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Abstract: Poly(L-lactic acid-co-succinic acid-co-1,4-butane diol) (PLASB) was synthesized by direct condensation
copolymerization of L-lactic acid (LA), succinic acid (SA), and 1,4-butanediol (BD) in the bulk using titanium(IV)
butoxide as a catalyst. The weight-average molecular weight of PLASB was 2.1� 105 when the contents of SA and
BD were each 0.5 mol/100 mol of LA. Electrospinning was used to fabricate porous membranes from this newly
synthesized bioabsorbable PLASB dissolved in mixed solvents of methylene chloride and dimethylformamide.
Scanning electron microscopy (SEM) images indicated that the fiber diameters and nanostructured morphologies of
the electrospun membranes depended on the processing parameters, such as the solvent ratio and the polymer con-
centration. By adjusting both the solvent mixture ratio and the polymer concentration, we could fabricate uniform
nanofiber non-woven membranes. Cell proliferation on the electrospun porous PLASB membranes was evaluated
using mouse fibroblast cells; we compare these results with those of the cell responses on bulk PLASB films.
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Introduction 

Poly(L-lactic acid) (PLLA) has received much interest in
recent years because it is synthesized from renewable
resources. PLLA is degraded by hydrolytic cleavage of the
ester bonds to produce lactic acid and its oligomers, which
can then be metabolized by many microorganisms.1 PLLA
is also resorbable in the human body and is nontoxic after
biodegradation.2 However, application of PLLA has been
limited to biomedical areas such as surgical sutures,3-6 fixa-
tion of fractured bones,7,8 tissue engineering,9,10 and drug
delivery systems.11-13 This limitation is due to a number of
factors, such as the cost for high purity polymer and the dif-
ficulty in controlled synthesis of high molecular weight to
optimize mechanical properties.

Cargill Dow Co.14 began to produce PLLA on a commer-
cial scale under the trade name of Nature WorksTM. This
production has led to a significant reduction in the price of
PLLA, not to mention supplies of polymer. The polymer
production process combines agricultural processes with
biological and chemical technologies. Cargill Dow Co. pro-

duces PLLA through ring opening polymerization of L-lac-
tide, which is formed by catalytic depolymerization of low
molecular weight PLLA prepolymer14 synthesized by direct
polycondensation polymerization of L-lactic acid (LA). This
route is employed mainly because direct condensation poly-
merization of LA in the bulk state gives only low- to inter-
mediate-molecular-weight polymers due to the low equili-
brium constant of the condensation polymerization reaction.

A solvent with high boiling point such as dicyclohexylcar-
bodiimide or diphenyl ether, which is compatible with PLLA,
is used for the removal of dissociated water by azeotropic
distillation,15 in order to shift the equilibrium state to the
polymer side. PLLA with high molecular weight can be pro-
duced through this solution polymerization route. This route
requires large reactor volume and facilities for evaporation
and recovery of the solvent, which increases the production
cost of PLLA.14

The major route to convert lactic acid to high-molecular-
weight polymer is ring-opening polymerization of lactide.16,17

We have identified an alternative synthesis route based on
direct condensation copolymerization of LA together with
succinic acid (SA) and 1,4-butane diol (BD) to produce high-
molecular-weight biodegradable copolymers of poly(L-lactic
acid-co-succinic acid-co-1,4-butane diol) (PLASB). Most
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importantly, this process is potentially cost-effective. The
effects of content of comonomers on the molecular weight
of the copolymers were explored in this study. PLASB
offers new possibilities to prepare degradable copolymers
for biomedical applications by extending the range of poly-
mer properties achievable.

Recently, electrospinning has attracted a great deal of
attention because it is a polymer processing method that can
lead to the formation of non-woven membranes of nanofi-
bers.18-20 Great efforts have been made to study the effects of
processing parameters on the structure and morphology of
electrospun fibers.21-26 For example, Zong et al.25 investigated
the electrospinning process and the morphological properties
of electrospun polymeric nanofibers. They found that higher
solution concentration favored the formation of uniform
nanofibers with no bead-like features. Furthermore, electro-
spinning technology was found to be a suitable to process
natural biopolymers18,22,27-35 and synthetic biocompatible or
bioabsorbable polymers24,25,36-46 for biomedical applications. 

In the present study, the effects of the processing parame-
ters in electrospinning on the microstructure of biodegrad-
able PLASB membranes was determined. The electrospun
nanofibrous structure is known to be capable of supporting
cell attachment and proliferation.27,32,36-40,47,48 The mechanical
properties of the PLASB electrospun membranes were also
determined.

