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Effect of different solvent systems on PHBV/PEO
electrospun fibers

Yongjing Xu, Liming Zou,* Hongwei Lu and Tingjie Kang

The selection of non-hazardous solvent systems is an important factor that can significantly influence fiber
formation during polymer electrospinning. In this paper, poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV)/polyethylene oxide (PEO) has been electrospun using different solvent systems to investigate the
influence of different solution properties on nanofiber morphology and diameter, the thermal and
mechanical properties, as well as the degradation kinetics of the electrospun fibers. The morphology,
thermal and mechanical properties of PHBV/PEO electrospun fibers were characterized using scanning
electron microscopy (SEM), thermogravimetric analysis (TG) and differential scanning calorimetry (DSC),
and a universal testing machine, respectively. The results showed that the binary-solvent system
(dichloromethane/ethanol DCM/EtOH) gave the finest defect-free fibers, and exhibited the best thermal
and mechanical properties of all the single solvents (chloroform (CHL), dichloromethane (DCM)).
Therefore, the effect of DCM/EtOH in different ratios on PHBV/PEO electrospun fibers was studied in
detail. In brief, the DCM/EtOH solvent system was considered to be the best candidate for PHBV/PEO

www.rsc.org/advances for electrospinning.

1. Introduction

Electrospinning is a simple, cost effective and versatile method
that can be used to produce fibers with diameters ranging from
several nanometers to micrometers." Due to the large surface
area-to-volume ratio, high porosity and good flexibility, elec-
trospun nanofibers have great potential in a number of appli-
cations such as tissue engineering,> filtration systems,?
biosensors,* drug delivery’ and wound healing.® The basic
process of electrospinning is that, under a high electrostatic
force, a fluid jet would eject from the apex of the so-called
“Taylor cone” of the charged polymer solution or melt when
the electrostatic forces overcome the surface tension, and then
the fibers can be collected after going through solvent evapo-
ration.”® The morphology and diameter of the electrospun
fibers depend on many parameters, including operating
parameters, solution properties and ambient conditions. A
delicate balance among all the above-mentioned variables is
significant in order to obtain continuous nanofibers with
specific morphology and properties. Previous results have sug-
gested that, to produce nanofibers, one of the most influential
variables to consider is the selection of a desirable solvent or
solvent system. Because solvent is pivotal in determining the
critical minimum solution concentration, and then
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significantly affecting solution spinnability and the morphology
of the electrospun fibers. Thus for successful electrospinning
the selection of an appropriate solvent system is indispensable.
Luo et al.® studied that the effect of 28 solvent systems on
polymethylsilsesquioxane (PMSQ) nanofibers. Binary solvent
systems were produced for electrospinning, while the solvent
parameters were close to a good single solvent. PMSQ solutions
of the same concentration in solvents of partial solubility
showed better spinnability than solutions in solvents of high
solubility. The binary solvent system mixing 2-nitropropane
(high solubility) and dimethylsulphoxide (non-solvent), neither
of which exhibited high volatility, highly porous electrospun
fibres. It demonstrated that solvents with high solubility and
volatility did not necessarily produce solutions good for elec-
trospinning, and phase separation was induced by solubility
difference in the electrospun polymer solution. Casasola et al.®
prepared poly lactic acid (PLA) in various pure solvents and
binary-solvent systems, and investigated the effect of different
solution properties on nanofibre morphology and diameter. It
was found that, of all the solvent systems used, acetone/
dimethylformamide gave the highest fibre productivity and
finest defect-free nanofibres. The results showed that the
solvent properties, boiling point, viscosity, conductivity and
surface tension, had a significant effect on process productivity,
morphology and diameter distribution of the PLA nanofibres.
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) became
attractive in the biomedical field due to its optical activity,
biodegradability, biocompatibility and thermoplasticity.®*
Furthermore, (R)-3-hydroxybutyric acid, the ultimate
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degradation product of PHBV, is a constituent of blood. It was
reported that PHBV could promote better cell proliferation,
such as fibroblasts, keratinocytes and neural cells.”*"** However,
PHBV has been prevented its application in some biomedical
fields by some shortcomings, such as poor mechanical perfor-
mance, high crystallinity degree and inherent rigidity, and
intrinsic hydrophobicity.” As the surface modification with
hydrophilic polymers, polyethylene oxide (PEO) has been
explored because of the outstanding properties,” including
good solubility in water and in organic solvents, a lack of
toxicity, no antigenicity, non-immunogenicity and hydrophilic,
all of which are essential properties for tissue engineering.

