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Abstract

This article reports the production of electrospun fibers from blends of poly(lactic acid) (PLA) and
epoxidized natural rubber (ENR) solutions. The produced fibers were characterized by scanning
electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA) and dynamic mechanical analysis (DMA).
SEM images showed the reduction in fiber size with ENR content of up to 25% in the mixture
PLA/ENR. FTIR analysis revealed a possible interaction between carboxylic group of PLA and
epoxi group of ENR. Thermal analysis showed the increase of the crystallinity fraction with ENR
content and a decrease in thermal stability of eletrospun mats with the addition of ENR. The dy-
namic mechanical properties showed an enhancement of the stiffness of PLA/ENR blends with the
increase of ENR content, which can support the production of interesting materials for tissue en-
gineering based on renewable and biocompatible polymers. The reported properties indicate the
possibility to use such fiber mats as potential materials in tissue engineering.
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1. Introduction

Electrospinning has been received considerable attention due to its high efficiency in producing nonwoven mats
from fibers that are micro or sub-micron in diameter [1]-[3]. Such mats are effective in providing large surface
area-to-volume and length-to-diameter ratios, thereby being used in humerous applications like tissue engineer-
ing scaffolds [4]-[7], sensors [8], protective clothing [9], separation membranes [10], wound healing [11], re-
lease of drugs [12], etc.

In the electrospinning process a polymer solution is usually pumped through a metal capillary, acting as an
electrode to which a high intensity electric field is applied. Initially, the solution is maintained by its surface ten-
sion in the form of a drop at the end of the capillary. As the electric forces overcome the surface tension of the
solution, a polymeric jet is generated from the surface of the droplet and travels towards to the grounded target.
During the trajectory of the jet, the solvent evaporates and consequently polymer fibers can be collected [13]-
[15].

Recently, the use of biodegradable and biocompatible polymers has become increasingly important due to
their fascinating characteristics such as natural abundance, low costs, and wide range of applications [16].
Moreover, biodegradable polymers and their blends have been concerned to overcome the environmental issues
which arise from the nondegradable polymers. Electrospinning has been applied in producing numerous biode-
gradable polymers mats for biomedical applications, such as poly(lactic acid) (PLA) [17] [18], poly(e-caprolac-
tone) (PCL) [19], poly(glycolic acid) (PGA) [20], poly(lactide-co-glycolide) (PLGA) [21].

This work reports the production of a new biomaterial based on electrospun PLA/NR blends which combine
the properties of a very well-established polymer as PLA with those of NR, which has been cited as an interest-
ing biomaterial due to its recently discovered biological properties [22] [23]. In this approach, important proper-
ties of PLA as solubility in common solvents, biodegradability, good mechanical properties, and biocompatibil-
ity [24] [25] are combined with those of natural rubber (NR) as recently demonstrated applications in stimulat-
ing wound healing, angiogenesis, and tissue regeneration [22] [23]. The electrospinning method is chosen due to
its capability of providing membranes with a very large surface area which can offer ideal space for cell adhe-
sion and proliferation, also the porous structures can provide windows for oxygen and nutrients transfer when
the scaffolds are used in tissue engineering applications.

A previous work reported the fabrication of a biocompatible material of PCL/NR blend by electrospinning [23]
with potential application in tissue engineering. Authors found out membranes with high porosity and a de-
creasing in fiber diameter with the increase of NR content in the blends.

However, difference in electrical polarity between these PLA and NR may hamper the compatibility between
two polymers. As NR is an unsaturated polymer with a large number of double bonds in the backbones that are
reactive, epoxidized natural rubber (ENR) can be prepared in latex stage by reacting natural rubber with perox-
ide [26] [27] forming epoxy groups of ENR that would improve the polarity of rubber and hence promoting
compatibility with PLA. Nghia et al. [28] investigated the compatibility of the ENR/PLA solution blend; they
concluded that the reaction occurred between the epoxy groups of ENR and the ester groups of PLA. In this way,
a new biomaterial based on PLA/ENR electrospun blends was obtained by electrospinning approach and the ef-
fect of ENR content on the blends was studied with the help of characterization techniques such as scanning
electronic microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA) and dynamic mechanical analysis (DMA.).

