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Abstract 

Due to the high surface area to volume ratio, polymer nanofibers are expected to 
be used for a wide range of applications such as tissue engineering, drug 
delivery, wound dressing scaffolds, artificial blood vessels and so on. 
     Poly L-lactic acid (PLLA) is a thermoplastic resin with a melting temperature 
of about 180°C. Its melting temperature is not high enough in some applications. 
An equimolar mixture of poly L-lactic acid (PLLA) and poly D-lactic acid 
(PDLA) can be crystallized into a stereocomplex-type PLA (SCPLA). The 
melting point of a stereocomplex crystal is 50°C higher than that of PLLA. It has 
been reported that SCPLA is more stable against hydrolysis than PLLA.   
     Poly lactic acid (PLA) is one of a few polymers that are practically applied as 
various medical materials such as implants and sutures. Since PLA is easily 
hydrolyzed in a water environment, the effect of water absorption on the 
mechanical properties should be investigated. 
     In this study, the influence of hydrolysis on the mechanical properties of 
PLLA and SCPLA nanofiber were investigated by a single nanofiber tensile test. 
The tensile strengths of PLLA and SCPLA nanofiber were 141MPa and 
165MPa, respectively. The immersing in water at 37°C for 4 weeks does not 
affect the mechanical properties of either PLLA or SCPLA. 
Keywords: electrospinning, nanofiber, poly L-lactic acid (PLA), tensile test, 
stereocomplex-type PLA, hydrolysis. 

1 Introduction 

Polymer nanofibers are attractive materials for a wide range of applications 
because of their large surface area to volume ratio and unique nanometer scale 
architecture. Due to the high-affinity for cell, nanofibers are expected to be used 
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for wide applications in the medical field, such as tissue engineering scaffolds, 
drug delivery carriers, biosensors, molecular filtration membranes, highly 
functional clothes and so on [1–7].  
     An electrospinning technique is a simple method for the production of 
nanofibers. In this technique, a polymer solution is blown out from a needle hole, 
while an electric field is applied between a polymer solution and a target. During 
the electrospinning process, the solvent evaporates and polymer nanofibers are 
fabricated on the target [3, 8, 9]. 
     Poly L-lactic acid (PLLA) is a thermoplastic resin with a melting temperature 
of about 180°C [7]. Although this melting temperature is fairly high compared to 
the other biodegradable polymers, its melting temperature is not high enough in 
some applications [10, 11]. An equimolar mixture of poly L-lactic acid (PLLA) 
and poly D-lactic acid (PDLA) can be crystallized into a stereocomplex-type 
PLA (SCPLA) [12–14]. The melting point of stereocomplex crystal is 50°C 
higher than that of PLLA [13]. Furthermore, it has been reported that SCPLA is 
more stable against hydrolysis than PLLA [2, 7].   
     Poly lactic acid (PLA) is one of the few polymers that is practically applied in 
various medical materials such as implants and sutures [15]. The reduction of 
mechanical properties by biodegradation cannot be avoided. Thus it is significant 
to clarify the influence of hydrolysis on the mechanical properties of PLA 
nanofibers [16]. Due to the difficulty in handling individual nanofibers, 
hydrolysis of single nanofibers have not been clarified yet. 
     In this study, to understand the influence of hydrolysis on the mechanical 
properties of PLLA and SCPLA nanofibers, the nanofibers that spun by 
electrospinning were immersed in distilled water at 37°C for 4 weeks. Tensile 
tests were performed for dry and wet specimens. 

