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ABSTRACT: Poly(pL-lactide-co-glycolide)  (PLGA)/ma-
rine collagen nanofibrous membranes (PCNMs) with differ-
ent weight ratio of PLGA to collagen were fabricated by an
electrospinning method. The morphology and diameter dis-
tribution of electrospun nanofibers were investigated by
scanning electron microscopy (SEM). SEM images showed
that the morphology and diameter distribution of the nano-
fibers were mainly affected by the concentration of the solu-
tion, weight ratio of the PLGA/collagen, and applied
electric voltage, respectively. To investigate the cell
responses, MG-63 cells isolated from a human mandible
were cultured onto various substrates and their adhesion,

spreading, and proliferation were examined. Immunofluo-
rescent staining of MG-63 cultured on the PCNMs demon-
strated homogeneous localization of F-Actin and vinculin
in their cytoplasms. However, no mature adhesive struc-
tures were observed in the cell cultured on other substrates.
Also, the cells seeded on the materials proliferated.
These results suggest that PCNMs strongly support the
attachment and growth of osteosarcoma cells. © 2012 Wiley
Periodicals, Inc. ] Appl Polym Sci 000: 000-000, 2012
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INTRODUCTION

The fundamental goal of tissue engineering is to de-
velop biological substitutes that restore, maintain or
improve diseased, injured, or congenitally absent tis-
sues or organs.’ Strategies for the engineered reconsti-
tution of tissues and organs are typically centered on
three fundamental approaches: cell-based therapy,
scaffold-based therapy, or bioactive molecule-based
therapy.” Among these types of approaches, biological
achievements regarding cell cultures using biodegrad-
able materials are more promising techniques.

Fiber-based porous scaffolds, which structurally
mimic an extracellular matrix (ECM), have been gener-
ated from numerous natural or synthetic biopolymers,
such as lyophilized elastin—collagen, accellularized
aortic elastin and collagen, poly(ether-ether-ketone)/
-hydroxyapatite biocomposites, and chitosan-based
materials. All of these scaffolds are biocompatible, and
enhance cell in vitro growth.
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Recent studies have demonstrated the usefulness
of electrospinning as a platform technology for gen-
erating fibrous scaffolds for tissue engineering pur-
poses. Various biodegradable synthetic polymers,
peptide copolymers,* and natural proteins’ have
been electrospun into micro/nanofibers for a multi-
tude of biomedical applications such as scaffolds
used in tissue engineering,® wound dressing,” drug
delivery,® and vascular grafts.” This process involves
the use of an electric field to eject a polymer fiber
from the solution to the collector. The fiber deposits
randomly to form a fused fiber mesh, and the fiber
diameter can be controlled over a range of 100 nm
to 5 mm by varying the electrical potential, throw
distance, needle diameter, and solution concentra-
tion.'” Importantly, the range of fiber diameters that
can be achieved are two to three orders of magni-
tude smaller than those formed by conventional
extrusion'' and wet spinning'? processes, and
includes the range of feature sizes known to induce
contact guidance.

In general, synthetic biodegradable polymers (e.g.,
poly(lactide-co-glycolide (PLGA)) are easily formed
into desired shapes with good mechanical strength,
and their degradation time scales can be estimated.'
Despite these advantages, the scaffolds derived from
synthetic polymers are insufficient for cell-recogni-
tion signals, and their hydrophobic properties



obstruct cell seeding. In contrast, naturally derived
polymers have the potential advantages of specific
cell interactions and a hydrophilic nature but pos-
sess poor mechanical properties.

Collagen, one of the main classes of structural
ECM proteins, has been used as a biomaterial in a
variety of tissue applications because of its excellent
biocompatibility, low antigenicity, high biodegrad-
ability, good hemostatic qualities, and cell-binding
properties.'* Also, electrospinning of soluble colla-
gen is a suitable method to prepare scaffolds with
high porosity and surface area for tissue engineering
of small diameter vessels.">'°

In this article, we report the preparation and char-
acterization of PLGA/collagen nanofibers obtained
by electrospinning. The effects of solution concentra-
tion, weight ratio of the PLGA/collagen, applied
electric voltage, solution flow rate, and needle size
on the morphology and average size of the electro-
spun PLGA/collagen fibers were also investigated.
We also investigated the growth and phenotype of
MG-63 cultured on PLGA /collagen scaffolds.

