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Industrialization of nanofibers has been the hottest topic in
the whole world because of the various advanced applications
of nanofibers in electronic, catalytic, and hydrogen-storage
systems, invisibility device (e.g., stealth plane), photonic
structures, sensors, medicine, pharmacy and drug delivery,
adsorption, separation, filtering, catalysis, fluid storage and
transport, electrode materials, radiation protection, medical
implants, cell supports, and others [1, 2]. Many highly high-
tech enterprises appeared recently in China for mass produc-
tion of nanofibers, for example, Nantong Bubbfil Nanotech-
nology Company Limited. Though the remarkable progress
in nanotechnology, there are still some open problems to be
solved.

(1) What Is the Definition of Nanofibers? There is a confused
use of nanofibers in the open literature. What is the correct
definition of nanofibers? Li and He [3] define that any
materials behaving unlike their mother materials when the
size of materials tends to nano/microscales and having obvi-
ous nanoeffects [4] are called nanomaterials. Nanofibers are
nanomaterials that have a large length-diameter ratio.

(2) Effect of Nanoeffects of Nanofiber on Various Applications.
When nanofibers are applied in various fields, many aston-
ishing nanoeffects are predicted, for example, extremely high
efficiency in reaction or permeability [4]. Majumder et al.
found that liquid flow through a membrane composed of an

array of aligned carbon nanotubes is 4 to 5 orders of magni-
tude faster than would be predicted from conventional fluid-
flow theory [5].

(3) Industrialization of Nanofibers. Electrospinning is not
valid formass production of nanofibers due to its very limited
throughput. The mechanism for mass production has been
studied, but only few can be used in industry. The Bubbfil
spinning process by Nantong Bubbfil Nanotechnology Com-
pany Limited is the most advanced nanotechnology so far,
which uses polymer/melts’ bubbles instead of solutions/melts
for mass production of nanofibers [6].

According to Chen equation [7], the surface tension of a
spherical bubble under electrostatic field can be expressed as

𝜎 =

1

4

𝑟 (Δ𝑃 + 2𝜀𝐸) , (1)

where 𝜎 is the surface tension, 𝑟 the radius of the bubble, Δ𝑃
the pressure difference,𝐸 the electric field intensity, and 𝜀 the
electric charge per area.

In case the bubble size tends to nano/microscales, the sur-
face tension is remarkably reduced that is very helpful for the
electrostatic force to overcome the surface tension of bubbles
for mass production of nanofibers.

This special issue addresses focus on electrospinning and
nanofiber applications and special attention is paid to nanoef-
fects of various applications.
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Poly(L-lactic)-acid (PLLA) as a drug carrier and a water-soluble drug timosaponin B-II (TB-II) as a model drug were selected to
prepare drug-loaded nanofibers by electrospinning. The average diameters of pure PLLA nanofibers and TB-II-loaded nanofibers
were 212.5± 68.5, 219.7± 57.8, 232.8± 66.9, and 232.9± 97.7 nm, respectively. DSC and XRD results demonstrated that TB-II was
well incorporated into the nanofibers in an amorphous state. FI-TR spectroscopy indicated that TB-II had good compatibility with
PLLA. In vitro release studies showed that TB-II was rapidly released from the nanofibers within 6 h, followed by a gradual release
for long time. In vivo biosafety test revealed no noticeable toxicity of these TB-II nanofibers.The TB-II released from the nanofibers
had obvious inhibition effect against human hepatocellular carcinoma SMMC 7721 cells both in vivo and in vitro. It was confirmed
that the TB-II-loaded nanofibers were a sustained delivery system which could effectively inhibit the tumor growth and recurrence
after surgery.

1. Introduction

Classically, surgery is the first-line treatment for most solid
tumors [1]. However, it is difficult to completely remove
the tumor through surgery [2]. The residual cancer cells
remaining at or near the resection margins or site of initial
treatment always initiate a local recurrence of tumors [3, 4].
Thus, chemotherapy has been applied widely as an adjuvant
procedure followed by surgery.

In recent years, substances derived from medical plants,
such as paclitaxel, camptothecin, and vincristine, have been
confirmed to be useful as chemotherapy drugs [5]. Anemar-
rhenae rhizoma (Zhimu in Chinese), the dried rhizome of
A. asphodeloides Bunge (A. asphodeloides, Faro. Liliaceae), is
a well-known traditional Chinese medicinal herb which has
long been included in Chinese traditional medical recipes
for treatment of inflammation, fever, and diabetes [6, 7].

Timosaponin B-II (TB-II) (Figure 1) is a typical furostanol
saponin isolated from the rhizome of A. asphodeloides [8].
It has been reported that TB-II has remarkable inhibiting
effects on superoxide generation, inflammatory reaction, and
platelet aggregation potential [9, 10]. Recent research has
shown that TB-II will be converted to Timosaponin A-III
(TA-III) by glycosidase treatment in vivo, which can induce
apoptosis in various cancer cell lines [11].

Since chemotherapy drugs exhibit low selectivity, they
destroy both tumor cells and normal cells. A locoregional
drug administration need to be studied to avoid the systemic
toxicity associated with chemotherapy drugs and maintain
their therapeutic concentrations in the local region of tumors
[8]. Electrospinning has been proven to be a great fabrication
method for drug delivery systems due to the large selection of
possible synthetic and natural, biodegradable or nondegrad-
able polymers, and large surface-to-volume ratio [12, 13].
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Figure 1: Chemical structures of TB-II.

The drug-loaded fibers prepared by electrospinning can be
implanted intratumorally, adjacent to the cancerous tissue or
at the surgical resection margins for cancer chemotherapy of
solid tumors [14, 15]. For preventing the recurrence of tumor,
the drug-loaded fibers can be attached to the surgical site
following removal of the tumor.As the drugsweremoderately
released from the sustained-release carriers, relatively steady
effective concentration can be achieved to inhibit tumor
growth [4, 14].

In this study, the poly(L-lactic)-acid (PLLA), a promis-
ing material with good biocompatibility, biodegradability,
and nontoxic property, was selected as a drug carrier. TB-
II-loaded PLLA nanofibers were successfully prepared by
electrospinning and their antitumor activities were evaluated
both in vitro and in vivo.

2. Materials and Methods

2.1. Materials. TB-II with at least purity 95% was obtained
from the Second Military Medical University. Poly(L-lactic)
acid (PLLA), with an average molecular weight of 100,000,
was purchased from Jinan Daigang Biomaterials company.
RPMI 1640 and DMED were purchased from Shanghai Gino
biological Ltd. All other chemicals and reagents were of
analytical grade and used without any purification.

2.2. Animals. BALB/c-nu rats, 5 weeks, were provided by
Hanghai SLAC Laboratory Animal Company. All animals
were housed individually with water and food available and
quarantined for 7 days prior to initiation of the study. A 12 h
light/12 h dark cycle (light was switched at 06:00) was used.
Room temperature was ranged from 22∘C to 27∘C and the
humidity was maintained between 30% and 70%. All animal
procedures were approved by theUniversity Animal Care and
Use Committee.

2.3. Cell Lines and Culture. Human hepatocellular carci-
noma cell line SMMC-7721 was purchased from Chinese
Academy of Sciences. The cells were cultured in RPMI
1640 medium, supplemented with 10% fetal calf serum, and
incubated at 37∘C in a humidified atmosphere containing
5% CO

2
.

2.4. Preparation of TB-II-Loaded PLLA
Nanofibers by Electrospinning

2.4.1. Preparation of Spinning Solutions. The concentration of
PLLA in the spinning solution was fixed at 5% (w/v) accord-
ing to preexperiments about its filament-forming properties.
TB-II was mixed with PLLA to achieve a sustained release,
and then the mixture was dissolved in chloroform/acetone
solution (2/1 in volume ratio) and stirred for at least 3 h at
room temperature. The weight ratio of TB-II in spinning
solution that ranged from 10 to 15 was studied.