Experimental 

Materials. L-lactic acid (LA, 85% aqueous solution,
Tedia), 1,4-butane diol (BD, Aldrich) and succinic acid (SA,
Aldrich) were used as received without further purification.
Titanium(IV) butoxide (Aldrich) was used as received to
catalyze the condensation polymerization reactions.49-53 A
typical procedure of copolymerization is shown in Scheme
I. After LA, SA and BD were added into a flask, the mixture
was heated in an oil bath to 120 oC with stirring under dried
nitrogen for 2 h at about 300 torr. Equal amounts of SA and
BD 0.1~1.0 mole each per 100 mole of LA, were used

(Table I). Then, it was heated to 180 oC under nitrogen atmo-
sphere for 3 h to initiate the esterification reaction. The reac-
tor pressure was reduced step by step to 1 torr for 2 h, and
then the reaction was continued for another 40 h for the con-
densation polymerization to proceed. The resulting copoly-
mer was dissolved in chloroform, and then was precipitated
twice in excess methanol. The product was dried in a vac-
uum oven at 60 oC until a constant weight was attained. 

Electrospinning. To prepare electrospun fibers of PLASB,
mixed solvents of methylene chloride (MC) (HPLC; Fisher
Scientific) and dimethylformamide (DMF) (certified A.C.S.;
Fisher Scientific) were used at mixture ratios and different
concentrations. PLASB was dissolved at room temperature,
and the concentrations and the MC/DMF ratio are listed in
Tables II and III, respectively. Electrospinning was per-
formed with a steel capillary tube mounted on an adjustable,
electrically insulated stand as described elsewhere.18,19,27

The inside diameter of the tips of the capillary tube was 1.5
mm. The capillary tube was maintained at a high electric
potential, and it was connected to a syringe filled with 10 mL
of the PLASB solution. A constant volume flow rate was
maintained using a syringe pump, set to keep the solution at
the tip of the tube without dripping. The electric potential,
the flow rate, and the distance between the capillary tip and
the collection screen were adjusted so that a stable jet was

Scheme I. Synthesis of poly(L-lactic acid-co-succinic acid-co-
1,4-butane diol).

Table I. Characterization of Poly(L-lactic acid/Succinic acid/
Butane diol)(PLASB)

Molar Composition
Mw 

(� 104)
Tm 

(oC)Sample Code Feed
LA/SA/BD

Copolymer
LA/SA/BD

PLLA 100/0/0 100/0/0 4.1 152.4

PLASB01 100/0.1/0.1 100/0.26/0.26 8.8 138.1

PLASB05 100/0.5/0.5 100/0.82/0.69 21.0 124.6

PLASB10 100/1.0/1.0 100/1.68/1.35 17.7 120.2

Table II. Electrospun Fiber Diameter vs. Solvent Ratio 
(Conc.=35 wt%)

MC:DMF a

(v/v) 2 : 1 3 : 2 1 : 1 2 : 3

Diameterb (nm) 920� 70 810� 105 530� 40 625� 300
aMC; Methylene Chloride, DMF; Dimethylformamide.
bN=50, Average ± standard deviation.

Table III. Electrospun Fiber Diameter vs. Solution Concen-
tration (MC:DMF=1:1 v/v)

Solution Conc.
(wt%) 15 20 30 35

Diametera (nm) 160� 30 390� 200 500� 110 530� 40
aN=50, Average ± standard deviation.
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obtained. Once a stable jet was produced, either dry or wet
fibers were collected on the screen by varying the distance
between the capillary tip and the collection screen. 

Characterization. 1H NMR analysis was performed on a
Bruker DPX250 FT-NMR (Bruker Instuments, Billerica,
MA). Molecular weights of copolymers were measured by
gel permeation chromatography (GPC) analysis performed
with tetrahydrofuran as eluent (eluent rate of 1 mL/min) on a
Waters 410 (RI detector and column (porosity: 10 µm, Styra-
gel HR 1, HR 2, HR 4, linear)). Calibration was performed
using the polystyrene standard. Thermal properties of the
copolymers were determined by a differential scanning cal-
orimetry (DSC) (Perkin Elmer DSC 7, Norwalk, CT). DSC
thermograms were obtained by scanning from 30 to 180 oC
at the heating rate of 20 oC/min. Mechanical properties of
electrospun membranes were measured using an Instron
tensile tester (Instron 4,200, Canton, MA) at ambient condi-
tion with a crosshead speed of 20 mm/min. The membranes
measuring 0.5 mm in thickness were cut into 8� 40 mm
rectangular shapes for tensile test. Gauge length was set at
20 mm and a load cell of 100 kgf was used. All samples
were stored in vacuum at room temperature before test. Each
test was performed 5 times. The tensile stress and strain
were graphed and the average tensile strength as well as the
tensile modulus and standard deviation determined.

