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ABSTRACT: Poly(ethylene glycol -co- DL-lactide) (PELA) is a biodegradable polymer, which has attracted considerable interest
in the area of drug release due to its potential as drug carrier. Drug-loaded electrospun PELA fibers tend to be a promising candi-
date for local chemotherapy application in the future. In this study, curcumin was encapsulated into PELA fibers (Cur@PELA) for
drug delivery via electrospinning. It was found that the shrinkage ratio, porosity, water absorption and water contact angle of
Cur@PELA fiber membrane could be changed by heat treatment with different heating temperature (45°C, 50°C) and heating time
(5 min, 10 min, 20 min). Moreover, the release rate of curcumin from Cur@PELA fibers was influenced by the porosity, water
absorption and water contact angle of the drug-loaded membrane. Heat treatment is thought to be a novel method to control
release of drug from electrospun PELA fibers. © 2016 Wiley Periodicals, Inc. Adv Polym Technol 2018, 37, 21705; View this article
online at wileyonlinelibrary.com. DOI 10.1002/adv.21705
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Introduction

D rug carriers for controlled release prepared by electro-
spinning are promising for biomedical applications and

have been widely investigated in recent years. There are many
outstanding advantages of fibrous carriers compared with the
conventional dosage forms (tablets, capsules, powders),1 such
as improving therapeutic efficacy, offering site-specific deliv-
ery for drugs to the body and reducing toxicity.1,2 Electrospun
nanofibers have been widely used in drug delivery and tissue
engineering, especially postoperative local chemotherapy. For
example, electrospun nanofiber membrane has been utilized
as anti-adhesion films to prevent postoperative tissue adhe-
sion,3–5 while drug-loaded electrospun nanofiber membrane
has been applied to inhibiting infection and the chronic

wound.6 However, the burst release of drug from the electro-
spun fibers at initial stage is still one great challenge for
researchers. To overcome this problem, different methods have
been reported for controlling drug release, such as surface
modification,7,8 surface cross-linking,8 emulsion, and coaxial
electrospinning; some mesoporous silica nanoparticles9 and
hydroxyapatite10 have been incorporated into electrospun
nanofibers to prolong drug release time. However, some issues
still exist, such as cross-linking agent may be toxic,8 coaxial
electrospinning need substantial optimization of electrospin-
ning parameters.10 Emulsifier and mesoporous nanoparticles
used may cause toxicity and safety issues as well as the low
efficiency of drug delivery.11 Therefore, development of a
nanofiber drug carrier which could possess mitigated burst
release and control release of the encapsulated drug still
remains a great challenge. To reduce burst release and control
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the behavior of drug release from electrospun fibers, a novel
method was described in this study.

“Controlled release” refers to the use of polymeric materi-
als to release incorporated drugs at a controlled rate for a
desired period of time.12 PELA is a commonly used material
for drug carrier and has received considerable interest in the
medical and pharmaceutical field due to their biodegradabil-
ity. Many researchers have reported electrospun PELA nanofi-
bers as drug carriers.3,13–16 In this study, we proposed a
simple method to control release of drug from electrospun
PELA fibers. Curcumin, a yellow pigment present in the
Indian spice turmeric, possesses diverse pharmacologic effects
including anti-inflammatory, antioxidant, antiproliferative,
and antiangiogenic activities,17,18 was chosen as a model drug
in this system.

In this study, a controlable drug release carrier (Cur@-
PELA) based on semicrystalline polymer (PELA) was devel-
oped. The influence of porosity, water absorption and contact
angle on the release behavior of curcumin from Cur@PELA
nanofibers was studied. Heat treatment could induce the
shrinkage of Cur@PELA fiber membrane. The results
showed that higher temperature with longer time heat treat-
ment could decrease the porosity and water absorption of
Cur@PELA fiber membrane, which lead to a slow down of
the release rate. On the other hand, to maintain the geomet-
rical stability of Cur@PELA fiber membrane during heat
treatment, fiber membrane was fixed on a flat. Results
showed that the water contact angle of fixed fiber mem-
brane became larger by heating for 20 min, and the drug
release rate also slowed down. To the best of our knowl-
edge, we firstly described a control release system which
can control release of drug from electrospun fibers by vary-
ing the porosity, water absorption and contact angle of
nanofiber membrane using heat treatment. It is an easier
and more effective way to control the release of drug from
electrospun PELA fibers.