EXPERIMENTAL
Materials

The PLGA, LA:GA = 50 : 50) was received from
Boehringer Ingelheim Pharma GmbH, KG. Marine
collagen was prepared as described in our previous
article.'” HFIP (1,1,1,3,3,3-Hexafluoro-2-propanol)
was purchased from Sigma-Aldrich.

Preparation and properties of polymer solution

The concentration of PLGA and collagen in the solu-
tions was varied from 5 to 20 wt %. The weight
ratios of PLGA and collagen in the mixed solutions
were either 3:7,5:5, or 7 : 3. Various polymer sol-
utions were prepared at room temperature by dis-
solving the PLGA and collagen in HFIP, and stirred
by magnetic force to speed up the dissolution pro-
cess. The solution viscosities were determined by a
Brookfield DV-II viscometer with a rotational speed
of 100 rpm at 25°C.

Electrospinning process

The electrospinning setup used in this study con-
sisted of a syringe and needle, an aluminum collect-
ing drum, and a high voltage supply. The high-volt-
age electric field used for the electrospinning
process was produced by a controllable high-voltage
power supply (DC-high-voltage generator, Model
cps-40KO3VIT, CHUNGPA EMT.). The polymer so-
lution was placed in a 10-mL syringe attached to a
needle and the syringe was fixed at the front face of
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the collector (aluminum drum). The polymer solu-
tion formed a droplet at the tip of the syringe due to
its weight and surface tension. The anode of the
high-voltage power supply was connected to a cop-
per wire, which was immersed in the polymer solu-
tion. The cathode was connected to the aluminum
plate. By applying voltage between the anode and
cathode, the droplet was instantly disintegrated into
fibers that eventually deposited onto the aluminum
plate. The needle sizes were 18, 23, and 27 G (0.0330,
0.0125, and 0.0075 in), respectively. The polymer so-
lution was electrospun at positive voltages of 5, 10,
15, and 20 kV, with a working distance of 14 cm (the
distance between the needle tip to collector). The
mass flow rates of the PLGA/collagen solution were
0.001, 0.003, and 0.005 mL/min, for the tree needle
lengths, respectively.

Morphology

The morphology of the electrospun PLGA /collagen
fibers was observed using a scanning electron micro-
scope (JSM-5200). The diameters of the electrospun
fibers were measured from the SEM pictures.

Cell and cell culture

The MG-63 cells were derived from a human osteo-
sarcoma of a 14-year-old Caucasian male (Korean
Cell Line Bank, KCLB) and cultured in DMEM (Dul-
becco’s Modified Eagle Medium, Gibco, USA) con-
taining 10% FBS (Fetal Bovine Serum, Gibco, USA)
and 1% PS (Penicillin-Streptomycin, Gibco, USA).
The cells were incubated at 37°C in a humidified
atmosphere with 5% CO,.

Cell adhesion

To investigate cell adhesion and morphology, the
prepared PCNMs were placed in a six-well cell cul-
ture plate (Nunc, Denmark) and sterilized by
gamma-rays at an irradiation dose rate of 10 kGy/h
for 2.5 h. To seed the MG-63 cells onto the PCNMs,
0.2 mL of a suspension containing 2.5 x 10° cells/
mL was dispersed onto PCNMs for a homogenous
distribution of cells and then incubated for 4 h at
37°C. Following incubation, the samples were added
to 0.3 mL of the culture medium. After 3 days, the
samples were observed by an optical microscope
(Leica, Germany) and visualized through immuno-
fluorescent staining.

Analytical assays

Cell-cultured PCNMs were fixed in 2.5% (v/v) glu-
taldehyde for 4 h at 4°C, respectively, followed by
dehydration with a graded ethanol series and freeze-
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Figure 1 SEM images and fiber diameter of PLGA/collagen fibers as a function of the polymer solution concentration
(PLGA/collagen = 7/3 (w/w), electric voltage = 15 kV, flow rate = 0.003 mL/min, tip-target distance = 14 cm, needle
size = 27 G); (a) concentration = 5 wt %, (b) concentration = 10 wt %, (c) concentration = 15 wt %, and (d) concentration

=20 wt %.

drying (24 h). The dried specimens were coated with
gold and the cell alignment was observed by SEM
measurement. For histological analysis, cell-polymer
constructs were stained with hematoxylin and eosin
(H&E) for the nucleus and cytoplasm.

