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ABSTRACT: Polymer blending is one of the most effec-
tive methods for providing new, desirable biocomposites
for tissue-engineering applications. In this study, electro-
spun  poly(L-lactide)/poly(e-caprolactone) (PLLA/PCL)
blend fibrous membranes with defect-free morphology
and uniform diameter were optimally prepared by a 1 : 1
ratio of PLLA/PCL blend under a solution concentration
of 10 wt %, an applied voltage of 20 kV, and a tip-to-col-
lector distance of 15 cm. The fibrous membranes also
showed a porous structure and high ductility. Because of
the rapid solidification of polymer solution during electro-
spinning, the crystallinity of electrospun PLLA/PCL blend
fibers was much lower than that of the PLLA/PCL blend

cast film. To obtain an initial understanding of biocompati-
bility, adipose-derived stem cells (ADSCs) were used as
seed cells to assess the cellular response, including mor-
phology, proliferation, viability, attachment, and multiline-
age differentiation on the PLLA/PCL blend fibrous
scaffold. Because of the good biocompatibility and non-
toxic effect on ADSCs, the PLLA/PCL blend electrospun
fibrous membrane provided a high-performance scaffold
for feasible application in tissue engineering using ADSCs.
© 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 120: 21542165, 2011
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INTRODUCTION

Tissue engineering is a multidisciplinary area that
has evolved in parallel with recent advances in
materials and biotechnology. Particularly, electro-
spun nano- and microscale nonwoven polymer fi-
brous mats are widely used as scaffolds for tissue
engineering.l’2 Electrospinning is a simple, relatively
efficient, technique to fabricate polymer fibers with
less than 50 nm to over 1 pm diameter, which are
mostly spun from polymer solutions.”® Because the
morphologies and surface properties of electrospun
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fibers depend on the physical parameters of the
polymer solution (e.g., concentration, viscosity, con-
ductivity, and surface tension) and the spinning pro-
cess parameters (e.g., applied voltage, distance
between capillary tip and collection screen, tempera-
ture, and humidity of the ambient environment),%9
optimization of the above parameters is a major
challenge in preparing high-performance nonwoven
polymer fibrous mats as scaffolds for tissue engi-
neering applications. Also, and most importantly,
the materials must be biodegradable and biocompat-
ible.” Recently, polymeric biomaterials, such as poly
(lactic acid) (PLA), poly(glycolic acid), poly(e-capro-
lactone) (PCL), and their copolymers, have attracted
great attention because of their distinctive degrada-
tion and excellent biocompatibility.'"'®> Of these,
PLA is most promising and widely used as candi-
date scaffolds for tissue engineering.14 However, its
brittleness has limited its wider biomedical applica-
tions. PCL is a biodegradable, semicrystalline, and
rubbery polymer owing to its low glass transition
(~ —50°C) and melting temperatures (~ 60°C)."° Tt
has been often used to improve the elasticity of PLA
via blending'®"® or block copolymerization.'" >
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Until now, most P(LA-b-CL) block copolymers are
electrospun to nonwoven fibrous mats as scaffolds
for the culture of somatic cells, such as smooth mus-
cle cells and endothelial cells (ECs).”! Results
obtained showed that these cells could adhere and
proliferate well on P(LA-b-CL) fibrous scaffolds.
Kwon et al** produced nano- and microstructured
biodegradable poly(L-lactide-co-e-caprolactone) fab-
rics by electrospinning and the high-molecular-
weight poly(L-lactide-co-e-caprolactone)s by ring-
opening copolymerization, and human umbilical
vein ECs were well adhered and proliferated on
these fabrics. Vaz et al.*® electrospun a bilayer tubu-
lar scaffold composed of oriented stiff PLA fibers as
the outer shell and random flexible PCL fibers as the
inner core to mimic the structure of a blood vessel,
and found that the PLA/PCL bi-layer scaffold as a
prototype for blood vessel tissue engineering was ca-
pable of supporting the attachment, spreading, and
growth of mouse fibroblasts and human myofibro-
blasts. However, there are very few studies on elec-
trospinning of PLA/PCL blends, and indeed only
PLA/PCL blend cast films were previously prepared
as engineered tissue implants.'®***> Compared with
block copolymerization, polymer blending is one of
the simpler and more effective methods for provid-
ing new, desirable biomaterials for tissue-engineer-
ing applications. Thus, in this study, we focus on
optimization of the preparation of poly(L-lactide)
(PLLA)/PCL blend scaffold and examination of their
cellular biocompatibility. There are some published
works on the biocompatibility of biodegradable scaf-
folds, such as P(LA-b-CL) nanofibers, PLA/PCL
blend films, PCL foams, PLA particles, etc. with so-
matic cells, such as smooth muscle cell,'>?® EC,'?°
fibroblasts, osteoblast cells,** hepatocytes,® urinary
tract stromal cells,”” Jurkat and HeLa cells,?® etc.
However, the response of stem cells on PLLA/PCL
blend fibers has not been studied.

