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a b s t r a c t

Electrospun blended nanofibrous scaffolds were fabricated from an synthetic biodegradable polymer
(poly(l-lactide-co-�-caprolactone): PLCL; 8% solution) and a natural protein (fibrinogen; 100 mg/ml solu-
tion) with different volume ratios. Results showed that the blended scaffolds consisted of nanoscale fibers
with mean diameters ranging from 224 to 450 nm. The deposition of the fibrinogen amino groups on the
vailable online 9 December 2010
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surfaces of the blended scaffolds was confirmed by XPS. The hydrophilicity of the blended scaffolds were
improved with the fibrinogen content increasing in the blended system. Cell viability assay and SEM
results showed that human umbilical vein endothelial cells (HUVECs) had progressive growth and well
spread morphology on the blended scaffolds. This study demonstrated that electrospun PLCL/fibrinogen
blended scaffolds have potential application in tissue engineering.
atural polymer
ynthetic polymer

. Introduction

The principle of designing of scaffolds for tissue engineering is
o mimic the structure and biological function of the native extra-
ellular matrix (ECM) with appropriate mechanical and biological
roperties. With the goal of mimicking the ECM geometry, nanofi-
rous scaffolds have already been designed to serve as a suitable
nvironment for cell attachment and proliferation [1]. Presently,
everal methods, including phase separation, self-assembly and
lectrospinning, are used to fabricate polymeric nanofibers [2–4].
mong these, electrospinning is considered more economical and
imple, and appears to be a very reasonable technique for fabricat-
ng nanofibrous scaffolds from a variety of polymer solutions. The
esulting artificial scaffolds not only mimic the features of the ECM,
ut also provide high surface-to-volume ratios and the potential for
igh porosity and interconnected pores to support cell growth and

nfiltration [5,6].
Over the past few years, a wide range of synthetic polymers

polyglycolic acid (PGA), polylactide (PLA), polycaprolactone (PCL))
7,8] and natural polymers (collagen, chitosan, fibrinogen) [9,10] as

ell as their composites have been used to fabricate nanofibrous

caffolds for tissue engineering. Poly(l-lactide-co-�-caprolactone)
PLCL), a random copolyester of lactide and �-caprolactone, is a
ighly elastomeric synthetic biodegradable polymer that has been
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of great interest for soft flexible tissue engineering, such as car-
diovascular, cartilage and nerve regeneration [11,12]. However,
adhesive proteins and specific ligands for cell-ECM interactions,
which are critical for cell migration, cell proliferation and sub-
sequent tissue remodeling, are absent from the surface of PLCL.
In order to enhance its biocompatibility, PLCL needs to be modi-
fied with adhesive proteins and structural proteins to incorporate
their biological activities. There are many methods for enhancing
cell adhesion and proliferation on synthetic polymers by modify-
ing the synthetic polymer surface, including physical coating and
chemical treatments [13–15]. However, these surface modifica-
tion techniques have the drawbacks of slow mass transference of
proteins into the three-dimensional porous materials and low sta-
bility. Compared with these surface modification techniques, direct
electrospinning of blended synthetic and natural polymers has the
potential to readily refine the composition of the nanofibers by
adding bioactive proteins such as collagen, gelatin and growth fac-
tors. Moreover, the existence of bioactive proteins on the surface of
and inside the nanofibers confers remarkable ability as a matrix for
cell migration and provides sustained cell recognition signals with
polymer degradation, which is important for cell function [16]. Fib-
rinogen is a naturally occurring plasma protein with a molecular
mass of 340 kDa, and its major function is the formation of fibrin

fibers that play vital roles in subsequent wound healing responses
and ECM remodeling [17]. Previously, fibrinogen-based scaffolds
have been developed in the form of fibrin gels, which require mix-
ing of cells into the fibrinogen solution prior to the formation of
a hydrogel. Recently, fibrinogen has been successfully electrospun

dx.doi.org/10.1016/j.apsusc.2010.12.011
http://www.sciencedirect.com/science/journal/01694332
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Table 1
Concentrations of PLCL and fibrinogen in the mixed solutions.