2 Experimental  

2.1 Materials and method 

PLLA and SCPLA were used in this study. The PLLA (weight-average 
molecular-weight, Mw = 2.7×105 g/mol) and PDLA (Mw = 1.8×105 g/mol) 
were blended (PLLA/PDLA = 1:1). Two kinds of solvents were mixed at 
different concentration. DCM (DCM: dichloromethane) is used for solvent 
purpose and DMF (DMF: dimethylformamide) was added to control solution 
conductivity. It is known that higher solution conductivity results in the 
formation of nanofibers with less beads and smaller diameters. DMF has a 
dielectric constant of 37, whereas DCM has a dielectric constant of 8.9. Polymer 
was first dissolved in DCM before DMF was added. The nanofibers were 
fabricated from 8 wt% polymer solution with DCM and DMF in the ratio of 8:2 
(w/w) as the solvent. Nanofibers were fabricated using Nanofiber 
Electrospinning Unit (NEU, Kato Tech) shown in Fig. 1. Electrospinning was 
conducted at room temperature (15 ± 3°C), with relative humidity at 35–40%. 
An applied voltage was set for 15 kV between the needle for polymer solution 
and the target with a flow rate of polymer solution of 3.0×10-4 ml/sec. PLLA and 
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SCPLA nonwoven nanofiber was spun on the collector of aluminum foil and 
single nanofiber was spun on the collector of Cu strips. To fabricate aligned 
single nanofibers for the tensile test, two Cu strips which were placed parallel 
with 30 mm distance were used for target (as shown in Fig. 2). Circuit and 
electrodes were placed as shown in Fig. 3. The electrical potentials difference 
between two Cu strips was set at 3 V. Some specimens of PLLA and SCPLA 
nanofibers were immersed in distilled water at 37°C, which will be called as wet 
specimens, and they were removed after immersed in water for 4 weeks. Tensile 
test was performed for dry and wet specimens. SCPLA and PLLA nanofibers 
were not immersed in water are called SCPLA0h and PLLA0h respectively. 
SCPLA and PLLA nanofibers immersed in water for 4 week are called 
SCPLA4W and PLLA4W respectively. 
 
 
 

 

Figure 1: Nanofiber electrospinning unit. 

 
 
 

 

Figure 2: Device for fabrication of aligned single nanofibers. 
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Figure 3: Schematic drawing of fabrication of aligned single nanofibers. 

2.2 Mechanical properties 

Scanning electron microscopy (SEM, JSM-6390LT, JEOL), were used to 
investigate the structure and morphology of the electrospun PLLA and SCPLA 
nanofibers for dry and wet specimens. Differential scanning calorimetry analyses 
were performed in order to assess changes in the crystallization behavior of 
PLLA4W and SCPLA4W nanofibers after hydrolysis. DSC analyses were 
performed on a Differential scanning calorimeter (DSC, DSC-60, SHIMADZU). 
The samples (2 mg) were ramped from room temperature to 300°C, isothermal 
for 2 min, and then ramped down to 25°C. The scanning rate was set for  
10°C/min. 
 

 

Figure 4: Procedure of specimen preparation. 
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     Specimens for tensile test were prepared by using aligned single nanofibers. 
On an Al tab, a single nanofiber was glued with conductive tapes (as shown in 
Fig. 4). The tensile tests of nanofibers for dry and wet specimens were conducted 
using a nano tensile testing machine (NanoTensile, Hysitron), at a displacement 
rate of 10 m/s (0.6 mm/min). This testing machine has 500 mN load range and 
12.5 nN load resolution. After tensile test, the diameter of nanofiber which 
bonded to conductive tape was measured using the SEM. The average value of 
diameter at five points was used to calculate the tensile strength. 

3 Result and discussion 

3.1 Morphology 

The SEM images of the PLLA0h and SCPLA0h nonwoven nanofibers are shown 
in Fig. 5. A noticeable change in fiber uniformity didn’t observed. The average 
fiber diameter of PLLA0h nanofibers was 490 ± 90 nm based on an average of 
20 fibers, while that of the SCPLA0h was 440 ± 70 nm. The SEM images of the 
PLLA4W and SCPLA4W nonwoven nanofibers are shown in Fig. 6. The surface  
 

   
(a) PLLA0h.                                (b) SCPLA0h. 

Figure 5: SEM images of nonwoven nanofibers.  