2. Experimental
2.1. Materials

PLA (Poly(lactic acid) (polylactide resin 4042D) with a molecular weight of 66,000 g/mol was acquired from
Nature Works LLC (Minnetonka, MN). Natural rubber latex (solid content 61.9%) was kindly supplied by Tea-
dit Industria e Comércio Ltda. (Rio de Janeiro, Brazil). Chloroform, formic acid (98% purity), hydrogen perox-
ide (30% - 32%), sodium carbonate and ethanol were purchased from Sigma-Aldrich (Sdo Paulo, Brazil). Ultra-
nex NP 95 (nonylphenylpoly(ethylene glycol)) of 9.5 EO (humber of ethylene oxide molecules) was supplied by
Oxiteno S. A. Industria e Comércio (S&o Paulo, Brazil). The polymers and all chemicals were used without fur-

ther purification.
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2.2. Epoxidation of Natural Rubber in the Latex

Epoxidized natural rubber (ENR), containing 20 mol % epoxy groups, was obtained as described elsewhere [26].
Briefly, NR latex was diluted to 20% DRC (dry rubber content) and stabilized with 5 phr of Ultranex NP 95.
The epoxidation reaction was carried out in a thermostatic bath to control the reaction temperature. Formic acid
was added and the temperature was raised to 40°C. Subsequently, the hydrogen peroxide solution was added and
the reaction medium was then kept at 70°C for 8 h. After epoxidation, the reaction medium was neutralized with
10% aqueous sodium carbonate solution. The product was coagulated in ethanol and dried.

2.3. Samples Preparation

Polymer solutions were previously prepared at room temperature under magnetic stirring. PLA/ENR (a blend
polymer consisting of PLA and ENR in the ratios 100/0, 90/10, 75/25 and 50/50 wt. %) solutions were prepared
by dissolving in chloroform to obtain a 15% w/v polymer concentration. The solution was then poured ina 5 mL
BD Luer-Lok tip plastic syringe having a stainless-steel needle with 25 gauge 90° blunt end. The electrospinning
was carried out by means of a high voltage power supply (Model PS/FC60P02.0-11, Glassman High Voltage
Inc., NJ, USA) and a digitally controlled syringe pump (Model 100, KD Scientific Inc., Holliston, MA) in the
following conditions: flow rate 0.5 mL/h and applied voltage 17.5 kV. Electrospun mats were collected onto a
metallic plate colector grounded covered with aluminum foil at 12 cm from the blunt tip of the capillary.

2.4. Characterization

Morphology of PLA and PLA/ENR electrospun mats was obtained by scanning electron microscopy (SEM) in a
JEOL JSM-5300 microscope at an acceleration voltage of 18 kV. Samples were previously sputter-coated with
gold. Fibers diameters were analyzed from the images with the help of ImageJ® software.

Fourier transform infrared (FTIR) spectra of PLA and the blends were obtained using VARIAN spectrometer
(model FTIR 3100) over the wave number range of 4000 - 500 cm ™, at an accumulation of 32 scans with a res-
olution of 4 cm™.

Thermal properties of PLA and PLA/ENR blends were measured by a differential scanning calorimeter
(Q1000, TA Instruments). Samples of 6 - 7 mg were taken in an aluminum pan and sealed tightly with an alu-
minum cover. The samples were first cooled to —80°C and then heated to 180°C at a rate of 10°C/min under a
nitrogen atmosphere. The glass transition temperature, cold crystallization and melting temperatures denoted as
Ty T and Ty, respectively, were obtained from the DSC curves. The crystallinity (¢) of PLA in the PLA/ENR
blend was evaluated from the DSC data by using the Equation (1) [29]:

2 (%) = Mxmo 1)
AHm '(1_¢ENR)
where AHp,, AH. and AH,, are respectively the enthalpies of cold crystallization, melting and melting for 100%
crystalline PLA. The value used for AH, is93.1J/g [30]. ¢enr is the content of ENR in PLA/ENR blends.

The thermal stability of the samples (about 4 mg) was investigated with a TGA instrument (TA-Q600) under
nitrogen atmosphere from 30°C to 700°C at a heating rate of 10°C/min.

Dynamic mechanical analysis (DMA) was performed using a DMA Q800, TA Instrument. Specimens were
analyzed in tensile mode at a constant frequency of 1 Hz, a strain of 0.01%, and a temperature ranging from
—80°C to 100°C at a heating rate of 2°C/min.

3. Results and Discussion
3.1. Morphology of the Electrospun Mats

In order to study the effect of ENR on the morphology of electrospun PLA/ENR fibers, blends with PLA/ENR
ratios of (0/100), (90/10), (75/25) and (50/50) were investigated. Figure 1 shows SEM images of the electrospun
PLA/ENR blend mats at 1000x magnification. The average diameter values of the fibers were determined based
on 50 measurements of individual fibers randomly chosen from each SEM image with the same magnification.
As shown in Figures 1(a)-(d), when the PLA/ENR ratios were 100/0, 90/10, 75/25 and 50/50, the diameters of
electrospun fibers were 1889 (£327), 1474 (+432), 1241 (x229), 858 (+198), e 2671 (£359) nm, respectively.
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Figure 1. SEM images of (a) 100/0, (b) 90/10, (c) 75/25, (d) 50/50 PLA/ENR elec-
trospun blends with magnification of 1000x.

