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A B S T R A C T

Polyamide-6 (PA-6) nanofibers and PA-6/propolis ethanolic extract (EEP) blended fibers were prepared having
electrospun their solutions in formic acid as solvent. The effect of concentrations of PA-6 and also EEP in polymer
solutions on the morphology and physicochemical characteristics of their electrospun fibers was investigated. The
analysis of FESEM images showed the mean diameter of fibers increased from 487- 682 nm with increasing PA-6
concentration in the range of 25–40 % w/v. While, increasing EEP concentration (20–50% (w/w)) in PA-6/EEP
system caused the increasing fiber mean diameters from 943- 1773 nm. Partially high aspect ratio nanofibers were
observed only in the PA-6 systems. Antioxidant activity of the fibers enhanced with increasing EEP concentration
in the fiber mats. FTIR spectrums and thermal properties of electrospun fibers exhibited the simple mixtures of
PA-6 and EEP in blend fibers which did not contain very complex interactions.
1. Introduction

Nowadays, research about polymer-based composite materials has
significantly grown. For this purpose, there are different techniques
applied either by blending different polymers or by incorporating inor-
ganic materials or natural effective compounds into polymers [1, 2, 3, 4,
5].

Regarding the simplicity and versatility of electrospinning method,
this technique has been very much considered for producing nano and
microfibers from a wide range of polymers in many applications such as
textile engineering, pharmaceuticals, and filtration [6].

In electropinning process, a fiber of a polymer solution was contin-
uously spun through a spinneret by a large electrostatic force to settle on
a collector. The electrospun nanofibers have some advantages like good
connection of pores, high specific area and the probability to combine
active ingredients on a nanoscale [7, 8].

Several factors such as solution concentration, solvent type, applied
voltage, flow rate, and distance between syringe tip and collector play a
significant role in the morphological characteristics of produced fibers
[9, 10, 11].

Polyamide-6 (PA-6) or polycaprolactam is a biodegradable and syn-
thetic polymeric substance with good physical and mechanical properties
[12, 13]. PA-6 nano or microfibers have wide demands in the textile
industry. In recent years, researchers have paid attention to correction of
nylon-6 nanofibers by several compounds. For example, Ding, et al. [14]
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observed a morphology between main fibers of electrospun PA-6 looking
like spider web. They found that this morphology could be formed by
adding different inorganic salts as well as applied voltage and other
electrospinning parameters.

Propolis is a natural gummy substance derived from honey bees from
different plant sources. Therefore, propolis can contain a complex
mixture of chemicals such as resins (50%), combination of phenolic acids
and flavonoids, waxes (about 30%), essential oils (10%), pollen (5%) and
several organic compounds (5%), vitamins (B groups), fatty acids, sac-
charides, ketones, esters, steroids and quinones [15, 16, 17].

Because of some properties of propolis such as antioxidant and anti-
microbial, many researches have been conducted to use it [18, 19, 20, 21,
22]. There are some research projects on incorporation of propolis into
polymeric films [16]; however, a limited number of publications on
electrospinning applications of propolis are available. Pastor, et al. [6]
prepared edible films by mixing hydroxypropylmethylcellulose (HPMC)
with various concentrations of propolis ethanolic extract so that he could
evaluate the films antifungal activity against Aspergillus niger and Peni-
cillium italicum. Erdem, et al. [6] fabricated propolis extract-blended
polyurethane base nanofibers by electrospinning technique especially
for wound dressing applications. They studied the morphological char-
acteristics of polyurethane (PU)/propolis blended electrospun nano-
fibers. Kim, et al. [23] fabricated propolis/PU mixed nanofibers using
electrospinning of the solution. They found the blended nanofibers
becoming point-bonded with increasing propolis in the mixture.
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Asawahame, et al. [5] utilized propolis in Polyvinyl pyrrolidone (PVP)
and also polyvinyl alcohol (PVA) applying electrospinning method. They
concluded that incorporation of 2% w/v propolis in 8%–10% w/v PVP
K90 nanospun fibers led to smooth and identical fiber morphology which
dissolved quickly in water within 10 s. Sutjarittangtham, et al. [24]
incorporated different concentrations of propolis ethanolic extract in
nanofibers of polycaprolactone (PCL) applying electrospinning process
and investigated their morphology by SEM and the functional group by
FT-IR.

