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INTRODUCTION

EXTRACELLULAR MATRIX (ECM) provides cells or tis-
sues with structural integrity and biofunctional con-

tacting surface. Morphological and surface designs of
synthetic polymeric biomaterials involving tissue regen-
eration and treatment of wounds have been focused on
biomimicking natural ECM environments.1,2 These bio-
inspired biomaterials are expected to induce cellular re-
sponses, such as adhesion, proliferation, migration, and
differentiation, as the natural ECM does. Micro- or nan-
otopographic pattern formation on the surface of bioma-
terials controls cellular behaviors to varying extents.3,4

ECM consists of an ill-defined, amorphous association
of proteins and polysaccharides, which interact together
to form an interconnected nano- or microranged fibrous
network that is bound to the surface of cells.5 Among the
components, collagens are abundant fibrous proteins pro-
viding the ECM with high mechanical strength and, more

importantly, have many cell adhesive peptide moieties
for anchoring the cells. Thus, ECM bio-inspired bioma-
terials have been fabricated by biomimicking the fibrous
and interconnected ECM structure.

Recently, an electrospinning technique has received
much attention for fabricating polymeric ultrafine
nanofibers. The electrospinning is a facile, efficient, and
inexpensive polymer processing method for the forma-
tion of nonwoven fabrics, in which a polymer solution
dissolved in a solvent is ejected through a nozzle by an
electrostatic force. When high voltage is applied, elec-
trostatic charge is induced on the surface of the polymer
solution droplet. As the electric field reaches a critical
value, mutual charge repulsion and coulombic force ex-
erted by the external electric field counteract the surface
tension of the droplet, generating a charged jet stream of
polymer solution. The jet stream becomes very thin and
long through an unstable elongation process. During the
electrospinning, the solvent evaporates and the charged
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ABSTRACT

A cell adhesive peptide, Arg-Gly-Asp (RGD), was immobilized onto the surface of electrospun
poly(D,L-lactic-co-glycolic acid) PLGA nanofiber mesh in an attempt to mimic an extracellular ma-
trix structure. A blend mixture of PLGA and PLGA-b-PEG-NH2 di-block copolymer dissolved in a
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hydrating condition. The amounts of surface primary amino groups and grafted RGD peptides were
quantitatively determined. Cell attachment, spreading, and proliferation were greatly enhanced in
the RGD modified electrospun PLGA nanofiber mesh compared with that of the unmodified one.
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polymer nanofibers are deposited on a grounded collec-
tor.6 The resultant structure is a three-dimensional, ran-
domly oriented nanofiber network mesh with a highly
nano-porous architecture. The structure resembles the
collagen fiber network existing in the natural ECM. In
native tissues, the diameter of collagen fibrils range from
30 to 300 nm.7 However, electrospun nanofibers with a
diameter in the range of 300 to 1000 nm also provide an
appropriate environment for cell attachment, prolifera-
tion, and migration that is as good as that in the natural
ECM.8–10 Thus, a wide range of electrospun biodegrad-
able nanofibers with larger diameters than natural colla-
gen fibrils have been used for temporal scaffolds for re-
generation of tissues.11,12

Synthetic biodegradable polymers, such as poly(�-
caprolactone), poly(L-lactic acid), and their copolymers
with D-lactic or glycolic acid, have been extensively 
used for fabrication of temporal porous scaffolds due to
their controllable biodegradability and proven biocom-
patibility.13,14 In our previous studies, porous poly(D,L-
lactic-co-glycolic acid) (PLGA) biodegradable scaffolds
were fabricated using a novel salt-leaching/gas-foaming
method.15 While they showed good tissue-forming abil-
ities, it is highly desirable to fabricate porous scaffolds
made of biodegradable polymeric nanofibers. In this scaf-
fold structure, the inner pores, where the cells will reside,
would be surrounded by a network structure of nano-
fibers, mimicking the ECM structure.