Experimental Section

MATERIALS

PELA (average Mv~180,000) with PEG weight ratios of
20% was provided by Shanghai Divine Medical Technology
Co., Ltd. Curcumin was purchased from J&K chemical Co.,
Ltd. All other chemicals were of analytical grade and were
used without any further purification.

PREPARATION OF CUR@PELA FIBER MEMBRANES

Cur@PELA were prepared by electrospinning. Briefly,
1 g PELA and 8 mg curcumin were dissolved in 4 mL
Methylene chloride/Trifluoroacetic acid solution (8/2, v/v).
The percentage of curcumin to PELA was 0.8%. The electro-
spinning parameters were set as an applied voltage of
14 kV, a collection distance of 15 cm, and the electrospin-
ning solution flow rate of 1.0 mL/h controlled by a syringe
pump.

After electrospinning, Cur@PELA fiber membranes were
treated with heating at different temperature and time period.

Five different samples were prepared, accordingly, Control
(without heat treatment), S-45*5 (45°C, 5 min), S-50*5 (50°C,
5 min), S-50*10 (50°C, 10 min), and F-50*20 (50°C, 20 min).
All fiber membranes of five groups were cut into 2 9 3 cm
pieces. The process of treatment was different, S-45*5,
S-50*5, and S-50*10 were treated by heat without fixation
in oven. On the contrary, sample was prepared and treated
by heat with fixation in oven, F-50*20 (50°C, 20 min) were
cut and fixed on a flat plate using clips. Briefly, the speci-
men 3 cm long and 2 cm wide dimensions was placed in
the center of flat plate, and fixed on it using four clips at
four sides of membrane, then heated for 20 min in oven.
The F-50*20 nanofibers were collected directly from the flat
plate and stored at room temperature. The way of heating
treatment for preparing different samples was shown in
Table I.

CHARACTERIZATION

Morphology of Fiber Membranes and Diameter of
Fibers

The surface morphology of fiber membranes were observed
by scanning electron microscope (SEM). The average diameter
of fibers was obtained from at least 100 measurements on a
SEM image using Image J software.

Fourier Transform Infrared Spectroscopy

Attenuated total reflection Fourier Transform Infrared Spec-
troscopy (ATR-FTIR) was performed by a Nicolet-670 FTIR
spectrometer. All spectra were measured in the wavelength
range of 500 to 4000/cm.

Thermal Characterization

The thermal behavior of Cur@PELA fiber was character-
ized by Different Scanning Calorimeter (DSC) in a tempera-
ture range from �50 to 150°C at a heating rate of 20°C/min.

SHRINKAGE RATIO

Shrinkage is generally defined as a shortening of fiber
membrane length. Small strips (2 9 3 cm) were cut randomly
from the fiber membrane. The length of the fiber membrane
was measured. The shrinkage ratios of the Cur@PELA fiber
membranes were defined as:19

TABLE I
Heat Treatment for Preparing Different Samples

Sample Heating temp (°C) Heating time (min) Heating method

Control 0 0 Without fixation
S-45*5 45 5 Without fixation
S-50*5 50 5 Without fixation
S-50*10 50 10 Without fixation
F-50*20 50 20 Fixationa

aF-50*20 was fixed on a flat plate for heating.
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Shrinkage ratio ¼ ðL1 � L2Þ=L1 � 100% ð1Þ

Here, L1 is the length of Cur@PELA fiber membrane before
heat treatment, and L2 is the length of the fiber membrane
after heat treated.

POROSITY

The porosity of different Cur@PELA fiber membrane was
measured by using a method reported in previous litera-
tures.10,20 Small strips (2 9 3 cm) were cut randomly from the
fiber membrane. The thickness of the fiber membrane was
measured with a micrometer. The apparent density (qa) and
porosity (p)of the Cur@PELA fiber membranes were calcu-
lated using the following equations:

DensityðqaÞ ¼ mðgÞ=ðdðcmÞ � sðcm2ÞÞ ð2Þ

Porosity ¼ ð1� qa=qbÞ � 100% ð3Þ

Here, m, d, and s stand for mass, thickness, and area of the
fiber membranes, respectively. The bulk density of curcumin-
loaded PELA membrane (qb) is about 1.27 g/cm3.