Although many studies have been carried out on the properties of
various polymers such as PCL, PU, PVP, and ... mixed with propolis [25,
26], no study has been seen by the authors focusing on the blending of
PA-6 polymer with propolis extract; moreover, the question is, howmuch
of the PA-6 polymeric properties is affected by the propolis extract in the
blended matrix. Therefore, the objective of this study was to investigate
the antioxidant activity, and also the characteristics of electrospun PA-6
polymer fibers blended with different concentrations of propolis extract.
Accordingly, the effects of different concentrations of PA-6 solution in
formic acid (as solvent) as well as the addition of EEP to these solutions
were investigated regarding thermal and morphological characteristics
of the fibers using filed emission scanning electron microscopy (FESEM),
thermal analyses (TGA and DSC), X-ray diffraction (XRD) patterns, and
Fourier Transform Infrared Spectroscopy (FTIR) techniques.

2. Material and methods

2.1. Materials

Polyamide- 6 (PA-6, Mw ¼ 17,000 Da), and Ethanol (96%) were
purchased from market in Iran. Formic acid (98%) was purchased from
Merck chemical Co. Propolis was obtained from around Mashhad (Iran).

2.2. Methods

Propolis Ethanolic extract (EEP) was obtained having mixed crude
propolis 30% (w/v) in ethanol- 70% at room temperature under
continuous stirring for 24 h. The suspension was filtered by Wathman
filter paper (No. 1) twice. The supernatant was dried in a dark place and
at the room temperature. The dried extracts were stored for further uses
in dark glass containers and in the refrigerator [27].

2.3. Preparation of polymeric solutions

In this article two systems are studied. The first includes various
concentration of PA-6 in formic acid. The second contains EEP and PA-6
in formic acid. The PA-6 solutions of 25, 30, 35, and 40% (w/v) were
made by dissolving proportional amount of polymer in formic acid (98%)
while they were stirred on the magnetic stirrer at 50–60 ○C for about 2 h.
After the solutions were made, they were cooled to reach room temper-
ature. In the case of PA-6 solution (35%) after cooling, appropriate
amounts of EEP (with a ratio 20, 30, 40, and 50 % by weight respect to
polymer) were added to the polymer solution. All prepared solutions
were used for further measurements and electrospinning [28, 29].

The viscosities of polymer solutions were measured using rotary
viscometer (Bohlin Model Visco 88; Malvern Instruments Ltd., England)
with C4 spindle, equipped with rotary heating system (Julabo, Germany،
F12-MC؛ Julabo Labor Technik). Viscosity values were read at a shear
rate of 61 s�1 for all solutions [30].

The electrical conductivities of polymer solutions were measured
with a portable digital laboratory conductivity meter (PT. Prolabms
Murni Swadaya, RS232 Conductivity Mater, 8302, Indonesia) at ambient
temperature [12].
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2.4. Electrospinning procedure

Electrospinning process was performed in a full automatic electro-
spinning unit (ANSTCO-RN/X model, Asia Nano-Structure Company,
Iran). The polymer solution was carried in a plastic syringe (10 ml) and
then was sent to the collector plate covered with aluminum foil (6 cm� 6
cm) through a plastic tube (VYGON, France) connected to a steel nozzle
(Gauge 18, Sigma - Aldrich) at the end. Electrospinning of PA-6 or PA-6/
EEP blended solutions were carried out at voltage: 25 kV, flow rate: 0.5
ml h�1, distance of tip to collector: 15 cm. Electrospinning of all polymer
solutions were made in a close chamber for 1 h. At the time of the pro-
cedure, temperature and relative humidity were in the range of 25–30 ○C
and 30–35% RH, respectively [12, 31].
2.5. Fiber characterization

2.5.1. Thermal analysis of fiber mats
Thermal gravimetric analysis (TGA) was performed to assess the fi-

bers rotting and to reduce the sample mass as a function of temperature
which was in accordance with ASTM E1131-14 standard using TGA de-
vice (Mettler Toledo, Model TGA/DSC1, Switzerland). Under N2 atmo-
sphere, the samples were heated from 25 to 600 ○C with 10 �C min�1 in
rate.

