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Electrospinning technology is famous for its simple preparation, and accurate and easy control of process parameters. It is widely
used in ultrafine filtration membrane and biological tissue engineering support. Polycaprolactone (PCL) and poly(butylene
succinate) (PBS) have good biocompatibility and are commonly used materials in electrospinning. In this study, the relationship
between the electrospun sample, process parameters, and spinning solution of PCL/PBS blend system was systematically studied
in an electrospinning experiment. The morphology characteristics, thermodynamic properties, and microstructure of the
electrospun sample were screened by scanning electron microscopy, thermogravimetric analysis, differential scanning
calorimetry, and X-ray diffraction. The optimum conditions of electrospinning with high practical value were obtained.

1. Introduction

Polycaprolactone (PCL) is a synthetic, thermoplastic, incom-
plete crystallization polymer that has good biocompatibility,
natural degradation, and safety. It is one of the most studied
synthetic polymers in the field of biomedical materials and
has been approved by the US Food and Drug Administration
for its many advantages. PCL is used extensively because of its
low glass transition temperature (−60°C) and high permeabil-
ity [1]. PCL is widely used in tissue engineering and other
fields because it neither cause hemolysis nor does it destroy
and change platelets and ions in the body [2–5]. However,
the mechanical strength and melting point of PCL are rela-
tively low. The hydrophilicity of PCL is hindered by the pres-
ence of five repeated methylene units in the molecular
structure, resulting in a slow degradation rate and a long deg-
radation cycle. The degradation rate of PCL is usually
adjusted by modifying PCL or adding more easily degradable
materials to suit different types of requirements [6].

Poly(butylene succinate) (PBS) is a new type of polyester
developed gradually. It is mainly obtained from the enzy-

matic treatment of aliphatic diols and their polycondensates
as well as cellulose and reducing sugars and other reusable
raw materials. In addition, it is a recyclable material [7–9].
PBS has similar tensile strength and elongation at break to
polyethylene with melting point of 115°C, glass transforma-
tion temperature of −33°C, and decomposition temperature
of about 350°C. PBS not only has low cost and high effi-
ciency, lack of pollution to the ecological environment, and
good biocompatibility, but also has excellent mechanical
properties and good processing characteristics. Therefore,
the application of PBS in biomaterials has attracted research
attention at home and abroad [10, 11]. Sonseca et al. demon-
strated the effectiveness of wet electrospinning for the fabri-
cation of poly(butylene succinate-co-dilinoleic succinate)
(PBS-DLS) fibers. The goal was for tissue engineering [8].
However, research on its application in biomedical field is
still insufficient at present.

Electrospinning fibers are widely used in bioengineering.
All human tissues and organs are made up of fibrous struc-
tures. For example, the periosteum tissue is made up of oste-
oblasts, collagen fibers, and stromal fluid; the skin contains
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collagen fibers and elastic fibers; and the cartilage contains
tiny collagen fibers [12, 13]. These tissues and structures
are made up of different nanofibers that are connected in
different ways. In particular, they show great potential for
tissue engineering and controlled drug delivery because they
can mimic the structure of the extracellular matrix (ECM)
and serve as models for cell growth and proliferation. Elec-
trospinning is capable of fabricating fibers in the range of
nanoscale. Electrospun fibers are also being examined as
ECM-mimicking substrates in tissue engineering. [14, 15].
In recent years, one of the main research areas of electro-
spinning technology applied in tissue engineering is the use
of biopolymers to produce biocompatible scaffolds for cell
growth and reproduction, which can be used for various
types of biological tissue repair. For example, PCL has good
histocompatibility and can be fabricated into scaffolds by
electrospinning for the healing of body [16–18]. Controlled
release drug delivery systems can improve the therapeutic
efficacy of drugs, reduce drug toxicity, and ensure the safety
of drug delivery [19]. To control the drug release system
with electrospinning, the choice of polymer carrier is very
important because these polymers need to be biocompatible
and have low repulsion to the human body. Therefore, fibers
obtained by electrospinning can effectively improve the bio-
compatibility and degradation rate of the polymer.