WATER ABSORPTION TEST

The water absorption of Cur@PELA fiber membranes were
tested according to the reported method described in previous
literatures.21,22 Firstly, Cur@PELA fiber membrane was
weighted and recorded as the dry weight. Secondly, fiber
membrane was placed in tubes containing PBS, and was
removed after 2 h. The wet fiber membrane was placed on a
paper towel, and the excess water was allowed to drain off.
The fiber membrane was then weighed and measured as wet
weight. The water content percentage of the fiber membrane
was calculated with the following equations:

Water content percentage ¼ ðg1 � g0Þ=g0 � 100% ð4Þ

g0 and g1 are the weight of dry and wet fiber membranes,
respectively.

CONTACT ANGLE

Water contact angles of fiber membranes were measured
using a contact angle analyzer. The contact angles between
water droplets and fiber membrane were measured and
recorded by a video monitor.

IN VITRO DRUG RELEASE STUDY

Drug-loaded fiber membrane (about 20 mg) was soaked in
a centrifuge tube filled with 4 mL phosphate buffer saline
(PBS, pH 7.4) containing 0.1% w/v Tween-80 at 100 rpm in
thermostat shaker at 37°C, Tween-80 was employed in the

PBS to provide solubility for curcumin in aqueous phase. At
appropriate time, 2 mL released media was removed from the
centrifuge tube and replaced by an equal volume of fresh
media. The curcumin concentration in the released samples
was determined at 450 nm using microplate reader.23

The drug loading efficiency can be calculated via the fol-
lowing equation:

loading efficiency ¼ Mt=M0 � 100% ð5Þ

Here, Mt and M0 stand for the mass of encapsulated cur-
cumin and the initial total curcumin used for encapsulation,
respectively.11 The mass of encapsulated curcumin in fiber
membrane (Mt) were determined with the following method.
Briefly, curcumin-loaded nanofiber membrane (about 20 mg)
was dissolved in 5 mL dimethyl sulfoxide (DMSO) com-
pletely. The curcumin concentration was determined at
450 nm using microplate reader. Then the mass of encapsu-
lated curcumin in fiber membrane (Mt) could be obtained.

STATISTICAL ANALYSIS

All experiments were conducted at least three times. Statis-
tically significant differences were obtained by comparing data
using one-way ANOVA. The criteria for statistical significance
were *p < 0.05.

Results and Discussion

The surface morphology of the Cur@PELA fiber mem-
branes with different heat treatment was observed via SEM
images (Fig. 1). The average diameter of Control (Fig. 1a), S-
45*5 (Fig. 1b), S-50*5 (Fig. 1c), and S-50*10 (Fig. 1d) were
detected to be 921 � 268 nm, 1679 � 329 nm, 1665 � 341 nm,
and 1968 � 439 nm, respectively. It was observed heat treat-
ment could significantly alter the fibrous morphology of
Cur@PELA fibers. Uniform and smooth fibrous fibers could
be seen in Control (Fig. 1a), In contrast, the bent and thick
fibers could be seen in (Figs. 1b–1d), respectively. Heat treat-
ment with higher temperature for longer time (Fig. 1d) could
increase the thickness of fibers. In addition, compared with
the other four groups, Fibers in F-50*20 (Fig. 1e) conglutinated
together and showed different morphology.

Heat treatment could change the morphology of Cur@-
PELA fibers, because heat treatment cause the shrinkage of
Cur@PELA fiber membrane, which make bend in fibers and
increase the diameter of fibers. Moreover, the melting point of
Cur@PELA was about 50°C (Fig. 2). Treating Cur@PELA
fibers with 50°C for 5 min, 10 min, and 20 min could melt
part of the fibers. However, curcumin was relatively stable
when it was exposed to temperatures up to 120°C.24

Figure 3 shows the FTIR spectra of the free curcumin,
PELA fibers, Cur@PELA fibers. From the spectra of Cur@-
PELA (Fig. 3a), the peak at 1500/cm to 1600/cm could be
assigned to the C–C (benzene ring) stretching vibrations of
curcumin. The FTIR data verified the loading of curcumin
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onto the PELA fibers. However, from the Fig. 3(b), no
difference was observed between Cur@PELA fibers with
and without heat treatment. These results suggested that
heat treatment would not change the chemical structure of
curcurmin.