Differential scanning calorimeter (DSC) was used for measuring the
melting enthalpy (ΔHm), and the melting temperature (Tm) of electro-
spun PA-6/EEP fibers on a DSC apparatus (METTLER TOLEDO، Model
DSC100- L, Switzerland). In these experiments, the samples were heated
under N2 atmosphere from 25 to 300 ○C with the rate of 10 �C min�1

[32]. From DSC data, the crystallinities (Xc) of the fibers were deter-
mined from Eq. (1):

Xc (%) ¼ (ΔHm)/ ΔH0m) � 100 (1)

Where ΔHm and ΔH0m are the heats of melting for PA-6/EEP polymer
samples and PA-6 in full crystalline state, respectively; where the amount
of ΔH0m is equal 230 Jg-1 [33].

2.5.2. FTIR analysis
FTIR spectra of PA-6 and PA-6/EEP fiber mats and also for EEP were

obtained using a probe spectrophotometer (ALPHA, ATR Eco, Bruker,
Germany) as 16 scans in a range of wavelength of 400–4000 cm�1 with 2
cm�1 resolution. FTIR spectrum software was applied to convert files into
numerical data and analyze them [34].

2.5.3. FESEM studies
The microstructure of electrospun fibers was studied using FESEM

(TESCAN Co., Model: MIRA3, Czech Republic) at 15 kV voltage. The
distribution of fibers diameters was calculated by the Image J software
from FESEM images [34].

2.5.4. XRD patterns
The electrospun fiber mats were subjected to XRD instrument (Uni-

santis, Model: XMD 300, Germany) at a current 0.7 A and a voltage 40 kV
and 0.1541 nm wavelength of X-ray radiation [35].
2.6. Evaluation of EEP release from fibers

About 15 mg of the EEP/PA-6 electrospun fiber mats were weighed
and immersed into a glass flask containing 40 mL ethanol (96%) medium
under magnetic stirring (100 rpm) at 25 �C [36]. At intervals, 1 mL of
supernatant was periodically taken and total phenolic extract and also
DPPH radical scavenging of the fibers were evaluated.
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The released total phenolic amounts of the fibers were evaluated
according to the Folin-Ciocaltue method [37]. 100 μL of aliquot each
sample was taken into tubes containing 6 mL water. 500 μL
Folin-Ciocaltue reagent was added to each tube. After 10 min, sodium
carbonate solution (20 %w/v) was added to each of them and they were
incubated at room temperature for 90 min in a dark space. The absor-
bance of samples was measured by UV–Vis spectrophotometer (Hach,
DR5000, USA) at 760 nm. The standard curve was obtained for 0–900
ppm of Gallic acid as internal reference. Total phenolic compounds were
illustrated as microgram Gallic acid equivalent per 1 g of the fiber mat.

The antioxidant activity for the fibers was evaluated via 2, 2-
diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay [36].
Three mL of 0.1 mM DPPH ethanolic solution was added to 200 μL of the
aliquot each sample. The mixtures were placed in dark space for 30 min
at 25 �C. The absorbance of the solutions was read at 517 nm using
UV–Vis spectrophotometer (Hach, DR5000, USA). The DPPH ethanolic
solution without fiber was used as the control. The antioxidant activity
(%) was computed as Eq. (2):

Antioxidant Activity ð%Þ¼ 100�
�
1� As

Ac

�
(2)

where As and Ac are the absorbance of the sample solution and the
control solution, respectively.
2.7. Statistical data analysis

Data analysis was conducted on a completely randomized design with
Minitab software (version 4. 2. 16). The meanings were compared using
Tukey test at a level of 95% confidence (P < 0.05). The graphs were
drawn using Excel 2013 software. In this research all tests were per-
formed in three replications.