A tri-amino acid peptide, Arg-Gly-Asp (RGD), is the
best known peptide sequence for prompting cell adhesion
on synthetic material surfaces. The RGD sequence is a
cell recognition motif found in many ECM proteins such
as collagen, laminin, fibrinogen, and vitronectin that bind
to integrin receptors.16 The cellular interactions with
ECM through integrin-mediated binding promote spe-
cific cellular behaviors such as cell attachment, spread-
ing, and formation of focal adhesions.17 Moreover, the
cell adhesion mediated by integrin receptors enhances vi-
ability and proliferation of anchorage dependent cells.18

In many previous studies, a wide range of polymeric bio-
materials, of which the surface was modified with RGD
moieties, have been used for modulating cellular behav-
iors, such as adhesion, migration, and differentiation.19–21

In this study, we are interested in preparing ECM mim-
icking PLGA nanofiber mesh with cell adhesive RGD
moieties on the surface, prior to fabricating the three-di-
mensional porous nanofiber scaffolds. A blend mixture
of PLGA and PLGA-b-PEG-NH2 di-block copolymer
was electrospun to produce PLGA nanofiber mesh with
primary amino groups on the surface. The di-block
copolymer with a primary amino group at the PEG end
served as a surface-modifying agent that made the pri-
mary amino groups exposed on the surface of nanofi-
bers under hydrating conditions. Various electrospinning 
parameters, such as polymer concentration and blend
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weight ratios, were scrutinized to optimize the formation
of PLGA nanofibers. The resulting electrospun nanofiber
mesh was characterized by measuring the change of wa-
ter contact angle and by determining the surface amine
concentration. A cell adhesive Gly-Arg-Gly-Asp-Tyr
(GRGDY) peptide was immobilized on the surface of am-
inated nanofiber mesh, and the surface RGD concentra-
tion was determined. Using the RGD-modified PLGA
nanofiber mesh, cell adhesion and proliferation behav-
iors were studied using NIH3T3 fibroblast cells.

MATERIALS AND METHODS

Poly(D,L-lactic-co-glycolic acid) (lactic-glycolic acid
ratio 75:25, RG756, Mw 100,000) and PLGA (lactic-
glycolic acid ratio 50:50, RG504H, Mw 45,000) were
purchased from Boehringer Ingelheim (Ingelheim, Ger-
many). Unless otherwise noted, standard laboratory
chemicals were purchased from Sigma-Aldrich (St.
Louis, MO).

Preparation of amine terminated PEG-b-PLGA 
di-block copolymers

PLGA-b-PEG-NH2 was prepared using RG504H
(PLGA) according to the method previously reported.22

Synthesis of the di-block copolymer was confirmed by
1H-NMR and differential scanning calorimetry.

Fabrication of aminated PLGA meshes 
via electrospinning

The electrospinning apparatus was constructed based on
our previous studies.23,24 A blend mixture of PLGA
(RG756) and PLGA-b-PEG-NH2 was dissolved in a mixed
solvent of N,N-dimethyl formamide (DMF) and tetrahy-
drofuran (THF) (1:1 v/v). The composition and concen-
tration of the polymer solution are listed in Table 1. For
electrospinning, each polymer solution was placed in a hor-
izontally fixed 5 mL glass syringe with a 23 gauge stain-
less steel needle. The polymer solution was delivered to
the needle by a syringe pump (model 210, KD Scientific,
Holliston, MA) at a constant feed rate of 20 �L/min. An
18 kV positive voltage was applied to the metal needle us-
ing a high-voltage DC power supply (CPS-40 K03VIT,
Chungpa EMT, Seoul, Korea). Randomly oriented fibrous
mesh was collected on a grounded rotating drum (wrapped
with aluminum foil), positioned 18 cm from the needle.
The resulting PLGA meshes were placed in a vacuum oven
to remove residual solvent for 3 days. All procedures were
carried out under ambient conditions.