At the core of tissue engineering, stem cells play a
critical role in regenerative medicine owing to their
ability to self-renew and differentiate along multiple
lineage pathways.'****® Compared with embryonic
and bone marrow stem cells, adipose-derived stem
cells (ADSCs) can be isolated from the adipose tis-
sue, which overcomes the ethical and political issues
that accompany the use of embryonic stem cells.*'
Because of their abundant quantity, less immunity,
minimal invasive procedure, low morbidity, easy iso-
lation, and rapid proliferation, ADSCs have paved a
new efficient path for regenerative medicine since
they were isolated and characterized by Zuk et al.*?
As an important and convenient source of stem cells,
ADSCs are usually used as seed cells for investigation
of scaffold performance in tissue engineering.

In this work, we electrospun PLLA/PCL blend
fibers and studied the effects of the weight ratio of
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PLLA to PCL, concentration of solution, applied
voltage, and tip-to-collector distance (TCD) on the
morphology and diameter of the electrospun fibers.
To obtain a fundamental understanding of the bio-
compatibility of the optimal spun fibers, we selected
ADSCs as seed cells to assess the cell morphology
and proliferation, viability, attachment, and differen-
tiation capability on the PLLA/PCL blend fibrous
scaffold.

MATERIALS AND METHODS
Materials

PLLA with an average molecular weight M, of
100,000 was supplied by Shenzhen Guanghua Co.
Ltd., China. PCL with an average molecular weight
M,, of 1000 was purchased from Slovey Co., South
Korea. Phosphate buffered saline (PBS), collagenase
type I, and Dulbecco’s modified Eagle’s medium
(DMEM) were obtained from Gibco Co. (Grand
Island, NY). MCDB 131 medium and heparin were
purchased from Sigma Co. (St. Louis, MO). Fetal bo-
vine serum was purchased from Hyclone Co.
(Logan, UT). Trypsin/ethylene diamine tetra-acetic
acid (EDTA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT), Hoechst 33342, and
propidium iodide were supplied by Invitrogen Co.
(Carlsbad, CA). The immunohistochemistry reagents
and all the components of differentiation medium
except DMEM were purchased from Sigma-Aldrich
Co. (St. Louis, MO). Solvents, chloroform, dimethyl
sulfoxide, and methanol were all analytical-grade
reagents. All materials were used without further
purification.

Preparation of PLLA/PCL blend fibers

PLLA/PCL blend solutions with a range of different
blending composition (Samples 1-4 in Table I) and
concentration (Samples 3 and 5-7 in Table I) were
prepared by dissolving PLLA and PCL in a solvent
of chloroform and methanol (~ 3/1 volume ratio),
followed by magnetic stirring for 4 h at ambient
temperature.

The polymer solution was added to a 2-mL sy-
ringe with a needle having an inner diameter of 0.46
mm. The electrical field was provided by a DW-
P353-3ACCD high-voltage power supply (Tianjin
High Voltage Technology Factory, China), which
could give voltages from 0 to 30 kV. A copper wire
connected to the positive electrode was inserted into
the polymer solution, and a grounded aluminum
foil as collector was positioned opposite and perpen-
dicular to the needle tip. Mass flow rate of solutions
was 1.0 mL/h. All electrospinning experiments were

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I

Solution Properties of PLLA/PCL Blends and the Morphology of Fibers
Sample PLLA/PCL Concentration Conductivity Surface Viscosity AD Fiber
number ratio (wt %) (nS/cm) tension (mN/m) (Pa-s) (nm) morphology
1 3/1 10 0.73 24.07 0.188 ~ 4360 Fiber
2 2/1 10 0.67 22.25 0.128 ~ 2140 Fiber
3 1/1 10 0.63 21.85 0.051 780 + 24 Fiber
4 1/2 10 0.61 20.43 0.026 180-750 Beaded fibers
5 1/1 6 0.93 12.91 0.014 234 + 72 Beaded fibers
6 1/1 8 0.75 14.90 0.030 304 = 31 Few beads
7 1/1 12 0.48 21.91 0.098 818 = 30 Fiber

performed at ambient temperature, and the relative
humidity was 40-60%.