3. Results and discussion

3.1. Polymer solutions properties

Electrical conductivity and apparent viscosity of PA-6 and EEP/PA-6
solutions were evaluated and the results were presented in Table 1. The
viscosities of the PA-6 solutions increased with more polyamide dis-
solving in formic acid from 25% to 40% (w/v). Meanwhile, the con-
ductivity values were relatively decreased for PA-6 solutions. These
observations can be caused by the increased molecular entanglements
[29].
Table 1. Conductivity and viscosity of PA-6 and EEP/PA-6 polymer solutions in form

Polymer solution
(in acid formic)

Concentration
(%)

Viscosity
(Pa.s)

zPA- 6 0 -

25 5.5 � 0.0

30 8.7 � 0.0

35 17.7 � 0

40 18.5 � 0

xEEP/PA-6 (35%) 0 17.7 � 0

20 15.3 � 0

30 13.45 �
40 13.75 �
50 21.25 �

*Different letters in each column (polymer solutions were analyzed separately: Lowerc
meaningfull difference according the Tukey test at the level of 95% confidence (P <

y Formic acid conductivity.
z Concentration is (w/v %).
x Concentration is (w/w %).
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According to the results in Table 1, the viscosity decreased partly with
increasing EEP in (35%) PA-6 solution up to 40% EEP and then increased
significantly for 50% EEP. These results could be attributed to less chain
entanglements occurring between the molecules [29]. On the other hand,
the conductivities of PA-6/EEP solutions decreased slightly with
increasing of EEP amounts. This trend can be ascribed to the decreasing
ionic strength and increasing EEP amount in polymer solution.

3.2. Characterizes of fibers

3.2.1. Morphology of fibers
Fiber size distributions for both PA-6 and EEP/PA-6 systems were

calculated by image J software from FESEM images. The FESEM images
of the electrospun fibers of PA-6 with different concentration in formic
acid have been presented in Figure 1. As can be seen, the FESEM images
indicate that the randomly oriented electrospun fibers showed smooth
surface with almost the same diameters along their lengths in the strip as
well as lacking any beads According to Figure 2a-d, the size distribution
of PA-6 fibers has been placed in the range of 100 nm–1500 nm. In the
solution of PA-6 25% in formic acid, there is a partial fiber less than 100
nm (about 4%) and most of the size distribution of main fibers was in the
range of 300–500 nm (Figure 1a). With increasing PA-6 in the solvent,
the viscosity of the solution increased while the conductivity decreased
(Table 1). Increasing the viscosity of these solutions occurred due to the
increasing molecular weight (concentration) of the dissolved PA-6
polymer as well as increasing molecular entanglements [29]. On the
other hand, decreasing the conductivity caused the jet to stretch less,
which led to forming wider diameter fibers [38, 39]. Therefore, these
properties can control the solution flow rate through the capillary [40]
and that in turn affects the size distribution of electrospun fibers and
leads them to shift to the left, that is to say that the fibers became broader
or the fiber diameter increased.

The FESEM images of the EEP/PA-6 blended electrospun fibers mats
were shown in Figure 3. Similar to PA-6 electrospun fibers, the blended
electrospun fibers of EEP/PA-6 were exhibited through randomly ori-
ented fibers and in the strip form without any beads. Also, the FESEM
images obtained from fiber mats contained high concentrations of EEP in
the polymer blend (40% and 50%) indicate that some fibers were merged
or bonded together (Figure 3c-d). This was especially evident in the
concentration of 50% of EEP. This morphology can be illustrated by the
low volatility of EEP and larger viscosity of EEP/PA-6 solution. There-
fore, it becomes increasingly difficult for electrospun material to dry
completely before being taken to a collector. In addition, the adhesive
property of EEP can provide the connection of fibers with each other at
their crossing points [2].
ic acid and Mean diameter of the resulting electrospun fibers (Mean � SD).