2.4.2. Electrospinning Process. Spinning solution was loaded
in a 5mL syringe to which a stainless-steel blunt needle was
attached. The outer diameter of blunt needle was 1.0mm,
and the inner diameter was 0.7mm. The needle tip was
connected to an electrode of the high voltage power supply
(DW-P503-1ACDF, Tianjin Dongwen High Voltage Power
Supply Co., Ltd. China), and an 18 kV of electrical potential
was applied. The flow rate of solutions was controlled at
1.0 mLh−1 by the syringe pump (LSP01-1A, Hebei Baod-
ing LongerPump Co., Ltd. China). Randomly nonwoven
fibers were collected on a metal collector wrapped with
aluminum foil which was kept at a distance of 20–22 cm
from the needle tip. Formed fibers were dried initially
for over 24 h at 25∘C under vacuum to remove residual
solvent.
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2.5. Characterization. Themorphology of the nanofibers was
observed with a scanning electron microscopy (SEM, JEOL
JSM-5600LV, Japan) at a voltage of 15 kV. The fiber average
diameter was determined by measuring 50 fibers selected
randomly from each sample using software image. Differ-
ential scanning calorimetry (DSC) analyses were performed
on a MDSC 2910 differential scanning calorimeter (TA
Instruments Co., DE, USA) at a heating rate of 10∘C/min. X-
ray diffraction (XRD) patterns were obtained using a D/max-
2550PC (Geigerflex, Rigaku, Japan) with monochromated
CuKa radiation operated at 40 kV and 300mA. Fourier
transformed infrared spectroscopy (FT-IR) was conducted
using a Nicolet-Nexus 670 FTIR spectrometer (Nicolet
Instrument Corporation, WI, USA) over the scanning range
500–4000 cm−1 with a resolution of 2 cm−1.

2.6. Release of TB-II from the Nanofibers In Vitro. To evaluate
the in vitro release of TB-II, 10mg of drug-loaded PLLA
nanofibers was incubated in 50mL of phosphate buffer
solution (PBS, pH = 7.4) at 37∘C. 2mL of the sample solution
was collected and diluted using fresh PBS at each time
point. The amount of TB-II was monitored using a UV-vis
spectrophotometer (7600CRT, Jinghua Instruments, China)
at the wavelength of 280 nm. All the measurements were
carried out in triplicate and the average values were shown
in this study.

2.7. Biosafety Test In Vivo. The nanofibers were cut to 1 cm ×
1 cm pieces and sterilized by exposure to UV light for 24 h
before implantation. BALB/c-nu rats (weighing 20 g) were
divided randomly into five groups (𝑛 = 3) as follows:

Groups 1–3: rats implanted with nanofibers contain-
ing different concentrations of TB-II;
Group 4: rats implanted with pure PLLA nanofibers;
Group 5: rats with no treatment (control group).

Animals were anesthetized with ethyl ether, and then
nanofibers were implanted into subcutaneous sites in the
dorsal thoracic region of the rats. Body weight and survival
rate of rats were evaluated every day. The weight growth rate
was calculated by the use of the following equation:

Weight growth rate (%) =
(𝑊
𝑑
−𝑊
0
)

𝑊
0

× 100%, (1)

where𝑊
𝑑
and𝑊

0
are the average weights of rats at day 𝑡 and

day 0 after implantation, respectively.

2.8. Antitumor Activities In Vitro. In vitro antitumor activities
of the nanofibers were determined by MTT assay. Briefly,
the nanofibers with different concentrations of TB-II were
fixed on bottom of the wells of a 48-well plate, and then
5 × 104 SMMC 7721 cells were seeded on the membranes
and incubated for 24 h, 48 h, and 72 h, respectively [16].
40 𝜇L MTT (5mg/mL) reagent was added to each well and
incubated at 37∘C for 4 h. At the end of the incubation,
the medium was removed and the formazan complex was

solubilized with 300𝜇L DMSO. Absorbance of the complex
was measured with a microplate reader (Bio-Rad, California,
USA) at a wavelength of 492 nm and cell viability was
calculated.

2.9. Antitumor Activities In Vivo. The tumor model was
established by subcutaneous injection of 5 × 106 SMMC 7721
cells in the left axilla of female BALB/c-nu rats (weighing
20 g). When tumors reached approximately 1 cm in diameter
(between 21 and 28 days after tumor injection), rats were
randomized into four groups (𝑛 = 3) and the antitumor
recurrence activity was determined after overlay of TB-II-
loaded PLLA nanofibers on tumors:

Group 1: rats had 60% partial tumor resection and
were treated with TB-II-loaded PLLA nanofibers;
Group 2: rats had complete tumor resection and were
treated with TB-II-loaded PLLA nanofibers;
Group 3: rats had 60% partial tumor resection with
no treatment;
Group 4: rats had complete tumor resection with no
treatment.

Briefly, rats were anesthetized with ethyl ether and a small
incision was made on the skin to expose the tumor. Partial
or complete tumor resection was carried out. The TB-II-
loaded PLLA nanofibers were laid over the resection site and
then the wound was closed using subcutaneous suturing.
Animals were cared and observed for tumor recurrence. The
tumor volumes of animals were monitored every three days
after treatment.The tumor volumes were calculated using the
following formula: 𝑉 = 𝐿𝑊2/2, where 𝐿 is the long diameter
and𝑊 is the shot diameter.The tumor growth inhibition rate
(RTG) was calculated by the use of the following equation:
RTG (%) = (𝑉

𝑑
− 𝑉
0
)/𝑉
0
× 100%, where 𝑉

𝑑
and 𝑉

0
are the

average volumes of tumors at day 𝑡 and day 0 after treatment,
respectively.

2.10. Statistical Analysis. Datawere presented asmean± stan-
dard deviation (S.D.). Student’s t-test was used to measure
differences using the Origin 9.0 software package. Statistical
significance was taken as 𝑃 < 0.05.

3. Results and Discussion

3.1. Characterization of TB-II-Loaded PLLA Nanofibers. The
morphology and diameter distributions of the fibers with
various concentrations of TB-II were analyzed using SEM
(Figure 2). It could be observed that all of the fibers were
randomly oriented and had smooth surfaces, which indicated
that TB-II was uniformly distributed in the fibers. The
average diameters of the nanofibers with different TB-II
concentrations were 219.7 ± 57.8 nm, 232.8 ± 66.9 nm, and
232.9 ± 97.7 nm, respectively, when the diameter of pure
PLLA fibers was about 212.5 ± 68.5 nm. The result indicated
that the concentration of TB-II affected the diameter of the
fibers slightly.
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Figure 2: SEM images and diameter distributions of the pure PLLA nanofiber (a) and TB-II-loaded PLLA nanofibers with different drug
concentration: (b) 10wt.%, (c) 12 wt.%, and (d) 15 wt.%. The scale bars are 5 𝜇m.
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Figure 4: FT-IR spectra of TB-II (a), pure PLLA nanofiber (b),
and TB-II-loaded nanofibers with different drug concentration: (c)
10 wt.%, (d) 12 wt.%, and (e) 15 wt.%.

The DSC curves of PLLA nanofibers with and without
different concentrations of TB-II were shown in Figure 3.The
curve of pure PLLA nanofibers exhibited a single endother-
mic peak corresponding to melting at 181.2∘C. For the TB-II
nanofibers, the DSC curves did not show any melting peaks
of TB-II, suggesting that TB-II was not present as a crystalline
material but had been converted into an amorphous state.
The peak temperatures of the TB-II nanofibers were slightly
shifted to 177.9, 183.9, and 183.7∘Cwhen the concentrations of
TB-II increased to 10, 12, and 15wt.%, respectively. The result
indicated that the concentrations of TB-II in the nanofibers
had little effect on the thermal behavior.

The FT-IR spectra of pure PLLA nanofiber and TB-
II-loaded nanofibers were depicted in Figure 4. The TB-II
samples were prepared by KBr pellet technique, and the
nanofiberswere scanneddirectly.TheFI-TR spectrumof pure
PLLA nanofibers showed characteristic peaks at 1756 cm−1
(–C=O), 1090 cm−1 (–C–O), and 1184 cm−1 (–C–O). The
spectrum of TB-II showed the dominant absorption peaks
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Figure 5: X-ray diffraction patterns of TB-II (a), pure PLLA
nanofiber (b), and TB-II-loaded nanofibers with different drug
concentration: (c) 10 wt.%, (d) 12 wt.%, and (e) 15 wt.%.
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Figure 6: In vitro cumulative percentage of TB-II released from the
nanofibers at various time points (𝑛 = 3).

at 3379 cm−1 (–O–H), 2928 cm−1 (–C–H), and 1075 cm−1
(–C–O). The typical peaks corresponding to PLLA and TB-
II were both observed in the spectra of 10–15 wt.% TB-
II-loaded nanofibers, which indicated that TB-II had good
compatibility with PLLA and was well incorporated into the
nanofibers.