To compare with electrospun PLLA/PCL blend
fibers, PLLA/PCL films were also made by solution
casting, then held at ambient temperature for 24 h,
and dried in vacuum at 30°C overnight.

Characterization of PLLA/PCL blend solutions,
electrospun fibers, and cast films

The surface tension of the PLLA/PCL blend solu-
tions was tested using a K99B tensiometer (Schmidt,
Germany) at ambient temperature. The solution elec-
trical conductivity was determined by a Cond730
conductivity instrument (Shanghai, China), and the
solution viscosities were measured at 20°C and 80
rpm with a Brookfield R/S Rheometer (Brookfield,
Middleboro, MA). The porosity (¢) of the electrospun
fibrous membrane was determined by the density
method.*

The morphology of the electrospun fiber was
observed by a Quanta 400 scanning electron micro-
scope (Phillips, the Netherlands). The specimen was
coated with a thin gold layer before scanning elec-
tron microscopy (SEM) examination. The fiber aver-
age diameter (AD) was statistically calculated by
analyzing 20 fibers at random, and the average value
reported with standard deviations.

X'Pert Pro X-ray diffractometer (Phillips) with Cu
Ko radiation (A = 1.5406 A) at a generator voltage of
40 kV and a current of 40 mA was used to analyze
the crystallinity properties of the electrospun fibers
and the cast films. All experiments were conducted
in the 20 range of 10-30° at ambient temperature,
with a scanning speed of 5°C/min and step size of
0.02°.

The thermal behaviors of the electrospun fibers
and cast films were studied with a Diamond differ-
ential scanning calorimeter (Perkin—Elmer, Waltham,
MA) at a heating rate of 10°C/min in dry nitrogen
atmosphere.

Tensile properties of the electrospun fibrous mem-
branes of PLLA and PLLA/PCL (1/1) blend and
their cast films were obtained on rectangular speci-
mens 80 x 20 mm” in a CMT-4104 universal testing
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machine (Shenzhen, China) at a crosshead speed of
10 mm/min under ambient conditions. The average
value of five repeated tests was taken for each mate-
rial composition.

ADSCS isolation and culture

ADSCs were isolated using a modified method
reported by Gimble and Guilak.** Five New Zealand
white rabbits (two male and three female, aged 3.8-
4.2 months, weighed 1.8-2.4 kg) were used in the
following test. The Medical Ethics Committee of
Tongji Medical College of Huazhong University of
Science and Technology (Wuhan, China) approved
the use of animals. Briefly, rabbit subcutaneous adi-
pose tissues in the inguinal region were resected,
washed with PBS extensively to remove red blood
cells, then chopped to small pieces ~ 1-2 mm?® in
size, digested with 1 mg/mL collagenase type I for 2
h at 37°C with continuous shaking, and filtered
through a 100-um (pore size) mesh to remove the
debris. The ADSCs-containing fraction was sepa-
rated from the floating adipocytes using multiple
centrifugal and washing steps. The harvested cells
were plated at 2 x 10* cells/cm® in per 25-cm” cul-
ture flasks (Corning Inc., Corning, NY) filled with 5
mL culture medium composed of DMEM that was
supplemented with 10% fetal bovine serum, 100
unit/mL of penicillin, and 100 pg/mL of streptomy-
cin. The culture flasks were placed in an incubator
(Thermo Scientific, San Jose, CA) at 37°C and 5%
CO,, and the medium was replaced completely ev-
ery 3 days. After reaching 80% confluence, the cells
were passaged by 0.25% trypsin/EDTA in PBS.
ADSCs at their fourth to sixth passages were used in
this study. Flow cytometry analyses showed that the
cells were CD34~ and CD45, and CD105" and
CD166", which indicated the typical profile of stem
cell markers.

Cell seeding

Before cell seeding of ADSCs, the electrospun fi-
brous membranes as cell scaffolds were cut into
square pieces of 5 x 5 mm? in size. All pieces of
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scaffolds were sterilized by soaking in 75% alcohol
for 1 h, and washing in PBS for 10 s.

ADSCs were released by 0.25% trypsin/EDTA
and measured by a blood cell counter, and the
resulting number was the average from three tests.
The ADSCs-containing suspension was seeded fi-
brous scaffolds, which were placed on the bottom of
eight 96-well tissue culture plates (Costar, Cam-
bridge, MA). The seeding density was 2 x 10* cells/
mL in 200 pL culture medium per well. The cellular
constructs were maintained in a humidified incuba-
tor with 5% CO, at 37°C, and the medium was
replaced every 3 days.