PLCL/fibrinogen ratio (V/V) Mass in 100 ml HFIP Fibrinogen mass ratio (w/w) (%) Total solute concentration (w/v) (%)

PLCL (g) Fibrinogen (g)

Pure PLCL 8 0 0 8
4:1 6.4 2 23.81 8.4
2:1 5.33 3.33 38.45 8.66
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1:2 2.67 6.67
Pure fibrinogen 0 10

or the fabrication of nanofibrous scaffolds that mimic the structure
f the native ECM. The resulting nanofibrous scaffolds have been
hown to support cell proliferation and to promote cell interactions,
ut have weak mechanical properties [18,19]. To date, however,
here is limited information regarding the use of PLCL/fibrinogen
anofibrous scaffolds for tissue engineering.

In the present study, we aimed to fabricate novel electrospun
lended nanofibrous scaffolds composed of PLCL and fibrino-
en to obtain better biodegradable materials by combining their
espective advantages. More specifically, we aimed to enhance
he biocompatibility of PLCL with the bioactivity of fibrinogen.

e evaluated the microscopic morphologies, cell attachment and
roliferation of the obtained electrospun PLCL/fibrinogen blended
caffolds, and finally these blended scaffolds were shown to have
otential application in tissue engineering.

. Experimental

.1. Materials

The random copolymer of PLCL (70:30), which has composi-
ion of 70 mol% l-lactide, was purchased from Daigang Bio-Tech
o. Ltd. (Jinan, China). The number average molecular weight
Mn) and weight average molecular weight (Mw) were determined
y gel-permeation chromatography (Model 410; Waters, USA)
o be 222 × 103 and 387 × 103, respectively. Lyophilized bovine
brinogen were obtained from Sigma-Aldrich Chemical Co. Ltd.
USA). The solvent 1,1,1,2,2,2-hexafluoro-2-propanol (HFIP; purity,
99.0%) was obtained from Yumei Co. Ltd. (Shanghai, China). A Cell
ounting Kit-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-
-(2,4-disulfophenyl)-2H-tetrazolium; WST-8) was obtained from
ojindo Laboratories (Japan). Cell medium ingredient and live/dead
ell viability assay kit was obtained from Invitrogen Corp. (USA).

.2. Preparation of the electrospinning solutions

A PLCL solution (8% w/v) was obtained by dissolving PLCL in
FIP. A fibrinogen solution was prepared as described previously

20]. Fibrinogen was dissolved in 9 parts HFIP and 1 part 10 min-
mal essential medium (Gibco Invitrogen, USA) at a concentration
f 100 mg/ml. A series of PLCL/fibrinogen electrospinning solutions
as then obtained by mixing the two solutions at volume ratios

f PLCL to fibrinogen at 4:1, 2:1, 1:1, and 1:2 respectively. The cal-
ulated concentrations for each of the components in the various
amples are listed in Table 1. For convenience, all the descriptions
re expressed as volume ratios in the following sections.

.3. Electrospinning
The electrospinning process was performed using a Nanofiber
lectrospinning Unit (Kato-Tech Corp., Japan). The setup consisted
f a high-voltage power supply, an infusion pump, a syringe and
rotating mandrel. The solution for each group was loaded into
10-ml syringe with a 22-gauge stainless-steel blunt-ended nee-
55.56 9
71.41 9.34

100 10

dle. The needle was connected to the high-voltage power supply,
which was able to generate positive difference voltages (0–30 kV)
between the syringe and the rotating mandrel. For electrospinning
of PLCL/fibrinogen composite fibers, the flow rate was 2–3 ml/h. The
distance between the needle tip and the rotating mandrel (diam-
eter: 6 cm; length: 20 cm; 303 polished stainless-steel; rotation:
500 rpm) was in the range of 12–15 cm and the positive voltage
applied to the polymer solutions was in the range of 25–30 kV.
The electrospun fibers were collected on the rotating mandrel cov-
ered with aluminum foil. To evenly coat the mandrel, the syringe
pump was traversed at a speed of 10 mm/min. All experiments were
performed at room temperature. Subsequently, all the electrospun
fibers were vacuum-dried for 48 h at room temperature and stored
in desiccators.