Regarding the production of PHBV nanofibers, the effect of
different solvents on fiber diameter has been previously re-
ported. Meng et al.*® dissolved PHBV in hexafluoroisopropanol
(HFIP), the fiber diameter were 600 nm, and the cell culture
experiments indicated that the PHBV nanofibrous scaffold
accelerated the adhesion and growth of NIH3T3 cells, thus
making the former a good scaffold for tissue engineering.
Kuppan et al.**** dissolved PHBV in a mixture of DCM and DMF
(9 : 1) to form a 15% (w/v) solution. The average diameter of the
PHBYV fibers was 724 nm. However the PHBV fibers were not
uniform and smooth. Hyeong et al'’ investigated a set of
concentration to produce PHBV fibers. They dissolved PHBV in
trifluoroethanol (TFE), the factors chosen were solvent compo-
sition, concentration, applied voltage and tip-to-collector
distance. The 2 wt% PHBV-TFE solution appeared to be the
best choice to get the finest diameter. Sombatmankhong et al.*®
prepared PHBYV fibers using chloroform as solvent. The average
diameter of the as-spun fiber from PHBV solutions decreased
with increasing collection distance and increased with
increasing solution concentration and applied electrical
potential. The average diameter of PHBV fibers ranged between
1.6 and 4 pum.

Considering the PHBV/PEO blend system, Bianco et al. dis-
solved PHBV/PEO blends of different composition in chloro-
form at a concentration of 20%, and collected electrospun fibers
with average diameter of 1.3-2.6 pm. In another study, Xu
et al.*® produced PHBV/PEO nanofibers with a diameter of 738-
1098 nm from the DCM solution 10%. However some beads
were also collected in the PHBV/PEO 80/20 blend.

Based on the facts discussed above, the selection of an
appropriate solvent or solvent system is essential for the
production of homogeneous nanofibers in the electrospinning
process. Generally, PHBV is dissolved in chloroform and fluo-
rinated solvents. However a low toxicity solvent system would be
preferable, which is beneficial to the environment.

The main objectives of this study were to produce PHBV/PEO
nanofibers using chloroform (CHL), dichloromethane (DCM)
and DCM/EtOH as solvent, and to select a desirable solvent or
solvent system as a carrier of PHBV/PEO for the optimization of
electrospinning. It is important to underline that, to the best of
our knowledge, the lower toxicity solvent system of DCM/EtOH
has not been reported yet. Meanwhile, the addition of EtOH to
the DCM solvent enable the production of nanofibers. In order to
evaluate the influence of the solvent systems on the morphology,
mean diameter, diameter distribution thermal and mechanical
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properties, in vitro degradation of PHBV/PEO nanofibres, all
nanofibers were characterized by means of scanning electron
microscopy (SEM), Fourier transform infrared attenuated total
reflectance spectroscopy (FTIR-ATR), thermal analysis (TG-DTG),
differential scanning calorimetry (DSC), X-ray diffraction (XRD),
while mechanical properties and in vitro degradation were
determined by universal testing machine and in vitro degradation
test, respectively. The most promising solvent system DCM/EtOH
was studied in more detail and solution viscosity, surface tension
and conductivity were measured.

2. Materials and methods
2.1 Materials

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with 1.09
mol% 3-hydroxyvalerate (HV) (M,, = 2.67 x 10°> g mol ), was
purchased from Tianan Biologic Material CO., poly(ethylene
oxide) (PEO, M,, = 100 000 g mol ') powder was purchased from
Aladdin, and chloroform (CHL) (CHCl3, 99.5%), dichloromethane
(DCM) (CH,Cl,, 99.5%), and ethanol (EtOH, 99.7%) were supplied
by Shanghai Lingfeng Chemical Reagent CO. All reagents and
solvents were used as purchased without any further purification.

2.2 Preparation of PHBV/PEO electrospun fibers

The PHBV powder with PEO content (70/30 wt%/wt%) was dis-
solved in CHL, DCM and DCM/EtOH (6 : 1 v/v) respectively, and
magnetically stirred for 12 h to obtain a 10% w/v polymer
concentration. The effect of DCM/EtOH solvent system on fiber
morphology was investigated: PHBV/PEO was dissolved in
variable proportion of DCM/EtOH (9:1,8:1,7:1,6:1,5:1,
4:1,3:1) to obtain solutions 10% w/v. The solution was filled
in a 10 ml syringe equipped with a 22G metallic needle, fixed in
a digitally controlled syringe pump (KD scientific, MA, USA),
and a rectangular steel plate covered with aluminum foil was
used as collector. The parameters of PHBV/PEO electrospinning
were applied according to the method developed by Xu et al., as
previously reported.*®