SHRINKAGE RATIO AND POROSITY

Figure 4 shows the change in shrinkage ratio and porosity
of Cur@PELA fibers by varying heating temperature and
time. From the Fig. 4(a), it was noted that the shrinkage ratio
of Control and F-50*20 were 0%, because F-50*20 was fixed
on a flat plate to maintain the dimension. The shrinkage ratio
of S-45*5, S-50*5, and S-50*10 increase significantly with in-
creasing heat treatment temperature and time, which were
53%, 59%, and 63%, respectively. It indicated that the stress
relaxation of the Cur@PELA fiber membrane could be pro-
moted by heating with the higher temperature and longer
time. The porosity of Control, S-45*5, S-50*5, S-50*10, and F-
50*20 is presented in Fig. 4(b), which were 80%, 47%, 36%,
24%, and 45%, respectively. It could be found that the poros-
ity of the fibrous membranes decreased with increasing heat-
ing temperature and time. The possible reason is that heat
treatment made fibers shrink and arrange more closely, which
lead to decrease of the porosity of membrane. However, the
shrinkage ratio of both control and F-50*20 were similar,
although porosity of control was higher than that F-50*20.

The possible reason for this is that heat treatment change the
morphology of fibers (Fig. 1e), more closely packed to fibers,
which lead to the decrease in porosity. As a result, the thick-
ness of F-50*20 decrease after heat treatment, which increase
the density of F-50*20.

WATER ABSORPTION

Figure 5 shows the water uptake of different Cur@PELA
fiber membranes placed in PBS buffer for 2 h. The water
uptake could be attributed to the structure of fibers. It was
observed that the water absorption percentage of Control was
the highest among samples. The water absorption percentage
of Control, S-45*5, S-50*5, and S-50*10 became lower with
increasing heating temperature and time. It is possible that
the lower porosity of Cur@PELA fiber membrane reduced
water uptake. Moreover, the water absorption percentage of
F-50*20 was also low. The reason for this was that the poros-
ity of F-50*20 was low, on the other hand, the fibers of F-
50*20 were close together, it may decrease the uptake of
water.

CONTACT ANGLE

The contact angle of Control, S-45*5, S-50*5, S-50*10, and
F-50*20 fiber membranes were presented in Fig. 6. After water
droplet placed on the fiber membranes at 30 s, the contact
angle of Control, S-45*5, and S-50*5 were all 0°, showed
hydrophilic properties. However, the contact angles of S-50*10
and F-50*20 were 47° and 124°, respectively. It can be clearly
seen that F-50*20 showed hydrophobic properties. The video
image of water droplet in Fig. 6(b) indicates the same results
as Fig. 6(a). The previous studies indicated that the contact
angle could be influenced by the membrane surface composi-
tion, pore size, and roughness.19 In this study, heat treatment
can influence the hydrophilic properties of Cur@PELA fiber
membranes. This may be due to the fact that heat treatment
could influence the porosity and morphology of fiber mem-
brane, which lead to the change in hydrophilic properties.
There was a little differences on fibers morphology among S-
50*10, S-45*5, and S-50*5. But the porosity of S-50*10 was
lower than S-45*5 and S-50*5, which indicated the porosity of
fiber membranes could influence the hydrophilic properties,
lower porosity of fiber membrane was more hydrophobic.
Moreover, compared S-50*10 with F-50*20, the porosity of S-
50*10 was lower than F-50*20, however, the contact angle of

FIGURE 1. SEM images of electrospun Cur@PELA fibers. (a) Control, (b) S-45*5, (c) S-50*5, (d) S-50*10, (e) F-50*20.

FIGURE 2. DSC profile of Cur@PELA fiber membrane.
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S-50*10 was smaller than F-50*20. That indicated the fibers
morphology could also influence the hydrophilic properties of
fiber membrane. Comparing with the other four groups, F-
50*20 (Fig. 1e) would conglutinate together in the membrane
which showed different morphology. It can be observed that

melting nanofibers were more closely packed, that may be the
reason why F-50*20 was more hydrophobic than others.