Note that all of these fibers had smooth surface, and the mats contained no beaded-fibers. It can be seen that in-
creasing the ENR content up to 25 wt.% resulted in the decrement of the fiber size. Costa et al. [25] reported
similar observation in which the increase in NR concentrations resulted in a reduction of fiber diameters of
PCL/NR electrospun blends, also enhancing the total surface area and porosity of membranes.

3.2. Fourrier Transform Infrared Spectroscopy-FTIR

Figure 2 exhibits the FTIR spectra in the region 4000 - 500 cm* of ENR, PLA and PLA/ENR blends. From the
FTIR spectra of ENR, the peaks at 2961, 2917, and 2854 cm * are attributed to C-H stretching from —CH, group.
The absorption bands at 1448 and 1377 cm * are originated from C-H stretching from —CH; group. The charac-
teristic peaks at 870 cm ' and 836 cm* are assigned to the asymmetric and symmetric vibration of the epoxy
ring [31]. In the case of PLA, the absorptions at 1450, 1360 and 1267 cm * are attributed to C-H deformation
from —CH,. The bands at 1182, 1128, 1084 and 1044 cm* are originated from C-O-C bending vibrations [32].
The bands at 869 and 755 are due to C-C stretching vibrations. The absorption peak at 1750 cm * is attributed to
the stretching vibration of carbonyl groups of PLA [31]. Figure 2 also shows that the peaks of the blends consist
of PLA and ENR characteristic peaks. The peak position at 1750 cm* of PLA shifted to higher wave numbers in
the blends as the ENR content increased, which suggests some interaction between the carboxylic end group of
PLA chains and oxirane group of ENR.

3.3. Thermal Properties of PLA/ENR Electrospun Blends

Differential scanning calorimetry was used to investigate the effect of the ENR addition on the thermal proper-
ties of PLA. The thermal properties of PLA and PLA/ENR electrospun blends are presented in Figure 3 and the
corresponding data are summarized in Table 1. Glass transition temperature (T) is obtained from the inflection
of glass transition based by the second heating scan. The T, of PLA/ENR blends is located at the almost same
temperature around 57°C, indicating that there is no evident effect on the T4 of PLA by the addition of ENR.
This same behavior was observed when Zhang et al. [27] studied the thermal properties of PLA/ENR by melt
blending. Bitinis et al. [33] also stated that there were no changes in the glass transition temperature of PLA
with the NR content.

As PLA used in this work was crystalline poly (L-lactide), the effect of the incorporation of the epoxidized
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Figure 2. FTIR spectra of PLA, ENR and PLA/ENR electrospun blends.
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natural rubber in the degree of crystallinity of PLA was studied. As expected electrospun PLA mats develops
lower crystallinity values [34]. Thermal data in Table 1 show an enhancement on the degree of crystallinity of
the PLA with the ENR content. Kaavessina et al. [35] studied the crystallization behavior of poly (lactic acid)/
elastomer blends. According to the authors, elastomers may act as diluent agent on the crystallization process of
poly (lactic acid) by giving the extra mobility of its chains to form crystal. This is especially significant for elec-
trospun samples during the fast solvent evaporation and polymer solidification, which favors the crystal growth
formation and increasing in the degree of crystallinity. These results suggest that the blends started to crystallize
at lower temperatures than neat PLA, which is an indication that the presence of ENR can act as nucleating
agent on the crystallization of PLA [36] and also indicates that ENR induced less perfect PLA crystals under the
rate used in this heating process. Similar findings was reported by Wahit et al. [37] in which nucleating effect
led to decrease in T, and increase in the crystallinity of the PLA/ENR blends.

Melting endotherms of PLA and PLA/ENR blends are shown in Figure 3 and Table 1. It can be seen that the
melting temperature decreases with the incorporation of ENR. Besides, all the samples revealed two melting
peaks. Sarasua et al. [38] have explained the double-peak melting point of PLA in their previous report. They
stated that the melting peak at higher temperature corresponded to more perfect crystalline form than that at
lower temperature. Double melting endotherms can be attributed to the melt recrystallization mechanism of PLA,
which is originated from PLA crystal growth. The less perfect crystals (a’-form crystal) of PLA have sufficient
time to melt and reorganize into perfect crystals (a-form crystals) before giving a second endotherm at higher
temperature [38]-[40]. The presence of ENR may retard the formation of perfect crystallites of PLA, thus,
double-melting peak can be associated with formation of different lamellae thickness and the melt-recrystalliza-
tion mechanism [32].