Conductivity
(mS cm�1)

Mean Diameter
(nm)

y0.51 � 0.005d -
c 4.39 � 0.005a 487.7 � 8.1c

b 4.38 � 0a 577.3 � 32.5b

.3a 4.0 � 0.221b 625.0 � 8.9ab

.3a 3.70 � 0.035c 682.7 � 45.4a

.3B 4.0 � 0.221A 625.0 � 8.9D

.7 BC 2.93 � 0.20B 943.3 � 33.3C

0.7C 2.88 � 0.19B 1298.3 � 24.5B

0.2C 2.76 � 0.16 BC 1702.7 � 43.5A

1.6A 2.51 � 0.11 BC 1773.7 � 7.5A

ase letter for PA-6 and Capital letters for EEP/PA-6 polymer solutions) represent a
0.05).



Figure 1. FESEM images of electrospun fibers of PA-6 with different concentrations (a) 25 (%w/v), (b) 30 (%w/v), (c) 35 (%w/v), (d) 40 (%w/v).

B.M. Razavizadeh, R. Niazmand Heliyon 6 (2020) e04784
In the blended electrospun fiber mats of EEP/PA-6 solution (35%),
minimum size of electrospun fibers started from about 300 nm in the case
of (20%) EEP and the most population in size distribution of its elec-
trospun fibers is 700–900 nm (Figure 4). While, with increasing the
amount of EEP in (35 %) PA-6 solution the population of size distribution
shifted to larger amounts of diameter. That is, increasing EEP in the
polymer blend caused the number of broader strips to become more than
narrow strips. These observations can be due to decreasing conductivity
of EEP/PA-6 solutions with increasing EEP concentration as well as
adhesion and low volatility of EEP [6].

Mean diameter of the electrospun fibers of PA-6 and EEP/PA-6 sys-
tems which were calculated using the ImageJ software are presented in
Table 1. For PA-6 System, the mean diameter of electrospun fibers
increased from 487 nm to 682 nm with increasing PA-6 concentration
from 25% to 40%, respectively. Except for 25% PA-6 in formic acid, these
changes were not significant together. Furthermore, the electrospun fiber
diameters increased significantly (p< 0.05) (except between 40 and 50%
of EEP) with increasing EEP concentrations in the PA-6 solution (35%)
from 625 nm for 0% EEP to 1773 nm for 50% EEP, the fiber diameter was
observed to be larger at 50% EEP concentration.

Chowdhury et al. [12] investigated electrospinning of polyamide-6
solutions in formic acid at various concentrations of 10–25%. They
have found that increasing the concentration of polyamide in the solution
leads to increasing viscosity and fiber diameter as well as decreasing
4

conductivity. They showed that the concentration of the solution affects
the morphology of the fiber such that beads are formed in the polyamide
with concentrations less than 20%, while in higher concentrations the
number of beads decreases. They ascribed this to the quick evaporation
of the solvent from the jet surface because it is slower at lower concen-
tration of solvent evaporation from the time the fiber reaches the
aggregate surface.

The formation of some high aspect ratio nanofiber bounded in be-
tween the major fibers could be observed (in the dotted circles) in figure
5(a-b) for PA-6 25 % and 30 % systems, respectively. In these systems,
high aspect ratio fibers were bounded with major fibers but not strongly.
Also, some flakes were observed within the main fibers (as solid circles in
Figure 5(a-b) in some places owing to the incomplete evaporation of
solution [41]. While mean, for PA-6 35 % and 40 % systems, rarely some
flakes could be seen in the solid circles in Figure 5(c-d), respectively. The
electrospun fibers of EEP/PA-6 were free of high aspect ratio nanofibers
or any flakes. Some researchers have reported such observations in
electrospun nanofiber polyamide systems [42]. Nirmala, et al. [41]
attributed these observations to formation of polyelectrolytic forms of
PA-6 in formic acid and little ionization of amide groups in the polymer
chains. Therefore, electrospinning of polymer in polar solvents leads to
formation of smaller fiber diameter. Accordingly, the addition of
nonionic EEP to PA-6 causes the ionization of amide groups to decrease
as well as to lack high aspect ratio nanofibers or flacks.