2.4. Characterization

The morphology and diameter of the electrospun scaffolds were
evaluated using a Stereoscan 360 scanning electron microscope
(SEM) (Cambridge, UK). Platinum was sputter-coated onto the sur-
face of the samples before the SEM observation. The SEM scanning
was performed at an accelerating voltage of 10 kV. The average
diameters of the fibers were obtained by measuring 40 randomly
selected fibers on the electron micrographs using Image J, an open
source image analysis software available from the National Insti-
tutes of Health (NIH).

The surface compositions of the composite fibrous membranes
were analyzed by X-ray photoelectron spectroscopy (XPS) using a
PHI-5000C ESCA system (PerkinElmer, USA). Binding energies were
calibrated by using the containment carbon (C1s = 284.6 eV). Three
samples were used for each group.

For determination of hydrophilicity of scaffolds, the contact
angles of the electrospun scaffolds were measured by a contact
angle analyzer (Dataphysics, Germany). The droplet of 5 �l deion-
ized water was deposited on the surface of the samples. Three
droplets on each sample and five samples for each group were
measured.

2.5. Cell isolation and culture

Human umbilical vein endothelial cells (HUVECs) were isolated
from freshly harvested umbilical cords as described previously
[21]. The project was approved by the Ethics Committee of Zhong
Shan Hospital, Fudan University. Briefly, HUVECs were obtained
by digestion with collagenase type I (1 mg/ml; Sigma, USA) for
10 min at 37 ◦C. After the isolation, the cells were seeded in
complete medium consisting of M199 supplemented with 10%
heat-inactivated fetal bovine serum, 25 ng/ml basic fibroblast
growth factor (R&D Systems, USA) and 1% penicillin-streptomycin,

and incubated in a humidified atmosphere of 5% CO2 at 37 ◦C.
HUVECs were identified by positive staining with a mouse anti-
human von Willebrand factor monoclonal antibody (Santa Cruz
Biotechnology, USA). The cells were passaged when they reached
80% confluence, and cells at passages 3–5 were used in experiments.
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shown in Table 2. For all the volume ratios tested in this study,
PLCL and fibrinogen were successfully electrospun to form non-
woven and interconnected networks, with relatively uniform and
randomly oriented fibers. Analyses showed that the average diam-
eter of fibers of the scaffolds decreased with increasing content

Table 2
Fiber diameters and water contact angles of the PLCL/fibrinogen blended scaffolds.

PLCL/fibrinogen ratio (v/v) Fiber diameter (nm) Water contact angle (◦)

Pure PLCL 450 ± 135 105.07 ± 6.03
4:1 329 ± 125* 87.73 ± 5.82*
2:1 306 ± 91* 72.93 ± 3.33*
ig. 1. SEM micrographs of electrospun PLCL/fibrinogen blended fibrous scaffolds.
e) PLCL/fibrinogen, 1:2. (f) Pure fibrinogen. Scale bars, 5 �m.

.6. Cell adhesion and proliferation assays

Electrospun nanofibrous scaffolds were punched into round
ections with a diameter of 6 mm, and sterilized by soaking in
5% ethanol for 15 min. After rinsing thoroughly with sterile
hosphate-buffered saline (PBS) five times, the electrospun scaffold
ections were placed in 96-well culture plates, soaked in serum-
ree medium for 1 h at room temperature and rinsed with PBS. To
valuate adhesion and proliferation, HUVECs were seeded into the
6-well plates at 6 × 103 cells/well and incubated at 37 ◦C in a 5%
O2 atmosphere. The medium was changed every 2–3 days during
he culture period. The number of viable cells was measured using a
ommercially available Cell Counting Kit-8 (WST-8). The principal
echanism of this assay is that metabolically active cells react with
tetrazolium salt in the WST-8 reagent to produce a soluble for-
azan dye that gives an absorbance at a wavelength of 450 nm. For

ell adhesion tests, the samples were incubated for 4 h. For cell pro-
iferation tests, the scaffolds were cultured for 1, 3, 5 and 7 days. At
ach time point, the medium was replaced with fresh medium con-
aining 10% WST-8 according to the manufacturer’s instructions.
fter 3 h of incubation, the absorbances were measured at 450 nm
sing a microplate reader (Model 550; Bio-Rad, USA) with a refer-
nce wavelength of 655 nm and compared with a standard curve to
alculate the cell numbers. Tissue culture polystyrene (TCPS) with-
ut any scaffolds was used as a control. For each experiment, four
amples were evaluated.