XRD patterns for the nanofibers were displayed in
Figure 5. The pure PLLA nanofiber was amorphous material
with a diffraction peak at 16.64∘, when TB-II was a crystalline
material with a strong peak at 15.94∘. The XRD of all TB-II
nanofibers showed that the characteristic peaks of PLLA and
TB-II were both absent, suggesting that these two molecules
were fully converted into an amorphous state. The result was
further confirmed that TB-II was amorphously distributed in
the nanofibers.
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Figure 7: TB-II-loaded nanofibers implanted into subcutaneous sites in the dorsal thoracic region of the rats on days 0, 7, 14, and 21.
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Figure 8: The weight growth rate of the rats after implantation
by pure PLLA nanofibers and 10–15wt.% TB-II-loaded nanofibers
(𝑛 = 3).

3.2. Release of TB-II from Nanofiber In Vitro. PLLA was
selected as a drug carrier in this study as it is a relatively
hydrophobic polymer because of the methyl group in its
structure and therefore it can inherently slower biodegrade
[16]. Drug release from the nanofibers with different con-
centrations of TB-II was shown in Figure 6. In all cases, TB-
II was rapidly released, followed by a gradual release. The
amount of TB-II release within 6 h was 34.57, 36, and 39.5%
corresponding to drug concentrations of 10, 12, and 15wt.%,
respectively.This was probably due to the high concentration
of the drug distributed on the electrospun nanofiber surface
[17]. It could be observed that the release rate and maximum
total amount of TB-II released from the nanofibers increased
with the increasing of drug content. After 21 days, around
68.5, 72.7, and 81% of TB-II were released from the nanofibers
with drug concentrations of 10, 12, and 15wt.%, respectively.
The result indicated that the release of TB-II from the
nanofibers might be continued for long time, suggesting that
the TB-II nanofibers could be applied in the following in vitro
and in vivo study.
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Figure 9: The growth inhibition rate of Human hepatocellular
carcinoma SMMC 7721 cells on the pure PLLA nanofibers and 10–
15wt.% TB-II-loaded nanofibers (𝑛 = 3). ∗𝑃 < 0.05.

3.3. Biosafety Test In Vivo. In order to investigate the toxicity
of the TB-II nanofibers, the nanofibers were implanted into
subcutaneous sites in the dorsal thoracic region of the rats
(Figure 7).The body weight and survival rate weremonitored
every day. As shown in Figure 8, most rats experienced a
slight weight loss within 3 days after implantation due to
the pain-induced loss of appetite. However, the weight loss
recovered in the following days, and there was no significant
difference in the weight growth rate among the groups. All
the animals survived within 21 days, indicating that there
was no noticeable toxicity of the nanofibers with different
concentrations of TB-II.

3.4. Antitumor Activities In Vitro. Liver cancer (LC) is the
leading cause of cancer-related deathworldwide [18]. Because
of the high prevalence of the Hepatitis B virus, China has
the highest mortality rate for LC [19–21]. Surgery is the only
potentially curative treatment for LC [22]. However, tumor
recurrence is still common after curative resection. Adjuvant
treatment could be helpful in preventing tumor recurrence



Journal of Nanomaterials 7

Figure 10: Rats had partial tumor resection and then TB-II-loaded nanofibers were laid over the tumor remnant.
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Figure 11:The tumor volume (a) and relative tumor growth rate (b) of rats after treatment with 15 wt.%TB-II-loaded PLLAnanofibers (𝑛 = 3).
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after partial surgical resection [23]. In this study, in vitro anti-
tumor activities of TB-II-loaded nanofibers against human
hepatocellular carcinoma SMMC 7721 cells were determined
by MTT assay for 24, 48, and 72 h. The results were shown
in Figure 9. Compared to the pure PLLA nanofibers, all
TB-II-loaded nanofibers showed very effective antitumor
activity. A time-dependent and dose-dependent increase in
the rate of cell growth inhibition rate could be observed,
which indicated that TB-II could continuously be released in
an active form from the nanofibers. Thus, the TB-II-loaded
nanofibers were a sustained delivery system.

3.5. AntitumorRecurrenceActivities InVivo. According to the
results of characterization and in vitro antitumor activities,
PLLAnanofiberswith 15wt.%TB-II were applied for the anti-
tumor recurrence efficacy study in vivo. Animals had partial
or complete tumor resection where the nanofibers were laid
over, and then the wound was closed using subcutaneous
suturing (Figure 10).

Figure 11 showed the tumor development after implanta-
tion of the TB-II-loaded nanofibers. In the cases of complete

tumor resection, one of three rats treated with the TB-
II-loaded nanofibers presented macroscopic tumor (about
102mm3) at day 9 when all three rats with no treatment
presentedmacroscopic tumors (about 260±19mm3) at day 6.
There was a significant difference both in the tumor volumes
and RTG between control and treatment group. After 21 days,
the tumor volumes of rats treated with the TB-II-loaded
nanofibers reached around 598 ± 20mm3, while those of rats
with no treatment reached around 1006±53mm3. In the cases
of partial tumor resection, tumor volumes of rats from the
control and treatment group were 197 ± 12 and 199 ± 8mm3
at day 0, respectively. As shown in Figure 11, tumor volumes of
rats treated with the TB-II-loaded nanofibers increased more
slowly compared to those of rats with no treatment from the
third day. The tumor volumes of rats treated with the TB-
II-loaded nanofibers reached around 1379 ± 94mm3 on day
21, which was significantly smaller than those of rats with no
treatment (about 1564 ± 106mm3).

The above results demonstrated the potential of the
TB-II-loaded nanofibers as an implantable drug delivery
system for liver cancer after surgery to effectively inhibit
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the tumor growth and recurrence. Therefore, the continuous
inhibition of tumor growth after treatment with the TB-
II-loaded nanofibers confirmed further that TB-II could be
continuously released from the nanofibers.

4. Conclusions

In this study, the TB-II-loaded nanofibers were prepared
by electrospinning. The average diameter increased with the
increase of TB-II content. DSC and XRD results demon-
strated that TB-II was well incorporated into the nanofibers
in an amorphous state. FI-TR spectroscopy indicated that TB-
II had good compatibility with PLLA. In vivo biosafety test
revealed no noticeable toxicity of these TB-II nanofibers. In
vitro release studies showed that TB-II was rapidly released
from the nanofibers within 6 h, followed by a gradual release
for long time. The TB-II released from the nanofibers has
obvious inhibition effect against human hepatocellular car-
cinoma SMMC 7721 cells both in vivo and in vitro. Thus,
it was confirmed that the TB-II-loaded nanofibers were a
sustained delivery system which could effectively inhibit the
tumor growth and recurrence after surgery.
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The carboxyl-functionalized polystyrene (poly(styrene-co-methacrylic acid), PSMAA) nanofibers with average diameters of 250
± 20 nm was prepared by electrospinning. PSMAA nanofibrous membrane were employed for immobilization of horseradish
peroxidase (HRP) enzyme on the fibrous surface by a chemical method. The parameters about immobilizing HRP on the PSMAA
nanofibers were studied and the influence on the activity of the HRP is discussed. This study showed that soap-free emulsion
method is an ideal technology to modify the polystyrene surface and ultimately achieve enzyme immobilization on electrospun
PSMAA nanofibers surfaces. Compared with free HRP, the acid-base stability, thermal stability, and storage stability of HRP were
increased after the immobilization. The immobilized HRP maintained about 60% of its initial activity during a 20-day storage
period. However, the free HRP maintained only 40% of its initial activity. The removal percentages of o-methoxyphenol (OMP)
reached 80.2% after 120min for immobilized HRP. These results suggest that the proposed scheme for immobilization of HRP has
potential in industrial applications for the treatment of phenolic wastewater.

1. Introduction

Horseradish peroxidase (HRP) has been shown to be able to
remove a variety of phenols and aromatic amines from aque-
ous solutions [1–3]. However, the main drawback of treating
wastewater by free HRP is its instability. To overcome this
shortcoming, immobilization of HRP has been developed
as an effective method for the applications of HRP, since it
offered many advantages, such as increasing the stability of
HRP and being repeatedly used easily [4, 5].

