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Scanning electron microscopy (SEM), diffraction scanning calorimetry (DSC), and X-ray diffraction (XRD)
techniques were employed to characterize nanofiber structure and morphology. The properties of
nanofibers including the mechanical property and the thermal behavior, especially biodegradability,
were investigated. Due to stretching and molecular chain orientation in electrospinning process, the Ty,
Tm and W, of the nanofibers were higher than that of the corresponding tercopolymers. The Tg, T;, and
W, of the nanofibers decreased with increasing TMC content in copolymers. The mechanical properties
of nanofibers changed with the different feed molar ratio. The degree of degradation of nanofibers was
faster than that of the corresponding copolymers. In addition, the degradation behavior of nanofibers also
altered with the different feed molar ratio. The data obtained would provide more details for application
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of tercopolymer nanofibers in biomedical field.
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1. Introduction

Electrospinning is a convenient method which can pro-
duce ultrafine fibers with diameters ranging from micron scales
to nanometers through high electric field (Aussawasathien,
Teerawattananon, & Vongachariya, 2008). The resulted electrospun
fibers have such characteristics as high porosity, large surface area
to volume ratio and flexibility for surface functionalization, which
make them have potential applications in medical areas such as
tissue engineering scaffolds, immobilized enzymes and catalyst
systems, wound dressing, artificial blood vessels, materials for the
prevention of postoperative-induced adhesions, and so forth (Jia
& Dong, 2010; Shen et al., 1997; Yoo & Park, 2009). Numerous
biodegradable materials have been electrospun into nanofibers and
demonstrated their potential as medical materials candidates (Lee
& Jeong, 2009; Rujitanaroj & Pimpha, 2008)

Recently, nanofibers of biodegradable aliphatic polymers are
receiving more and more attention (Zhu & Pitt, 1991). Among those
aliphatic polyesters, much interest has been concentrated on PCL,
PTMC, PLLA, PPDO, PGA as well as their copolymers (Duda & Biela,
1998; Jia & Shen, 2008; Middleton & Tipton, 2000; Narayan & Park,
2003). Xie and Wang (2006) developed PLGA-based nanofibers as
implants for the sustained delivery of paclitaxel to treat C6 glioma
in vitro. Li prepared copolymer nanofibers of PLA/PGA, charac-
terized the nanofibers structure and investigated cell adhesion
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on nanofibers (Li & Cato, 2002). Laleh manufactured PCL/gelatin
nanofibrous scaffolds for nerve regeneration (Laleh & Molamma,
2008). These studies demonstrate that nanofibers with special
properties can be obtained by selecting a combination of com-
ponents and adjusting the ratio of the constituents to meet the
needs of different biomedical uses. Encouraged by the advantages
of copolymers, a series of the tercopolymers derived from LA, &-
CL and TCM with different feed molar ratio were synthesized to
develop a new family of biodegradation polymers in our previ-
ous work. The optimum reaction conditions of tercopolymers were
obtained (Jia & Shen, 2008). Meanwhile the corresponding electro-
spun nanofibers were prepared and characterized, and the most
suitable eletrospun process has been gotten. In addition, the prop-
erties of the tercopolymers and nanofibers including the thermal
behavior and the crystallinity were also studied (Jia & Dong, 2010).

For biomedical materials, the biodegradability is one of the
important properties. The different materials have their own dif-
ferent degradation. The degradation rate of PCL, PTMC is much
slower than that of PLLA (Han, Branford-White, & Zhu, 2010).
Biodegradability can also be tailored with the desired effects just
as mentioned above by selecting different monomers copoly-
merization. Tsuji and Fay investigated the biodegradability of
CL/LA copolymer, showing that the degradation rate of PCL
increased due to adding LLA (Fay & Linossier, 2006; Tsuji & Ikada,
1998). To select the suitable biodegradable scaffolds for different
biomedical applications, Kwangsok fabricated nanofibers of PLA-
based multi-component blends containing two bridging materials
PLA-b-PEG-b-PLA triblock copolymer and PLGA random copoly-
mer (Kim and Yu, 2003). To gain more details for application
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Fig. 1. SEM of TPE-1 and TPE-2.