Characterization

Prior to electrospinning, viscosity values of the poly-
mer solutions with various blend ratios were measured
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with an advanced rheometric expansion system (ARES,
Rheometric Scientific, Piscataway, NJ) using a cone and
plate geometry. A steady rate sweep test was performed
to the polymer blend solutions at 25°C. The morphology
of the electrospun mesh was examined with scanning
electron microscopy (SEM, Philips 535M, Eindhoven,
the Netherlands) after sputter-coated with gold particles.
From the SEM pictures, the fiber diameter was deter-
mined by using an image analyzer25 (Image J, developed
by the U.S. National Institute of Health) (100 nanofibers
in 3 different pictures were used in calculating the aver-
age diameter). The amount of primary amino group on
the surface of aminated PLGA mesh was determined by
using a coupling reaction of an amine reactive fluo-
rescamine dye with the primary amino group. Briefly, the
mesh (10 mg) was pre-wetted with 70% ethanol and
washed with doubly distilled water successively. To fully
expose the hydrophilic block of PEG-NH2 in the di-block
copolymer on the surface, the mesh was hydrated in phos-
phate buffered saline (PBS, pH 7.4) solution for 24 h at
room temperature. Subsequently, the mesh was soaked
in 3 mL of 50 mM borate buffer (pH 9) containing 
300 �L fluorescamine solution (0.3 mg/mL in acetone)
for 5 min with vortexing and 15 min with gentle shak-
ing. The resulting yellowish mesh was washed with meth-
anol and observed by using laser scanning confocal mi-
croscope (LSCM, Carl Zeiss LSM5100, Jena, Germany).
To quantify the surface amine concentration, the fluo-
rescamine-conjugated mesh was dissolved in 1 mL of di-
methylsulfoxide (DMSO). Fluorescence intensity of the
polymer solution was measured by a spectrofluoropho-
tometer (RF-5391PC, Shimadzu, Kyoto, Japan) at 390
nm of excitation wavelength and 475 nm of emission
wavelength. The amount of surface amino group was then
calculated from a calibration curve, which was con-
structed by using PEG di-amine and PLGA dissolved in
DMSO.

RGD peptide grafting

For the surface coupling reaction with GRGDY pep-
tide (Peptron, Daejeon, Korea), aminated PLGA meshes
(30:70 weight ratio of PLGA-b-PEG-NH2 and PLGA)
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with various fiber diameters were pre-wetted and hy-
drated as described above. The reaction scheme for pep-
tide coupling was followed as previously reported.22

Briefly, each mesh (10 mg) was immersed in 2 mL PBS
containing 60 nmol ethylene glycol-bis(sulfosuccin-
imidylsuccinate) (EGS, Pierce Biotechnology, Rockford,
IL) with gentle agitation for 1 h at room temperature. Af-
ter rinsing with PBS, the NHS-activated mesh was put
into 2 mL PBS containing 15 �g GRGDY peptide under
shaking for 24 h at room temperature. At the end of the
coupling reaction, the peptide-immobilized mesh was
rinsed in PBS and doubly distilled water, and then
lyophilized. The amount of immobilized GRGDY pep-
tide on the mesh surface was determined using a colori-
metric ninhydrin method.20 The RGD immobilized mesh
was put into a mixture of 1 mL of 5 N HCl and 4 mL
PBS, heated at 120°C for 10 min, and then cooled for 
1 h at room temperature. An aliquot (1 mL) from the re-
sultant solution was neutralized with 4 N NaOH, followed
by addition of ninhydrin reagent solution (0.2 mL). The
solution was heated at 100°C for 5 min, to ensure com-
plete color development, and cooled to room tempera-
ture, followed by adding 5 ml of 50% ethanol. The
amount of RGD peptide was determined by using UV
spectrophotometry (UV-1601, Shimadzu) at 570 nm. A
standard calibration curve was constructed by using the
aminated PLGA mesh and a known amount of GRGDY
peptide.

Wettabililty of electrospun mesh

Water contact angles of PLGA, aminated PLGA be-
fore and after hydration, and RGD-modified PLGA
meshes were measured using a contact angle measure-
ment system (SEO 300A, SEO, Gunpo, Korea) mounted
with a CCD camera at an ambient condition. The con-
tact angle variation of a water drop was evaluated as a
function of time,26 since the water drop was rapidly in-
filtrated into the aminated mesh. The 12 � 12 � 0.2
mm mesh was carefully placed on a sample stage, and
a single drop of doubly distilled water was applied to
the mesh surface. The images were taken at a rate of 60
frame/min. 
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TABLE 1. SPINNING SOLUTION VISCOSITIES AND AVERAGE FIBER DIAMETERS OF ELECTROSPUN

FIBER MESHES PREPARED WITH DIFFERENT POLYMER SOLUTIONS

PLGA/PLGA-b- Spinning solution Average fiber
Formulation PEG-NH2 (w/w) Concentration (% w/v) viscosity (cP) diameter (nm)