Immunofluorescence staining

Cell-cultured PCNMs were washed in DPBS (Dul-
becco’s Phosphate Buffered Saline, Gibco, USA) and
fixed in 4% (v/v) paraformaldehyde (Aldrich, USA)
for 10 min at RT (room temperature). After rinsing

in PBS, the samples were permeabilized in a cyoske-
letal buffer (10.3 g sucrose, 0.292 g NaCl, 0.06 g
MgCl,, 0.476 g HEPES buffer, 0.5 mL Triton X-100,

TABLE 1
Viscosity of PLGA/Collagen Solutions as a Function of
the Solution Concentration

Concentration (wt %) PLGA /collagen Viscosity (c,)
5 7/3 5
10 7/3 24
15 7/3 96
20 7/3 192

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 SEM images and fiber diameter of PLGA/collagen fibers as a function of the PLGA/collagen ratio (concentra-
tion = 15 wt %, electric voltage = 15 kV, flow rate = 0.003 mL/min, tip-target distance = 14 cm, needle size = 27 G); (a)
PLGA /collagen = 3/7 (w/w), (b) PLGA/collagen = 5/5 (w/w), and (c) PLGA /collagen = 7/3 (w/w).

in 100 mL water, pH 7.2) for 10 min at 4°C. The
samples were washed in PBS and blocked with 10%
FBS for 1 h at 37°C. The samples were washed with
PBS and incubated with 5 Ug/mL of anti-vinculin
(Upstate, USA) for 40 min at RT. The samples were
rinsed with PBS and incubated with Hoechst 33258
pentahydrate (Invitrogen, USA), rhodamine-phalloi-
din (Invitrogen, USA), and Alexa-fluoro 488 rabbit
anti-mouse IgG (Invitrogen, USA) for 40 min at RT in
the dark. The samples were washed in PBS. Following
mounting, they were examined immediately using a
fluorescence microscope (Leica, Germany).lB_20

RESULTS AND DISCUSSION
Electrospinning of PLGA/collagen

The preparation of PLGA/collagen nanofibrous
membrane by electrospinning is very desirable
because collagen and PLGA were widely used in a
variety of tissue engineering applications.”"*> Huang
et al.”® reported electronspun collagen dissolved in
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acetic acid aqueous solution and Mao and Co-
workers®* reported electronspun PLGA dissolved in
tetrahydrofuran (THF) and dimethylformamide
(DMF) to prepare the continuous PLGA nanfibers.

In this study, continuous PLGA /collagen nanofib-
ers in the HFIP solutions were obtained and the
effects of solution concentration, weight ratio of the
PLGA/collagen, applied electric voltage, solution
flow rate, and needle size on the morphology and
average size of the electrospun PLGA/collagen
fibers were also investigated. Varying the solution
concentration alters the morphology of the nanofib-
ers formed (Fig. 1). At a low concentration, the fibers
have an irregular, undulating morphology. At a high
concentration, the nanofibers have a regular, cylin-
drical morphology with a larger diameter on aver-
age. The viscosity of the polymer solutions are sum-
marized in Table I. The viscosity increased with an
increase in the concentration (5-20 wt %) of the
polymer solution. The effect of PLGA/collagen ratio
on the average diameter of electrospun nanofibers is
quantified in Figure 2. The average diameter of
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TABLE II
Viscosity of PLGA/Collagen Solutions as a Function of
the PLGA/Collagen Ratio