of &-CL/TMC/LLA tercopolymer nanofibers in biomedical field,
nanofibers of tercopolymers were prepared. The properties, espe-
cially the biodegradability, were investigated preciously in this

paper.
2. Experimental
2.1. Materials

Tercopolymers with molar ratio of TMC/LLA/CL of 10/50/40
(TP1) and 20/40/40 (TP2) were prepared in our previous work.
Dimethyl formamide (DMF), methylene chloride (MC) were used
as received.

2.2. Film preparation

The films were prepared by casting a MC solution of the ter-
copolymer at a concentration of 10-15wt% on the surface of a
polytetrafluorethylene film. The films of tercopolymer were dried
under atmospheric temperature for 1 day, and then, were dried
under vacuum at room temperature for another day.

2.3. Nanofiber preparation

The various electrospinning parameters, such as solvent, the
tercopolymer concentration, the voltage and the tip-collector dis-
tance (TCD), were investigated detailedly in our previous work (Jia
& Dong, 2010). The obtained optimum conditions for electrospin-
ning nanofibers were: solvent DMF/MC=40/60 (molar ratio), 30%
copolymer concentration, 12 kV voltage and TCD 12 cm. According
to the optimum conditions, nanofibers of copolymer TP1 and TP2
were fabricated (nanofibers of TP1 and TP2 are designated here-

TPE-1

Endo

T T T T T T T T T

-50 0 50 100 150 200
Temperature (°C)

250

after as TPE-1 and TPE-2 respectively). The average diameters of
TPE-1 and TPE-2 were 367 nm and 395 nm. Fig. 1 is SEM photos of
TPE-1 and TPE-2.

2.4. Biodegradation

Nanofibers of tercopolymers were put into sample vials with
100 ml phosphate buffer solution (pH=7.4), which was thermo-
statically controlled at 37 4+ 1 °C. And then, the samples were took
out regularly and characterized.

2.5. Characterizations

The structure, morphology and average diameter of fibers were
characterized by SEM (JSM-5600LV, JEOL Ltd.). DSC measurements
were carried out on a thermal analyzer (TA) Instrument (DSC2010)
(TA Instruments Ltd., New Castle, USA) covering —60 to 250°C, in a
nitrogen atmosphere at a heating rate of 10°C min~!. XRD powder
patterns of the nanofibers were recorded with a Rigaku Dmax-II
X-ray diffractometer using nickel-filtered Cu Ko radiation at 40 kV
and 50 mA in the 26 ranges of 4° to 40°. The mechanical properties
were tested on a Shinkch Testing Machine at a cross-head speed of
20mmmin~! at room temperature. Viscosity was measured with
an Ubbelodhe Capillary Viscometer (Cannon Company, Pittsburgh,
USA), thermostatically controlled at 25 °C. Intrinsic viscosity ([1])
was calculated by the ‘One Point Method’ and expressed in dl/g:

[n]=[2x(nsp —In 7]r]1/2C

where 1, =1/ng and nsp =1, — 1, n and ng being the viscosity of the
polymer solution and that of the solvent, respectively (0.1 gdl~!
concentration).
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Fig. 2. DSC curves of TPE-1 and TPE-2.
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Fig. 3. XRD spectra of TPE-1 and TPE-2.

3. Results and discussion
3.1. DSC and XRD analysis

Fig. 2 shows the DSC curves of TPE-1 and TPE-2. Two melt-
ing points and a crystal exothermal peak were observed in the
DSC curves of nanofibers. The phenomena were similar to those
observed by Zong and Kim (2002) during electrospinning of PLLA.
Appearance of the crystal exothermal peak may be due to polymer
chain orientation in electrospinning.