Thermal stability of PLA and PLA/ENR electrospun blends determined by thermogravimetric analysis is
shown in Table 2. PLA and PLA/ENR sample with 10 wt.% of ENR presented an one-stage weight loss during
thermal decomposition. The addition of more than 10 wt.% of ENR resulted two stages of degradation which is
associated with different polymer phases of the blends. Noticeably, the thermal stability of the blends decreased
as ENR content increased in the blends. Wahit et al. [36] have studied the thermal stability of PLA/ENR blends
in their previous report. They attributed the reduction of the thermal stability to the oxidation of the epoxide
groups at high temperatures. Moreover, ENR can act as an auto oxidant and initiate a free radical reaction. Sub-
sequently, the free radicals generated start the oxidation of the PLA in the blend.

3.4. Dynamic Mechanical Analysis-DMA

Viscoelastic behavior of a polymer blend under dynamic conditions can reveal important information on micro-
structure and interfacial interactions of the blends [41]. Storage moduli of PLA/ENR blends over a wide temper-
ature range of —80°C to 100°C is shown in Figure 4. As one can see, the storage modulus (E’) of the

Table 1. Thermal characteristics of PLA/ENR electrospun blends recorded by DSC.

ST T [Cl T ['C] Toe ['C] Te[C] X [%]
100/0 57.46 151.23 155.95 127.92 34
90/10 57.72 150.25 155.62 123.35 6.5
75/25 57.41 149.45 155.49 95.04 8.1
50/50 56.71 147.84 154.60 121.83 8.6

Table 2. Decomposition temperatures for PLA/ENR electrospun blends obtained from TGA curves.

Samples TG DTG
PLAEN) Tonsen [°C] Tons2 [°C] T [C] T [C]
100/0 326.91 - 351.37
90/10 303.97 - 336.70
75/25 285.43 362.12 314.84 362.75
50/50 257.33 358.54 284.75 377.22
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Figure 4. Storage Modulus (E”) versus temperature for PLA/ENR electrospun blends.

blends had an initial decrement (around —40°C) as consequence of the segmental mobility (T,) of ENR chains
and then dropped dramatically after the T4 of PLA, which resulted from the softening or segmental mobility of
PLA molecules. Interestingly, the addition of ENR to PLA increase E’ values with the ENR content. This effect
is closely related to the interaction between the epoxy groups of ENR and carbonyl groups of PLA, which can
produce a percolation network which prevents the PLA chains from free moving, and leads to the increase of
storage modulus [27].

Moreover, the enhancement of storage modulus can be related to the increase in the stiffness (tand peak in-
creased with the ENR content, see Figure 5) as consequence of increased crystallinity fraction confirmed by
DSC data findings. Figure 5 presents the temperature dependences of tand of PLA/ENR electrospun blends. Tan
delta peaks of all types were remarkably observed in the region 70°C with T, values of 69.20°C (0/100), 70.04°C
(90/10), 69.45°C (75/25) and 70.04°C (50/50). Such a result supports the findings from the DSC data that the T,
values of PLA/ENR blends are located at the almost same temperature, indicating that there is no evident effect
on the T4 of PLA by the addition of ENR.

4. Conclusion

In this work polymer compositions with poly(lactic acid) (PLA) and epoxidized natural rubber (ENR) were
processed by electrospinning. The effect of ENR on the morphological, structural, thermal and dynamic me-
chanical properties of the blends was found to be pronounceable. SEM results revealed that mats with
micrometer- and submicrometer-sized fibers were obtained with no bead structures and the addition of 25 wt.%
of ENR content reduced the fiber diameters. FTIR studies showed some level of interaction between carboxylic
end group of PLA chains and epoxi group of ENR. Results of thermal properties showed that the increasing in
ENR content surprisingly caused the increase in crystallinity fraction. Further, dynamic mechanical properties
showed that the molecular interaction between the epoxy groups of ENR and carbonyl groups of PLA, and the
increased crystallinity may have been responsible by the enhancement of the rigidity and the storage modulus.
The obtained results showed that electrospinning was suitable for producing PLA/ENR blends suitable for bio-
medical applications such as tissue engineering. Considering the importance of developing new biomaterials
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derived from renewable sources, the advantage of adding of ENR to PLA is reported. As consequences decrease
the fiber diameter with enhancing the total surface area and porosity of mats and proportional increase in storage
modulus over a usable temperature range is understood as interesting material for future applications.
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