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Abstract

Coaxial electrospinning process was used to produce biodegradable membranes made of core-
shell fibers of a poly(lactic acid) (PLA) shell and a poly(vinyl alcohol) (PVA) core. Scanning elec-
tron microscopy analyses of these structures showed that the PLA shell can present certain poros-
ity depending on the process condition. FTIR-ATR and contact angle measurements also suggested
imprisonment of the PVA core within the PLA shell. This type of structure was also confirmed by
means of transmissions electron microscopy. The morphology of these fibers was dependent on
the flow rate of both core and shell solutions, and homogeneous and smooth surface was only at-
tained when the flow rate of the external PLA solution was 4 times the flow rate of the internal
PVA solution. The increase in the PLA solution flow rate increases the diameter of the core-shell
fiber which reaches up to 1.7 pm. Nevertheless, fibers with smaller average diameter could also be
produced (200 nm). These core-shell fibers presented improved hydrophilicity as compared with
monolithic PLA fibers.
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1. Introduction

Electrospinning is a simple method to produce mats of fibers with diameter which can reach the nanometer scale.
The technique is based on the application of an electrical field in a polymer solution, and, nowadays, it is consi-
dered one of the most efficient techniques to fabricate high performance nanofibers mats, with distinct advan-
tages like high surface area in relation to volume and porosity. Changing adequately the process parameters, it is
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possible to obtain fibers with different diameters and structures according to a specific application [1] [2]. Re-
cently, advances in the electrospinning technique have allowed the production of different fibrillar structures, for
example, fibrous tubes [3], core-shell nanofibers [4] and membranes with different compositions [5].

In order to obtain fibers with different core-shell compositions, two or more polymeric solutions may be used.
These solutions are, however, injected from two different coaxial capillary channels, resulting in a structure with
two distinct environments [6].

The electrospinning technique has grown particularly due to the possibility of combining different materials
in a single system, resulting in a large interest in potential application as membranes for filtration, scaffolds for
tissue engineering and systems for encapsulation of active compounds [7] [8]. Figure 1 shows a schematic re-
presentation of different fiber morphologies that can be obtained when coaxial eletrospinning is employed, for
example, coaxial fibers made of a polymeric material shell and a non-electrospinnable material core (A); coaxial
fibers made of two different electrospinnable materials (B); and tubular fibers prepared by removal of the inner
material after coaxial electrospinning (C).

Coaxial electrospun fibers have been shown to be useful in gene delivery [9], drug delivery [10], bioactive
molecules delivery [11] [12] and sensors [13], for example.

In this study, we investigate how electrospinning parameters can affect coaxial fibers characteristics. We pre-
sent results of an interesting system formed by core-shell fibers constituted by poly(lactic acid) (PLA) and
poly(vinyl alcohol) (PVA), and its morphology and thermal characterization. The chosen polymer for the shell
was PLA, a hydrophobic polymer whose biodegradation results in decomposition products that can be eliminat-
ed from the body by the metabolic pathways [14] [15]. PVA, a hydrophilic semi-crystalline polymer was used
for the formation of the internal structure of the fiber (core) [16]. The effects of polymer solution flow rate used
in the coaxial electrospinning, on formation of the core as well as the structure and morphology of the electros-
pun fibers were investigated.

2. Experimental
2.1. Materials

Polylactidelngeo Biopolymer 3251D (Mw = 160,000) was acquired from Nature Works. Poly(vinyl alcohol)—
87% - 90% hydrolyzed, average molwt 30,000 - 70,000, chloroform, dimethylformamide (DMF) and ethanol
99.8% were obtained from Sigma Aldrich. All polymers and solvents were used as received.

2.2. Coaxial Electrospinning

Polymer solutions were previously prepared at room temperature under magnetic stirring. PVA solution (15%
wt/vol) was prepared by using water/ethanol = 8/2 as solvent and PLA solution (18% wt/vol) was prepared using
mixture of chloroform/DMF = 8/2 as solvent.

Electrospinning was carried out in a standard electrospinning apparatus with a KD Scientific syringe pump
(KDS Model 100), a High Voltage DC Power Supply PS/FC60P02.0-11 Glassman High Voltage and a metallic
plate as collector (Figure 2). Polymer solutions (5 mL) were pumped through a Rheodyne 22GA (ID = 0.7 mm)

Figure 1. Schematic representation of fibers made by coaxial electrospinning: (A) Coaxial fibers made of a po-
lymeric material shell and a non-electrospinnable material core; (B) Coaxial fibers made two different electros-
pinnable materials; and (C) Tubular fibers prepared by removal of the inner material after coaxial electrospinning.
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Luer tip needle. The fibers were collected in an aluminum plate target as randomly oriented nonwoven mats. For
the coaxial electrospinning, a device designed with coaxial needles formed by an internal needle with ID = 0.5
mm and an external needle with ID = 0.84 mm were employed. This device was coupled to the equipment. Ex-
periments were carried out using 20 kV as voltage at room temperature. The needle-plate distance (D) was set
from 10 to 20 cm. Table 1 resumes the conditions of electrospinning used for preparation of PLA, PVA and
PVA/PLA core-shell fibers.