The higher melting point was confirmed to be the crystal melt-
ing point of the tercopolymer PLLA sequence. The reason was that
the higher melting point (144.78 °C) approached the melting point
of pure PLLA (150-160°C). Then, how to explain the lower melting
point? The lower melting point approached the melting tempera-
ture of the PCL sequence in the copolymer, which was probably
considered to be the melting temperature of the PCL sequence.
However, there was no PCL crystal peak found in the XRD spec-
tra (Fig. 3). In addition, the experiments carried out by Zong et
al,, focused on PLLA electrospinning. Therefore, the low temper-
ature crystal melting peak was assigned to another crystal melting
peak of a PLLA block in the tercopolymer formed during electro-
spinning. It is proposed that the crystal defects in the fractional
PLLA block were greater and the crystal nucleus was thin during
the electrospinning process, which led to a lower melting temper-
ature.

From Table 1, it was observed that Tg, Tp,, and W, (results cal-
culated from W.=AH;;/AH, where AH, of PLLA is 93.1]/g, and
AH, of PCLis 142 ]/g) (Kricheldorf & Kreiser-Saunders, 1995) of the
nanofibers were all higher than that of corresponding tercopolymer
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Fig. 4. The intrinsic viscosity of the electrospinning fibers and the corresponding

membranes with degradation time.

Table 1

DSC data of TPE-1 and TPE-2.
Samples T, (°C)  Tw, (O Tu, Q) W (%) W, (%)
TPE-1 16.3 48.7 144.78 8.9 21.2
TP1 14.7 - 142.27 - -
TPE-2 5.2 61.15 110.47 1.9 2.9
TP2 2.0 58.33 106.23 - 1.9

films. This phenomenon was similar to that previously observed (Jia
& Kim, 2006). During the electrospinning process, the molecular
chain orientation improved and more molecules existed in crystal
state with increasing the fiber elongation ratios. Thus, the Tg, Tp,
and W, increased relatively.

It also can be seen in Table 1 that Tg, Ty, and W, of TPE-1 were
higher than that of TPE-2. The reason lied in the different feed molar
ratio of monomers in copolymers. It is well known that PTMC is an
amorphous or low-crystalline polymer with low T, while PLLA is
semi-crystalline with high Tg. The TMC content in TPE-2 was higher
than that of the TPE-1, and the LLA content was inverse, which made
them comply with the above rules.

3.2. The mechanical property

The mechanical property is one of the important performances
for nanofibers as biomedical materials. The mechanical properties
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Fig. 5. XRD spectra of e-spun fibers TPE-1 with degradation time (days).
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Table 2
Mechanical properties of electrospinning nanofibers.

Polymers Tensile stress at Tensile strain at
maximum (MPa) maximum (%)

TP1 37.5 161

TPE-1 13.2 113

TP2 3.7 626

TPE-2 2.6 468

of nanofibers of CL/TMC/LLA tercopolymers were tested and listed
in Table 2. Tensile stress at maximum of nanofibers was lower
than that of corresponding copolymers. On one hand, the molecular
chain orientation of single fiber improved with increasing the fiber

229

elongation ratios during the electrospinning process. However, on
the other hand, the disordered arrangement of nanofibers made its
tensile strength decreased. In addition, the influence of the latter on
the tensile strength was much higher than that of the former. There-
fore, the tensile stress at maximum of nanofibers was lower than
that of corresponding copolymers. The tensile stress at maximum of
TPE-1 was higher than that of TPE-2, while the tensile strain at Max-
imum was opposite. The reason was also attributed to the different
feed molar ratio of monomers in copolymers mentioned above. It
was reported that the tensile fracture strength of human body skin
was 5-30 MPa, elongation fracture was for 35-115%. Therefore, the
prepared nanofibers have potential applications in biomedical field
in view of the mechanical properties.
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Fig. 6. SEM of TPE-1 and TPE-2 with degradation time.
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3.3. Biodegradability