Concentration (wt %) PLGA /Collagen Viscosity (c,)
15 3/7 48
15 5/5 72
15 7/3 96

electronspun nanofibers increased with the content
of PLGA. The key point of this result is presented in
Table II. Table II shows a change in viscosity
depending on the PLGA/collagen ratio. Increasing
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the PLGA ratio increased the viscosity. At a higher
viscosity, the nanofibers have a larger diameter. This
result is very similar to that of Figure 1 and Table L
Viscosity plays an important role in determining
the range of concentrations from which continuous
fibers can be obtained during electrospinning. Below
a certain concentration, drops will form instead of
fibers. In electrospinning, the coiled macromolecules
in solution were transformed by the elongational
flow of the jet into oriented entangled network that
persist with fiber solidification. At low viscosities,
the surface tension is the dominant effect on fiber
morphology. Below this concentration, chain
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Figure 3 SEM images and fiber diameter of PLGA/collagen fibers as a function of the electric voltage (concentration =
15 wt %, PLGA/collagen = 7/3 (w/w), flow rate = 0.003 mL/min, tip-target distance = 14 cm, needle size = 27 G); (a)
electric voltage = 5 kV, (b) electric voltage = 10 kV, (c) electric voltage = 15 kV, and (d) electric voltage = 20 kV.
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Figure 4 SEM images and fiber diameter of PLGA/collagen fibers as a function of the flow rate (concentration = 15 wt
%, PLGA /collagen = 7/3 (w/w), electric voltage = 15 kV, tip-target distance = 14 cm, needle size = 27 G); (a) flow rate
= 0.001 mL/min, (b) flow rate = 0.003 mL/min, and (c) flow rate = 0.005 mL/min.

entanglements were insufficient to stabilize the jet
and contraction of the diameter of the jet driven by
the surface tension caused the solution to form
beads or beaded fibers. At high concentrations, the
processing will be prohibited by an inability to con-
trol and maintain the flow of the polymer solution
to the tip of the needle and by the cohesive nature
of the high wviscosity. Viscoelastic force which
resisted rapid changes in fiber shape resulted in uni-
form fiber formation. However, it was impossible to
electrospin if the solution concentration or the corre-
sponding viscosity was too high due to the difficulty
in liquid jet formation. From these result, it is found
that the viscosity of the solution plays an important
role in determining the diameter of nanofiber during
electrospinning.

A series of experiments were carried out when the
applied voltage was varied from 5 to 20 kV and the
tip to target distance was held at 14 cm. The results
are shown in Figure 3. There was a slight increase in
the average fiber diameter with an increase in the
applied electric field. A narrow distribution of the
fiber diameter was observed at a lower voltage of
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10 kV, while a broad distribution in the fiber diame-
ter was obtained at higher applied voltages of 10-20
kV. At low voltages, a drop is typically suspended
at the needle tip, and a jet will originate from Taylor
cone producing bead-free spinning. As the voltage is
increased, the volume of the drop at the tip
decreases, causing the Taylor cone to recede. The jet
originates from the liquid surface within the tip, and
more beading is seen. As the voltage in increased
further, the jet eventually moves around the edge of
the tip, with no visible Taylor cone, at these condi-
tions, the presences of many beads can be
observed.” This results in an increase of the fiber
diameter. Corona discharge was observed at voltages
above 20 kV, making electrospinning impossible.
Figure 3 also showed that the morphology was
changed from a beaded fiber to a uniform fiber. The
bead morphology is correlated with the shape of the
liquid surface from where the jet originated. The
change in the shape of the liquid surface reflects a
change in the mass balance that occurs at the end of
the capillary tip. Increasing the voltage causes the
rate at which the solution is removed from the
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Figure 5 SEM images and fiber diameter of PLGA/collagen fibers as a function of the needle size (concentration = 15
wt %, PLGA/collagen = 7/3 (w/w), electric voltage = 15 kV, flow rate = 0.003 mL/min, tiptarget distance = 14 cm); (a)
needle size = 18 G (0.0330 in), (b) needle size = 23 G (0.0125 in), and (c) needle size = 27 G (0.0075 in).

capillary tip to exceed the rate of delivery to the tip
needed to maintain the conical shape of the surface.
Fiber bead density increases with an increase in the
instability of the jet at the spinning tip.
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Figure 4 shows the SEM images and fiber diame-
ter of PLGA/collagen fibers as a function of the flow
rate. As shown in Figure 4, there was a significant
increase in the fiber diameter with an increased flow

b
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Figure 6 SEM images of MG-63 in PCNMs: (a,b,c) 3, 7, and 10 days after cell seeding (x1000), (d,ef) 3, 7, and 10 days

after cell seeding (x5000).
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Figure 7 H&E stains of MG-63 in PCNMs: (a) 3 days, (b) 7 days, and (c) 10 days after cell seeding. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

rate. When the flow rate exceeded a critical value,
the delivery rate of the solution jet to the capillary
tip exceeded the rate at which the solution was
removed from the tip by the electric forces. This
shift in the mass-balance resulted in sustained but
unstable jet and fibers with broad distribution in the
fiber diameter were formed.