2.3. Monolithic and Core-Shell Fibers Characterization

The morphology of monolithic and core-shell fibers was analyzed by scanning electron microscopy (SEM) in a
JEOL JSM-5300 and Quanta 450 F microscopes at 15 kV. All samples were Au-coated. Selected images at dif-
ferent magnifications were considered as representative of the whole sample. Fibers average diameters and di-
ameters distribution were determined from the images using the Size Meter software.

The coaxial structure was observed by means of transmission electron microscopy (TEM). For observation,
samples were prepared by deposition of a thin layer of the electrospun fibers directly over a copper grid covered
with carbon. Iron particles were added to the PVVA solution prior the electrospinning process in order to obtain
contrast between the two types of polymers that form the fibers.

Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (FTIR-ATR) was performed in a Va-
rian Excalibur 3100 FT-IR spectrophotometer in the ATR mode by using a Pike Miracle ATR sampler accessory.
A small amount of mat of fibers was placed on the crystal and pressed, ensuring good contact between the crys-
tal and samples.

Measurements of contact angle of the monolithic and core-shell fibers were evaluated using deionized water
as solvent. Contact angles were measured in a Dataphysics OCA-20 automatic goniometer, immediately after 32
microliters water droplet freely fell over the fiber mat surface. For each mat, it was considered the average result
from 3 measurements done in three different points of the membrane surface.
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Figure 2. Schematic representation of an electrospinning apparatus with the coaxial spinneret.

Table 1. Conditions of electrospinning of PLA, PVA and PVA/PLA core-shell fibers?.

Electrospinning flow rate (mL/h)

Fiber
Core Shell
PLA 0.3
PVA 0.15
0.15 0.15
PVA/PLA 0.15 0.3
0.15 0.6

*Applied voltage = 20 kV; needle tip-collector distance = 13 cm.
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Thermal properties of the monolithic and core-shell fibers were evaluated by thermogravimetry (TGA) in a
TA Instruments model TGA-7 and by calorimetry in a differential scanning calorimeter in a TA Instruments
DSC model Q 1000. For TGA analyses, a piece of core-shell membrane was cut and introduced in the equip-
ment panel. The experiments were performed from 25°C to 700°C at a heating rate of 10°C/min under nitrogen
flow of 60 mL/min. For the DSC analyses, a sample of the fiber mat was first heated from 30°C to 200°C at
10°C/min and then cooled at 10°C/min to room temperature, followed by a second heating at 10°C/min. Degree
of crystallinity of PLA was determined considering 106 J/g as standard melting enthalpy and cold crystallization
during heating.

3. Results and Discussions
3.1. Morphology of Monolitic and Core-Shell Fibers

Two of the factors that most affect the production of homogeneous and flawless defect-free fibers are surface
tension and solvent evaporation rate, both regulated by polymer-solvent interactions. The addition of a non-
solvent of PVA, such as ethanol, to an aqueous PVA solution decreases the surface tension and viscosity of the
solution, which enhance the possibility of forming beaded fibers [17] [18]. On the other hand, ethanol evapo-
rates faster than pure water. When solvent does not evaporate before fibers deposition, the jets can coalesce
themselves forming mats with different morphologies. So, balance between surface tension reduction and sol-
vent evaporation speed must be achieved in order to obtain perfect fibers [5].

PLA solutions were prepared using chloroform due to its good performance in dissolving this polymer, but
the solution could not be electrospun smoothly due to its low conductivity and dielectric constant. Thus, DMF,
which has considerable conductivity and dielectric constant can be added to chloroform to cover the shortage of
single CHCI3. Then, these two solvents were mixed at CHCIy/DMF = 8/2 volume ratio to dissolve PLA and pro-
duce electrospinnable solutions [19]-[21].

Figure 3 shows the images of monolithic fibers obtained from electrospinning experiments carried out at 20
kV and 13 cm of distance between needle tip and collector. These monolithic fibers were successfully produced
with 15% w/v PVA solution (8:2 water:ethanol) and 0.15 mL/h flow rate, and 18%w/v PLA solution (8:2
CHCI;:DMF) at 0.30 mL/h. PVA and PLA monolithic nanofibers were obtained with average diameters of 230
nm and 450 nm, respectively (Figure 3(A) and Figure 3(B)). Porous formation can be seen on PLA fiber sur-
face as the result of fast solvent evaporation. During the path from the needle tip to the collector, the jet is sur-
rounded by atmosphere moisture that causes fibers cooling and small droplets of solvent onto the jet surface.
Later those droplets evaporate, leaving a mark in form of spots [22] [23].