Electrospinning, being a simple and economical way
to immobilize enzymes in situ, has received more and
more attention in the last decade [6–10]. The appealing
prospects of using electrospun fibrous membranes (EFMs)
for enzyme immobilization include their tunable sizes
(from micro to nanometer diameters), controllable mor-
phology, high surface-to-volume ratio, and compositional
variance. Thus, EFMs are regarded as a suitable support
for the immobilization of enzymes. Recently, an application
of immobilized HRP by electrospinning for removal of
environmental pollutants from contaminated water has been
reported. For example, Niu and coworkers [4] fabricated

a HRP-immobilized poly(d,l-lactide-co-glycolide) (PLGA)
fibers membrane for degradation of pentachlorophenol
(PCP), obtaining removal efficiency of 83%.

In preparations for enzyme membranes, it is difficult
to get bulk active groups on the membrane surface. The
traditional plasma surface physics modification [11, 12] is
complex and fussy and it has only a low effect on increasing
immobilization of enzymes. The chemical modification of
electrospun fibers has been shown to be an effective immo-
bilization method compared with the physics modification.
For instance, there has been reported in immobilization pro-
cedures using chemical modification, which allows conden-
sation reaction between the carboxyl groups on electrospun
fibers and the side chain amino groups of enzyme molecules,
leading to covalent bond formations between the fibrous
surfaces and enzymemolecules [13].The chemical binding for
enzyme immobilization can be applied for the enzymeswhich
do not adsorb onto the cationic matrix, and thus the matrix
is used for immobilizing a wider range of enzyme species.

In this paper, poly(styrene-co-methacrylic acid)
(PSMAA) random copolymer nanofibers, having carboxyl
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Scheme 1: Chemical route for synthesis of styrene-co-methacrylic acid copolymer and subsequent electrospinning nanofibers attachment of
HRP.

groups on the MAA, were prepared by a combination of
the soap-free emulsion polymerization method and an
electrospinning technique (Scheme 1), which were employed
as solid support to HRP enzyme, and immobilized HRP was
used to remove OMP from water. The morphology, chemical
structure of the PSMAA nanofibers, and the enzymatic
properties of the immobilized HRP were investigated. The
degradation efficiency of OMP by immobilized HRP was
assessed.

2. Experimental

2.1. Materials. The materials were used without further
purification. N,N-Dimethylformamide (DMF) and o-
methoxyphenol were purchased from the Shanghai
Chemical Co. (China). The ingredients of phosphate
buffer solution (PBS), such as orthophosphoric acid, dibasic
sodium phosphate, and potassium phosphate monobasic,
were of analytical grade and used as received. Horseradish
peroxidase (HRP), Coomassie Brilliant Blue (G250), bovine
serum albumin (BSA, molecular mass: 67,000Da), phenol, 4-
aminoantipyrine, and pyrocatechol (1,2-dihydroxybenzene)
were purchased from Sigma-Aldrich co., China. The water
used in all experiments was prepared in a three-stage
Millipore Milli-Q Plus 185 purification system (Richmond
Scientific Ltd. Great Britain) and had a resistivity higher than
18.2MΩ/cm.

The styrene (Sty) andmethacrylic acid (MAA)monomers
were purchased from the Lingfeng Chemical Co. (China).
These chemicals were distilled under vacuum at 75∘C before
use.

2.2. Synthesis of Poly(styrene-co-methacrylic Acid). A typical
synthesis was as follows: first, both Sty and MAA were dis-
tilled under vacuum at 75∘C. 25mL Sty and 1.0mLMAAwere
then mixed, and the mixture and 100mL water were added
into a three-mouth flask with condenser and mechanical
stirrer. The mixture was stirred at a speed of 300 rpm and
heated under a heater cover. After 5min of boiling, 0.1 g
potassium persulfate powder (Sinopharm Chemical Reagent
Co., Ltd, China) as initiator was added from the side mouth
and the polymerization continued for 1.5 hours. The whole
reaction was completed within 1.5 hours, with a conversion in
excess of 90% (measured by themethod of [14]).The resulting
latex was cooled to ambient temperature and filtered through
cheesecloth. The coagulum was dried and weighed.

2.3. Fabrication of PSMAA Nanofibers. A 15wt.% PSMAA
solution was prepared by adding 1.5 g PSMAA powder to
8.5mL DMF at room temperature with magnetic stirring
until it finally became a viscous precursor solution. The
solution was quickly loaded into a 5mL syringe equipped
with a steel needle with a tip diameter of 0.5mm, whose tip
was filed flat, which was connected to a high-voltage supply
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capable of generating voltage up to 30 kV. A copper wire-
framed drum collection screen was placed at a horizontal
distance of 15 cm from the tip of the needle. The copper wire
drum was connected to a motor with two pulleys and rotated
at a speed of 300 rpm. The feeding rate of the precursor
solution was controlled at 1mL/h using an automatic syringe
pump so that a small drop was maintained at the capillary tip
due to the surface tension of the solution.The solution on the
tip of the needle was ejected under a strong electric field of the
20KV, and the PSMAAfibers thus formedwere dried initially
for 5 h at 70∘C under vacuum.

2.4. Immobilization of HRP. An appropriate amount of elec-
trospun PSMAA nanofibrous membranes were immersed
in 50mL of BSA solution (1% wt) for about 1.5 h at 20∘C
in shakers while stirring continuously and then thoroughly
washed with deionized water to remove the residue BSA.
Subsequently, the pretreated membranes were submerged
into 20mL of the HRP solution (1mg/mL in the PBS, pH 7.0)
in a 25mL beaker and shaken gently in an ice bath for the
required time. Finally, the membranes were taken out and
washed with the PBS until no protein was detected in the
washings.

2.5. Determination of Immobilization Capacity. The con-
centration of HRP in the solutions was determined by
the method of Bradford [15] based on the absorbance of
Coumassie Brilliant Blue reagent at 595 nm by UV-Visible
spectroscopy (U-4100, Hitachi Co., Ltd, Japan). The amount
of the bound enzyme was calculated as

𝑄 =

(𝐶
0
− 𝐶)𝑉

𝑚

, (1)

where 𝑄 is the amount of HRP bound onto unit mass of
nanofibrous membranes (mg/g), 𝐶

0
and 𝐶 are the initial and

equilibrium HRP concentrations in the solution (mg/mL), 𝑉
is the volume of the HRP solution, and 𝑚 is the mass of the
nanofibrous membrane.

2.6. Characterization. The PSMAA nanofibers morphology
was examined using (S-3000N, Hitachi, Co., Ltd, Japan)
scanning electron microscope (SEM). All samples were
sputter coated with gold. Fourier transform infrared (FTIR)
spectra (BRUKER IFS66/S Perkin-Elmer) were recorded
using pressed KBr pellets over the wavenumber range of

4000–500 cm−1 at a resolution of 4 cm−1 to determine the PS
and PSMAA.

2.7. Activity Measurements of HRP. The Worthington pro-
tocol was followed to calculate the activity of the HRP
enzymes [15]. In this method, hydrogen peroxide (H

2
O
2
), 4-

aminoantipyrene (4-AAP), and phenol were first mixed to
form a colorless reagent and the HRP enzyme was immersed
in the colorless reagent to catalyze the conversion of H

2
O
2

to water, along with the conversion of the colorless dye to
a red color (quinoneimine). The rate of color change was
recorded by usingUV-vis absorbance spectroscopy at 510 nm,
and the increase of absorbance was translated into enzyme
activity through the specific absorptivity of the chromogen
(𝜀 = 7100M−1 cm−1) [16]. The substrates used were 2.46
× 10−3mol/L 4-AAP with 0.172mol/L phenol and 1.76 ×
10−3mol/L H

2
O
2
. All measurements were in a PBS with a pH

of 7.0. Each experiment was repeated three times.

