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ABSTRACT: Functionalized electrospun fibers are of great interest
for biomedical applications such as in the design of drug delivery
systems. Nevertheless, in some cases the molecules of interest have
poor solubility in water or have high melting temperatures. These
drawbacks can be overcome using deep eutectic solvents. In this
work, poly(vinyl alcohol) (PVA), a common biodegradable
biopolymer, was used to produce new functionalized fibers with
the eutectic mixture choline chloride:citric acid in a molar ratio of
(1:1) ChCl:CA (1:1), which was used as a model system. Fibers were
produced from an aqueous solution with 7.8% (w/v) and 9.8% (w/v)
of 95% hydrolyzed PVA and a 2% (v/v) of ChCl:CA (1:1). Smooth,
uniform fibers with an average diameter of 0.4 μm were obtained
with a content of 19.8 wt % of ChCl:CA (1:1) encapsulated.
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■ INTRODUCTION

Growing global awareness of environmental issues has led to
the development of new processes that better conform to the
Twelve Principles of Green Technology. Considered to be
green solvents, ionic liquids (ILs) have gained significant
attention in the scientific community. Because of their
physicochemical properties1,2 and ability to solvate organic
species, these new solvents were presented as substitutes for
VOCs (volatile organic compounds).1 However, the green
character of ILs has often been challenged due to their poor
biodegradability, biocompatibility, and sustainability.2,3

Deep-eutectic solvents (DES) appeared at the beginning of
the 21st century as an alternative to ILs in various areas,4 such
as electrochemistry,5 extraction,6 or biocatalysis.7 They present
the typical behavior of an eutectic mixture, because they result
from the mixture of two or more compounds.4 For a specific
ratio of combination of components, it is possible to create a
final mixture with a lower melting point than that of each
individual component.4,8 The compounds used to make DES
are usually based on a quaternary ammonium salt, e.g., choline
chloride, as well as carboxylic acids or other hydrogen-bond
donors.2,8 The melting point of the mixture decreases as result
of the complexation that occurs between the salt and a
hydrogen bond acceptor,8 resulting in the formation of a liquid.

Although they share similar physical properties with ILs, DES
are cheaper to produce, biodegradable, and have low toxicity.2

This is mainly due to the use of cheap and renewable
compounds as source materials.2,4 Because the synthesis of DES
is basically a mixing process, they do not need any
postsynthesis purification. Their purity depends only on the
purity of the individual components.8 These properties make
DES a viable alternative to ILs. Still, DES present some
challenges. In some cases, DES have high viscosities and can
even be solid at room temperature, which poses handling
problems.9

To explain biological reactions that could not happen in
water or lipid media,10 Dai and co-workers put forward the
possibility of those reactions taking place in DES media. They
reported on a large number of stable mixtures that resulted in a
new subclass of DES, termed natural deep-eutectic solvents
(NADES).9,10 On the basis of natural compounds involved in
metabolic pathways, NADES are mainly made of primary
metabolites. There are more than 106 possible combinations of
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compounds that form NADES, which makes NADES designer
solvents, in much the same way as ILs.9,10

The main advantage of using natural compounds to form
DES is the pharmaceutically acceptable toxicity profile and
biocompatibility that ensues,10−12 thus extending the applica-
tions of these solvents to the biomedical field.
ILs are known to improve the processability of biopolymers,

by having a plasticizing effect on the polymer and by increasing
its conductivity. The latter is of special importance when
processing biopolymers by electrospinning to produce
fibers.13−15 More recently, DES have also been reported to
be effective biopolymer modifiers, by decreasing the glass
transition temperature of the polymer.16,17

Wang et al.17 have shown that the plasticizing effect of
choline chloride:urea in cellulose allowed the production of
flexible and transparent cellulose films. Martins et al.16 were
able to enhance the processability of starch-based blends by
supercritical foaming using different DES. Electrospinning
consists of applying an electric field to a polymeric solution
in order to charge it.18 With the charge repulsion, the solution
is ejected from a needle (at a positive high voltage) to a
grounded collector, where it is deposited.18 This technique has
gained interest for polymer processing, mainly because it allows
the control of fiber morphology, diameter, and even
porosity.19−21 Moreover, the ability to produce fibers at the
nanoscale and to impregnate or encapsulate biomolecules,
makes electrospinning an ideal technique for the production of
fibers for drug delivery or tissue engineering.22

Poly(vinyl alcohol) (PVA) is obtained through the hydrolysis
of poly(vinyl acetate).23 PVA is cheap, and widely used
industrially.24 It exhibits good biocompatibility23−25 and
nontoxicity.24,25 PVA fibers have been extensively studied in
pharmaceutical formulations,26 drug delivery,23,24 cosmetics,26

biomedical materials,27,28 among others.29,30

To the best of our knowledge, DES have never been applied
in the production of biopolymer fibers by electrospinning. This
paper reports on the production of PVA fibers by electro-
spinning, using with choline chloride:citric acid NADES.