#1 100/00 30 1261 761 � 120
#2 90/10 30 732 615 � 163
#3 80/20 30 383 453 � 149
#4 70/30 30 220 449 � 150
#5 70/30 40 — 726 � 260
#6 70/30 50 — 1312 � 292



Analysis of cell attachment

NIH3T3 fibroblasts (the Korean Cell Line Bank, Ko-
rea) were maintained in 175-cm2 tissue culture flasks (BD
Sciences, San Jose, CA) at 37°C in a humidified 5% CO2

environmental incubator. Culture medium consisted of
Dulbecco’s modified Eagle’s medium (DMEM, Grand
Island, NY) supplemented with 10% (v/v) FBS, 100
U/mL penicillin, and 100 g/mL streptomycin. To prepare
cell suspensions, the cultured cells were harvested using
trypsin/EDTA, centrifuged at 1000 rpm for 5 min, and
resuspended in serum-free DMEM. Each electrospun
mesh (12 � 12 mm) was sterilized by UV irradiation for
2 h and 70% ethanol for 12 h, and then ethanol was ex-
changed with excess amount of deionized water and PBS.
Subsequently, the mesh was placed into 16-well culture
plates (BD Sciences), and cell suspensions were inocu-
lated onto the mesh at 1 � 105 cell/cm2 of cell-seeding
density in a total of 2 mL of medium per well. After seed-
ing, samples were incubated undisturbed in serum-free
medium for 1, 2, 4, and 8 h. At each time point, cell/mesh
constructs were harvested, washed in PBS three times 
to remove nonadherent and loosely attached cells, and
placed into fresh culture medium, including cell count-
ing kit-8 solution (CCK-8, Dojindo, Japan), which gen-
erated an orange formazan product by cellular dehydro-
genases.27 After incubating the cells with CCK-8 agent
for 2 h, 100 �l of each sample was transferred to a 
96-well plate, followed by measuring the absorbance at 
450 nm in a microplate reader (Model 550, Bio-Rad, Her-
cules, CA). Cell number was calculated from a calibra-
tion curve obtained from the wells that contained a known
number of viable cells.

Cell spreading

For the observation of morphological change with the
passage of time, the cell/mesh constructs were harvested
at 2 and 8 h, rinsed with warm PBS, and fixed with 3.7%
glutaraldehyde for 12 h at 4°C. After dehydration through
a series of graded ethanol (50, 70, 90, and 100%), each
cell/mesh construct was dried under a laminar air flow
for 1 day. Scanning electron microscopy was employed
to examine cell spreading. For the measurement of the
cell-spreading area, the cells incubated for 2 h were
stained with a Cell Tracker Orange dye (Molecular
Probes, Eugene, OR).28 One hundred cells from five im-
ages of different regions were analyzed by Image J soft-
ware. In order to visualize actin filaments, the cells at-
tached on the mesh were stained with rhodamine
phalloidin (Molecular Probes) according to the manu-
facturer’s instruction. Briefly, cell-polymer constructs
were washed twice with prewarmed PBS solution. Then
they were fixed for 20 min with 3.7% formaldehyde in
1% Triton X-100 solution, followed by staining with 0.2
�M rhodamine-phalloidin for 30 min. After washing, F
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actin-labeled cells were photographed by using a Carl
Zeiss LSM5100 confocal microscopy.

Cell proliferation

Each sterilized electrospun mesh was placed into a 16-
well culture plate. NIH 3T3 cells were seeded with a cell
density of 1 � 104 cell/cm2. After attaching fibroblasts
in serum-free conditions, each mesh was placed and in-
cubated in DMEM containing serum for 5 days. Culture
medium was replaced with fresh medium every day. Cell
numbers at 1, 3, and 5 days were counted by using 
CCK-8 solution. At 5 days, cellular constructs were ob-
served by scanning electron microscopy.

Statistical analysis

Data were expressed as a mean � standard deviation
(SD). Student’s t test analysis was carried out for the cell
proliferation data of aminated and RGD-immobilized
mesh. Significance was determined at p � 0.05.