.7. Cell viability assay

After 7 days in culture, the viabilities of HUVECs on nanofibrous
caffolds were examined by live/dead cell viability assays. Briefly,
caffolds seeded with cells were washed with PBS, and then incu-
ated in 1 �M calcein AM (to stain live cells) and 4 �M ethidium-1
to stain dead cells) in PBS at room temperature for 30 min. The
tained cells were observed using a DMIRE2 confocal microscope
ith a TCS SP2 scanner (Leica Microsystems, Germany).
.8. Cell behavior on nanofibrous scaffolds

Cellular fibers were harvested after 7 days in culture to study the
orphological characteristics of the cells on the electrospun fibers.

he scaffolds were washed three times with PBS to remove nonad-
re PLCL. (b) PLCL/fibrinogen, 4:1. (c) PLCL/fibrinogen, 2:1. (d) PLCL/fibrinogen, 1:1.

herent cells and then fixed in 4% paraformaldehyde overnight. After
washing with PBS, the samples were dehydrated through a graded
series of ethanol solutions, followed by critical-point drying. The
samples were then sputtered with gold and visualized using an SEM
(Model S520; Hitachi, Japan) at an accelerating voltage of 20 kV.

2.9. Statistical analysis

All data were expressed as means ± standard deviation (SD).
Statistical analyses were carried out by one-way ANOVA with a
Games–Howell post hoc test. Differences were considered to be
statistically significant for values of p < 0.05.

3. Results and discussion

3.1. Morphology of the nanofibrous scaffolds

Electrospinning has gained popularity in the tissue engineer-
ing community because it has the ability to produce nanoscale
and submicron fibers that mimic the structure of the natural ECM.
The morphology of electrospun fibers is typically influenced by the
properties of the polymer solutions, including the concentration,
surface tension and viscosity [22–24]. Fig. 1 shows the morpholo-
gies of electrospun PLCL, fibrinogen and composite PLCL/fibrinogen
scaffolds. The average diameters of these electrospun fibers are
1:1 283 ± 71* 58.93 ± 4.71*
1:2 279 ± 81* 41.47 ± 3.85*
Pure fibrinogen 225 ± 56 0

Notes: Data are expressed as mean ± SD. *p<0.01, for comparisons between the
blended and pure PLCL scaffolds.
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Table 3
Atom ratios of electrospun fibrous scaffolds determined by XPS.

PLCL/fibrinogen ratio(V/V) Carbon atomic ratio (%) Nitrogen atomic ratio (%) Oxygen atomic ratio (%) Sulfur atomic ratio (%)

Pure PLCL 67.35 0 32.65 0
4:1 67.71 2.13 30.08 0.05
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than that on the PLCL scaffolds (1.98-fold) (p < 0.01), and the cell
proliferation rate on the PLCL/fibrinogen (2:1) scaffolds were the
highest. It has been known that fibrinogen are attractive scaf-
fold materials for tissue engineering applications because they are
biocompatible and biodegradable and have high affinities for var-
2:1 68.21 3.19
1:1 67.17 4.71
1:2 66.26 8.43
Pure fibrinogen 65.47 14.73

f fibrinogen in the blended scaffolds (p < 0.05). In detail, the aver-
ge diameters were estimated to be 450 ± 135, 329 ± 125, 306 ± 91,
83 ± 71, 279 ± 81, and 224 ± 56 nm for PLCL/fibrinogen volume
atios of 1:0, 4:1, 2:1, 1:1, 1:2, and 0:1, respectively. These results
emonstrated that the concentration of fibrinogen had a direct
elation with the fiber morphology. This phenomenon could be
xplained by the conductivity increase of the blended solution. Fib-
inogen is a typical amphiprotic macromolecule electrolyte. When
brinogen was added, higher charge densities of the blended solu-
ions could be carried under an electrical field. It has been found
hat increases in conductivity and charge density can lead to the
mposition of stronger elongation forces on the solutions because
f the self-repulsion of the excess charges under the electrical field,
hereby resulting in substantially smaller diameters of the electro-
pun fibers [25].