Also, the change of fiber diameter by changing the
needle size (needle tip diameter) is shown in Figure
5. By increasing the needle size, the average fiber di-
ameter was increased. The probable reason for this
result is that the change of the needle size could
change the flow rate. This result is very similar to
that of Figure 4. As the need size is increased, more
solution was drawn from the tip of the needle and
the average diameter of nanofiber increased. As a
result, the average diameter of nanofiber increased
with the needle size resulted in a higher flow rate.

Cell adhesion on the PCMNs films

Electrospun nanofibrous membranes provided a
high level of specific surface area for cells to attach
and proliferate. MG-63 was seeded for 3, 7, and 10
days in PCNMs and analyzed using SEM. The
results showed apparent morphological differences
(Fig. 6). Ten days after cell seeding, MG-63 appa-
rently elaborated a substantial amount of extracellu-
lar matrices [Fig. 6(c,f)], in comparison with MG-63
a seeded for 3 and 7 days [Fig. 6(a,d) and Fig. 6(b.e),

Figure 8 Morphologies and immune-fluorescence dye
staining of MG-63 osteoblastic cells adherent on the
PCNMs films. The materials were seed with MG-63 osteo-
sarcoma cells. After 3 days of culture, the cells were la-
beled with fluorescence dye; (a) optical microscope image
and (b) immune-fluorescent staining image. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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respectively]. MG-63 showed a somewhat rounded
shape after 3 days cell seeding [Fig. 6(a,d)] in con-
trast to the more elongated cell shape that appeared
after 10 days cell seeding [Fig. 6(c,f)], suggesting
MG-63 attachment to PCNMs. As a result, the
electrospun composite membranes could mimic the
natural ECM and positively promote cell-matrix and
cell—cell interactions.

H&E staining of MG-63 cell seeding revealed their
near confluence (Fig. 7). The numbers of spread cells
were increased as the days passed. By 10 days after
cell seeding, MG-63 apparently showed random ori-
entations among PCNMs [Fig. 7(c)]. H&E image
analysis corroborated significant trends in cell num-
ber. Also, while the MG-63 microintegration results
obtained were very promising in terms of the large
cell densities cultured in the PCNMs, further analy-
sis is warranted to better understand the effects of
the fabrication process on MG-63 function and
phenotype.

To assess the morphology of cells adhered onto
PCNMs films, the materials were seeded with MG-
63 osteosarcoma cells. After 3 days of culturing, the
cells on the PCNMs films were labeled with fluores-
cence dye. The morphology of the cells cultured on
the materials maintained oval shapes [Fig. 8(a)].
Immunofluorescence staining for filamentous actin
(red color) and vinculin, a cytoskeletal protein (green
color) dyed with rhodamine-labeled phalloidin and
anti-vinculin antibody followed by alexa-fluoro 488
rabbit antimouse IgG, respectively. Actin fibers and
vinculin protein, were clearly observed in the cells
adhered onto the PCNMs films.

These results support that PLGA and marine col-
lagen are functionally active promoting cell adhesion
and spreading of normal human epithelial cell onto
the PLGA/collagen nanofibrous membrane.

CONCLUSION

PCNMs have been successfully prepared by electro-
spinning of PLGA /collagen solutions. The morphol-
ogy of the electrospun fibers was strongly affected
by parameters such as polymer concentration,
PLGA/collagen ratio, applied voltage, flow rate, and
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needle tip diameter. By increasing the applied elec-
tric field, the morphology was changed from a
beaded fiber to a uniform fiber structure and the
fiber diameter was also increased. There was an
increase in the average fiber diameter with an
increase in the concentration of the polymer solu-
tion, PLGA ratio, flow rate, and needle tip diameter.
We confirmed that the PCNMs accommodated the
survival and proliferation of MG-63. MG-63 appa-
rently attached to the PLGA/collagen nanofibers,
and showed apparently different morphological
features.
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