3.3.1. Viscosity changes

Fig. 4 shows the viscosity changes of the copolymer nanofibers
with degradation time. The viscosity declined with increasing
degradation time, which meant the degradation occurred with
time. Compared the viscosity of the copolymer membranes with
that of the corresponding nanofibers after degradation 225 days, it
was found that the degree of viscosity decline of the former was lit-
tler than that of the latter. The phenomenon mentioned above was
caused by large surface area to volume ratio of nanofibers, which
offset the degradation effect of crystallinity and had a dominant
position, though the crystallinity of nanofibers being higher than
that of the corresponding copolymers.

3.3.2. XRD

Fig. 5 shows XRD spectra of TPE-1 with degradation time. It
was obvious that the intensity of diffraction peak (26 =19°) of PLLA
structural unit increased gradually with prolonging the degraded-
time. After 45 days, the characteristic diffraction peaks (260=21°
and 23°) for PLLA structural unit appeared, and the intensity of
peaks strengthened with degradation time. Another diffraction
peak (20 =17°) for PLLA was observed after 90 days, which followed
the same rule mentioned above.

The biodegradation rate of PLLA is much faster than that of PCL
and PTMC. The hydrolysis of aliphatic polyester first occurs in the
amorphous area and the crystallization area edge. The ester bonds
of polyester were attacked by water molecular, resulting in break-
ing of molecular chain and producing polymer pieces. These were
verified by XRD spectra above.

3.3.3. SEM

Fig. 6 presents the SEM photos of TPE-1 and TPE-2 morphology
in vitro with the degradation time. For TPE-1, a small amount of
chippings scattered onto the fiber surfaces after 90 days, while the
fiber morphology changed little. The fiber fracture could be seen
obviously after 135 days, and the fracture further intensified with
increasing time. After 225 days, the fibers became the short ones
with the average length only about 2 wm, and looked like powder
from the macroscopic view.

SEM photos of TPE-2 degradation morphology in vitro are very
different from that of TPE-1. The fiber morphology has become
vague and the membrane with holes could be seen after 90 days.
The membrane with holes changed into the morphology with more
holes and more blocks with prolonging the degradation time. After
225 days, the membrane morphology with more holes and more
blocks evolved into crisp membrane with a lot of holes distributed
on the surface of the membrane.

The phenomena could be interpreted as follows: LLA compo-
nent in TPE-2 was lower than that of TPE-1, which made the
sequence length of PLLA in molecular chain become short, resulting
in Tz (5.2 °C) being much lower than the temperature of degrada-
tion (37°C). Owing to heat effect in degradation conditions, the
molecular chains slacked and fibers shrunk which caused fibers
conglutination, and eventually formed adhesion membrane. The
membrane was ruptured into blocks, which was caused by the
strength loss of the membrane and the oscillating during degra-
dation. In addition, due to CO, emission in degradation, many
numerous holes formed in the surface of membranes. While for
TPE-1, due to the high T, the degradation morphology of fiber was
observed clearly during the whole degradation process.

4. Conclusions

The properties of &-CL/TMC/LLA random tercopolymer
nanofibers including the mechanical property and the ther-

mal behavior, especially biodegradability, were investigated. Two
melting points and a crystal exothermal peak were observed
in the DSC curve of nanofiber. Due to stretching and molecular
chain orientation in electrospinning process, the Tg, T and W,
of the nanofibers were higher than that of the corresponding
tercopolymers. The Tg, T, and W, of the nanofibers decreased with
increasing TMC content in copolymers. The mechanical properties
of nanofibers changed with the different feed molar ratio. The
degree of degradation of nanofibers was faster than that of the
corresponding copolymers. In addition, the degradation behavior
of nanofibers also altered with the different feed molar ratio.
The data obtained would provide more details for application of
tercopolymer nanofibers in biomedical field.
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