2.8. Degradation Experiments. HRP-PSMAA (1 cm × 1 cm,
total weight 20± 1mg)membrane pieceswere added one each
to 10mL solutions with the concentration of OMP at 8.06 ×
10−4mol/L; the molar ratio of the reaction between OMP and
H
2
O
2
was about 1 : 1. The reaction scheme was suggested as

shown in Scheme 2 [17, 18].
The mixture was incubated at 25 ± 1∘C and pH 6.0

under reciprocal agitation at 30 rounds per minute. For
the purpose of terminating the HRP catalysis, 0.1mL of
0.658mol/L H

3
PO
4
was added when sampling. The control

experiment for free HRP was carried out in the same reactor
using an equivalent amount ofHRP.TheOMPconcentrations
in the aqueous phase and on/in the HRP-PSMAA (washed by
acetonitrile) were measured by a UV-vis spectrophotometer
(U-4100, Hitachi Co., Ltd, Japan) at 470 nm. The amount of
OMP degraded by HRP was calculated by

𝑃% =
𝑄
0
− 𝑄
𝑆

𝑄
0

× 100%, (2)

where 𝑄
0
is the initial amount of OMP in solution and 𝑄

𝑆

is the amount of OMP retained in solution. All experiments
were carried out at 25 ± 1∘C.

3. Results and Discussion

3.1. FTIR Spectra of Copolymer. FTIR spectra of (a) the PS
and (b) the PSMAA are shown in Figure 1; comparing these



4 Journal of Nanomaterials

Wavenumber (cm−1)
2000 1900 1800 1700 1600 1500 1400 1300 1200

Tr
an

sm
itt

an
ce

 (%
)

PS

PSMAA

1
4
5
2
.7
6

1
4
9
1
.9
6

1
6
0
0
.5
9

1
4
5
2
.7
6

1
4
9
1
.9
6

1
6
0
0
.5
9

1
6
9
8
.9
7

Figure 1: FT-IR spectrum of PS and PSMAA.

two spectra, the spectrum of the PSMAAmembrane showed
an absorbance band at 1698.97 cm−1, which is a characteristic
band for carboxyl groups. It indicates that COOH groups of
methacrylic acid have been blocked to styrene successfully.

3.2. The Surface Morphologies of the Nanofibrous Membrane.
A SEM image of the original PSMAA nanofibers is displayed
in Figure 2(a).Themorphology of the nanofiber appears uni-
form, with the diameter of the nanofibers ranging from 230 to
270 nm. After HRP immobilization, as shown in Figure 2(b),
the diameter and the morphology of the nanofibers did not
change substantially, although some of adhesion between
the fibers compared with that un-immobilized. It might be
because the –COOH groups of the PSMAA nanofibrous
membranes reacted with amine groups of HRP protein, the
bound protein then acted as a seed, and other unbound
HRP molecules were adsorbed on the bound protein to form
protein aggregation by molecular interactions.

3.3. Effect of Immobilization Time on Enzyme Capacity and
Activity of HRP Immobilized on the PSMAA Nanofibers.
To determine the optimum adsorption time, the effect of
adsorption time on the immobilized amount of protein
was studied. As shown in Figure 3, adsorption equilibrium
was reached when the experiment running for 4 h and the
activity of the immobilized HRP increased with prolonged
coupling time, and the highest activity was obtained when
immobilization was allowed to proceed for 4 h. However,
the activity decreased if the reaction time was longer; this
might be because the long time coupling reaction to change
unfolding degree of the enzyme molecule, resulting in a
enzyme conformation is destroyed, causing inactivation of
the enzyme.Therefore, to ensure themaximum adsorption of
HRP onto the membranes, the adsorption time was adopted
as 4 h in the following experiments.

3.4. Effect of Temperature on the Activity of HRP. The effect
of temperature on the activity of free and immobilized HRP
at pH 7.0 is shown in Figure 4, the maximum activity of the

free HRP appeared at 35∘C, but the optimum temperature
of the immobilized HRP was slightly higher at 40∘C. At
temperatures above 35∘C, as the temperature increased, the
residual activity of the free HRP decreased faster than that
of the immobilized HRP; that is, the immobilized HRP
exhibited higher heat resistance than the free one. This is
suggested to be due to interactions between enzyme and the
PSMAA-COOH supports that limited the enzymemovement
to reduce the degree of freedom of the spatial structure of
enzyme, protecting it fromdeactivation at high temperatures.

3.5. Storage Stability. Thestorage stability of immobilized and
free enzyme is presented in Figure 5 and the residual activity
of immobilized and free HRP was 87.4% and 45.4% after
5 days, respectively. The results indicated that the storage
stability of immobilized HRP was better than that of free
HRP, which is suggested to be due to the immobilization of
the enzyme limiting the freedom of conformational changes,
resulting in increasing stability towards denaturalization [19].

3.6. Effect of pH on the Activity of HRP. Figure 6 shows the
effect of pH on the activity of the free and immobilized
HRP. The optimal pH value was about 6.0 for both free and
immobilized enzyme; no significant shift of the optimal pH
was observed. But the residual relative activity of the immo-
bilized HRP was higher than that of the free one at all other
pH in the range between 2.0 and 9.0. The lower sensitivity
of the immobilized enzyme to pH is probably because of a
significant alteration of the enzyme microenvironment upon
immobilization on the fibers.

3.7. o-Methoxyphenol (OMP) Removal by Free and Immobi-
lized HRP. Figure 7 shows the efficiency of removal of OMP
in a batch experiment running for 120min. The removal
process by PSMAA-HRP was fast and reached a removal per-
centage of about 80.2%. The removal efficiency of PSMAA-
HRP was higher than free HRP. This is suggested to be due
to the fact that the OMP removal by immobilized enzyme
was the result of both PSMAA nanofibers adsorption and
enzymatic catalyzation; the OMP molecules diffuse from the
bulk solution to the external surfaces of the PMAAnanofibers
and adsorb onto the easily accessible hydrophobic sites on the
surface. In addition a great amount of OMP was degraded by
the HRP which is immobilized on the surface of fibers, and
this step is usually assumed to be a fast one.

4. Conclusion

PSMAA nanofibrous membranes with uniform fiber diam-
eters between 230 and 270 nm were prepared by an electro-
spinningmethod.HRP enzymewas successfully immobilized
on the MAA carboxyl groups of the PSMAA nanofibers. The
results of degradation experiments indicated that a removal
efficiency of 80.2% was achieved. Immobilized HRP showed
a better acid-base stability, thermal stability, and storage
stability than free HRP, which is a very attractive aspect
for real applications involving a sufficiently wide range of
external conditions.
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(a) (b)

Figure 2: Morphologies of PSMAA nanofiber. (a) Original PSMAA nanofibers. (b) PSMAA nanofibers with immobilization of HRP.
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Figure 3: Effect of immobilization time on enzyme loading capacity
at pH 7.0 and room temperature.
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Polymer based nanofibers using ethylene-co-vinyl alcohol (EVOH) were fabricated by electrospinning technology. The nanofibers
were studied for potential use as dressingmaterials for skinwounds treatment. Properties closely related to the clinical requirements
for wound dressing were investigated, including the fluid uptake ability (FUA), the water vapour transmission rate (WVTR), the
bacteria control ability of nanofibers encapsulated with different antibacterial drugs, and Ag of various concentrations. Nanofibre
degradation under different environmental conditions was also studied for the prospect of long term usage. The finding confirms
the potential of EVOH nanofibers for wound dressing application, including the superior performance compared to cotton gauze
and the strong germ killing capacity when Ag particles are present in the nanofibers.

1. Introduction

Skin wounds and their treatment are significant health
problems [1–3]. The dressing material plays a key role in
treatment and recovery, providing surface protection, tissue
and cell restriction, moisture maintaining, air permeability,
bacteriostatic controlling activities, drug delivery, and other
functions [4, 5]. Electrospinning, also known as electrostatic
spinning, is a popular method to fabricate nonwoven fibers
with different shapes and sizes [6, 7]. It is currently the
only method to prepare fabric of fibers with diameters down
to a few nanometers [8]. Fibrous materials of submicron
dimensions are potentially better candidates in skin wound
treatment than normal dressing materials such as cotton
pads and bandages due to a number of advantageous fea-
tures, including high porosity ratio, high permeability and
mechanical strength, and biocompatibility and biodegrad-
ability, among others [9–12]. A number of methods have
also been developed to add drugs into the electrospinning
process so the nanofibers obtained become carriers [13] for

the additional function of anti-inflammation [14]. EVOHwas
selected for this study due to its good biocompatibility and
proven usage in nanofibers preparation with electrospinning
[15–17].