.2. XPS analyses

To investigate the surface properties of the composite scaffolds,
he existence of fibrinogen on the scaffold surfaces was verified
hrough XPS via the presence of amino groups. Elemental scans
ere carried out for carbon, nitrogen, oxygen, and sulfur. Table 3

hows the atomic ratios of the blended scaffolds, together with
hose of pure PLCL and pure fibrinogen scaffolds. The results ver-
fied that nitrogen and sulfur atoms were absent from the surface
f the pure PLCL scaffolds. This was consistent with the chemical
tructure of PLCL. The PLCL/fibrinogen blended scaffolds contained
arbon, oxygen, nitrogen, and sulfur elements. Furthermore, the
itrogen and sulfur amounts increased from 2.13% and 0.05%

or PLCL/fibrinogen (4:1) to 8.43% and 0.28% for PLCL/fibrinogen
1:2), respectively. Pure fibrinogen scaffolds contained the highest
mounts of nitrogen (14.73%) and sulfur (0.65%). The existence of
brinogen on the surface of and inside the nanofibers confers on it a
emarkable matrix property that allows for cell migration and pro-
ides sustained cell recognition signals with polymer degradation,
hich is important for cell function [26].

.3. Water contact-angle measurements

To understand the hydrophilicity changes of the electrospun
LCL/fibrinogen scaffolds with respect to amounts of PLCL and
brinogen, static water-contact angles were measured (Table 2).
smaller contact angle usually means that the scaffold surface

s more hydrophilic. As expected, the electrospun PLCL scaffolds
ad a highest contact angle measurement (105.07 ± 6.03◦), and the
ater droplets were rapidly absorbed into the fibrinogen scaffolds

ecause of their hydrophilic groups. The incorporation of fibrinogen
ignificantly decreased the contact angle of the blended scaf-
olds(p < 0.05). When the blended ratio of PLCL/fibrinogen changed
rom 4:1 to 1:2, the contact angle decreased from 87.73 ± 5.82◦

o 41.47 ± 3.85◦. Our results demonstrated that the incorpora-

ion of fibrinogen significantly improved the hydrophilicity of the
caffolds. This might be attributed to the amine and carboxylic
unctional groups in fibrinogen structure whereas such functional
roups are not present in PLCL structure. Many works have indi-
ated that the surface hydrophilicity plays an essential role in cell
28.4 0.14
28.11 0.21
25.01 0.28
18.51 0.65

growth on biomaterials [27,28]. Such a property will be extremely
useful for cell seeding.