RESULTS

Characterizations of electrospun fiber mesh

Both electrospun PLGA and aminated PLGA fiber
meshes showed a nonwoven, bead-free, linear, porous,
and partially interconnected fibrous structure (Fig. 1).
Significant change in fiber diameter occurred upon vary-
ing the blend composition and concentration of the poly-
mer solution. As shown in Table 1, the average diame-
ter of electrospun fibers increased with the concentration
of polymer solution at a constant blend ratio. The fiber
diameter in general is highly dependent on the viscosity
of spinning polymer solution. The viscosity was regarded
as a key parameter in the formation of nanofibers by the
electrospinning process, as shown previously.29 When
the blend ratio of PLGA-b-PEG-NH2 block copolymer
to PLGA was increased, fiber diameters decreased as a
result of reduced viscosity values. At a blend ratio above
30% (w/w), a bead-on-string structure was obtained (data
not shown), indicating an unstable fibrous structure was
produced. The electrospun meshes with various polymer
concentrations were prepared in order to investigate the
effect of fiber diameter on the surface amine concentra-
tion. At a fixed blend ratio and a decreased diameter of
nanofiber, the measured surface amine concentration in-
creased from 0.65 to 1.17 nmol/mg mesh (Fig. 2B). In
the case of the nanofiber with a larger diameter, it is ob-
vious that the amine functional group is more likely to
be embedded inside the fiber, with little being exposed
on the surface. With a smaller fiber diameter, surface area
will significantly increase, causing embedded amino
groups to be present on the outer surface. Figure 2A
shows confocal image of the fibrous mesh conjugated

224



with an amine specific dye. The fluorescamine dye re-
acts only with primary amino groups, so the confocal im-
age proved the presence of amino groups on the surface
with a homogeneous distribution.

RGD immobilization and wettabililty

In this study, GRGDY peptide was used to immobi-
lize to the NHS-activated PLGA mesh surface. In Figure
3, it can be seen that the amount of RGD peptide immo-
bilized on the surface increased with increased blend ra-
tio. Obviously, the higher blend ratio of PLGA-b-PEG-
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NH2 di-block copolymer to PLGA resulted in the greater
surface amine concentration, providing more sites for
RGD peptide grafting on the surface. The blending
PLGA-b-PEG-NH2 di-block copolymer with PLGA was
found to increase the surface wettability (Fig. 4). Initial
water contact angle values for different meshes of PLGA,
aminated PLGA before and after hydration, and RGD-
modified meshes were 94, 87, 68.4, and 67.6°, respec-
tively. The temporal ability of the electrospun fibrous
mesh to retain a convex shape of a water drop primarily
depends on its surface topography and chemical compo-
sition.30 Since the mesh surface was porous and rough,
a static water contact angle was not directly applicable
for evaluating the surface wettability. During the test, the
water sessile drop was rapidly imbibed into the aminated
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FIG. 1. SEM photographs of electrospun nanofibrous meshes.
(A) Pure PLGA mesh at 30% (w/v) polymer concentration. (B)
30% (PLGA-b-PEG-NH2/PLGA w/w) blend mesh at 30% (w/v)
polymer concentration. (C) 30% (PLGA-b-PEG-NH2/PLGA
w/w) blend mesh at 50% (w/v) polymer concentration.

FIG. 2. (A) LSCM image of aminated PLGA mesh stained
with amine reactive fluorescent dye (fluorescamine). (B) Sur-
face amine concentration on fibers with different diameters.

A

B



fibrous mesh, due to the hydrophilic nature of the PE-
Gylated surface. The water drop on the aminated PLGA
mesh can rapidly penetrate the pores to fill the void space
within 17 s, while the drop on the surface of pure PLGA
mesh maintained the shape to the end of the test. It was
found that the water penetration time became shorter for
the mesh when hydrated. This suggested that changes in
surface properties, such as surface roughness and com-
position, occurred after hydration. PLGA-b-PEG-NH2 di-
block copolymer has an amphiphilic nature consisting of
a hydrophobic PLGA part and a hydrophilic PEG part.
The hydration induced the di-block copolymer to mole-
cularly migrate and rearrange near the surface, exposing
the hydrophilic PEG block to a water phase. Change of
surface morphology after hydration was also observed vi-
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sually. The water contact angle change of RGD immo-
bilized mesh was found to be nearly the same as that of
aminated PLGA mesh.