With the rapid technological development, an increasing
number of new materials have been developed, and electro-
spinning materials are one of the important ones [20–22].
The wide range of these materials in biological and medical
uses makes them become increasingly important in the field
of new materials. In this experiment, PCL and PBS were dis-
solved in hexafluoroisopropanol (HFIP) solutions to obtain
high quality dope. By controlling the variable parameters,
this study investigated various factors and process condi-
tions that influenced the spinning product. Through careful
analysis of various factors, we obtained a relatively complete
electrospinning process and a relatively high quality electro-
spinning product that has important reference value for

PCL/PBS blend to synthesize the best spinning product.
The raw materials PCL and PBS used in this experiment
have the characteristics of low price and environment
friendliness, which are conducive to the concept of green
chemistry and environmental protection chemistry.

2. Results

2.1. Influence of Mass Fraction on Diameter of
Electrospinning. Electrospinning solution concentration has
a huge impact. In the process of spinning a solution by a
strong electrospinning field force, the solution surface ten-
sion is certain; as the voltage increases, the electrospinning
field force will be greater than the liquid surface tension,
and traction solution is present at the needle cone form of
the so-called “Taylor cone,” namely under the continuous
high voltage. The solution will be pulled through the Taylor
cone to spiral toward the flat plate receiver, and the solution
jet is dispersed into multiple streams from the initial stream
and finally hit the receiver panel. Different kinds of solutions
have different voltages to form Taylor cones, and the solu-
tions of the same solute have different voltages to form Tay-
lor cones because of different concentrations. Figure 1 shows
that with increasing solution concentration, in the case of
other conditions unchanged (Table 1), the diameter of elec-
trospun fiber is increasing when the solution concentration
from 6 to 10%, from 269.8 to 727.2 nm in diameter. PBS-
based copolymers containing dilinoleic acid/diol degrade
into non-cytotoxic products and their properties can be
modulated by varying the ratio of hard to soft segments cov-
ering a wide range of strength and elasticity.

For the same solution, the solution viscosity increases
with concentration. In the spinning process, when the volt-
age is constant, that is, the electrospinning field force is con-
stant, the higher the viscosity, the more spinning materials
are contained in the thin flow dispersed by the solution jet,
and the thicker the single spinning bundle is finally formed.
When the concentration of the spinning solution continued
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Figure 1: Relationship between electrospinning diameter and solution mass fraction.
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to increase to 12%, a large number of spherical droplets
appeared in the electrospun sample, the spinning diameter
increased to 924.5 nm, and the spinning was very uneven
[Figure 2(d)]. This was because when the concentration of
the solution was too large, the existing voltage could not
fully disperse the spinning jet, and the jet could not be
directly drawn to the receiver before bunched. When the
solution concentration is within the range of 8–10%, the
spinning effect is better, with high density and moderate
uniformity (Figures 2(b) and 2(c)). Therefore, subsequent
experiments to explore other factors are carried out under
the mass fraction of electrospinning solution of 10%.

2.2. Influence of Polymer Ratio on Diameter of Electrospinning.
According to Figures 3 and 4, in the solution with the same
concentration, the electrospinning diameter of the homopoly-
mer solution is greatly affected by the two polymers, and the
diameter of the polymer increases with increasing PCL ratio.
The electrospinning diameter of pure PCL (i.e., PCL/
PBS=1 : 0) is the largest, reaching 750.1nm (Figure 3(a)).
The electrospinning diameter of pure PBS spinning solution
(i.e., PCL/PBS=0 : 1) is 577.9nm [Figure 3(b)]. It is related to
the physical and chemical properties of raw materials. The
molecular weight (Mn) of PCL with 90,000 and the molecular
weight (Mn) of polybutanediol succinate (PBS) with 10,000
are used in this experiment. The larger molecular weight of
PCL makes its viscosity larger than that of polybutanediol
butyrate, and the dispersion stream formed by the spinning
jet containing PCL is relatively coarser under the action of
the same electric field force. This conclusion can be applied
to the actual production to adjust the diameter of spinning
products of the two polymer spinning solution. In addition,
we found that the spinning density of PCL was lower than that
of PBS when other unrelated factors were the same, indicating
that the spinnability of PCLwas slightly worse but the spinning
diameter was larger;moreover, the spinnability of PBSwas bet-
ter but the spinning diameter was smaller. When the solution
was formed after the mixture of the two polymers was spun,
the spinning characteristics of the two polymers can be neu-
tralized and electrospinning fibers with moderate spinnability
and suitable diameter can be obtained.