Figure 2. FESEM images of electrospun fibers of PA-6 (35 w/v %) blended with different concentrations of EEP: (a) 20 (%w/v), (b) 30 (%w/v), (c) 40 (%w/v), (d) 50
(%w/v).

Figure 3. Size distribution of electrospun fibers of PA-6 with different concentrations: (a) 25 (%w/v), (b) 30 (%w/v), (c) 35 (%w/v), (d) 40 (%w/v) in formic acid.
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Figure 4. Size distribution of electrospun fibers of PA-6 blended with different concentrations of EEP: (a) 20 (%w/v), (b) 30 (%w/v), (c) 40 (%w/v), (d) 50 (%w/v).

Figure 5. FESEM images of electrospun fibers of various concentrations of PA-6 in formic acid: (a) 25 %, (b) 30 %, (c) 35%, and (d) 40 %. Dotted circles indicate the
high aspect ratio nanofibers and solid circles indicate the defective fibers or flakes (magnification 10 kx).
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Figure 6. FTIR spectra of EEP, electrospun fibers of the PA-6 (35 % w/v) and blended PA-6 (35%w/v)/EEP (30% w/w).
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3.2.2. FTIR studies
The Fourier transformation infrared spectrum of EEP, the PA-6 (35%)

and electrospun blende fibers of EEP (30%) in PA-6 (35%) were shown in
Figure 6. For EEP spectrum, a broad band appeared at wave number of
3344 cm�1 represented to OH groups (such as phenolic compounds) in
EEP. Also, strong peaks in wavenumbers 2914 cm�1 and 2851 cm�1 show
the stretching of CH2 group which were asymmetric and symmetric,
respectively. A band at 1724 cm�1 is probably related to stretching vi-
bration of carboxyl (-COOH) groups, two bands at 1633 cm�1 and 1602
cm�1 could be attributed to stretching vibration of C¼C groups and or
C¼O groups due to amino acids and flavonoids. The band at 1512 cm�1

are potentially related to aromatic ring deformations C¼C stretching and
at 1446 cm�1 for CH bending and aromatic stretching vibrations, or OH
bending [43].

The significant peak in the polyamide sample without EEP (i.e. PA-6)
in the wavenumbers of 3299 cm�1 was related to the amine (NH) groups
[44], which was also present in the blend of EEP/PA-6 fiber mat, but this
peak was not observed in EEP. The peaks of the region, 2924 cm�1 and
2853 cm�1, were considered to belong to the stretching of methylene
(CH2) and methyl (CH3) groups and a peak of 1640 cm�1 was for
stretching of carbonyl group (C ¼ O) [45, 46]. Similar Spectrum was
observed for the blended fibers containing PA-6 and EEP in compared
with PA-6 fibers. Overall, the FTIR spectrums of both PA-6 and EEP/PA-6
Figure 7. TGA thermo grams of EEP, electrospun fibers of polyamide PA-6, and
blended of EEP (30% w/w)/PA-6 (35% w/v).
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electrospun fibers are very similar. However, the peak intensities in blend
fibers decreased comparing PA-6 fibers. It seems that introducing EEP to
the PA-6 solution caused a partially shifting just about 1–4 cm�1 in FTIR
spectrum. Due to the lack of appearance of new peaks compared to PA-6,
it sounds that there are no new bonds. It revealed that there was a weak
interaction between the components and most probably, propolis was
distributed throughout the PA-6 polymer matrix. Similar results were
reported by Kim and his team for electrospun propolis/polyurethane
composite nanofibers, as they claimed there was a homogenous distri-
bution of the propolis in the PU matrix [23].