2.3 Viscosity, conductivity, surface tension and vapor
pressure of polymeric solutions

The shear viscosity of polymeric solutions was measured using
a rotating viscometer (Digital viscometer DV-79, Ni Run). The
temperature of the solutions was kept at 25 °C by a water jacket
and a thermostatically controlled water bath. Every reading was
recorded until reaching equilibrium. Electric conductivities were
evaluated at 25 °C by means of a conductometer (DDS-307A, Lei
Ci, Shanghai). The surface tension measurements of all solutions
were conducted with a surfactometer (JK99B, Zhong Chen,
Shanghai). The vapor pressure of binary solution can be calcu-
lated according to Raoult's law, using the equation:*

P=PX, + P X, (1)
where P is equal to the sum of the vapor pressures of the binary

solvent solution, P, and P, are the vapor pressure of the pure
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component, X, and X;, are the mole fraction of the component
in solution.

2.4 Microstructural investigation of PHBV/PEO electrospun
fibers

Surface morphology. The surface morphology of all PHBV/
PEO electrospun fibers was analyzed using a scanning elec-
tron microscope (TM-1000, Japan) at an accelerating voltage of
10 kv. The samples were sputter coated with gold prior to
imaging. The average fiber diameter and fiber diameter distri-
butions were determined from considering about 100 different
fibers by means of Image] software.

Porosity analysis. The porosity of PHBV/PEO electrospun
fibers was calculated using the following equations:**

Porosity (%) = (1 - %) x 100% (2)

where, d and D refer to the apparent density (g cm ™) of the
electrospun fibers and the bulk density of polymer. Assuming
the density of PHBV and PEO were unchanged during the
fabrication process, and utilizing the actual densities of PHBV
and PEO of ppypy = 1.23 g cm > and ppgo = 1.125 g cm >,
respectively. The bulk densities (D) and apparent density (d)

were calculated using the following equations:”

Mopupy + Mpgo

D= 3

MPHBV MPEO ( )
PPHBV PPEO
Melectrospun mats

— _cectrospun mals 4

LxWxh (4)

Mpyupy and Mpgo are the weight of PHBV and PEO in the
composites; Mejectrospun mats 1S the weight of the samples, and L,
W and % are the length, width and thickness of the samples. Five
strips were chosen for each porosity calculation.

Fourier transform infrared spectroscopy. Infrared (IR)
spectra of all mats were recorded on a Nicolet 8700 spectro-
photometer, by ATR reflection method. In the measurement,
128 spectral scans were repeated over the wavenumber range of

650-4000 cm ™~ * with the resolution of 4 ecm™.

2.5 Thermal properties analysis of PHBV/PEO electrospun
fibers

The thermal properties were tested by thermogravimetric
analysis (TGA, Netzsch 209 F1) and differential scanning calo-
rimetry (DSC, TA Instruments Q20). TG analysis was also con-
ducted from 20 to 600 °C under nitrogen atmosphere at
a heating rate of 10 °C min~". The actual weight ratio and
thermal stability of electrospun mats can be determined from
the weight loss curves.

In the DSC measurement, the melting temperature and
crystallinity of the samples were investigated under nitrogen
atmosphere. About 7-8 mg of the samples were first heated
from 0-190 °C at a rate of 10 °C min ™.

Melting temperatures (T;,) and melting enthalpy (AH,,,) were
determined from the first heating scan. The degree of crystal-
linity (x) was calculated from equation:
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_ AI—Im
- [-AHY,

X (5)
where AH}, represents the theoretical enthalpy value of fully
crystalline polymers (i.e. 109 J g ' and 196.8 ] g ' for PHBV?
and PEO,* respectively); AH,, indicates the melting enthalpy (J
¢~ ") as calculated from DSC thermograms. f is the weight frac-
tion of PHBV or PEO in the hybrid mixture.

2.6 Mechanical properties of PHBV/PEO electrospun fibers

The mechanical properties of the PHBV/PEO electrospun fibers
were evaluated using Universal Testing Machine (WDW3020,
Changchun). All electrospun mats of 10 mm x 80 mm (n = 5)
were used in this study. The ends of the samples were mounted
on the gripping units of the tensile tester, and a load of 500 N at
an extension rate of 5 mm min~" was applied until failure.