Cell morphology

The behavior of ADSCs on scaffold was visualized
by a CK40 inverted phase contrast microscope (Olym-
pus, Japan) at random locations in a 96-well tissue
culture plate. The cellular constructs were, respec-
tively, harvested after 1, 3, and 7 days seeding,
washed with PBS to remove nonadherent cells, fixed
by 4% glutaraldehyde for 1 h at ambient temperature,
dehydrated via a series of gradient alcohol solutions,
and then dried in vacuum. Dry constructs were sput-
ter-coated with gold and observed using SEM.

Cell proliferation

For proliferation investigation, the remaining seven
96-well tissue culture plates were assessed by MTT
assay. Each plate was loaded with five replicate
wells of ADSCs-scaffold constructs and five replicate
wells of nonseeding ADSCs as controls. After cell
seeding, one culture plate per day was removed
from the incubator in 7 days, added with 10 pL
MTT solution, incubated at 37°C for 4 h, and then
100 pL formazan reagent was added to dissolve the
formed crystals. The optical density (OD) was meas-
ured by absorbance at 490 nm with a MK3 micro-
plate reader (Thermo Scientific).

Cell viability and attachment

Two ADSCs-scaffold constructs in the first 96-well
tissue culture plate used in cell morphology were
transferred to a new 96-well plate on the first and
seventh day after seeding, respectively. The con-
structs were incubated in PBS containing Hoechst
33342 and propidium iodide for 0.5 h to label the
viable (blue fluorescence) and necrotic (red fluores-
cence) cells, respectively. Nonseeded ADSCs in con-
ventional culture were submitted to identical condi-
tions. Images were observed and recorded by a
FV500 confocal laser scanning microscope (Olympus)
coupled with a TS-100 digital camera (Nikon, Japan).
Three randomly chosen view regions were photo-
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graphed for each film, and the live ADSCs were
counted. The received percentage of live cells (Ppiye)
was used to characterize the cell viability, and the
cell attachment number of live cells per scaffold sur-
face of (Catacn) Was used to characterize the cell
attachment density. The results presented were the
average from three tests.

Multilineage differentiation of ADSCs

To evaluate the performance of such electrospun
scaffold, the expanded ADSCs on scaffolds were an-
alyzed by immunohistochemistry staining for osteo-
genic and adipogenic differentiation, which repre-
sent typical differentiation capacity of stem cells.
After seeding ADSCs on the fibrous scaffolds for 7
days, six constructs in the first 96-well tissue culture
plate were transferred to two new Petri dishes (three
constructs per dish) to be cultured in an inductive
medium. For osteogenic differentiation, the medium
consisted of 0.01 uM 1,25-dihydroxyvitamin D, 50
UM  ascorbate-2-phosphate, 10 mM f-glycerophos-
phate, and 1% antibiotic/antimycotic in DMEM. For
adipogenic differentiation, the medium consisted of
0.5 mM isobutyl-methyl-xanthine, 1 pM dexametha-
sone, 10 pM insulin, 200 uM indomethacin, 1% anti-
biotic/antimycotic in DMEM. Both inductive media
were refreshed every 3 days. Osteogenic differentia-
tion was evaluated at 3 weeks by the histochemical
presence of mineralized extracellular matrix (ECM)
using von Kossa staining, and adipogenic differen-
tiation was assessed at 2 weeks by detection of fatty
substance accumulation using oil red O staining.

RESULTS AND DISCUSSION

Morphology of PLLA/PCL electrospun fibrous
scaffolds

PLLA/PCL blend solutions with different blending
weight ratio, varying from 3/1 to 1/2 (Samples 1-4
in Table I), were prepared. Figure 1 shows SEM
images of electrospun fibers under solution concen-
tration of 10 wt %, voltage 20 kV, and TCD 15 cm.
When the PLLA /PCL blending weight ratio is 3/1, a
smooth fiber with an AD of ~ 4.36 pm is electrospun
[Fig. 1(a)]. With increasing PCL content in the
PLLA/PCL blends, the AD decreases significantly.
For PLLA/PCL blend with weight ratio 2/1, the AD
of electrospun fibers is ~ 2.14 pm [Fig. 1(b)]. For
PLLA/PCL blend with weight ratio 1/1, the AD of
the electrospun fibers is 780 * 24 nm [Fig. 1(c)].
However, when the PLLA content in the PLLA /PCL
blends is decreased to 33.3 wt % (i.e., the blending
weight ratio is 1/2), beads appear in the electrospun
PLLA/PCL blend fibers with widely distributed
diameters varying from 180 to 750 nm [Fig. 1(d)].