■ EXPERIMENTAL SECTION
Materials. Choline chloride (ChCl; ≥98%) was purchased from

Sigma-Aldrich. Poly(vinyl alcohol) (PVA; 95% hydrolyzed, Mv 95000)
was acquired through Acros Organics. Citric acid (CA; ≥99%) was
obtained from Merck. All chemicals were used without further
purification.
Preparation of Electrospinning Solutions. A ChCl:CA NADES

solution was prepared by weighing choline chloride and citric acid on a
1:1 molar ratio, mixing the two components and leaving the mixture
under stirring at 45 °C until a clear liquid was obtained. The mixture
remained in the liquid state after cooling to room temperature.
For the electrospinning process, two aqueous solutions of PVA with

7.8% (w/v) and 9.8% (w/v) were prepared at 80 °C. After complete
dissolution of PVA and cooling of each solution to room temperature,
2% (v/v) ChCl:CA NADES was added under stirring until a clear
solution was obtained.
Electrospinning Process. A 1 mL syringe fitted with a 23-gauge

needle (0.41 mm) was used for the injection of the solution. The
syringe was placed on a syringe pump (KDS100) with controlled feed
rate. The needle was electrically linked to a conducting ring, with a
diameter of 15 cm. Both were directly connected to a high voltage
supply (Glassman EL 30 kV). Fiber collection was carried out with the
help of a fixed collector coated with aluminum foil. Temperature and
humidity were controlled and maintained at 27−29 °C and 45−50%
respectively. For temperatures above 30 °C and humidity below 40%,
the solution formed a droplet at the end of the needle, preventing jet

formation. Thus, no fibers were formed at those conditions.
Electrospinning parameters, i.e., polymer concentration, voltage,
distance between the needle and the collector, feed rate, temperature
and humidity were optimized.

Rheological Properties. The rheological properties of the PVA/
NADES were measured with a Malvern Kinexus Prot, using parallel
plates, with a diameter of 2 cm, at 25 °C. All measurements were
obtained in steady-state conditions. The results are the average of at
least three measurements and are represented as the average ±
standard deviation.

Fiber Analysis. Scanning Electron Microscopy (SEM). The
morphology of the fibers was analyzed on a JEOL SEM, model
JSM-6010LV. The samples were fixed with mutual conductive
adhesive tape on aluminum stubs and covered with gold/palladium
using a sputter coater.

Transmission Electron Microscopy (TEM). Results were obtained
with a Hitachi 8100 TEM, equipped with ThermoNoran light
elements and EDS detector.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR was used to
detect the presence of functional groups in the fibers. FITR results
were obtained using a Tensor 27 FTIR Spectrometer, from Bruker
Optics GmbH, with the help of appropriate software (OPUS 6.0).

Thermogravimetric Analysis (TGA). Fiber composition was also
determined by thermogravimetric analysis, performed with a TGA
analyzer (model TA Q500, TA Instruments). The samples were
equilibrated at 30 °C to determine the initial sample mass, followed by
constant heating to 650 °C, at 10 °C min−1, under an inert atmosphere
(N2, flow rate of 40 cm3 min−1). The weight loss was recorded and
analyzed with TA universal analysis software.

Mechanical Properties. Tensile mechanical analysis of the fibers
was performed using an INSTRON 5540 (Instron Int. Ltd., High
Wycombe, UK) universal testing machine with a load cell of 1 kN. The
dimensions of the specimens used were 5 cm of length, 2 cm width,
and 0.5 mm of thickness. The load was placed midway between the
supports with a span (L) of 3 cm. The crosshead speed was 1.5 mm
min−1. Tensile tests were conducted up to the samples rupture. The
results presented are the average of at least three measurements for
three different specimens, and the results are presented as the average
± standard deviation.