2.7 Invitro degradation of PHBV/PEO electrospun fibers

The PHBV/PEO electrospun fibers (dimensions: 2 ecm X 2 cm;
thickness 110 pm) were subjected to in vitro degradation by
incubating the samples in phosphate buffered saline (PBS)
solution at 37 °C for 2 week and 4 week, and PBS was changed
every alternate day. The samples were removed after respective
time points and rinsed twice with distilled water. The samples
were then dried in a vacuum oven at room temperatures for 1
week and the morphology change was recorded by using SEM.>*
Further, the weight loss percentage of the samples was calcu-
lated using the following equation:

initial M,, of sample — final M, of sample

Weight 1 %) =
cight loss (%) initial M, of sample

x 100%
(6)

At least 3 samples were tested for each type of electrospun
fibers and the results were expressed as mean + SD.

3. Results and discussion

3.1 The effect of solvents on PHBV/PEO electrospun fiber
morphology

The morphologies of PHBV/PEO electrospun fibers produced
with different solvents were observed with SEM, the results and
fiber diameter distribution were shown in Fig. 1. As illustrated in
Table 2, PHBV/PEO solutions of CHL, DCM and DCM/EtOH
produced bead-free smooth electrospun fibers of average diam-
eters 1983 + 365 nm, 857 + 424 nm and 783 + 161 nm,
respectively. Previous literature has shown that solvent proper-
ties, such as concentration, boiling point, dielectric constant,
conductivity, surface tension, and viscosity, influence the elec-
trospun fibre morphology.* It is well known that the conductivity
and dielectric constant have the similar effect on the fiber
diameter. The solvent with higher conductivity and larger
dielectric constant have a higher charge density in solution.
Therefore, as the charges carried by the jet increased, the
stronger elongation forces are imposed to the jets because of the

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM images of PHBV/PEO electrospun fibers with fiber diameter distribution obtained from 10% (w/v) PHBV/PEO solution prepared by

using different solvents: (A) CHL (B) DCM (C) DCM/EtOH.

Table 1 Properties of the solvents used in this study (5 is the viscosity, ¢ is the dielectric constant, ¢ is the surface tension) (Smallwood .

Handbook of organic solvent properties, Halsted Press, London 1996)

Boiling 7 (mPa s) Conductivity o (mMNm™) Vapor pressure
Solvent point (°C) at 20 °C (uSem™ ) € at 20 °C at 20 °C (mmHg)
Chloroform - CHL 61 0.563 1.0 x 107* 4.9 27.14 156
Dichloromethane - DCM 40 0.425 4.3 x107° 9.1 28.12 376
Ethanol - EtOH 78 1.17 1.35 x 107+ 25.7 22.27 45.7

self-repulsion of the excess charges under the electrical field,
leading to substantially straighter shape and smaller diameter of
electrospun fibers. As the solution viscosity increased, the
charged jet can not break up into small droplets but form the
straight shape in electrospinning due to the increased chain
entanglements (or the viscoelastic force). However, the increased
viscoelastic force can prevent the jet segment from being
stretched by the constant coulombic force, resulting in the larger
fiber diameter. The solution in DCM has much higher conduc-
tivity and dielectric constant, and lower viscosity than that in
CHL, which leads to the thinner fiber diameter in DCM solvent.
However, due to the high boiling point and vapor pressure of
DCM (in Table 1), the Fig. 1B has revealed un-uniform and
irregular electrospun fibers. Asran et al.** and Qin et al.** found
the similar result on poly(caprolactone) (PCL) electrospun fibers.
Therefore, of all solvents, DCM/EtOH was found to produce
smooth and uniform fibers due to its relatively high conductivity

This journal is © The Royal Society of Chemistry 2017

and dielectric constant compared to the other single solvents,
combined with relatively low surface tension.

As demonstrated in Table 2, the addition of EtOH in the DCM
solvent enable the conductivity and boiling point increased, and
the vapor pressure and surface tension decreased. For above
reason, smooth defect-free electrospun fibers with a narrow
diameter distribution were collected using the binary-solvent
system. Hohman et al.*” reported that the dominant instability in
electrospinning depended strongly on the static charge density of
the jet, a high conductivity fluid or surface charge density can
suppress the instability, and allowed the production of thinner and
more uniform fibres with fewer defects. Solvent evaporation has
been reported to decrease the elongation factor during electro-
spinning.”® Comparing with pure DCM, the DCM/EtOH with
higher boiling point evaporate slower from the ejected charged jet,
that can cause the viscoelastic properties of the jet to change,
leading to a much lower diameter due to the stretching of the jet.