In a previous study [18], we presented a method to fab-
ricate poly (ethylene-co-vinyl alcohol) (EVOH) nanofibers
encapsulated with Ag nanoparticle using electrospinning
technique. The fibers were fabricated with controlled diam-
eters (59 nm-3 𝜇m) by regulating three main parameters, that
is, EVOH solution concentration, the electric voltage, and the
distance between the injection needle tip (high voltage point)
and the fiber collector. The study showed the relationship
between the electrospinning fabrication parameters and the
properties of the fibers produced, such as the diameter
of the nanofibers, the regularity of the nanofiber shape,
the uniformity of the diameter, and the average length of
the uniform fiber. The mechanical strengths of nanofiber
mats under monotonic and cyclic tension loading were also
discussed [19].
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Table 1: Materials.

Materials Provenience Dosage in the experiments
Poly Sigma-Aldrich 7.5% (0.75 g EVOH dissolved in 10mL 80% 2-propanol/water)
(ethylene-co-vinyl alcohol) (EVOH) (Batch number: 12822PE)
AgNO3 Alfa Aesar (Alfa Aesar, 7761-88-8) 0.1 g AgNO3 in 10mL EVOH solution
Iodine Tianli (Tianli, AR/250 g) 0.1 g in 10mL EVOH solution
Gentamicin Xi’an 1st Hospital 60 k units in 10mL EVOH solution

In this study, we investigated the nanofibers’ properties
closely related to the clinical requirements for wound dress-
ing. The fluid uptake ability, the water vapour transmission
rates, the bacteria control ability of nanofibers encapsu-
lated with different antibacterial drugs and Ag of various
concentrations, and the degradation of EVOH nanofibers
under different environmental conditions were investigated.
The study was entirely experiment based and is reported
in the following order in this paper. First, the materials
used were discussed, followed by a brief introduction on
the electrospinning process. The tests and results of fluid up
taking, water vapour transmission, and bacteria control were
then reported, followed by degradation results. Discussion on
the findings and conclusions were then provided in view of
the potential medical application.

2. Material and Electrospinning Process

2.1. Materials. Poly (ethylene-co-vinyl alcohol) (EVOH) was
used to make nanofibers in this study. The material was
ordered in granular form from Sigma-Aldrich (Batch num-
ber: 12822PE). Solid granules were diluted into solutions of
80% 2-propanol/water, in composition of EVOH from 7.5, 10,
and 12% (wt%) for injection use.

For the antibiotics used in the study, AgNO
3
was obtained

in powder form from Alfa Aesar (Alfa Aesar, 7761-88-8).
Iodine was purchased from Tianli (Tianli, AR/250 g) in pow-
der form. And gentamicin of a clinical grade was obtained
fromXi’an 1stHospital in the specification of 60000 units/mL.
Dosages of the antibiotics used in the experiments are
listed in Table 1 together with the carrier material EVOH.
Staphylococcus aureus, one of the main pathogenic bacteria
found on both animal and human wound surfaces [20, 21],
was chosen to test the antibacterial ability of the nanofibers.

2.2. Experimental Procedure for Electrospinning of Nanofibers.
The electrospinning system (Figure 1) used for electrospin-
ning is an improved in-house platform developed in the
previous study [18, 22]. The system is composed of a high
voltage power supply with a low current output (Spellman
CZE1000R, 0–30 kV, maximum 0.1mA), a peristaltic pump
with a feeding capacity in the range of 1.0 to 15.0mL h−1
(Masterflex, 77120-52), and a feeding tube fixed with a fine
metal needle at the end. All nanofiber samples were prepared
from the solution of 7.5% (w/v) EVOH. Three bacterial
control agents, AgNO

3
, iodine, and gentamicin, were added

to EVOH solution, respectively. The solutions were then
injected at the speed of 2.5mL h−1 in a space field charged

Fibre

Needle

Collector

Spinning area

Pump

Polymer solution

Power supply
(0~30kV)

−

+

Figure 1: The electrospinning system.

to 25 kV to obtain the nanofibers through the spinning of the
jet. Table 1 lists the fabrication parameters of the three fiber
groups used in this study.

Fibers obtained in this study were in the diameter range
from 400 nanometers to 2.2 micron meters. Scanning elec-
tron microscopy (SEM) was performed to characterize the
dimension profile of the fibers obtained. Figure 2(a) shows
SEM image of the nanofibers obtained. Fibers are smooth
and randomly oriented, with an average diameter of 500 nm.
Figure 2(b) is a transmission electron microscopy (TEM)
image showing a local section of a fiber obtained from EVOH
solution containing AgNO

3
. Shaded dots distributed inside

the nanofibers are simple Ag particles according to an EDX
analysis [18].

3. Properties Related to Clinical Requirements

In this study, a few important features of the nanofibers were
considered for the potential application as a wound dressing
material, such as the fluid uptake ability (FUA) and the water
vapour transmission rates (WVTRs), which are important
characteristics in skin wound treatment. Such properties are
also significant in tissue engineering where the nanofibers
may also be used as scaffolding for cell growth and controlled
drug release.

For wound addressing, the bacteria control ability is
another key parameter, and new functionality can be devel-
oped for optimized application of antibacterial agents [23–
25]. Here, only a preliminary study was carried out using
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Table 2: Sample descriptions of EVOH nanofibers.

Sample group Fabrication parameters Fibre diameter range

A 7.5% solution, 15 kV, 2.5mL/hr, 0.4–0.9 𝜇m
20 cm standing distance

B 10% solution, 15 kV, 2.5mL/hr, 0.8–1.5 𝜇m
20 cm standing distance

C 12% solution, 15 kV, 2.5mL/hr, 1.3–2.2 𝜇m
20 cm standing distance

(a)

(b)

Figure 2: SEM image and TEM image of nanofibers contain Ag: (a)
SEM image, (b) TEM image.

the bacteriostatic loops to demonstrate the possibility of bac-
teria control.

The degradation of nanofibers under environmental con-
ditions was also considered. Degradation tests in phosphate
buffer solution and under ultraviolet light were carried out,
providing an indication on the integrity of nanofiber mate-
rials in simulated human body conditions and accelerated
environment exposures.

3.1. FluidUptakeAbility (FUA). Thefluid uptake ability (FUA)
(%) of the nanofibers was calculated as a percentage of water
loss per unit weight:

FUA (%) =
(𝑊
𝑠
−𝑊
𝑑
) × 100%
𝑊
𝑠

, (1)
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Figure 3: The fluid uptake ability of different nanofibers (A, B, and
C) and cotton gauze (D).

where𝑊
𝑠
is the wet weight of the nanofiber and𝑊

𝑑
is the dry

weight of the nanofiber.
A piece of dry nanofiber mat (in room condition) was

first measured for its weight. It was then fully submerged into
distilled water for 15 seconds. The wet mat piece was picked
up and put on a fresh absorbing paper for 30 seconds, and its
weight was then measured again.

The FUA experimental data of the sample Groups A, B,
and C (categorized in Table 2) are given in Figure 3 compared
with those of normal medical cotton gauzes, denoted as
Group D (diameters of the cotton fibers are between 0.1 and
0.2mm). The result shows that all nanofiber groups have
a higher FUA (%) than that of cotton gauze. On average,
nanofibers can take 22% more water than cotton gauze per
unit weight.

Among the nanofiber groups, Group C has the highest
FUA at (85.97±0.7) %, while Group A has the lowest (81.66±
0.8)%, though the difference is only 5%. Figure 3 appears to
suggest that in the diameter range smaller than the micron
level, a lager diameter will lead to a higher FUA. But when
the fiber diameter is above the micron level, such as in cotton
gauze, FUA will drop with increased diameter.
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3.2. Water Vapour Transmission Rates (WVTRs). The water
vapour transmission performance of the nanofibers was
measured in the following approach. Beakers filled with 5mL
distilled water were covered with a nanofiber mat of the
three sample groups, respectively. The covered beakers were
placed in an airtight environment chamber with saturated
ammonium sulfate solution. The weight of the beakers was
measured once every 24 hours over a period of 120 hours
(5 days). The difference of the measured weight was divided
by the cross-section area of the beaker. The water vapour
transmission rates, WVTRs (g⋅m−2 per day), were calculated
as the weight loss of water (gram) per evaporation exposure
area (m2) per day [26].