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 SEM micrographs of electrospun PLLA/PCL blend fibers at solution concentration of 10 wt %, voltage 20 kV,
and TCD 15 cm. (a) PLLA/PCL (3/1), (b) PLLA/PCL (2/1), (c) PLLA/PCL (1/1), and (d) PLLA/PCL (1/2).

Obviously, the morphology and diameter of electro-
spun fibers are critically affected by the PLLA/PCL
blend composition. From Table I (Samples 1-4), the
conductivity, surface tension, and viscosity of
PLLA/PCL blend solution decrease with decreasing
content of PLLA. Especially, the decrement of solu-
tion viscosity is the largest. For example, the solution
viscosity of PLLA/PCL blend with weight ratio 1/2
decreases by 86.2%, i.e., its solution viscosity
decreases to 0.026 Pa-s from 0.188 Pa-s of the PLLA/
PCL blend with weight ratio 3/1. Thus, the PLLA
content in PLLA/PCL blends reveals a significant
effect on electrospinning. The solutions of PLLA/
PCL blends with 50% or more PLLA have good elec-
trospinability, and PLLA /PCL blend with weight ra-
tio 1/1 yields the finest electrospun fibers because of
its appropriate solution viscosity."*>

Figure 2 shows the SEM micrographs of PLLA/
PCL (1/1) blend fibers electrospun at different solu-
tion concentration (Samples 3 and 5-7 in Table I).
Defects such as beads exist in the electrospun fibers
with an AD of 234 = 72 nm when the electrospin-
ning solution concentration is 6 wt % [Fig. 2(a)].
With increasing concentration to 8 wt %, the beads
in the electrospun fibers with AD values of 304 * 31

Journal of Applied Polymer Science DOI 10.1002/app

nm [Fig. 2(b)] change to spindle-like structure. When
the solution concentration is further increased to 10
wt %, bead-free smooth fibers with AD 780 *+ 24 nm
are obtained [Fig. 2(c)]. At 12 wt % solution concen-
tration, the diameter of electrospun fibers increases
to 818 = 30 nm [Fig. 2(d)]. These indicate that a criti-
cal concentration (~ 10 wt %) exists in the electro-
spinning process of PLLA/PCL blend solutions.
From Table I (Samples 5-7 and 3), it can be seen that
as the solution concentration increases, both the sur-
face tension and viscosity increase but the conduc-
tivity decreases. At solution concentrations below
the critical 10 wt %, there are fewer chain entangle-
ments because of the low surface tension and viscos-
ity. Also, the high conductivity enables the occur-
rence of marked fiber jet instabﬂity,2 which leads to
unstable electrospinning. However, at solution con-
centrations more than 10 wt %, the improvement in
electrospinability is related to the increase in solu-
tion viscosity because of the enhanced chain entan-
glements™ and reduced conductivity.?

By adjusting the electrospinning conditions, such
as applied voltage and TCD, the morphology of the
electrospun fibers can be effectively controlled. Fig-
ure 3 shows SEM micrographs of fibers electrospun
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Figure 2 SEM micrographs of fibers electrospun by different solution concentration for PLLA/PCL (1/1) blend at volt-
age 20 kV and TCD 15 cm. (a) 6 wt %, (b) 8 wt %, (c)10 wt %, and (d) 12 wt %.

at different voltages and TCD for PLLA/PCL (1/1)
blend with a solution concentration 10 wt %. As
expected, when TCD is set to 15 cm, the electrospun
fibers with large diameters and wide distributions
are formed (i.e., AD of 987 £ 208 nm) under an
applied voltage of 10 kV [Fig. 3(a)]. When the
applied voltage is 20 kV, smooth, fine, uniform, and
defect-free electrospun fibers with an AD of 780 =
24 nm are spun [Fig. 3(b)]. Therefore, we can con-
clude that with increasing applied voltage, the fibers
become thinner and more uniform. However, as the
voltage is increased to 30 kV [Fig. 3(c)], there exist
some beads on the nonuniform fibers with AD of
459 * 196 nm because of the high drawing stress in
the jet. Further, the corona discharge by the high
voltage also leads to more neutralizing ions and for-
mation of beads.® When the applied voltage is set at
20 kV, there are also obvious differences between
the morphologies of the electrospun fibers at TCD
from 10 to 20 cm. When TCD is 10 c¢m, there are
some defects, such as aggregations of the fibers, in
the nonuniform fibers with an AD of 854 * 59 nm
[Fig. 3(d)] because of inadequate evaporation of the
fiber before reaching the collector. When TCD is 15
cm, the finest fibers in Figure 3(b) are obtained.