RSC Adv., 2017, 7, 4000-4010 | 4003
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Table 2 Conductivity, viscosity and surface tension of PHBV/PEO solutions and average fiber diameter and porosity of PHBV/PEO electrospun

fiber

Conductivity Viscosity Surface tension Average fiber diameter Porosity
Sample (BS em™) (mPa s) (mN m™) (nm) (%)
CHL 0.18 £ 0.01 96 £ 2.3 26.4 £0.4 1983 £ 424 80.4 + 1.45
DCM 2.21 £ 0.01 42 + 1.8 27.4£0.6 857 + 365 90.1 + 0.49
DCM/EtOH 4.99 £ 0.01 76 £ 2.0 24.8 £ 0.4 783 £ 161 90.5 £+ 0.51
EtOH — — 20.1 £ 0.7 — —

As shown in Table 2, the binary-solvent system DCM/EtOH solu-
tion produced nanofibres with the thinnest diameter (783 nm),
appear to agree with Lee et al* Conductivity maybe the most
important factor in the process of electrospinning. The high
conductivity of solutions can result in the increase of surface
charge of spinning jet, while stronger elongation forces are
imposed to the jet, therefore, the defect-free, uniform nanofibers
with a narrow diameter distribution were fabricated as shown in
Fig. 1C.

Regarding the fiber diameter distribution, it was noticed that
the homogenous electrospun fibers with thinner fiber diameter
and narrow diameter distribution were prepared when the
PHBV/PEO dissolved in DCM/EtOH. This result can be attrib-
uted to the second solvent of EtOH with low vapor pressure*****
and surface tension,*?* and high dielectric constant. In addi-
tion, the porosity of all electrospun fibers is 80-90%, which is
satisfied with the needs of tissue engineering.

3.2 FTIR analysis of PHBV/PEO electrospun fiber

The FTIR spectra of PHBV/PEO electrospun fiber with different
solvents is presented in Fig. 2. As other researchers investigated,
for all PHBV/PEO electrospun fibers, the 1722 em™' peak is
assigned to the stretching band of the ester group C=0, which is
sensitive to the crystalline phase; 2885 cm ™', 2928 cm ™" and 2976
em ™' peaks are corresponding to asymmetric and symmetric
stretching of C-H,; 1278 em™ ' and 1259 cm ™' peaks are assigned
to asymmetric and symmetric stretching of C-O-C; 1131 cm ™"

C
s B
L
Q
=
S
b=
E A
z T
£
=
T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber (cm'l)

Fig. 2 FTIR spectra of PHBV/PEO electrospun fiber in different
solvent: (A) CHL, (B) DCM, (C) DCM/EtOH.
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and 1101 em ™' peaks are due to the asymmetric and symmetric
stretching of C-O; the peak 1228 cm™ " is assigned to CH; vibra-
tion, and 1183 cm ™ is also caused by C-O-C stretching; 1055
cm~ ! peak is thought to be C-O stretching and CH, rocking.”*
Whenever for any of the FTIR spectra of PHBV/PEO electrospun
fiber in different solvent, there were no difference among them.

3.3 DSC analysis of PHBV/PEO electrospun fiber

Fig. 3 shows the DSC thermograms of PHBV/PEO electrospun
fibers in different solvents, and the numerical data are
summarized in Table 3. Fig. 3a and b represent the curves of the
melting behavior of the first cycle and the second cycle showing
samples without thermal history, while 3c reflects the crystal-
lization behavior of samples.

It was noticed that the two distinct melting peaks appear in
the Fig. 3a, implying that PHBV and PEO were also immiscible
in the mixture, no matter whether the solvent was. In Table 3,
the melting temperature Ty,, exhibited different values when
PHBV/PEO was dissolved in different solvent, i.e., 64.6 °C and
174.6 °C (in CHL solvent), 63.7 °C and 173.8 °C (in DCM
solvent), 67.5 °C and 176.2 °C (in DCM/EtOH solvent). It can be
found that when higher boiling point of solvent used, higher
Ty, of fibers was obtained. Like similarly the melting temper-
ature Ty, and crystallinity in different solvents have shown the
same trend. These results are in close agreement with Chu's
work.** During electrospinning, when the polymer solution jet
ejects from the needle tip and polymer chains are stretched in
the direction of the electrostatic field (along the fiber direc-
tion), the surface area of the jet is dramatically increased
during this process and this leads to an increased rate of
solvent evaporation, the evaporative cooling during the loss of
solvent leads to thermodynamic instability. Due to high
boiling point or low vapor pressure, the rate of jet solidifica-
tion was decreased and thereby the thermodynamic stability of
PHBV/PEO in DCM/EtOH solvent was better than that in CHL
and DCM solvent.