Cell Studies. L929 mouse fibroblast cells (KCLB-10001)
were supplied by the Korea Cell Line Bank (KCLB). The
cells were cultured in 50 mL cell culture flasks containing
Dulbeccos Modified Eagles Medium (DMEM; Gibco). The
cell culture was maintained in a gas-jacket incubator equili-
brated with 5% CO2 at 37 oC. When the cells had grown to
confluence, the cells were digested by 1 mL of 0.05% trypsin
for 1-2 min, then 3 mL of culture medium was added to stop
digestion, and the culture medium was aspirated to cause cell
dispersion after counting the cells. The electrospun PLASB
membranes and the bulk PLASB films cast in chloroform
were cut into small disks (10 mm in diameter, 0.2 mm in
thickness) with the aid of a cork borer and located into a 24
well cell culture plate. All the disks were sterilized by ultra-
violet light for 2 h. 1 mL of cell suspension was evenly placed
on the samples. The cell-seeded disks were maintained at
37 oC under 5% CO2 condition. Subsequently, the culture
medium was removed and then the samples were rinsed with
0.01 M phosphate-buffered saline (PBS; pH 7.2) to remove
any of the residual culture medium and unattached cells.
After the attached cells on the disks were digested by trypsin,
the cell attachment efficiency was determined by counting
the number of cells remaining in the well.54 Cell attachment
and proliferation was measured by 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl tetrazolium bromide (MTT) (Sigma, St.
Louis, MO) staining. Seeded electrospun membranes and
bulk films were incubated in MTT solution (0.5 mg/mL,
37 oC/5% CO2) for 2 h. The intense red colored formazan
derivatives formed was dissolved and the absorbance at 590

nm was measured with a microplate spectrophotometer
(Spectra Max 250, Molecular Devices, Inc, Sunnyvale, CA).
The reference wavelength was 690 nm. Cell number was
correlated to optical density (OD).

SEM was used to determine cell morphology seeded on
the electrospun membranes and the bulk films. Following
harvest, seeded samples were immediately rinsed in 0.2 M
sodium cacodylate buffer, fixed in Karnovsky fixative (2.5%
glutaraldehyde in 0.1 M sodium cacodylate) overnight at
4 oC. Fixed samples were dehydrated through exposure to a
gradient of alcohol followed by Freon (1,1,2-trichlorotriflu-
oroethane, Aldrich, Milwaukee, USA) and allowed to air dry
in a fume hood. Specimens were sputter coated with Au using
a Polaron SC502 Sputter Coater (Fison Instruments), and
examined using a filed emission scanning electron micro-
scope (FESEM, S-4300, Hitachi, Japan) at 15 kV. Fiber and
pore sizes of the membrane were measured from the elec-
tronic SEM images using Corel computer software. A total
of 100 samples were averaged for each image.

Results and Discussion

Synthesis of Biodegradable Poly(L-lactic acid-co-suc-
cinic acid-co-1,4-butane diol) (PLASB). Figure 1 shows a
1H-NMR spectrum of PLASB synthesized in this study. The
peaks centered at 5.14 ppm and those at 1.5 ppm correspond
to the methine and methyl protons of LA units, respectively.
The methylene protons of SA units exhibit their peaks at 2.70
ppm, and those of BD units appear at 1.5 and 4.15 ppm.55-57

The composition of PLASB was determined from the inten-
sity of the peaks at 5.14, 4.15, and 2.70 ppm corresponding
to LA, BD and SA units, respectively. Table I summarizes
the copolymer composition and weight-average molecular
weight (Mw) measured by GPC. A direct condensation poly-
merization of LA yielded PLLA with Mw as low as 2.3�
104. In sharp contrast, Mw of PLASB increased to 2.1� 105,

Figure 1. 1H-NMR spectra of poly(L-lactic acid-co-succinic acid
-co-1,4-butane diol).
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as the contents of SA and BD in the copolymerization
medium rose from 0.1 to 0.5 mole per 100 mole of LA.
However, further increase of the contents of SA and BD to
1.0 mole per 100 mole of LA reduced Mw of PLASB down
to 1.8� 105.

Condensation polymerization of SA/BD with an alkoxide
catalyst produces much higher molecular weight polymer
than that of LA with the same catalyst, indicating that the
equilibrium of the former reaction is much more forward to
the polymer side compared to the latter reaction. Thus, the
content of SA and BD rise is believed to increase Mw of
PLASB due to the shift of the equilibrium.