By using the device constituted by two coaxial needles (Figure 1), two components can be fed simultaneously
to form a core-shell structure. An 18% w/v PLA solution was fed to the external needle with 0.15, 0.3 or 0.6
mL/h flow rate while a 15% w/v PVA solution was used in the internal needle with flow rate of 0.15 mL/h. The
electrical field and flow rate are the main parameters that can affect the formation of both core and shell in this
process [24].

PVA/PLA core-shell fibers were obtained with different combination of flow rates, as indicated in Table 1.
Only the fibers obtained with internal flow rate 4 times lower than the external flow rate showed morphology
free of defects. Curiously, in this condition the higher diameter was obtained, probably due to the higher feed
flow rate of the external PLA layer (0.6 mL/h).

Core-shell fibers obtained with the same flow rate (0.15 mL/h) for both internal and external solutions were
not smooth with heterogeneous size distribution, indicating that two different types of monolithic fibers could be
produced from two independent and simultaneous jets, probably due to the rupture of the external jet. Better re-
sults were achieved when the external flow rate was at least the double of the internal flow rate (0.3 and 0.15
mL/h), indicating that this condition resulted in more stability of the external jet, but the fibers were not homo-
geneous yet. When an external flow rate were four times greater than the internal flow (0.6 and 0.15 mL/h), the
fibers diameters were higher, but the fibers presented homogeneous distribution.

3.2. Core-Shell Fibers Structure

Although scanning electron microscopy is a powerful technique to characterize size, shape and structure of ma-
terials, when using backscattered electrons only the surface of samples can be evaluated [25] [26]. However,
SEM analyses of fibers obtained by coaxial electrospinning of PLA and PVA solutions showed that some fibers
presented cracks of the PLA shell, exposing the internal PVA fiber, as shown in Figure 4. The image shows that,
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Figure 3. SEM images and size distribution of (A) monotlithic fibres of PVA obtained with 0.15 mL/h flow rate;
(B) monolithic fibers of PLA obtained with 0.3 mL/h flow rate; (C) PVA/PLA core-shell fibers obtained with
0.15 mL/h for both solutions; (D) coaxial fibers of PLA shell and PVA core obtained with 0.3 and 0.15 mL/h,
respectively; and (E) coaxial fibers of PLA shell and PVVA core obtained with 0.6 and 0.15 mL/h, respectively.
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Figure 4. SEM images of a crackof PLA shell exposing the
PVA core in a fiber produced from a 18% w/v PLA solution at
0.6 mL/h and 15% w/v PVA solution at 0.3 mL/h.

in the electrospinning condition used the core of the fiber presented diameter significantly higher than the thick-
ness of the PLA shell.

FTIR-ATR is animportant spectroscopic technique used to investigate the molecular and structural properties
of polymers [27] [28]. In this work we use this technique to evaluate the surface composition of the fibers ob-
tained by coaxial electrospining. Figure 5 shows the surface FTIR spectra (ATR mode) of PVA and PLA mono-
lithic fibers as well as PVA-PLA core-shell fibers. PVA monolithic fibers presented the typical bands of hy-
droxyl groups at 3200 - 3600 cm™*, which cannot be seen in the core-shell fibers, indicating absence of this po-
Ilymer on the surface of the fibers. This was an additional evidence of the core-shell structure of the fibers.

Figure 6 presented the contact angles of membranes formed by monolithic of PLA and PVA and core-shell
fibers obtained at different PVA aqueous core solution flow rates. These contact angles were measured also to
evaluate the core-shell structure by considering the difference of hydrophilicity of both polymers. As PLA is a
highly hydrophobic polymer, its presence in the external layer of the fiber arouses the decrease in the membrane
hydrophilicity. PVA membranes showed a contact angle of 39.2° and PLA 113.6°. On the other hand, the mem-
branes formed by core-shell fibers presented contact angles between 61° and 82°. These results agree with mi-
croscopy results, once they suggest the presence of two distinct phases in the structure of the fibers and the
wrapping of PVA core by a PLA shell. The decrease in the contact angle can be attributed to presence of small
pores in the PLA shell that allow the increase in the hydrophilicity by the inner phase which may still contain
residual water.