The previous results indicate that the choice of the solvent
with a suitable boiling point or vapor pressure is an important
issue which will affect the crystallinity of the electrospun
nanofibers, the solvent with a slower evaporation rate, give
more time for the crystals rearrangement and facilitate the
development of a highly crystalline structure.®® As a result, the
crystallinity of PHBV/PEO electrospun fiber in DCM/EtOH
solvent was higher compared with CHL and DCM solvent.

Asillustrated in Table 3, the crystallization temperature 7 of
PHBV/PEO electrospun fiber in the binary-solvent was higher

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 DSC diagrams of PHBV/PEO electrospun fibers in different solvents: (A) CHL, (B) DCM, (C) DCM/EtOH. (a) The first heating cycle; (b)
second heating cycle; (c) the cooling stage.

Table 3 Thermal properties of the PHBV/PEO electrospun fibers in different solvents (7,1 = the melting peak temperature of first heating scan;
Tmz = the melting peak temperature of second heating scan; x = crystallinity calculated from first heating cycle; Tc = crystallization peak
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temperature from cooling scan)

First heating

First cooling Second heating

Tml (OC) AFlm U gil) X (0/0) TC (OC) Tmz (OC)
Sample PEO PHBV PEO PHBV PEO PHBV PEO PHBV PEO PHBV
CHL 64.6 174.6 17.0 50.6 22.9 66.3 36.7 63.2 59.6 169.7
DCM 63.7 173.8 26.5 47.4 44.8 62.1 37.2 64.9 61.0 168.8
DCM/EtOH 67.5 176.2 26.3 50.5 44.5 66.2 39.0 68.9 62.2 170.5

than that in single solvent. The delay of the crystallization was
associated to the complicated phase separation and fast drying
times typical of the simultaneous electrospinning of two
components in different solvents.*¢-**

20 /

¢
100 200 300 400 500 600
Temperature(C)

Fig. 4 TGA (a) and DTG (b) diagrams of PHBV/PEQO electrospun fibers

This journal is © The Royal Society of Chemistry 2017

3.4 TGA analysis of PHBV/PEO electrospun fiber

The TG and DTG curves of PHBV/PEO electrospun fiber in
different solvents are listed in Fig. 4a and b, showing the
degradation temperatures of PHBV and PEO, respectively.

(b)

D (%/min)

200 300 400 500

Temperature('C)

100 600

in different solvents: (A) CHL, (B) DCM, (C) DCM/EtOH.
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All the curves in Fig. 4 presented two distinctly distinguished
thermal decomposition peaks ascribable to PHBV and PEO
components. TGA and first derivatives of DTG for electrospun
PHBV/PEO with different solvents showed that all samples
exhibited a distinct weight loss stage of PHBV and PEO
component at 267-307 °C and 350-415 °C, the temperature of
the maximum mass loss rate is 283-294 °C and 391-395 °C,
respectively. The TG and DTG values indicate that the PHBV/
PEO electrospun fibers prepared with DCM/EtOH solvent
showed higher degradation temperatures compared to the
samples prepared with CHL and DCM alone, pointing to
a better performance of binary-solvent system.

3.5 Mechanical properties of PHBV/PEO electrospun fibers

Mechanical properties of the PHBV/PEO electrospun fiber with
different solution were shown in the Fig. 5. The results

Stress (MPa)
>

0 10 20 30 40 50 60 70

Strain (%)

Fig. 5 Mechanical properties of PHBV/PEO electrospun fibers in
different solvents: (A) CHL, (B) DCM, (C) DCM/EtOH.
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discovered that the PHBV/PEO electrospun fiber with the DCM/
EtOH solvent has higher tensile strength (4.46 MPa) and strain
at break (70.1%) compared with the fiber with the CHL
(3.15 MPa, 62.6%) and DCM (3.35 MPa, 50.4%) solvent, the
Young's modulus is basically identical with each other.

As reported, the mechanical properties of electrospun fibers
are influenced by crystallinity and molecular orientation, and
their crystal structure is controlled by the processing parame-
ters and the electrical and rheological properties of the polymer
solution.*® According to Arinstein and Zussman,*’ the relaxation
process that was generated by evaporation of solvent within
electrospun fibers, can significantly affect the mechanical
properties of polymeric nanofibers. From the Tables 2 and 3, the
PHBV/PEO electrospun fiber that are produced by using binary-
solvent (DCM/EtOH) with lower evaporation rate, have smaller
fiber diameter, higher degree of molecular orientation and
crystallinity, and consequently the mechanical properties of
electrospun fibers was superior to the fibers with single solvent
(CHL, DCM). The similar results are discussed independently by
Wong et al.,** which led to the conclusion that the degree of
crystallinity and molecular orientation of fibers are enhanced
when the diameter of spun fibers is reduced, resulting in
improved mechanical strength.