2.3. Influence of Spinning Voltage onDiameter of Electrospinning.
Voltage is an important factor in electrospinning.When the solu-
tion is determined, the surface tension is identified. Changing the
potential difference between the positive and negative poles can
change the shape of the protrusion formed when the spinning
fluid is ejected from the needle, the current carried by the spin-
ning fluid jet, and the movement track when ejected, thereby
affecting the spinning pattern. When the voltage is small and

moderate, the solution will form a “Taylor cone” at the needle,
and the spinning solution canmove toward the receiver regularly
under the traction of electric field force, forming spinning fiber
with relatively uniform morphology [Figures 5(a), 5(b), and
5(c)]. As the voltage increases, the electric field force increases,
and the traction of the spinning fluid jet becomes stronger and
stronger. The jet is dispersed into more streams to maintain the
spiral motion, which will reduce the diameter of the electrospun
fibers. Figure 6 shows that the spinning diameter decreased
slightly when the voltage increased from 12 to 20kV, but it was
not obvious on thewhole.When the voltage is too high, the “Tay-
lor cone” can no longer be formed at the needle because the
strong electric field force is higher than the surface tension of
the droplet; as such, the spinning liquid is directly pulled by the
electric field force from the inside of the needle and thrown to
the receiver. In the process of movement, it is no longer a scat-
tered stream, but a small droplet directly attached to the panel.
The observed microstructure is multi-sphere and spin-like fiber
with fine diameter [Figure 5(d)]. High voltage also speeds up
the movement rate of the solution in the needle and makes the
solution splash, so there are electrospun samples outside the
receiver panel under high voltage, causing a certain degree of cor-
rosion to the equipment. The blending solution can form electro-
spun sample at 12–20kV(25°C), and a large number of droplets
will appear in the sample at a higher temperature.

2.4. Influence of Injection Rate on Diameter of Electrospinning.
The pushing rate of spinning solution can also affect the forma-
tion of “Taylor cone” and its stability. As shown in Figure 7,
when the pushing rate increases from 0.6 to 1.0mL/h, the
diameter of electrospinning also increases from 372.8 to
785.5nm. Because the “Taylor cone” is relatively stable at this
time, the gradually increasing spinning jet makes the voltage
distribution more dispersed and carries less current per small
flow. Therefore, the diameter of the electrospinning bundle
also increases correspondingly [Figures 8(a), 8(b), and 8(c)].
Of course, this was done under the condition that the overall
injection rate was low. When the injection rate was too high,
the “Taylor cone” could not continue to exist stably due to
excessive spinning jets, and a large number of droplets would
appear on the spinning bundle [Figure 8(d)]. When the injec-
tion rate is too small, the solution supply rate cannot support
the amount of solution required for spinning at the current
voltage, and the solution in the needle may be intermittent;
the extremely unstable outflow will increase the number of
droplets in the electrospun sample [Figure 8(a)]. In addition,
we found that when the solution pushing injection rate was
too high, many branch spinning bundles with very fine diam-
eters were added to the original spinning bundles, whose diam-
eters were about 1/4–1/5 of the main spinning bundles. This

Table 1: Concentration of electrospinning solution.

