For example, fibrin has been used to de-
liver growth factors in a proteolysis-triggered manner.45,46

Three-dimensional scaffolds, hydrogels, and micro/nano-
particles are also used to increase the growth factor loading
capacity depending on the applications.47–49

NO, produced by NO synthase, has multiple functions for
vascular systems, including inhibition of platelet aggregation,
reduced white blood cell adhesion and penetration, and pre-
vention of abnormal vessel constriction.50 Therefore, the mea-
surement of NO release is generally used as a tool to assess
normal EC functions. A number of factors have been found
able to alter NO release by the ECs. For example, estrogen,
insulin, and exercise can increase NO synthesis and release,
whereas oxygen-derived free radicals, aging, and smoking can
reduce NO release.13,14,51 In this study, we found that although
ECs consisted of significantly higher growth rates on surface-
modified PLLA films, their ability to produce NO was not af-
fected by surface modification. The NO production of cells
grown on surface-modified PLLA indicates that ECs main-
tained their phenotypes and subsequent normal functions.

In addition to NO production, KDR has been reported to
act as the principal signaling receptor for VEGF to exert its
biological activities on ECs.52 Upregulation and activation of
KDR are involved in enhanced EC proliferation and angio-
genesis.53,54 Additionally, impaired expression of KDR has
been related to the ineffectiveness of VEGF for angiogene-
sis.55,56 In the present study, KDR-PAE cells demonstrated a
higher cell proliferating activity than untransfected PAE on
surface-modified PLLA-delivering VEGF. This result sug-
gests that overexpression of KDR promotes more efficient
use of the VEGF growth factors in achieving EC growth, and
thus may be potentially useful to enhance endothelialization.

ECs grown on the luminal side of vascular stents are
continuously exposed to fluid shear stress of the blood when
implanted. Retention of ECs on the material surface exposed
to these sheer forces is obviously an important consideration.
Vascular shear stress of arterial vascular network typically
ranges between 10 and 70 dyn/cm2.57 In this study, ECs
grown on surface modified PLLA had significantly higher
percentages of cell retention than on those grown on un-
treated PLLA after exposure to a physiological level shear
stress of 15 dyn/cm2. In fact, the KDR-PAE cell retention on
the modified surfaces was an order of magnitude in excess of
that observed with untreated PLLA. This result further
substantiates the effectiveness of the surface modification
method employed in this investigation.

Summation

The surface modification of PLLA involving plasma de-
position of PVAA, followed by covalent FN conjugation and
VEGF binding, significantly enhanced endothelialization of
this biodegradable substrate. The use of KDR-transfected
PAE cells, in lieu of unmodified PAE cells, further increased
the rate of endothelialization. The results are encouraging
since one of the special aspects of plasma polymerization is
its versatility to modify materials having various properties
and shapes, including porous structures. Vascular grafts and
stents are perfect applications for modifying PLLA substrates
with plasma deposition of PVAA for subsequent surface

modification with FN and VEGF, leading to enhancing
endothelialization and, hopefully, inhibition of vascular
implant-related thrombosis and restenosis.
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