3.6 Invitro degradation of PHBV/PEO electrospun fibers

The degradation behavior of PHBV/PEO electrospun fibers with
different solvents was investigated by incubating the samples in
PBS at 37 °C. Fig. 6 and 7 have shown the morphology and weight
loss of electrospun fibers after various time points during the in
vitro degradation study, and the data for each sample was calcu-
lated by T-test or Student's ¢ test and P < 0.05. The biodegradation

x1.0k 100 um x1.0k 100 um

Fig. 6 SEM micrographs of PHBV/PEOQ electrospun fibers with different solvents after in vitro degradation: (a) 2 week, CHL (x1.0k), (b) 2 week,
DCM (x1.0k), (c) 2 week, DCM/EtOH (x1.0k), (d). 4 week, CHL (x2.0k), (e) 4 week, DCM (x2.0k), (f) 4 week, DCM/EtOH (x2.0Kk).
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Fig. 7 The weight loss of PHBV/PEO electrospun fiber with different
solvents after in vitro degradation (P < 0.05).

of polymers involves distinct mechanisms, depending on the
nature of a polymer. For poly(hydroxyalkanoates) (PHA), hydro-
lysis (biotic or abiotic) followed by hydrodegradation is the
primary pathway involved in the biodegradation.”
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In Fig. 6a—c, all electrospun fibers appear to swell, but still
keep the morphology of fibers. In the Fig. 6d and e, the
morphology of the PHBV/PEO electrospun fibers was gradually
lost, but it can be observed the morphology of fibers partly after
4 weeks, while in the Fig. 6f, the surface leveled off after 4 weeks,
and there are some pores on the surface. Due to the excellent
water-solubility and hydrophilic characters of PEO in the blend,
that could help absorb and keep the water and preceded
biodegradation of PHBV. It well agreed with the conclusion and
mechanism reported by Li et al.*® and Ke et al.** PEO, as the
plasticizer, reduced the interaction between the chains of PHBV
and PEO in the blends, thereby accelerating biodegradation.
Another explanation could be the natural incompatibility
between PHBV and PEO, already mentioned by Parra,” and
could account for the extensive biodegradation because of the
migration of this plasticizer to the surface of the polymeric
material. As exhibited in Fig. 7, the mass loss of PHBV/PEO
electrospun fiber with CHL, DCM and DCM/EtOH solvent was
23.3%, 22.8% and 22.4 after 2 week degradation, and 29.4%,
31.8% and 35.5% after 4 week degradation, respectively. This

=
x1.0k 100 um

x1.0k 100 um

Fig. 8 Effect of solvent ratio (DCM/EtOH) on PHBV/PEO electrospun fiber morphology: (@) 9:1, (b)8:1,(c)7:1, (d)6:1,(e)5: 1, (f) 4: 1

Table 4 Physical solution properties for 10% w/v PHBV/PEO solution in different solvent ratios DCM/EtOH and mean fiber diameter

DCM/EtOH Electro- Conductivity Viscosity Surface tension Vapor pressure Mean fiber
(Viv) Solubility spinnability (BSem™h) (mPa s) (mNm™) at 20 °C (mmHg) diameter (nm)
9:1 + + 4.49 + 0.01 103 + 2.5 25.6 + 0.5 342.9 813 + 169
8:1 + + 4.59 £ 0.01 97 + 3.1 25.4 £ 0.5 339.3 718 £ 154
7:1 + + 5.04 £+ 0.01 82 £ 3.5 25.0 + 0.8 334.7 660 £ 153
6:1 + + 5.11 £ 0.01 74 + 2.8 24.8 £ 0.3 328.8 600 £ 161
5:1 + + 5.23 £ 0.01 67 £ 3.8 23.8 £ 0.1 320.9 560 + 171
4:1 + + 5.45 + 0.01 51 + 2.1 22.5 +0.1 309.9 482 + 170
3:1 — — 5.50 + 0.01 45 £ 2.5 22.3+£0.3 293.4 —

This journal is © The Royal Society of Chemistry 2017
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could be explained that DCM/EtOH, which has lower evapora-
tion and higher conductivity than DCM and CHL, resulted in
more stabilized electrospinning process. And thereby the
distribution of PHBV and PEO fibers are more uniform than
that with CHL and DCM solvent. Due to the hydrophilic of PEO,
it was degraded in the first step of degradation, leading to more
and uniform holes (surface defect) in the electrospun fibers
when binary-solvent system (DCM/EtOH) was used as solvent,
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Fig. 9 (a) Effect of the viscosity of DCM/EtOH in different ratios on
PHBV/PEO mean fiber diameter; (b) effect of the vapor pressure of
DCM/EtOH in different ratios on PHBV/PEO mean fiber diameter; (c)
effect of solvent ratio on the conductivity and surface tension of
PHBV/PEO solution.
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and then more PBS can fast penetrate to the spaces, and
accelerate the degradation rate.