RELEASE BEHAVIOR STUDY

The release profiles of curcumin from Control, S-45*5,
S-50*5, S-50*10, and F-50*20 nanofibers were shown in Fig. 7.
It is clear noted that heat treatment can influence the release
behavior of curcumin from Cur@PELA fibers. As shown in
Figs. 7(a) and 7(c), the release profiles for Control can be illus-
trated by two stages. In the first 24 h, approximate 16% of cur-
cumin was released, showed an initial burst release. On the
second stage, a relatively stable release behavior was observed.
However, S-45*5, S-50*5, and S-50*10 showed a slower release
rate compared to the Control. In the first 24 h, 9.4%, 6.6%, and
4.4% of curcumin were released from S-45*5, S-50*5, and S-
50*10, respectively. After 30 days of incubation, around 60%,
53%, 46%, and 36% of curcumin were released from Control,
S-45*5, S-50*5, and S-50*10, respectively. It is important to
note that F-50*20 (Figs. 7b and 7d) showed a constant stable
release behavior and almost no burst release. As shown in
Fig. 7(c), the release of curcumin from S-45*5 fibers was slower
than Control, but faster than S-50*5. It indicates that the slower
drug release profiles may be obtained by increasing heating
temperature at the same treating time (5 min). As shown in
Fig. 7(c), the drug release result suggested that the slower drug
release profiles could be obtained by prolonging heating time
at the same treating temperature (50°C). Briefly, slower release

FIGURE 4. (a) Shrinkage ratio and (b) porosity of different Cur@PELA fiber membranes. Significant difference between groups is indicated
(*p < 0.05).

FIGURE 3. FTIR spectra of free curcumin, PELA fibers and different Cur@PELA fibers.

FIGURE 5. Water absorption percentages of different Cur@PELA
fiber membrane after placed in PBS in 2 h. Significant difference
between groups is indicated (*p < 0.05).
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rate of curcumin from Cur@PELA fibers can be achieved by
increasing heating temperature or prolonging heating time.

The burst release of drug from the electrospun fibers at the
initial stage was a key problem for researchers to solve.1 Drug
which loaded on the surface of fibers dissolved into buffer
quickly, so it is easy to understand the burst release of drug
from Control. However, in this study, drug release rate could
be slow down by heat treatment with different heating tem-
perature and time. It was observed that that the porosity
and water absorption of drug-loaded nanofiber membrane
was changed using different heating temperature and treat-
ment time. The results of porosity, water absorption and
drug release profiles of control, S-45*5, S-50*5, and S-50*10,
suggested that the lower porosity and water absorption of
fiber membranes, the slower release rate of drug from them.
The drug release rate was influenced by different factors,
there are two possible ways to control drug release from

electrospun PELA fibers: (i) transport trough water-filled
pores, (ii) transport through the polymer.25 Some literatures
also revealed that water absorption25,26 and porosity25,27

influence in rate-controlling processes of drug release, as
drug will diffuse through water-filled pores formed by water
absorption and low porosity decreases the surface area for
drug dissolution, which could slow down the drug release
rate.

In addition, as shown in Figs. 7(b) and 7(d), the release rate
of drug from F-50*20 was slower than Control, S-45*5 and
S-50*5. Although the porosity of F-50*20 was not higher than
S-45*5 and S-50*5. The water contact angle of F-50*20 was
larger than S-45*5 and S-50*5, and the water absorption
F-50*20 was lower than S-45*5 and S-50*5. The release rate of
curcumin from F-50*20 fibers was slower because of the
hydrophobic nature. That might be the reason for the slow
drug release from F-50*20.

FIGURE 6. (a) Water contact angles of different Cur@PELA fiber membrane 30 s after water droplets were placed on the fibrous membrane. (b)
The video images of water droplets after placed on the fibrous membrane at 0 s, 2 s, 4 s, 15 s, 30 s.

FIGURE 7. In vitro release behavior of curcumin from Control, S-45*5, S-50*5, S-50*10, and F-50*20 fibers.
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Conclusions

In this study, we have discussed the influence of heat treat-
ment in the release profile of curcumin from Cur@PELA
fibers. Due to the fact that the fibers morphology, porosity,
water absorption, and water contact angle of drug-loaded
fibers were changed by heat treatment. The slower release of
curcumin from fibers could be obtained by increasing the
heating temperature (from 45°C to 50°C) and heating time
(from 5 min to 10 min). Heat treatment could make Cur@-
PELA fiber membrane be shrinkage, which cause the low
porosity and low water absorption. That slowed down the
release rate of curcumin. Moreover, Cur@PELA was fixed on
a flat plate for heat treatment to prevent membrane shrink,
the slower release profile may be obtained by choosing heat-
ing temperature (50°C) and heating time (20 min). In this con-
dition, due to the larger water contact angle of fiber
membrane, the slower release rate of curcumin was noted.
Heat treatment is an easier and more effective way to control
drug release from electrospun PELA fibers.
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