Cell adhesion, spreading, and morphology

Adhesion and spreading behaviors of NIH3T3 fibro-
blasts were examined for each nanofibrous mesh
(PLGA, aminated, and RGD modified) in the serum-
free medium. Figure 5 reveals that cellular adhesions
onto both aminated and RGD-modified meshes were
enhanced as compared with those of unmodified PLGA
mesh. In addition, it was found that RGD-modified
mesh showed the greatest cell adhesion efficiency. This
clearly implied that the fibroblast adhesion occurred
preferentially for the RGD-modified mesh. The initial
cell attachment to the RGD-modified mesh was signif-
icantly promoted, relative to the other two meshes, by
up to 8 h. At 8 h, fibroblast cells were robust and al-
most fully adhered to RGD-modified mesh (96%).
However, the attachment efficiencies of PLGA and am-
inated PLGA meshes were 67 and 82%, respectively,
after the same period.

Figure 6 provides visual comparisons of cell adhesion
and proliferation for PLGA and RGD-modified meshes
after 2 h, 8 h, and 5 days. Spreading rates of the cells for
RGD-modified mesh was evidently increased, exhibiting
a larger cell-spreading area. After 2 h incubation, cell
morphology onto PLGA mesh was still round-shaped
while the cells on RGD-modified mesh started to show
spreading behaviors. Interestingly, it was observed that
the fibers on the mesh surface were contracted and en-
tangled above the cells, indicating that the cells tended
to migrate and infiltrate into the interior of the mesh af-
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FIG. 4. Change in water contact angles of
different electrospun fibrous meshes as a func-
tion of time.

FIG. 3. Surface amine concentration as a function of blend
ratio.



ter 8 h. At day 5, the cells reached a confluence state and
formed a monolayer on the surface. After 2 h of cell cul-
ture, LSCM images of cell/mesh constructs after staining
by CellTracker probe (Molecular Probes, Eugene, OR)
were used to calculate the cell-spreading area (Fig. 7A
and B). Figure 8 shows the distribution of cell-spreading
areas, clearly demonstrating that the attached cells were
more spread out on the RGD-modified mesh. Actin stress
fibers were qualified by rhodamine phalloidin staining
(Fig. 7C and D). The result is consistent with the previ-
ous image that the cells on RGD-modified mesh were ex-
tensively spread.

Cell proliferation

Proliferations of NIH3T3 fibroblasts on the three
meshes were evaluated at 1, 3, and 5 days (Fig. 9). The
number of cells increased with time, suggesting that the
cells proliferated well on the surfaces of all the meshes.
The cell proliferation on RGD-immobilized nanofibers
was significantly different from that on PLGA and ami-
nated PLGA nanofiber meshes (p � 0.05) in early incu-
bation period. However, at day 5, the cell proliferations
on all the substrates were not significantly different. Af-
ter day 5, the cell proliferation began to level off, mean-
ing that the cells were in a confluence state, presumably
by a contact inhibition mechanism.31

DISCUSSION

In this study, we successfully fabricated RGD-immo-
bilized electrospun nanofibrous mesh useful for cell ad-
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hesive scaffolds, wound dressing materials, and pros-
thetic devices. The electrospinning of a blend mixture of
PLGA-b-PEG-NH2 and PLGA produced a highly porous
nanofiber-based structure, which also has a large surface
area, flexibility for surface modification, and sufficient
mechanical strength for handling.32 In the electrospin-
ning process, various parameters, such as viscosity and
surface tension of polymer solution, polymer molecular
weight, applied electrical potential, and the distance be-
tween the needle and the collector, determine the re-
sultant fibrous morphology and diameter.6,33 In the
present study, a slight change in the viscosity of poly-
mer solution by adjusting the polymer concentration and
the blend ratio primarily produced different fiber diam-
eters. As described elsewhere, the results showed the
decrease in viscosity made the fiber diameter smaller.
Since we intended to produce the nanofibrous mesh ex-
posing more surface functional groups, a stable nanofi-
brous structure with a smaller fiber diameter was pro-
duced for the RGD immobilization. The aminated
PLGA nanofibrous mesh with 30% (w/w) of PLGA-b-
PEG-NH2/PLGA blend ratio and 449 nm of average
fiber diameter was chosen for the subsequent RGD
grafting experiment.