3.7 The effect of solvent ratio (DCM/EtOH) on PHBV/PEO
electrospun fiber

From detailed studies of the PHBV/PEO electrospun fibers by
using different solvents above, DCM/EtOH was found to
produce defect-free fibers with the smallest mean diameter and
a narrow diameter distribution. Therefore DCM/EtOH was
mixed in a range of compositional ratios (9:1,8:1,7:1,6:1,
5:1,4:1and 3:1 v/v) and the effect on the PHBV/PEO elec-
trospun fiber morphology was studied.

The SEM images of PHBV/PEO electrospun fibers from a rang
of DCM/EtOH ratios are shown in Fig. 8, and the physical solution
properties of PHBV/PEO solutions, dissolvable and mean fiber
diameter are summarized in Table 4. It was obviously found that
the smooth defect-free fibers with narrow diameter distribution
were collected by using different ratios of DCM/EtOH solvent
system in Fig. 8. But PHBV/PEO was insoluble in DCM/EtOH 3 : 1
solvent, the fiber can not be collected. EtOH, as the second solvent
in the mixed-solvent, has high boiling point and dielectric
constant, and low surface tension (in the Table 1). Thus, as the
amount of EtOH increasing in the DCM/EtOH system, the
conductivity was increased, and the surface tension, viscosity,
vapor pressure and mean fiber diameter was decreased in Table 4.
The previous results showed that the fiber diameter of solvent
system DCM/EtOH at a ratio of 6 : 1 v/v was 783 nm. A possible
explanation for this discrepancy could be a slight difference in
ambient conditions, such as temperature and humidity.*

As the literature reported,*>****” the polymer solutions
which have the highest conductivity and lowest surface tension
and viscosity yielded the uniform bead-free and thinnest fibers.
Fig. 9 exhibited the effect of the solvent ratio on the solution
conductivity, surface tension and viscosity. It was clear that the
average fiber diameter decreased with decreasing viscosity,
similar result has been reported by Zong et al.** Due to the high
boiling point and vapor pressure of EtOH, the DCM/EtOH in
different ratios evaporated slowing from the ejected charged jet,
leading to the viscoelastic properties of the jet to change and
therefore the stretching of the jet to a much lower diameter.
Similarly, the solution conductivity is one of the main param-
eters in the electrospinning process, the increase in the
conductivity of solution results in production of bead-free
uniform and thinner fibers. Since the viscous polymer solu-
tion is subjected to more stretching under the high electrical
field due to the repulsion of the charges present on its surface,
and more charges can be carried at higher solution conduc-
tivity. Conversely, the high surface tension resulted in the
unstable of the jet, causing more beads appear on the electro-

spun mats.%>®4%49

4. Conclusions

PHBV/PEO electrospun fibers were fabricated by using three
solvents (CHL, DCM, DCM/EtOH). Of all solvent, smooth defect-
free electrospun fibers were collected, while the thinnest fibers

This journal is © The Royal Society of Chemistry 2017
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with narrow distribution were produced by binary-solvent
(DCM/EtOH), which of the mean fiber diameter was 738 nm.
In addition, by using DCM/EtOH as solvent, the tensile stress
and elongation break were 4.46 MPa and 70.1%; in vitro
degradation was 35% after 4 week in PBS. In brief, the
mechanical and degradation properties of PHBV/PEO electro-
spun fibers were improved by contrast with that with CHL and
DCM solvent. Most importantly, the effect of different solvent
ratios of DCM/EtOH on fiber morphology and diameter was also
investigated. As the second solvent in the mixed-solvent, EtOH
has high boiling point and dielectric constant, and low surface
tension, resulting in the decrease of mean fiber diameter as the
amount of EtOH increasing in the DCM/EtOH system. The
finest mean fiber diameter was 483 nm when DCM/EtOH at
a ratio of 4:1 v/v. It was clearly seen that the properties of
solvent (such as conductivity, viscosity, surface tension and
boiling point) played an important role in the electrospinning
process. Therefore, DCM/EtOH was promising in serving as the
solvent for electrospun PHBV/PEO, not only to reduce the
toxicity of solvent, but also to produce more uniform and
thinnest electrospun fibers, providing a fundamental criteria
for tissue engineering.
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