Supaphol et al. [47] studied the properties of polyamide fibers
through their FTIR spectra in various solvents. They concluded that the
properties of electrospun fibers depend on the solvent-solvent properties.
Moreover, Stephens et al. [47, 48] concluded that the polyamide has
specific conformations that can transfer to another one under electric
field during electrospinning. These transfers occur in the regions of 1443,
1470, and 1480 cm�1.

3.2.3. Thermal analysis
The TGA thermograms (thermal mass degradation) of EEP, polyamide

PA-6 fiber, and PA-6 fiber containing 30% EEP are shown in Figure 7.
Obviously, EEP degradation started from nearly 100 ○C, while, the weight
loss of PA-6 started from about 350 ○C and it was almost completely
degraded at 450 ○C. However, for the EEP/PA-6 system thermal degra-
dation began around the temperatures of 200 ○C and completed at 450 ○C.
Thermal degradation changes are clearly visible for these systems. Hav-
ing considered the differences in TGA thermograms of EEP/PA-6 elec-
trospun fiber in comparison with PA-6 and EEP, it can be concluded that
mixture of PA-6 and EEP is a simple one, not involving very complex
interactions.

The DSC analyses of EEP, and PA-6 electrospun fiber mats containing
different concentrations of EEP were done. The results within the range
of 0–300 �C temperatures indicated the endothermic process for EEP/PA-
6 fiber mats, while for EEP there were not any considerable changes. In
all samples of EEP/PA-6 fiber mats, there was an endothermic peak in the
range of 170–250 �Cwhich is related to the melting point of samples. The
addition of EEP to polymer matrix did not lead to the formation of more
endothermic peaks, which indicates the miscibility of EEP and PA-6 [49].
The melting temperature (Tm), enthalpy of melting (ΔHm) and crystal-
linity percentages (Xc) of EEP/PA-6 fiber mats from DSC measurements
were specified in Table 2. For EEP/PA-6 electrospun fiber mats, Tm were
obtained in the range of 215.8–223.2 �C. Accordingly, Tm, ΔHm, as well
as Xc decreased with the increasing of EEP in the PA-6 electrospun fibers.



Table 2. DSC data analyses of EEP/PA-6 electrospun fibers at different concen-
trations of EEP.

EEP concentration (%) in EEP/PA-6 fiber Tm (�C) ΔHm (J/g) Xc (%)

0 223.2 96.621 41.99

20 218.3 62.322 27.08

30 218.3 39.736 17.27

40 215.2 40.002 17.38

50 215.8 37.663 16.37
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The greatest effect on melting enthalpy as well as the reduction of
melting temperature and crystallinity was observed in 20% EEP con-
centration. While higher concentrations of EEP do not exert significant
changes in thermal characteristics compared by 20% EEP in fiber sam-
ples. The small variations in thermal temperatures can indicate weak
interactions between EEP and PA-6 in blend fibers.

As Tables 1 and 2 depict, increasing the concentration of EEP in the
blended PA-6 fibers, not only increased the mean diameter of the fibers,
but also it decreased the melting point and percentage of crystallinity.
These results can be considered in connection with the rapid solidifica-
tion of the stretched EEP/PA-6 blended polymer chains, which can limit
the crystallization development and increase the diameter of the fibers
[40, 50].

For more focus on crystallinity of the fibers, the X-ray patterns of the
polymer systems were studied. Figure 8 shows the X-ray patterns of (PA-6
(35%) and (30%) EEP/PA-6) polymer systems. The patterns refer to the
broad band polyamide fibers, which indicate the amorphous structure for
both of the systems. In addition, the presence of these bands in the same
region is due to the similarity of the polymer PA-6 and PA-6/EEP struc-
tures, which did not change significantly by the presence of EEP. Marsano
et al. [40] studied the properties of electrospinning of polyamide solu-
tions and also the resulting fibers and concluded that the melting tem-
perature was independent of the concentration, voltage and relative
humidity of the medium. They found that the rapid solidification in
electrospinning process can limit the development of crystallinity
because the macromolecular chains did not have enough time to make
crystalline forms.
Figure 8. XRD patterns of electrospun fibers: (A) polyamide PA-6 and (B)
blended of EEP (30% w/w)/PA-6 (35% w/v).
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3.3. Evaluating antioxidant activity of EEP/PA-6 fibers