Thermal properties of PLASB were measured by DSC.
PLLA homoploymer exhibits melting peak (Tm) at 152.4 oC
(Table I). Tm of PLASB copolymer was depressed to 120.2 oC.
This result implies that the successive LA units in the PLASB
copolymer were short due to random incorporation of SA
and BD units into PLASB so that the crystallization of the
segments composed of the successive LA units was greatly
suppressed. It should be noted that the Tm of the PLASB
copolymer is mainly due to the successive LA units. 

Electrospun Porous Membrane. In order to fabricate
porous membranes for cell seeding by electrospinning of
PLASB, the solvent mixture of MC and DMF was used. MC
is a good solvent to dissolve aliphatic polyesters. However,
due to its low boiling point (39.8 oC) and high volatility, the
tip of spinneret capillary is easily clogged while the polymer
solutions are electrospun in this solution. Thus, DMF (b.p.
153 oC) was added in various ratios to increase the boiling
point of the solution, as shown in Table II. The solution of
two solvent mixture was suitable to form a stable drop at the
end of the capillary for electrospinning. The distance between
the tip and the collector was 20 cm and the flow rate of the
fluid was 0.01 mL/min. As the potential difference between
the capillary tip and the aluminum plate counter electrode
was gradually increased to 28 kV (E=1.4 kV/cm), the drop at
the end of the capillary tip was elongated from a hemispher-
ical shape into a cone shape. Figure 2 shows the details of
the morphology of the electrospun fibers examined by SEM.
The individual electrospun fibers appeared to be randomly
distributed in the non-woven membrane. The concentration
of the polymer solution was fixed at 35 wt% and the solvent
ratios of the MC/DMF mixture 2/1, 3/2, 1/1 and 2/3 vol% in
the order of decreasing vapor pressure of the solvent mixture.
As the DMF content increased up to 1/1 vol% in the MC/
DMF mixture, the fibers became smaller and more uniform,
while 2/3 vol% of MC/DMF, the fiber became larger and
the size distribution was much broader than others as shown
in Figure 2 and Table II. Then, we fixed the solvent ratio at 1/1
vol% ratio for electrospinnig and varied the concentration of
the polymer solution. The concentration is known to be one
of the most critical parameters controlling the fiber mor-
phology.25 The SEM images of the membranes spun from the
PLASB solutions of different viscosities are shown in Fig-

ure 3. Drastic morphological changes were found when the
concentration of the polymer solution was changed. It was
impossible to collect continuous fibers at the concentrations
below 15 wt%, from which only the beads, not the fibers
were produced. A composite of large beads and fibers was
generated by electrospinning the PLASB solution at 15 wt%
(Figure 3(a)). The membrane morphology is seen to change
gradually to the uniform fiber-structure (Figure 3(b), Figure
3(c) and Figure 3(d)). As the solution became more concen-
trated, more uniform fibers were formed. On the other hand,
at concentrations higher than 35 wt%, the high viscosity of
the solution prevented the PLASB solution from electro-
spinning, as the droplet at the end of capillary was dried out
before the constant jet could be formed. In addition, the

Figure 2. SEM images of electrospun PLASB fibers from differ-
ent solvent mixture compositions (MC/DMF v/v); (a) 2:1, (b)
3:2, (c) 1:1, and (d) 2:3 (fixed solution concentration; 35 wt%).

Figure 3. SEM images of electrospun PLASB fibers from differ-
ent solution concentrations; (a) 15, (b) 20, (c) 30, and (d) 35 wt%
(fixed solvent mixture compositions; MC/DMF 1:1).
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diameter of the fibers became bigger as the concentration of
the PLASB solution increased, as shown in Table III. Figure
3 and Table III also shows that the size distribution of the
fiber was broad except for the fibers spun from 35 wt% solu-
tion. At lower concentrations, electrospun fibers are harder to
dry before they reach the collector. The wet fiber often would
result in the undulating morphology as seen in Figure 2(b)
and Figure 3(c). In contrast, at higher concentrations, the
electrospun fibers are mostly dried by the time they are col-
lected. To obtain a uniform fiber-structure, higher polymer
concentration is preferred within the processing limit.

Mechanical properties, such as tensile modulus, ultimate
tensile stress, and ultimate strain, were evaluated as shown
in Table IV. Since the fibers were randomly oriented within
the nanofibrous structures, mechanical isotropy is expected in
the X-Y plane of the specimen. The tensile modulus of elec-
trospun membranes decreased as the concentration of the
solution increased from 20 to 35 wt%, but the tensile strength
and elongation increased up to 45� 4 MPa and 45.4� 12.7%,
respectively. We decided to use the membrane electrospun
from the 35 wt% polymer solution for the cell seeding
experiment because it was least brittle and had the most uni-
form fiber size.