However, when the TCD is further increased to 20
cm, nonuniform fibers are spun with widely distrib-
uted diameters varying from 200 to 1000 nm [Fig.
3(e)]. Hence, with increasing TCD, the fiber diameter
distribution narrows from 10 to 15 cm but widens
again at 20 cm, which is related to the instability
and elongation process as the solution jet travels a
long distance from the needle tip to the collector.

Crystallinity of eletrospun fibers

Electrospinning is different from other molding proc-
esses and provides electrospun fibers with different
properties, such as crystallinity. The crystallinity of the
above PLLA /PCL (1/1) blend fibers electrospun at so-
lution concentration of 10 wt %, voltage of 20 kV, and
TCD of 15 cm was characterized by X-ray diffraction
(XRD) and differential scanning calorimetry (DSC).
Figure 4 shows the XRD patterns of the electrospun
fibers and corresponding cast films of PLLA /PCL (1/
1) blend. Obviously, there are two main diffraction
peaks at 20 of 16.9° and 19.2° in the PLLA /PCL blend
cast films, which are the characteristic peaks of the a-
crystals of PLLA.'3 Furthermore, the blend films have a
very weak diffraction peak near 22.3°, which is

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 SEM micrographs of fibers electrospun at differ-
ent voltages and TCDs for PLLA/PCL (1/1) blend at solu-
tion concentration 10 wt %. (a) 10 kV, 15 ecm; (b) 20 kV, 15
cm; (c) 30 kV, 15cm; (d) 10 ecm, 20 kV; and (e) 20 cm, 20 kV.

assigned to the characteristic peak of PCL.** However,
in the PLLA/PCL blend fibers, the diffraction peaks of
PLLA are relatively weak, and the diffraction peak of
PCL disappears. The results suggest that the crystalline
phase is mainly PLLA phase in these films and fibers,
and that the crystallinity of electrospun PLLA/PCL
blend fibers is significantly lower than that in the
PLLA/PCL blend cast film.

The DSC curves of the above electrospun fiber
and cast film of PLLA/PCL (1/1) blend are shown
in Figure 5. There exist the weak melting peak of
PCL at around 39.0°C with melting enthalpy AH,, =
146 J/g, cold crystallization peak of PLLA near
82.5°C with crystallization enthalpy AH. = 144 J/g,
and strong melting peak of PLLA at 139.0°C with
melting enthalpy AH,, = 23.6 J/g in PLLA/PCL
blend cast film. It is noted that the small melting
peak at 129.0°C is related to the imperfect o-crystals
of PLLA.*¥” For electrospun PLLA /PCL blend fibers,
there exist only the cold crystallization peak of
PLLA near 71.7°C with crystallization enthalpy AH,
= —11.2 J/g, and melting peak of PLLA at 137.0°C
with melting enthalpy AH,, = 19.1 ]J/g). The degree
of crystallinity (y.) was calculated based on'”:

Journal of Applied Polymer Science DOI 10.1002/app
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cast film

fibrous membrane

10 15 20 25 30
20

Figure 4 XRD patterns of electrospun fibrous membrane
and cast film of PLLA/PCL (1/1) blend.

AH,, — AH,

where AH,, and AH, are the absolute values of melt-
ing enthalpy and cold crystallization enthalpy of
PLLA crystals, respectively, and o is the weight frac-
tion of PLLA in the blend. The value of AH’ for
100% crystalline PLLA is 106 J/g."”*® Based on DSC
experimental data, the y, values in the PLLA/PCL
blend fibers and cast film are calculated as 14.9%
and 17.4%, respectively. Obviously, the crystalline
phase is mainly PLLA phase in these films and
fibers. The disappearance of the melting peak of
PCL, lower melting temperature, and the enthalpy
of PLLA in electrospun PLLA/PCL blend fibers all

imperfect o

\

cast film

Heat Flow

fibrous membrane

. T T T
50 100 150

Temperature (°C)

Figure 5 DSC curves of PLLA/PCL (1/1) blend cast film
and electrospun fibrous membrane.
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Figure 6 Tensile stress—strain curves of the electrospun fi-
brous membrane and cast films of PLLA/PCL (1/1) blend.

indicate that the rapid solidification of the polymer
solution during electrospinning hinders crystalliza-
tion. These results are consistent with the above
XRD analysis.