Serial Number Spinning fluid composition (mass ratio) The mass fraction (%) Spinning voltage (kV) Push the note rate (mL/h)

1 PCL/PBS = 1 : 1 6 12 0.8

2 PCL/PBS = 1 : 1 8 12 0.8

3 PCL/PBS = 1 : 1 10 12 0.8

4 PCL/PBS = 1 : 1 12 12 0.8
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finding could be attributed to the large volume of “Taylor
cone” formed in the spinning process due to the high pushing
injection rate and sufficient supply of spinning material. The
primary dispersion flow is dispersed in the process of move-
ment, forming a secondary dispersion flow, and finally the
coexistence of primary and secondary spinning strands
appears on the receiving panel.

2.5. Thermogravimetric Analysis of Samples. As shown in
Figure 9, the decomposition stages of the five samples are
basically the same, which can be roughly divided into two
processes. In the initial condition, there will be certain mass
fluctuations. The analysis samples are flake or strip, and the
center of gravity position shifts after heating in the crucible,
resulting in a slight change in weight. The second stage is
the decomposition stage of PCL, PBS, and the blended silk
products. According to Table 2, PBS has a low thermal
decomposition temperature of 368°C and the maximum
decomposition temperature of 394.7°C, whereas PCL has a

high thermal decomposition temperature of 385.3°C and the
maximum decomposition temperature of 407.6°C. The ther-
mal decomposition temperature of electrospun sample
formed by blending the two is related to the ratio. When
PCL proportion is large, the thermal decomposition temper-
ature of electrospun sample is correspondingly high; when
the PBS proportion is large, the thermal decomposition tem-
perature of theelectrospun sample is closer to PBS with lower
decomposition temperature. When the proportion of PBS
was increased from 20 to 80%, the thermal decomposition
temperature of the spun sample decreased by 12.5°C. The
lowest thermal decomposition temperature was 358.8°C
when PCL/PBS=1 : 1. By observing the thermal decomposi-
tion curve of polymer with different ratio, which indicates
that the compatibility of PCL and PBS is good and no new
substances are generated.

2.6. Differential Scanning Calorimetry of Samples. Melting
temperature and crystallization were obtained by differential

(a) (b)

(c) (d)

Figure 2: Scanning electron microscopy of electrospinning [mass fraction of spinning solution is different: (a) 6%; (b) 8%; (c) 10%; and (d)
12%].
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scanning calorimetry (DSC). Figure 10 shows the DSC
curves of the spun samples in different proportions. The
melting temperature of PCL is 55.18°C, and that of PBS is

115.2°C. The thermal properties of the sample are slightly
influenced by the ratio of electrospinning materials.
Figure 10 showed DSC analysis of electrospun samples.

(a) (b)

(c) (d)

(e)

Figure 3: Scanning electron microscopy of electrospinning with different polymer ratios. (a) PCL/PBS = 1 : 4, (b) PCL/PBS = 1 : 1, (c) PCL/
PBS = 4 : 1, (d) PCL/PBS = 1 : 0, and (e) PCL/PBS = 0 : 1.
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U = 12 kV

(a)

U = 16 kV

(b)

U = 20 kV

(c)

U = 24 kV

(d)

Figure 5: Scanning electron microscopy of electrospinning at different voltages. (a) 12 kV, (b) 16 kV, (c) 20 kV, and (d) 24 kV.
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The thermal scanning was observed with the different ratio
of PCL/PBS. Two melting endothermic peaks were observed,
which correspond to the melting peaks of PCL and PBS,
respectively. The higher temperature corresponds to the
melting point of PBS, and the lower temperature corre-
sponds to the melting point of PCL. No new melting peak
was observed. They were incompatible in the crystal region;
and therefore, exhibit their own melting points. With the
increase of PBS, the peak with higher temperature gradually
increased, whereas the peak with lower temperature gradu-
ally decreased. This phenomenon showed that the blend
forms a heterogeneous system. The chains were wrapped
around each other in the amorphous part. However, it was
phase separation in the crystal region, which was micro-
scopic. The moderate compatibility of the blends has greater
practical value. The blends showed better properties than
two kinds of components.