The antioxidant activity of a compound is mainly dependent on their
oxidizing-reducing properties, which can play a crucial role in neutral-
izing free radicals, deactivating single oxygen, or peroxide decomposi-
tion. Typically, the antioxidant capacity depends on the total amount of
phenolic compounds and not only they have a linear relationship
together, but also the variety of phenolic and flavonoid compounds cause
differences in antioxidant activity [51].

In order to evaluate quantification of the antioxidant activity of the
fibers directly, the release studies of the propolis total phenolic com-
pounds were performed. The amount of released total phenolic com-
pounds from the (EEP/PA-6) electrospun fiber mats were plotted at
different time intervals within 300 min as shown in Figure 9a. Initially
the amounts of released compounds gradually increased and reached a
steady rate after about 1 h. The released total phenolic compounds from
the mats increased with increasing EEP concentration. The maximum
amounts of extraction of these compounds were reported at 45th minute,
including 170, 185, 207, 212 μg/g of the fiber mats for 20%, 30%, 40%
and 50% of EEP concentrations, respectively. On the other hand, the
antioxidant activities of the mats were drawn at different time intervals
in Figure 9b. The antioxidant activity of the fiber increased with
increasing the percentage of EEP in the EEP/PA-6 electrospun fibers,
which seems to depend on the concentration of total phenolic compounds
release. As it can be observed, the maximum antioxidant activity (about
57.5%) was obtained for the mats containing 50% EEP at 45th minute.
For the EEP concentrations 20%, 30%, and 40% in this time, the anti-
oxidant activities were reported 48.9%, 49.3%, 53.9%, respectively. The
low antioxidant activity of these fibers can be ascribed to the low content
of phenolic compounds in propolis [52]. Kumazave et al. [51] investi-
gated antioxidant activity of different propolis samples with various
geographic origins. They correlated this property with the total phenolic
and flavonoid amounts. They reached the conclusion that DPPH free
radical scavenging activity for some propolis samples, with more
Figure 9. The released total phenolic compounds (a) and antioxidant activity
(b) of the PA-6/EEP electrospun fibers against time.
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polyphenol content, reached over 95%. Also, Sutjarittangtham, et al. [53]
studied the preparation of the loaded propolis extract with different
concentrations (0–10% w/v) in polylacticacid (PLA) nanofiber mats by
electrospinning technique. They concluded that the amount of total
phenolic and flavonoid contents in propolis had a synergic effect on the
antimicrobial as well as antioxidant properties of nanofibers.

On the other hand, Mascheroni et al. [54] incorporated propolis in the
biopolymer modified PLA to prepare a delivery procedure for food
packaging purposes. They studied release kinetic of the polyphenols from
improved PLA/propolis film in water medium as a function of time and
found that their delivery procedure could be an efficient one for direct
contact with aqueous media because of polyphenols acids release in
suitable amount in the food whereas the flavonoids would stay in the
polymer to function at the interface of polymer-food. In the present
study, the results showed the release rate in ethanol medium is relatively
fast in the first 20 min. Therefore, the PA-6/EEP fiber mats can be
convenient for fatty medium foods.

4. Conclusion

Incorporation of propolis ethanolic extract with different concentra-
tions in the PA-6 electrospun fiber mats were investigated. The
morphological studies indicated that the EEP/PA-6 blending fibers, in
contrast with PA-6 systems, did not contain any high aspect ratio nano-
fibers as also the diameter fibers increased as the EEP concentration
increased. FTIR spectrums and thermal properties exhibited the simple
mixtures of PA-6 and EEP in blend fibers which did not involve very
complex interactions. On the other hand, interpolation of propolis in the
PA-6 fiber mats could supply antioxidant fiber mats. According to the
results, these blended fibers have potentials to be applied in medicine
and food industries.
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