3.4. In vitro cell culture experiments

Cell–scaffold interactions were studied in cell culture by seeding
HUVECs on the various electrospun scaffolds for one week. Fig. 2
shows the data for the cell adhesion and proliferation of HUVECs
after seeding on different electrospun scaffolds and TCPS controls
during seven days in culture. The cell numbers at 4 h indicate the
initial cell adhesion. It was found that HUVECs exhibited higher cell
adhesion to the PLCL scaffolds compared with the blended scaf-
folds during the first 4 h (p < 0.05). The incorporation of fibrinogen
improved the hydrophilicity of the scaffolds. Generally, hydropho-
bic surfaces are able to absorb more proteins in the first step to
provide a better cell adhesion environment [29]. However, the cell
proliferation showed different behavior. After culturing for 1 day,
the HUVECs on all scaffolds adhered to some extent and began to
proliferate, but there were no significant differences between the
cell number on the PLCL scaffolds and that on the PLCL/fibrinogen
blended scaffolds (p > 0.05). After culturing for 3 and 5 days, the
cell number on the PLCL/fibrinogen blended scaffolds increased
quickly. The cell proliferation on the blended scaffolds exhibited the
significant higher proliferation rate than that on the PLCL scaffolds
(p < 0.01), and the HUVECs on the PLCL/fibrinogen (2:1) scaffolds
showed the highest proliferation rate. After culturing for 7 days,
the HUVECs continue to proliferate. By comparing the cell numbers
after seven days of culture with the initial number of seeded cells
(6 × 103 cells/well), the proliferation rates for the PLCL/fibrinogen
(4:1), (2:1), (1:1), and (1:2) scaffolds were found to be 3.23-, 4.35-,
3.95-, and 3.39-fold, respectively, which were significantly higher
Fig. 2. Metabolic activities of HUVECs cultured on electrospun PLCL/fibrinogen
blended fibrous scaffolds evaluated by WST-8 assays. Data are expressed as
means ± SD (n = 3).
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ig. 3. Viabilities of HUVECs cultured on electrospun PLCL/fibrinogen blended fibr
LCL/fibrinogen, 4:1. (c) PLCL/fibrinogen, 2:1. (d) PLCL/fibrinogen, 1:1. (e) PLCL/fibr

ous biological surfaces [18,30,31]. In our studies, the cell culture

xperiments also indicated that the fibrinogen in the blended scaf-
olds enabled us to promote cell proliferation, and the one with
LCL/fibrinogen (2:1) might offer the most suitable qualification
or cell culture.

ig. 4. SEM micrographs of HUVECs cultured on electrospun PLCL/fibrinogen blended fib
LCL/fibrinogen, 1:1. (e) PLCL/fibrinogen, 1:2. (f) Pure fibrinogen. Scale bars, 60 �m.
affolds evaluated by live/dead assays and confocal microscopy. (a) Pure PLCL. (b)
, 1:2. (f) Pure fibrinogen. Scale bars, 100 �m.

Furthermore, our results for cell viability were roughly in accor-

dance with our results for cell proliferation, which we obtained
through WST-8 assays. As shown in Fig. 3, nearly all the cells
remained viable (green staining), and very few dead cells (red
staining) were detected. This suggests that the electrospun nanofi-

rous scaffolds. (a) Pure PLCL. (b) PLCL/fibrinogen, 4:1. (c) PLCL/fibrinogen, 2:1. (d)
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rous scaffolds and their degradation products were relatively
on-cytotoxic and suitable for cell culture. Moreover, the densities
f the viable cells on the blended nanofibrous scaffolds, especially
hose on PLCL/fibrinogen (2:1) and PLCL/fibrinogen (1:1) scaffolds
Fig. 3c, d), were higher than those on the pure PLCL scaffolds
Fig. 3a).

In order to analyze the morphological change of cells on nanofi-
rous, the morphologies of the HUVECs after seven days were
bserved through SEM. As shown in Fig. 4, fewer HUVECs attached
o the pure PLCL nanofibers, and they retained their normal
pindle shapes (Fig. 4a) compared with the blended nanofibers
nd pure fibrinogen nanofibers, on which the cells were much
enser and widely spread (Fig. 4b–f). In particular, the HUVECs
ere well-spread with polygonal shapes, formed multiple cell lay-

rs, and reached subconfluence on the PLCL/fibrinogen (2:1) and
LCL/fibrinogen (1:1) scaffolds (Fig. 4c and d). These SEM micro-
raphic observations support the trend of HUVECs proliferation
uantified by the WST-8 assays.

. Conclusions

In the present study, we fabricated novel composite nanofi-
rous scaffolds by electrospinning blended solutions of PLCL
nd fibrinogen. We showed that the properties of the result-
ng nanofibrous scaffolds were strongly influenced by the
oncentration of fibrinogen in the composite. It was found
hat the electrospun PLCL/fibrinogen scaffolds provided good
upport for cell growth, favorable interaction between cell-
ell and cell-matrix. Our experimental data demonstrate that
he electrospun PLCL/fibrinogen blended nanofibrous scaffolds
ave great potential for tissue engineering applications in the
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