2.7. X-Ray Diffraction of Samples. X-ray diffraction (XRD) is
used to describe the crystallization of the spun sample, ana-
lyze its crystallinity, and characterize its structure. As shown
in Figure 11, the relationship between diffraction angle and
peak intensity of the electrospun sample prepared after
blending of the two polymers are almost the same. Several
characteristic strong peaks are found at 21.06°, 23.38°,
19.38°, and 22.34°, which are in the same position as the
measured strong peak of pure PCL and PBS. No new peak
appears, indicating the lack of chemical reaction after the
two polymers are mixed into a solution and spun under high
pressure. As such, the spinning solution formed is uniform
and stable and will not affect the crystallization of the
filament.

2.8. Fourier Transform Infrared Spectra of Sample. The main
Fourier transform infrared (FTIR) bands corresponding to
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Figure 7: The relationship between electrospinning diameter and injection rate.
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Injection rate = 0.6 mL h–1

(a)

Injection rate = 0.8 mL h–1

(b)

Injection rate = 1.0 mL h–1

(c)

Injection rate = 1.2 mL h–1

(d)

Figure 8: The relationship between electrospinning diameter and injection rate. (a) 0.6mL h−1, (b) 0.8mL h−1, (c) 1.0mL h−1, (d) 1.2mL h−1.
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Figure 9: Thermogravimetric analysis of electrospun sample.
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the individual polymers were identified. Figure 12 shows
representative spectra. The regions that can be seen around
2948, 2861, 17261, and 1293 cm−1 are areas of PCL absorp-
tion. Spectra shows a –CH2– strtching band (2948 and
2861 cm−1), C=O stretching band (1726 cm−1), and
–(CH2)5– vibration absorption (at 1161 cm−1) for PCL. In
addition, the 1713 and 1161 cm−1 bands, assigned to the
stretching band of C=O and vibration absorption band of

C–O, respectively. The absorption peak of PBS and PCL were
all presented in Figure 12. It was showed that there was no
reaction between PBS and PCL. However, the peak height
was changed with the mass fraction of PBS/PCL sample.

3. Materials and Methods

3.1. Materials. All solvents used in this study were purchased
from Guangzhou Chemical Reagent Factory, Guangzhou,
China. These chemicals were used as received without fur-
ther purification.

3.2. Electrospinning. PCL/PBS solution at a concentration of
6, 8, and 10%, w/v was prepared at room temperature by dis-
solving the polymer in HIFP. The electrospinning was per-
formed as follows: the electrospinning was equipped with a
high voltage statitron (12 kV). The solution flow rate was
0.6, 0.8, 1.0, and 1.2mL/h, and collecting distance was
10 cm at 25°C–28°C. The samples were dried in a vacuum
oven for over 2 days to remove solvent residue for further
application.

PCL/PBS was dissolved in HFIP as different mass ratio
for 9 hours at room temperature. After its configuration sta-
bilizes, the spinning solution is absorbed by the syringe and
placed on the working table of the injection system. The
injection block is moved to make it in contact with the
syringe handle. The flat plate receiver is used to observe
the spinning shape and effect at any time. The distance

Table 2: Decomposition temperature of each sample.

Sample name Thermal decomposition temperature (°C) Maximum decomposition temperature (°C)

PBS 368.0 394.7

PCL 385.3 407.6

PCL/PBS = 4 : 1 379.7 385.1

PCL/PBS = 1 : 1 358.8 389.5

PCL/PBS = 1 : 4 366.6 371.6
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between receiver and needle is adjusted to the appropriate
position. Positive and negative high pressure contacts are
clamped. Positive and negative high pressure contacts are
started and adjusted to an appropriate value. The spinning
solution is pulled to a cone under the action of high static
power, forming a Taylor cone. Under the action of strong
electric field, the jet is dispersed into multi-jet, which moves
spirally to the receiver and accumulates on the surface,
forming electrospinning. The spinning time of each spinning
solution is 30 minutes. Control variable method was used in
the spinning process to study the influence of spinning solu-
tion concentration, the ratio of two kinds of polymers at the
same concentration, spinning voltage, and injection rate on
the spinning results. SEM observation: The morphology of
the electrospun sample was observed from the microstruc-
ture, and its diameter was measured by the ImageJ software.