■ RESULTS AND DISCUSSION
Electrospinning Parameter Optimization. Electrospin-

ning parameters can be divided into three main classes:
environmental parameters (temperature and humidity), work-
ing parameters (flow rate, distance to collector, voltage) and
solution parameters (concentration, molecular weight of the
polymer, viscosity).
Because of its production process, PVA is available at various

degrees of hydrolysis. This characteristic affects its mechanical
properties, water resistance and even dissolution.31 At higher
degrees of hydrolysis, as in the present study, the dissolution of
PVA in water is more difficult, requiring higher temperatures,
but on the other hand the polymer exhibits higher mechanical
resistance, when compared to PVA obtained with a higher
degree of hydrolysis.31

A range of PVA concentrations has been tested for
electrospinning.23,31,32 Two values were chosen for this study,
namely 7.8% (w/v) and 9.8% (w/v), respectively. ChCl:CA
NADES at 2% (v/v) was added to each PVA solution. When
the 7.8% (w/v) PVA solution was used, the fibers obtained had
bead imperfections, which disappeared when the concentration
of PVA was increased to 9.8% (w/v), yielding fibers with a
smooth and uniform morphology.
The rheology behavior of the 7.8% (w/v) and 9.8% (w/v)

PVA solutions (containing 2% (v/v) NADES) was determined
and the flow curves (viscosity vs shear stress) are presented in
Figure 1. The results obtained show that, for the shear stress
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range tested, the viscosity remains constant, which is a typical
behavior of Newtonian fluids.33 For these shear stress
conditions, the polymer chains align with the direction of the
flow reducing entanglements. The viscosity for the 7.8% and
9.8% (w/v) PVA solutions was measured to be, respectively,
0.24 (±1.8 × 10−4) and 0.57 (±5.5 × 10−4) Pa·s. The viscosity
increase is a result of the higher polymer concentration.
Throughout the electrospinning process, there are strong

mechanical stresses applied to the solution and the shear stress
will change with time and electrospinning conditions. The
Newtonian behavior that these solutions present assures that
the properties will remain constant during all processing stages.
A solution containing 9.8% (w/v) PVA and 2% (v/v)

ChCl:CA (1:1) NADES was used for the optimization of the
electrospinning parameters. Contrarily to the solution of 9.8%
(w/v) PVA where smooth fibers were obtained, for the 7.8%
(w/v) PVA solution, the formation of beads along the fiber was
observed.
Voltage and flow rate are directly linked to the distance

between the needle and the fiber collector. Therefore, voltage,
flow rate and distance were optimized simultaneously. Voltage
was varied between 15 and 25 kV, flow rate between 0.1 and 0.2
mL/min, and distance between 11 and 18 cm. The latter had a
significant influence on the shape of the fibers. For distances
lower than 11 cm, particles were formed instead of fibers.
Distances higher than 16 cm fibers started to breakdown. The
various parameters tested can be seen in Table 1.
Fiber Characterization. The morphology of PVA fibers

with ChCl:CA was observed using SEM and TEM. Results can
be seen in Figure 2 and Figure 3. SEM shows that the fibers
have a smooth surface and a uniform diameter distribution.
Some regions evidence fiber fusion, which can be attributed to
the presence of ChCl:CA. Unlike PVA, this NADES is highly
hygroscopic, which prevents complete evaporation of the
solvent. As shown in Figure 2, fibers obtained have a diameter
distribution of 0.4 ± 0.1 μm being considered submicrometric
fibers.
In TEM, the interaction between the electron beam and the

sample creates image contrast. A region appears darker, or
lighter, according to its density. TEM images for the PVA fibers
with ChCl:CA NADES are shown in Figure 3. PVA appears

lighter due to its lower density, confirming that ChCl:CA is
inside the fibers.
FTIR it was used as a complementary technique. The spectra

of PVA, ChCl:CA NADES and electrospun fibers are shown in
Figure 4. The PVA spectrum shows a broad H-bonded, O−H
stretching band34 at ν = 3443 cm−1, and a broad C−H alkyl
stretching band34 at ν = 2923 cm−1. The ChCl:CA NADES
spectrum evidence mostly broad CH and OH stretching
bands between 3500 and 2800 cm−1. The CO stretching
band is also visible due to the presence of citric acid (ν = 1731
cm−1).
The FTIR spectrum of the fibers combines features of the

spectra of the individual components, with particular relevance
for the absorption band ν = 1716.33 cm−1, assigned to the
carbonyl group of the citric acid, thus proving the presence of
the NADES.
FTIR analysis has already proven that there is an interaction

between PVA and ChCl:CA, meaning that ChCl:CA is present

Figure 1. Effect of PVA concentration (w/v) on the viscosity of the
electrospinning solutions. The solutions contained 2% (v/v) ChCl:CA
NADES. The measurements were performed at 25 °C.