MeasuredWVTR of the nanofibers s is given in Figure 4,
showing that WVTR increases rapidly in Day 1. The 24-hour
measurement span means that there is only one data point
at the end of Day 1; thus, higher points which could occur
within Day 1 may have been missed. However, the tread
is captured. WVTR drops slightly from Day 1 and remains
virtually constant from Day 2 onwards with the values kept
in the range of 900 to 1000 g⋅m−2 per day. There is virtually
no difference between Groups A, B, and C. Group A has a
slightly higherWVTR, close to that of GroupD, which shows
the highest WVTR constantly, though marginally.

3.3. Antibacterial Tests. To evaluate the clinical related per-
formance of the nanofibers, antibacterial tests were carried
out using culture dishes. Clear dishes were first covered
with LB culture mixed with Staphylococcus aureus (OD600
value: 1.1). One circular pad of 6mm diameter, cut from
each of the nanofiber samples containing Ag, iodine, and
gentamicin, respectively, and from pure EVOH nanofibers
with no antibacterial agent as the control group, was placed at
equal distance in a culture dish.The quantity of the antibiotic
agents contained in the nanofibers is, before electrospinning,
as follows:

(a)
(b)

(c) (d)

Figure 5: Bacteria test after 6 hours of incubation at 37∘C: (a)
pure EVOH nanofiber and the rest are nanofibers containing (b)
gentamicin (60 k units in 10mL solution), (c) Ag nanoparticle (0.1 g
in 10mL solution), and (d) iodine (0.1 g in 10mL solution).

gentamicin, 60 k units in 10mL solution;
Ag nanoparticle, 0.1 g AgNO

3
in 10mL solution, and

iodine, 0.1 g in 10mL solution.

The culture dishes hosting the nanofiber pads were then
placed on a disk in a nursery box which was maintained at
37∘C.The disk was rotated continually inside the nursery box
at a constant rotational speed of frequency of 1Hz.

Figure 5 illustrates one of the culture dishes after 6 hours
of incubation at 37∘C, showing the four pads of samples
with pure EVOH fibres containing no antibacterial agent
marked as (a), and fibres containing gentamicin (b), Ag
nanoparticle (c), and iodine (d). While the disk is covered
by cultured Staphylococcus aureus seen in a foggy colour,
the clear shaded rings surrounding the pads (red circles
indicate the original pad size) are bacteriostatic loops where
Staphylococcus aureus had been eliminated. A bigger outer
ring diameter indicates stronger antibacterial effectiveness.
It can be clearly seen in Figure 5 that Ag (c) has the biggest
bacteriostatic loop while pure EVOH (a) and gentamicin (b)
show limited effectiveness.

Figure 6(a) shows the measured outer diameters of the
bacteriostatic loops. Nanofibers containing Ag nanoparticles
demonstrate the strongest germ killing capacity and the outer
diameter of its bacteriostatic loop is 58, 174, and 420%,
which is bigger than the one of iodine, gentamicin, and pure
EVOH, respectively. Consequently, only the influence of the
Ag density was further examined. Nanofibers using solutions
dissolved with different weight of AgNO

3
were produced

and used for antibacterial tests. Figure 6(b) illustrates the
outer diameter of the bacteriostatic ring as a function of the
weight of Ag content in the nanofibers, measured in grams
per milliliter. The test set-up remained the same except the
culture time which was increased to 12 hours for this Ag
effectiveness study. As seen in Figure 6(b), the bacteriostatic
effectiveness shows approximately a power law relation to the
Ag density in the nanofibers.

4. Degradation of EVOH Nanofibers

The integrity of nanofibers under environmental elements
during production, storage, transportation, and usage is
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Figure 7: (a) Degradation of EVOH nanofiber in PBS solution. (b) UV degradation of nanofibers.

an important factor for the application. To investigate this,
hydrolysis tests and ultraviolet light exposure tests were
performed. For the hydrolysis tests, nanofiber samples were
submerged in phosphate buffer solution (PBS) of pH value
of 7.2 and kept at 37∘C. The test was aimed to evaluate
time-based stability of the material in simulated in vivo
conditions. The samples were weighted every 72 hours with
a bioelectronic balance after 30mins of drying at 37∘C.

The ultraviolet exposure tests were performed in a pho-
tochemical reaction chamber. The irradiation strength of the
light at 240–280 nm wavelengths was 3.23 × 103 𝜇Wcm−2
as measured with a UV radiometer at the point where
the samples were placed. The samples were weighted and
photographed every 24 hours of exposure.

Hydrolysis in vitro shows that the nanofibers hardly
decompose in the simulated body environment. As shown
in Figure 7(a), only 2% weight change of the samples was
recorded after being submerged in PBS solution for 168
hours (7 days). Also, little degradation was observed. These

indicate good integrity of the nanofibers for long term use in
the human body condition, an importance requirement on
dressing materials.

In contrast to the hydrolysis tests, significant weight loss
and fiber break-up were observed during the UV exposure
tests (see Table 3 for comparable light exposures). Figure 7(b)
shows theweight variation of the nanofibers with andwithout
Ag nanoparticles versus the UV exposure hours. It can be
seen that the nanofibers degrade approximately linearly in
terms of the exposure duration. And those containing Ag
nanoparticles degrade faster with more than 40% weight
reduction over 72 hours (3 days) of exposure, twice theweight
loss in pure EVOH nanofibers.

In the format of the degradation, nanofibers show strong
signs of disintegration with shrinkage and break-down into
pieces, as shown in Figure 8. Figures 8(a) and 8(b) provide
a graphic revelation on nanofibers’ texture deterioration
under UV exposure. The relatively short duration for almost
complete structural destruction just over 72 hours indicates
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Table 3: Irradiation strength of different light sources.

Light source Distance between the light
source and the fibres/mm Wave length/nm Radiation strength/𝜇Wcm−1

UV lamp 50.0 240–280 3.32 × 103

Daylight lamp 2000.0 400–700 0.19
Sunlight Ground, direct exposure 250–2500 49.9

(a) (b)

(c) (d)

Figure 8: (a) Original fine fiber sample before exposure to UV light, (b) fiber sample after 72 h continuous exposure to UV light, (c) SEM
image of EVOH fiber after 24 h UV exposure, and (d) SEM image of EVOH fiber after 72 h UV exposure.

a high sensitivity to UV lights. SEM images (Figures 8(c)
and 8(d)) show nanofibers breaking up and thinning out,
resulting in fabric structural destruction.

To further study the light sensitivity of the nanofibers, the
effects of exposure to different light sources were compared.
The irradiations of an UV lamp, a daylight lamp, and direct
sunlight were compared. In Table 2, the irradiation strength
of an UV lamp is 66 times stronger than that of the
direct sunlight exposure. Results of degradation under UV
lamp indicate that the nanofibers show signs of deteriorated
structures after 24 hours and are largely destroyed after 72
hours. This is equivalent to about half a year of exposure to
direct sunlight.

The high sensitivity in EVOH nanofibers degradation
under UV exposure leads to two interesting features. Firstly,
the UV light may be used as a mechanism to speed up
the release of Ag nanoparticles and possibly other drugs,
through the material break-up of the nanofibers when they
are used as a carrier. Secondly, the rapid texture deterioration
under UV lighting also means there would be implications

in using the EVOH nanofibers as wound dressing or bandage
for a prolonged period, where some UV shielding might be
required.

5. Conclusions

The EVOH nanofibers were obtained in this study from an
electrospinning process. Experimental studies carried out
in the lab on some of the performance related to clinical
applications have led to the following conclusions.

(1) The electrospinning process does not inactivate the
antibacterial ability of encapsulated agents.

(2) Nanofibers show a good fluid uptake ability (FUA),
taking 22% more water than cotton gauze per unit
weight.

(3) Nanofibers’watervapourtransmissionrates(WVTRs)
are comparable to those of cotton gauze.
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(4) Nanofibers containing silver particles demonstrate a
superior antibacterial capacity than those containing
gentamicin and iodine.

(5) The rapid degradation of nanofibers indicates that
shielding of UV exposure might be needed for pro-
longed usage, but the feature may be used for con-
trolled drug release.

(6) Nanofibers are found to be stable in vitro condition,
thus potentially a good candidate for wound dressing
applications.