Porosity and mechanical properties

Porosity and mechanical properties are important
for tissue scaffolds. The porosity of the electrospun
PLLA/PCL (1/1) blend fibrous membrane is high at
82%. Figure 6 shows the tensile stress—strain curves
of the electrospun fibrous membrane and cast film,
and their Young’s modulus, tensile strength, and
elongation-at-break are listed in Table II. Because the
electrospun PLLA/PCL (1/1) blend fibrous mem-
brane has higher porosity and lower crystallinity, its
Young’s modulus and tensile strength are reduced
to 6.46 MPa and 1.21 MPa from 89.0 MPa and 9.4
MPa of the PLLA/PCL (1/1) blend cast film, but its
elongation-at-break increases to 85.6% from 32.4% of
the cast film. The high porosity and large ductility
characteristics of the electrospun PLLA/PCL (1/1)
blend fibrous membrane have made it a strong can-
didate for use as tissue scaffolds.

TABLE II
Mechanical Properties of Electrospun Fibrous Membrane
and Cast Film of PLLA/PCL (1/1) Blend

Young's Tensile
Mechanical modulus strength?® Elongation-at-
properties (MPa) (MPa) break (%)
Cast film 89.0 = 4.5 94 43 324 + 35
Electrospun 6.46 = 0.9 1.21 = 0.1 85.6 * 8.6
fibrous
membrane

? Based on the maximum stress of the respective stress—
strain curve.
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Figure 7 Optical morphology of ADSCs in conven-
tional culture (magnification: x200). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Cell morphology

The above results indicate that the electrospun
PLLA/PCL blend fibers prepared by PLLA/PCL (1/1)
blend with a solution concentration of 10 wt %,
applied voltage of 20 kV, and TCD of 15 cm exhibit
a defect-free morphology and uniform diameter of
780 = 24 nm. Consequently, these optimal fibers
were chosen for in vitro biocompatibility experiments
as follows.

In this study, the morphology and interactions
between ADSCs and PLLA/PCL blend fibrous scaf-
folds were examined by using inverted phase con-
trast microscopy and SEM. Figures 7 and 8 show
typical morphologies of ADSCs in conventional cul-
ture and their attachment and growth on the PLLA/
PCL fibrous scaffolds. It can be clearly seen in Fig-
ure 7 that ADSCs are triangular and polygonal,
approximately 100~150 pum in size, and uniformly
dispersed in a monolayer with refraction lights
around and beside the lipid droplets.”* After being
seeded on the PLLA/PCL fibrous scaffolds for 1
day, most ADSCs do not adhere to the fibers yet,
but they grow to typical elongated morphology [Fig.
8(a,b)]. At 3 days, the ADSCs expanded on the fi-
brous scaffolds with a pattern of pseudopods as
shown in Figure 8(c,d). After 7 days, an increasing
number of cells grow along the fiber orientation
direction, forming a three-dimensional network with
a fibrous pattern [Fig. 8(ef)]. In addition, the fibers
swell slightly during cell culturing, and the fiber
morphology changes owing to the absorption of the
culture medium and possibly cell traction. However,
more importantly, the PLLA/PCL blend fibers are
biocompatible with ADSCs and are a good candidate
scaffold for tissue engineering.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Morphology ADSCs on scaffolds after seeding for 1 day [(a) by inverted phase contrast microscopy (IPCM) and
(b) by SEM], 3 days [(c) by IPCM and (d) by SEM], and 7 days [(e) by IPCM and (f) by SEM] (magnification: IPCM x100;
and SEM x1000). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Cell proliferation, viability, and attachment

MTT assay is commonly used in cell proliferation
in vitro and drug susceptibility testing of living cells
by measuring the OD, which indirectly reflects the
number of living cells. As shown in Figure 9, the
curves of proliferation of both seeding and nonseed-
ing ADSCs are very close to each other in the time
range from 1 to 7 days, and that all OD values are
higher than 0.05. The results indicate that the elec-
trospun PLLA/PCL blend fibrous scaffolds have no
toxic effect on proliferation of ADSCs.

Compared with MTT assay, live/dead cell stain-
ing served as a more intuitive assay. Figure 10
shows stained ADSCs seeding on PLLA/PCL blend
fibrous scaffold for 1 day and 7 days. Obviously,

Journal of Applied Polymer Science DOI 10.1002/app

live ADSCs cultured on scaffold are safely viable,
and the dead cells are very few on the scaffold. Dur-
ing this time, ADSCs colonize the scaffolds and form
a homogenous monolayer. Quantitatively, the per-
centage values (Priv.) of live ADSCs without and
with scaffold at 1 day are 91.5% * 9.2% and 89.7%
+ 7.5%, respectively [Fig. 11(a)]. At 7 days, the Py
values of live ADSCs without and with the scaffold,
respectively, increase to 96.3% = 3.0% and 94.4% =
2.5%. The results demonstrate that the electrospun
PLLA/PCL blend fibrous scaffolds provide ADSCs
with a supportive interface to survive, and their fi-
brous structure is favorable for the ADSCs viability
similar to native tissues.