Table 1. Electrospinning Conditions (Environmental and
Working Parameters) When Using a 9.8% (w/v) PVA
Solution Containing 2% (v/v) ChCl:CA (1:1), for
Electrospinning Optimization

temperature
humidity
(%)

flow
rate

(mL/h)
distance
(cm)

voltage
(kV)

electrospinning
result

27 °C 48 0.1 11 22.5 some beads; not
very lined
fibers; drop
formation

28−29 °C 40−45 0.2 11 15 drops formation
and not ligned
fibers

15 some beads
16 17.5 no beads; ligned

fibers; some
drops

28 °C 45−50 0.2 16 20 uniform and
smooth fibers

Figure 2. SEM images of PVA fibers obtained with a 9.8% (w/v) PVA,
2% (v/v) ChCl:CA solution. Electrospinning conditions: 0.2 mL/h
flow rate, 20 kV voltage, 16 cm needle to collector distance, 25 °C, and
45% humidity.

Figure 3. TEM images of 9.8% (w/v) PVA, 2% (v/v) ChCl:CA fibers.
Electrospinning conditions as in Figure 2.
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in the fiber. Thus, by combining this information with the
contrast difference present on TEM images, it is possible to
validate that not only NADES is present in the fiber but that it
is encapsulated within the fibers.
TGA Analysis. The results of the TGA analysis are

presented in Figure 5. The NADES weight loss curve is

composed of two moments of weight loss, from 150 to 200 °C
and from 200 to 270 °C, corresponding to CA and ChCl,
respectively. As for PVA, the weight loss curve reveals that the
thermal degradation starts at approximately 255 °C.
Choline chloride is a highly hygroscopic compound, and this

property is also observed for the NADES mixture. The TGA
curve for ChCl:CA denotes an almost constant mass loss before
the first inflection point (degradation of citric acid), which can
be attributed to the slow evaporation of water that has been
absorbed by the sample.
The PVA-NADES fibers weight loss curve reflects the

presence of its components, with weight losses from the
NADES components and the PVA. Due to overlapping
between the weight losses of ChCl and PVA, the fibers
NADES composition was calculated from the weight loss of CA
and determined to be 19.8%. This value compares to the
theoretical value of 21.3%, expected if the electrospun fibers
would retain the relative percentages of the source solution.
Mechanical Test. The mechanical properties of the fibers

produced were measured in tensile mode. The elasticity of the
fibers and their ability to recover their initial shape is a feature

of major relevance, particularly for biomedical applications. The
fibers show a Young’s modulus of 0.062 ± 0.012 MPa, a tensile
stress of 18.28 ± 4.2 MPa, and an elongation break of 93.88 ±
6.9%.
The mechanical properties of electrospun PVA fibers have

been described in the literature. Franco and co-workers35

reported 40.71% tensile strain and 0.82 MPa tensile stress for
PVA fibers electrospun from a 12% aqueous solution. Another
report, by Linh et al., refers to PVA fibers with 98% tensile
strength and 0.5 MPa tensile stress.36 The values obtained show
that the presence of the NADES component in the fibers did
not compromise the mechanical properties of the fibers, which
have very interesting mechanical properties. As seen before by
FTIR analysis, there is an interaction between the DES and
PVA. It is to be expected that some hydrogen bonds between
PVA hydroxyl groups are broken and re-established with the
DES components, more specifically with the chloride of choline
chloride. This will have a plasticizing effect increasing the
mobility of the PVA chains and consequently giving it a more
ductile behavior. This behavior was already observed when
doping natural-based polymers with ionic liquids.13,14,16

■ CONCLUSION
In this work, we developed a method for the production of
PVA fibers by electrospinning for the encapsulation of deep
eutectic solvents. ChCl:CA (1:1) was used as a model NADES.
The working parameters for the electrospinning process were
optimized and the mechanical properties of the produced fibers
characterized. The electrospun fibers were analyzed and it was
concluded by SEM that smooth and uniform fibers were
obtained. By TEM analysis it was observed that the NADES
was encapsulated in the fibers, which was confirmed by TGA
analysis.
From this work, it was proved that functionalized fibers with

NADES can be produced by electrospinning. This opens new
opportunities for the application of these solvents in association
with biocompatible polymers. By using NADES with active
components, new delivery systems with high surface area can
be produced.
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