In previous studies, electrospun nanofibrous PLGA
matrices exhibited favorable cell-polymer interactions.8

The fibrous architecture mimicked the natural extracel-
lular matrix and assisted the cells in maintaining a phe-
notypic shape. Surface topography plays a critical role in
regulating initial cell behaviors, such as cell adhesion and
spreading events, which can also influence cellular via-
bility and differentiation in a later stage.34,35 There is
abundant evidence that cells respond to topographical
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FIG. 5. Initial cell attachment kinetics for
PLGA mesh, aminated PLGA mesh, and RGD-
immobilized PLGA mesh.



discontinuities with patterns of grooves and ridges.36

Therefore, it is expected that a texture structure of elec-
trospun nanofibrous mesh can control temporal and spa-
tial organization of adhered cells. A previous work
showed that cell adhesion is cooperatively regulated by
the matrix topography and the presence of cell recogni-
tion ligands on the surface.34 It was suggested that cel-
lular responses to the topographic structure would depend
on size scale and geometric features, as well as the local
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density of surface ligands. To mimic surface properties
of synthetic biomaterials to a set of predetermined bio-
logical microenvironments, cell adhesive proteins like
collagen, fibronectin, and laminin have been coated on
the surface of biomaterials.37,38 Nonetheless, the chemi-
cal conjugation of small RGD moieties on the surface
was more advantageous than the protein-coating method
for controlling cell adhesion behaviors, because the sur-
face immobilization of cell adhesive ligands affords
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FIG. 6. SEM images of cellular constructs. (A, C, and E) PLGA mesh at 2 h, 8 h, and 5 days, respectively. (B, D, and F)
RGD-immobilized PLGA mesh at 2 h, 8 h, and 5 days, respectively.



higher stability, nonimmune response, and the ability of
selective adhesion of a particular cell type.39 Numerous
polymeric matrices have been immobilized with RGD for
enhancing cell-polymer interactions. The RGD peptide
has been covalently attached to the surface of polymeric
foams, films, hydrogels, and fabrics for using tissue-en-
gineering scaffolds and implanted devices.21,22,40 RGD-
immobilized nonwoven polyester fabrics have been used
to cultivate human skin fibroblast in the serum-free
medium.21 These surface-engineered fabrics showed ef-
fective cell adhesion and proliferation and also showed
high cell densities because of their higher surface area-
volume ratio than that in the unmodified substrates. Re-
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cently, we have reported that adult stem cells seeded
within RGD-modified PLGA porous scaffolds showed
promotion in cellular functions.22 From this perspective,
we immobilized RGD peptides to the electrospun nanofi-
brous mesh for enhancing the cytocompatibility of
biodegradable polymers.

In order to introduce surface amine functional groups
to the fiber mesh, PLGA-b-PEG-NH2 was blended with
PLGA and then hydrated in water. During the hydration,
molecular migration and rearrangement of PLGA-b-
PEG-NH2 could occur toward the surface of nanofibers,
exposing amine functional groups to the aqueous phase.
Our previous studies demonstrated that when blending
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FIG. 7. LSCM images of NIH3T3 fibroblasts on PLGA mesh at 2 and 12 h (A and C) and on RGD-immobilized PLGA mesh
at 2 and 12 h (B and D). Cells were stained with CellTracker (A and B) and with rhodamine phalloidin for actin (C and D).
scale bar, 20 �m



PLGA-b-PEG-NH2 with PLGA, the amino groups were
exposed on the surface of PLGA scaffolds.22 Various cell
recognizable ligands, such as RGD peptide, galactose,
and hyaluronic acid, were grafted to the exposed amino
groups on the surface of porous PLGA scaffolds for tissue
engineering.41,42 With surface functional amino groups,
GRGDY peptide was covalently conjugated on the sur-
face by NHS-activated coupling reaction. The colori-
metric quantification data verified the presence of im-
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mobilized RGD on the surface of the mesh. In the water
contact angle measurement, the blended mesh showed
rapid penetration of a water drop into the mesh, reveal-
ing that the blending of PLGA-b-PEG-NH2 indeed in-
creased the wettability of the nanofiber mesh. The sur-
face charge, wettability, and topography influence the
cell adhesion process to vastly different extents. In serum-
free conditions, it was reported that positively charged
surface functional groups enhanced cell attachment.43
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FIG. 9. Cell proliferation on PLGA, aminated PLGA, RGD-immobilized mesh, and TCPS. The cell number was normalized
to TCPS at day 1. All values are mean � SD (n � 5). *Statistical significance relative to aminated PLGA mesh (p � 0.05).