Also from Figure 11(a), the attachment density
(Cattach) of ADSCs on the electrospun PLLA/PCL
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Figure 9 Proliferation curves of ADSCs by MTT assay.

T
50.0pm

Figure 10 Live/dead cells staining of ADSCs on PLA/PCL
blend fibrous scaffold after seeding for (a) 1 day and (b)
7 days. The live ADSCs stained blue and dead cells red
(magnification: x100). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

2163

a
100 < T
- I I
g I
X l
&
& 80+
<
2
P ] = 2. B 2
: [ 1EF] 8|8
~
E
2 60+
<%
-
ADSCs-scaffold ADSCs
b
1200 A
T )l
__E 1000
§ i
~_ 800
© 600+ |
E |
400 = z >
g ] fF |8 F O
- — - ~ —T
= 2004 I f
%]
U =
0
ADSCs-scaffold
ADSCs

Figure 11 (a) Percentages of live ADSCs at 1 day and 7
days. (b) ADSCs attachment density at 1 day and 7 days.

blend fibrous scaffolds is 211 * 39 cells/mm?* at 1
day, which is close to 239 = 42 cells/mm?* of ADSCs
without scaffolds. Similar to the survivability of
ADSCs, the Cagach values of live ADSCs without
and with the scaffold at 7 days increase to 921 + 337
and 876 =+ 287 cells/mm?, respectively. It should be
noted that Cayacn Of live ADSCs on scaffold at 7
days represents a lower estimated value because the
live cells are too crowded to be accurately counted.
Based on the Cagach Values of live ADSCs without
and with the scaffold, it is concluded that PLLA/
PCL blend fibrous scaffolds provide a favorable

Journal of Applied Polymer Science DOI 10.1002/app
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A5

Figure 12 Immunohistochemistry staining for characterization of osteogenesis and adipogenesis: (a) Von Kossa staining
for osteogenic differentiation. The mineralized ECM stained brown; (b) Oil red O staining for adipogenic differentiation.
The accumulated lipid stained red (magnification: x200). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

environment similar to conventional culture. Gener-
ally, a suitable scaffold for tissue engineering must
be biocompatible to allow cell attachment, prolifera-
tion, and ultimate viability. The above results indi-
cate that the electrospun PLLA/PCL blend fibrous
scaffolds can stabilize the proliferation and attach-
ment of ADSCs.

Differentiation of ADSCs on scaffolds

The pluripotency of ADSCs on scaffolds was
assessed by immunohistochemistry. The positive
expression in Figure 12 confirms the multilineage dif-
ferentiation of ADSCs on scaffolds. In Figure 12(a),
von Kossa staining shows calcium deposition in the
ECM, which indicates osteogenesis. In Figure 12(b),
oil red O staining shows the lipid accumulation in
the ECM, which indicates adipogenesis. In the tissue
engineering field, a biocompatible scaffold should
meet the requirement to support the stem cell to dif-
ferentiate into desired cell lineage. Similar with the
pluripotency of ADSCs in conventional culture and
expansion,SO&’34 the multilineage differentiation of
ADSCs on such scaffold indicates the prospect to
replace the native ECM for tissue engineering.

CONCLUSIONS

The electrospun PLLA/PCL blend fibers with
defect-free morphology and uniform diameter can
be prepared by PLLA/PCL (1/1) blend with a solu-
tion concentration of 10 wt %, applied voltage of 20
kV, and TCD of 15 cm. Owing to the rapid solidifi-
cation of polymer solution during electrospinning,
the crystallinity of electrospun PLLA/PCL blend
fibers is much lower than that of the PLLA/PCL
blend cast films. The optimal electrospun PLLA/
PCL blend fibrous membranes can be used as a
good scaffold for ADSCs proliferation, viability,
attachment, and differentiation because of their good

Journal of Applied Polymer Science DOI 10.1002/app

biocompatibility and nontoxic effects. Further work
is under way to extend our studies to in vivo evalua-
tion of the electrospun PLLA/PCL fibers to under-
stand the interactions between cells and biomaterials
at the molecular level.

The authors thank HUST Analysis and Testing Center for
access to its SEM and XRD facilities.
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