Cell Studies. One of the main objectives in the field of
biomaterials is to fabricate matrices that can mimic the
structure and biological function of the extracellular matrix
(ECM).38,58,59 ECM is composed of proteoglycans and fibrous
collagen. Ideally, the dimensions of the building blocks of a
tissue-engineered scaffold should be on the similar scale as
those of natural ECM.60,61 The scaffold should also have
mechanically supportive properties for tissue regeneration
while at the same time guiding cell differentiation and func-
tion. To achieve this goal, natural and synthetic polymers
have been electrospun to produce nanofibrous membranes.
A tissue engineering scaffold material must also support
cellular attachment and growth. To evaluate cellular behavior
on the electrospun PLASB porous membranes, L929 mouse
fibroblast cells (KCLB-10001) were seeded and cultivated
on the membranes. Cells were also cultivated on the PLASB
cast films for comparison. The samples were prepared in
discs with the thickness of 0.2 mm and the diameter of 0.5 cm.
On day 1 approximately 30% more cells (6.2� 104 cells/mL)
were attached to PLASB bulk film when compared with the
PLASB porous membrane (4.2� 104 cells/mL). In both bulk

film and porous membrane, the cell numbers were slightly
increased on day 3 when compared with day 1, which sug-
gests the cell growth had occurred (Figure 4). After 7 days,
the cell numbers for both cases were significantly increased
and the numbers were similar. The difference in cell density
at day 1 between the bulk film and porous membrane may
be due to the different initial cell attachment caused by the
different surface morphology. In case of porous membrane,
when the cell was seeded initially, some cells could be lost
through the pores of membrane. Cell density was also deter-
mined by the MTT analysis (Figure 5) for the porous mem-
brane and the bulk film. Fibroblast cells grown on bulk films
(for both 7 and 14 days) showed higher MTT values compared
with cells grown on porous membranes. Fibroblast cell
attachment and cultivation was confirmed by SEM. SEM
analysis in Figure 6 shows that after 7 days of cultivation,
most parts of the bulk films and porous membranes were
densely populated with fibroblast cells and the surfaces
were covered by a cell sheet. While the cells on bulk films
remained on the surface (Figure 6(a)), some cells migrated
underneath the fibers on porous membranes (Figure 6(b)).
After 14 days, the cells migrated into the fibrous membranes
and covered fibers as shown in Figure 7. In view of the cell
proliferation assessment, the electrospun nanofibrous mem-
brane structure was found to show favorable cell growth as a
scaffold. This novel biodegradable scaffold has potential
applications for tissue engineering based upon its unique
architecture, degradable composition and overall biocom-
patibility. 

Table IV. Tensile Properties of Electrospun Fibers

Concentration
(wt%)

Modulusa

(MPa)
Strengtha

(MPa)
Elongationa

(%)

20 302� 38 22� 5 17.0� 3.3

30 222� 35 34� 3 20.4� 6.5

35 156� 42 45� 4 45.4� 12.7
aN=5, Average ± standard deviation.

Figure 4. The number of fibroblast grown on PLASB electrospun
membranes and bulk films. All experiments were performed in
triplicate and the error bars indicate the standard deviation.
(Blank; positive control, Phenol solution; negative control).
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Conclusions 

A direct condensation polymerization of L-lactic acid (LA),
succinic acid (SA) and 1,4-butane diol (BD) with titanium
(IV) butoxide produced the high-molecular weight poly(L-
lactic aicd-co-succinic acid-co-1,4-butane diol) (PLASB).
Mw of PLASB was 2.1� 105 g/mol when the content of SA
and BD in the copolymerization medium was 0.5 mole per
100 mole of LA, and Mw of PLLA was 2.3� 104 g/mol in
the absence of SA and BD. 

Fine fibrous membranes with fiber diameter of 530� 40

nm were formed from the PLASB solution (35 wt%) in MC/
DMF (1/1 vol%) mixed solvents by electrospinning. To
evaluate cell behavior on the electrospun PLASB porous
membranes, L929 mouse fibroblast cells (KCLB-10001)
were seeded and cultivated on the porous membranes and
compared with the bulk films. Even though initial cell
attachment on the bulk film was better than on porous mem-
branes, cell proliferation on both was similar after 14 days
of incubation. Furthermore, while most of the cells on bulk
films remained on the surface, some cells migrated under-
neath the fibers on porous membranes, which indicates the
electrospun nanofibrous structure has favorable cell growth
characteristics as a scaffold. 
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