FIG. 8. The distribution of cell-spreading areas on PLGA mesh (A) and on RGD-immobilized PLGA mesh (B) after 2 h.
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The present results revealed that the cell attachment in
the absence of serum protein was boosted according to
the following order: PLGA � aminated PLGA � RGD-
modified mesh. PEG is known to show nonadhesive, re-
pelling properties toward proteins and cells. The in-
creased cell attachment for the aminated PLGA mesh
relative to PLGA mesh indicates that the hydrophilic na-
ture of PEG block and cationic amino group at the dis-
tal end of PEG overwhelmed the nonadhesive effect of
the PEG chain. For RGD-modified meshes, immobilized
RGD moieties further improved cell adhesion through
specific cell-polymer interactions. Enhanced cell spread-
ing and formation of actin fibers in cells on the RGD-
immobilized mesh were visualized by SEM and LSCM.
The SEM images show that the nanofibrous mesh pro-
vided the cells with an ability of morphological change
responding to surface topography. Each fiber was easily
lifted by contracting force of a single cell. This may be
advantageous for cell infiltration since the initial pore di-
ameter in the mesh is too small compared to the size of
cells. The improved cell-substrate interaction was con-
firmed again by measuring the cell-spreading area. In the
current study, the organization of the actin cytoskeleton
stained by rhodamine phalloidin was qualitatively inves-
tigated in order to evaluate the response of fibroblasts
to RGD-immobilized fibrous environment. While the
cells on the PLGA mesh show diffusive actin staining,
prominent stress fibers were apparent on the RGD-im-
mobilized mesh. This implies that the grafted RGD pep-
tides interacted with the cells with concurrently in-
creasing cell spreading. Initial cellular attachment and
spreading events, which were mediated by the specific
interactions between the immobilized RGD and cell re-
ceptors, led to better cell adhesion and proliferation. In
the cell proliferation experiment, RGD immobilization
on electrospun nanofibrous mesh exhibited the long-
term maintenance of cell-substrate interactions. The
number of cells proliferated on the RGD-immobilized
mesh was significantly higher than those on the other
meshes in an early incubation stage, but it became sta-
tistically indifferent for the various substrates at day 5.
As mentioned above, this might be caused by a contact
inhibition mechanism. Cells spread and proliferate up to
the formation of monolayer on the polymer surfaces, at
which time the cell proliferation is spatially inhibited.
Thus it is reasonable to say that there were no differ-
ences in cell proliferation in the later stage, regardless
of RGD modification on the two-dimensional surface.
Finally, it was recently reported that the cells could mi-
grate into nanofibrous mesh having pores less than 10
�m in diameter on the surface.44,45 Cellular penetration
into the nanofibrous scaffolds, however, is still limited
because the electrospun nanofibrous meshes have a
highly packed structure with pores of less than a few mi-
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crometers. To resolve this problem, three-dimensional
macroporous scaffolds made from RGD grafted PLGA
nanofibrous mesh, which affords sufficient cell seeding
within the macropores, are under development and will
be reported in the near future.

CONCLUSIONS

In this study, we first demonstrated immobilization of
RGD peptides on the electrospun PLGA nanofibrous
mesh. Functional amino groups were introduced on the
surface of nanofiber by electrospinning a blend mixture
of PLGA and PLGA-b-PEG-NH2 di-block copolymer,
followed by conjugation with GRGDY peptides. The
RGD-immobilized mesh exhibited enhanced cell adhe-
sion, spreading, and proliferation. Our results suggest
nanofibrous constructs combined with surface engineer-
ing will have great potential for a wide array of cell-con-
tacting biomedical devices, such as tissue-engineering
scaffolds, wound dressing materials, and prosthetic de-
vices.
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