   
(a) PLLA4W.                                      (b) SCPLA4W. 

Figure 6: SEM images of nonwoven nanofibers after immersion in distilled 
water for 4 weeks.  
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of both the PLLA4W and SCPLA4W was partially covered with accretions, but 
erosion was not observed on the surface of both nanofibers. 

3.2 Tensile test 

A typical stress-strain curve of single electrospun PLLA nanofiber is shown in 
Fig. 7. After elastic deformation, large plastic deformation was observed. For 
SCPLA nanofibers, similar behavior was observed. The tensile strengths are 
shown in Fig 8. The tensile strength of SCPLA0h nanofibers was 165 ± 14 MPa, 
while that of the SCPLA4W was 156 ± 39 MPa. The tensile strength of PLLA0h 
nanofibers was 141 ± 19 MPa, while that of the PLLA4W was 137 ± 16 MPa. 
The immersing in water at 37°C for 4 weeks does not effect on the mechanical 
properties of both PLLA and SCPLA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Example of a stress–strain curve for a single electrospun nanofiber 
(PLLA0h). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: The tensile strength for PLLA and SCPLA of dry and wet 
specimens. 
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3.3 Thermal analysis 

To evaluate the influence of hydrolysis on the crystalline structure of nanofibers, 
DSC analyses on the PLLA and SCPLA nanofibers for dry and wet specimens 
were conducted. The heating curves are presented in Figs. 9. The quantitative 
results of the DSC curves are tabulated in Table 1 where the onset melting 
temperature and crystallinity values are listed. The melting points (Tm) of the 
PLLA0h and SCPLA0h nanofibers were recorded at 173°C and 216°C, 
respectively. The higher Tm of the SCPLA nanofibers indicates the presence of 
stereocomplex crystals formed during the electrospinning process. The 
crystallinity values of the PLLA0h and SCPLA0h nanofibers were recorded at 
47% and 37%, respectively. The crystallinity values of the PLLA4W and 
SCPLA4W nanofibers were recorded at 27% and 31%, respectively. The 
immersing in water had significant effects on the crystalline structure of PLLA 
nanofibers. In SCPLA nanofibers the decrease in crystallinity values for SCPLA  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: The heating curves for PLLA and SCPLA nanofibers of dry and 
wet specimens. 

Table 1:  The corresponding thermal properties of PLLA and SCPLA 
nanofibers dry and wet specimens. 

 
Tm (°C) Crystallinity values (%) 

PLLA0h 173 47
PLLA4W 172 27
SCPLA0h 216 37
SCPLA4W 214 31
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was not as significant as PLLA. This suggests that the hydrolysis by water is 
only high enough to induce chain scission in crystalline structure of PLLA and is 
inadequate to cause damage to the crystalline structure of SCPLA. 

4 Conclusions  

In this study, to understand the influence of hydrolysis on the mechanical 
properties of PLA nanofibers, tensile test was performed for PLLA and SCPLA 
nanofibers for dry and wet specimens. DSC analyses on the PLLA and 
SCPLA nanofibers for dry and wet specimens were conducted. The investigation 
yielded the following conclusions. 
 

1. The tensile strength of PLLA0h and SCPLA0h nanofiber were 141MPa 
and 165MPa respectively. The tensile strength of PLLA4W and 
SCPLA4W nanofiber were 137MPa and 156MPa respectively. The 
immersing in water at 37°C for 4 weeks does not affect on the 
mechanical properties of both PLLA and SCPLA. 

 
2. The crystallinity values of the PLLA0h and SCPLA0h nanofibers were 

recorded at 47% and 37% respectively. The crystallinity values of the 
PLLA4W and SCPLA4W nanofibers were recorded at 27% and 31% 
respectively. This suggests that the hydrolysis by water is only high 
enough to induce chain scission in crystalline structure of PLLA and it 
is inadequate to cause damage to the crystalline structure of SCPLA. 
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