The interface between the PLA shell and the PVA core could be observed by TEM images (Figure 7). The
contrast difference between core and shell was obtained by addition of iron to the PVA solution before the elec-
trospinning process. It seems that the PVA solution is restricted to the central part of the PLA fiber, clearly
showing a two-phase structure. In this two typical examples, one of the fibers with external diameter of 1.7 uym
showed the internal PVA phase diameter of 0.3 um (300 nm) and a fiber with external diameter of 1.1 um pre-
sented the PVA core phase with diameter of 0.6 um (600 nm).

3.3. Thermal Properties of Core-Shell Fibers

Thermal behavior of monolithic PVA and PLA fibers and PVA-PLA core-shell fibers was investigated by TGA
and DSC.

Figure 8 shows TGA traces obtained by heating fibers from room temperature to 700°C under nitrogen at-
mosphere. PLA monolithic fibers showed only one stage of weight loss with on set at 305°C and maximum de-
composition rate at 344°C, which can be attributed to chain scission. PVA monolithic fibers presented, in addi-
tion to water lost at temperatures below 100°C, two main stages of weight loss with maximum decomposition
rate at 311.5°C (chain-stripping due to removal of water molecules, i.e., dehydration of the PVA chains) and
434°C (chain scission and decomposition) [29]. The loss of residual water in these PVA fibers was around 5
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Figure 6. Contact angles of monalithic PVA and PLA and PVA/PLA core shell fibers.

wt%. Like PLA monolithic fibers, PVA-PLA core-shell fibers showed also two stages of weight loss, in addition
to moisture loss. These main weight losses appeared at 318°C and 437°C. Surprisingly, these PVA-PLA core-
shell fibers presented a significant lower moisture lost before 100°C (about 1 wt%), suggesting that, if the amount
of PVA solution water evaporated during the electrospinning process was not total as expected, this residual
water in the PVA core, probably higher than 1 wt%, is only lost after the PLA decomposition, overlapping the
intense weight loss observed at 318°C. Thus, this weigh loss observed at 318°C is probably the result of different
processes (chain scission and trapped water vaporization). We expected to quantify the amount of water remain-
ing in the PVA core of the fibers by using TGA analyses, but this behavior did not allow this quantification.
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Figure 9 shows the first heating run DSC traces of monolithic fibers (PVA and PLA) and PVA-PLA core-
shell fibers. The first heating run was used because it could give an idea about morphology and crystalline
structure considering the fiber formation history. Monolithic PVA fibers showed two endothermic events: a
broad one at temperatures between 80°C and 150°C attributed to moisture lost, and another one at about 184°C.
The broad endothermic event of moisture lost overlaps the glass transition temperature (T4) which can only be
seen in the second heating run of the fiber (T4 = 69°C). The first heating of PLA monolithic fibers showed all
transitions usually observed for semi-crystalline PLA, with a Ty at 55°C, a cold crystallization (T.) at 90.9°C
and melting temperature (Tn) at 152.9°C. When the first run DSC trace of PVA-PLA core-shell fibers is ana-
lyzed, a curve similar to that of monolithic PVA fibers was observed, indicating that some crystallization of
PLA shell took place during the eletrospinning process. Inai [30] has reported that eletroctrospinning of PLLA
under certain condition generate amorphous nanofibers. However, the results obtained in this work showed that
the crystallization behavior during electrospinning process may be dependent on the PLA type and electrospin-
ning condition. Under the conditions used in this work it was possible to obtain core-shell fibers in which the
PLA shell is a moderate crystalline phase with degree of crystallinity around 11.8%, according DSC.

N

1dum

Figure 7. TEM images of core-shell fibers produced with PLA 18%w/v shell solution and PVA 15% w/v core
solution, using both flow rates at 0.15 mL/h.
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Figure 8. TGA traces of monolithic PVA and PLA and PVA/PLA core shell fibers.
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4. Conclusion

In this work multifunctional polymer systems based on membranes formed by ultrafine PVA-PLA fibers with
core-shell morphology were obtained by coaxial electrospinning. The fibers are constituted by a PVA core and a
PLA shell which have some crystallinity and, in some cases, certain porosity, which is dependent on the elec-
trospinning condition. Nanofibers with average diameter of about 200 nm were obtained, but homogeneous
morphology and smooth surface were only attained when the flow rate of the external PLA solution was 4 times
the flow rate of the internal PVA solution. The increase in the PLA solution flow rate increases the diameter of
the core-shell fiber reaching diameters from 1 to 2 um. Membranes formed by these core-shell fibers presented
contact angles slightly smaller than those observed for membranes of monolithic PLA fibers, demonstrating that
these materials have an improved hydrophilicity, which made it with a good potential for application as bioma-
terials for controlled release of bioactive molecules.
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