3.2.1. Thermogravimetric Analysis. Thermal decomposition
temperature was investigated using thermogravimetric anal-
ysis (TGA) 209 F1 purged with nitrogen. TGA was carried
out over a temperature range from 35°C to 600°C at a scan-
ning rate of 10°Cminutes. The flow rate of gas was 20mL/
minutes.

3.2.2. Differential Scanning Calorimetry. The crystallization
behavior of the polymers was investigated by modulated
DSC (MDSC 2910, TA Instruments, DSC, MDSC 2910,
TA Instruments Co., DE, USA) purged with nitrogen in
cooling and heating process. DSC was carried out over a
temperature range from 0°C to 200°C at a scanning rate of
10°C/minutes.

3.2.3. Scanning Electron Microscopy. The electrospun fibers
of polymer were sputter coated with gold and visualized by
scanning electron microscopy (SEM, JSM-6380LA Analyti-
cal SEM, JEOL Ltd., Tokyo, Japan) operated at an accelerat-

ing voltage of 15 kV. Fibers diameters were measured using
the ImageJ software. At least 100 filaments of each sample
from different SEM images were analyzed.

3.2.4. X-Ray Diffraction. The crystal structure of the samples
was investigated by a Ultima IV X-ray powder diffraction-
meter, Rigaku, Tokyo, Japan, using the Cu–Kα radiation (λ
=1.5406Å and 40 kV, 40mA).

3.2.5. Fourier Transform Infrared Spectroscopy. The sample
was blended with potassium bromide (KBr) for FTIR spec-
troscopy (Nicolet/Nexus 670), and scanning absorption
was recorded at wavenumber ranges in the range of 400–
4000 cm−1 with a resolution of 4 cm−1. FTIR spectrum of
sample was detected in wavenumber ranges were compared
with the reports.

4. Conclusion

The experiment used green and environment-friendly raw
materials and had almost no by-products. In the whole
experiment, the electrospinning process with PCL/PBS solu-
tion as raw material and its influencing factors were compre-
hensively analyzed based on experimental data analysis and
relevant literature review. Solution mass fraction, polymer
ratio, spinning voltage, and injection rate all affect the diam-
eter of electrospinning, especially mass fraction. The most
suitable mass fraction for spinning was 8–10%. The PCL/
PBS blend solution was homogeneous and stable, and spin-
ning products were obtained at various proportions. When
PCL/PBS=1 : 1, the spinning bundles were of high density
and had uniform diameter. In a certain range, ideal electro-
spinning was obtained with slight difference in diameter
between increasing and decreasing voltage. The optimal
spinning voltage was 12–20 kV. When the voltage was too
high, the droplets in the electrospun sample increased and
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the diameter deviation was large. The pushing rate mainly
affects the stability of “Taylor cone.” If the pushing rate is
too low, then the raw material supply will be insufficient
and the spinning fluid will stop flowing. If the pushing rate
is too high, then the spinning jet will disperse twice and form
superfine filaments with no practical value and spherical fil-
aments will appear.The spinning solution formed by PCL/
PBS has good thermal stability and no chemical reaction or
change of the crystallization of the electrospun sample when
mixed in any proportion. It has high practical value. The sol-
vent used in the experiment was hexafluoroisopropanol,
instead of dichloromethane, which is relatively volatile, and
toluene, which is more toxic, consistent with the concept
of green chemistry and clean chemistry. This study provides
a reference for the future development of PCL/PBS electro-
spinning. The product has regular appearance, good thermal
stability, and strong practical value.
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