Based on the outcome of the study, we can draw the
conclusion that EVOHnanofibers are potentially a promising
candidate for skin wound dressing. In particular, the drug
carrying and slow release functions can be further explored
for optimal usage. As the study was based on a small quantity
of samples, results may be affected by random factors,
though care was taken to eliminate noticeable uncertainties.
However, more tests are needed on a large quantity and in a
broader scope and wider range of parameters. These will be
addressed in the continuity of this research programme.

Nomenclature

EVOH: Poly (ethylene-co-vinyl alcohol)
FUA: Fluid uptake ability
PBS: Phosphate buffer solution
SEM: Scanning electron microscopy
TEM: Transmission electron microscopy
UV: Ultraviolet
WVTR: Water vapour transmission rates (WVTRs)
𝑊
𝑠
: Wet weight of the nanofiber
𝑊
𝑑
: The dry weight of the nanofiber.
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Nowadays, hundreds of consumer products contain metal and metal oxide nanoparticles (NP); this increases the probability
of such particles to be released to natural waters generating a potential risk to human health and the environment. This paper
presents the development of efficient carboneous nanofibrous membranes for NP filtration from aqueous solutions. Free-standing
carbon nanofiber (CNF) mats with different fiber size distribution ranging from 126 to 554 nm in diameter were produced by
electrospinning of polyacrylonitrile (PAN) precursor solution followed by thermal treatment. Moreover, tetraethoxyorthosilicate
was added to provide flexibility and increase the specific surface area of the CNF. The resulting membranes are bendable and
mechanically strong enough to withstand filtration under pressure or vacuum. The experimental results of filtration revealed that
the fabricated membranes could efficiently reject nanoparticles of different types (Au, Ag, and TiO

2

) and size (from 10 to 100 nm
in diameter) from aqueous solutions. It is worth mentioning that the removal of Ag NP with diameters as small as 10 nm was close
to 100% with an extremely high flux of 47620 Lm−2 h−1 bar−1.

1. Introduction

Nanotechnology is having a large impact in manufactured
products in most major industry sectors, including elec-
tronic, cosmetic, automotive, and healthcare sectors. Accord-
ing to a recent survey [1] over 1,300 nanotechnology-related
products are currently on the market. Free nanoparticles
(NP) are likely to enter the aquatic environment in all stages
of nanomaterials life cycle (production, processing, use,
recycling, and disposal).These particles can persist in natural
bodies and are not fully removed by drinkingwater treatment
systems, thereby posing a potential public health concern
[2, 3]. Therefore, the development of new barrier materials
is needed to reduce the potential risks related to human
and environmental exposure to nanomaterials [4]. Nanofiber
webs, due to their very large specific area, very small pore
size, and high porosity, have been shown to improve the
efficiency of conventionalmaterials used for the filtration and
separation of particulate materials [5, 6].

Electrospinning is a well-established and versatile process
that has been used to produce ultrafine fibers including
microfibers (>1 𝜇m) or nanofibers (<1000 nm) [7, 8]. The
main advantage of electrospinning process among other
techniques is the relative quick, simple, and economical way
to fabricate a variety of materials into nanofibrous structures
[9].

Particularly, electrospun carbon nanofibers (CNF) have
attracted considerable attention in the field of water filtration
as they exhibit a number of unique features [10]. While the
development of free-standing ceramic nanofibrous mats is
still a technological challenge due to the intrinsic brittleness
of the material, large area CNF sheets with high mechanical
strength can be easily fabricated. In addition, their higher
chemical resistance, compared to polymeric filters, makes
them suitable for filtration [11, 12].

In this study, the development of efficient nanofiber
membranes for the removal of nanoparticles from aqueous
solutions is presented. Free-standing carbon nanofibrous
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membranes were fabricated by electrospinning of a poly-
acrylonitrile (PAN) precursor solution followed by a thermal
treatment of the electrospun fibers. Moreover, tetraethoxy-
orthosilicate (TEOS) was added to provide flexibility and to
increase the specific surface area of the CNF [13, 14].

To the best of our knowledge, CNF derived from
PAN/TEOS have not been used for such filtration purposes.
Unlike carbonized PAN mats, which were too brittle to tol-
erate high vacuum filtration process, the PAN/TEOS derived
CNF mats were bendable and showed sufficient mechanical
strength to withstand filtration under pressure or vacuum.
The experimental results demonstrate that the membranes
could efficiently reject various NP (Au, Ag, and TiO

2
) of

different sizes and natures from the aqueous solution.

2. Experimental Part

2.1.Materials andMethods. PAN (Mw= 150,000 g/mol) pow-
der, N-N dimethylformamide (DMF), and TEOS (98%) were
purchased from Sigma-Aldrich. CNF precursor solutions
were prepared by dissolving PAN at concentrations ranging
from 4 to 12 wt.% in DMF at 60∘C. PAN/TEOS precursor
solutions were prepared by the addition of TEOS to the
PAN solutions in DMF to achieve the proper PAN/TEOS
weight ratios, as shown in Table 2. All polymer solutions
were mixed by a magnetic stirrer for a sufficiently long time
until they became homogeneous. The viscosity and electrical
conductivity of polymer solutions were measured by a digital
viscometer (DV-E, Brookfield Co.) and an electric conduc-
tivity meter (CRISON EC-meter BASIC) at 25∘C. To produce
nanofibers the solutions were electrospun onto an aluminum
foil by using commercially available electrospinning equip-
ment (MECCCo. LTD.,modelNF-103). Plastic syringes fitted
with metal needles were used as electrospinning nozzles.
Typical operating conditions were the following: flow rates of
1-2mL/h, applied voltages between 25 and 30 kV, andworking
distance of 9–16 cm. For carbonization, the as-spun polymer
fibers were first placed in a chamber furnace and stabilized
in air for 5 hours at 280∘C and then carbonized for 1 hour
in nitrogen at 800–1000∘C; in both cases the ramp rate was
1∘C/min [15].

2.2. Preparation of the NP Solutions. The filtration perfor-
mance of carbonized PAN/TEOS nanofibers was evaluated
with different types of NP, including metallic NP, such as Ag
and Au, and metal oxide NP, such as TiO

2
. TiO
2
dispersions

were prepared by the sonication of proper amounts of NP in
milliQ water for 10min at 50% of the total power (750W).
Au and Ag aqueous nanoparticle solutions were kindly
provided by ICN (Catalonia Institute of Nanotechnology).
The concentrations of the NP solutions were adjusted to have
a high ultraviolet-visible (UV-vis) absorbance without signal
saturation.

2.3. Characterization. The surface morphology of the nano-
fibermats was examined using scanning electronmicroscopy
(SEM, Zeiss Evo MA-10) after coating with carbon to min-
imize the charging effect. Images taken by the SEM were

analyzed to obtain the fiber diameter by the ImageJ software.
At least four pictures were used to calculate the mean values
of the diameter of the fibers.

The clean water permeance (CWP) of CNF membranes
was determined using a bench-scale dead-end filtration
setup. The system consists of a reservoir tank containing
ultrapure water (Type 1) connected to a 200mL Amicon
stirred ultrafiltration cell (Merck Millipore). The stirred cell
houses a 63.5mm diameter flat CNF sheet with an effective
area of 28.7 cm2. Pressure in the feed tank was provided by
compressed air. The applied pressure measured during the
CWP experiments was 3 kPa (0.43 psi).

The pore size of the CNF membranes was determined
using a simple particle removalmethod. Solutions containing
20mg/L of polystyrene latex beads (from Magsphere Corp.)
with diameter between 0.1 𝜇m and 3 𝜇mwere passed through
themembrane at the pressure of about 0.1 bar.The absorbance
of the feed and filtrate latex solutions was measured using
UV-vis spectrometer and the removal rate was calculated
by the following formula, where 𝐴 feed and 𝐴filtrate are the
absorbance at 250 nm of feed and filtrate solutions, respec-
tively:

Removal rate% = [1 − [
𝐴 feed
𝐴filtrate
]] ∗ 100. (1)

A latex removal curve was drawn by plotting the removal
rates against the beads diameter size (Figure 7). The nominal
pore size is defined as the diameter where 90% of latex beads
are removed.

For filtration experiments, disc filter was cut out of the
nanofibrous mats by using a hollow punch and placed on
the metallic support of the filtration setup. A solution of
nanoparticles was passed through it andUV-vis spectrometer
was used to measure the absorbance of the feed and filtrate
solutions. The filtration efficiency was calculated using the
following formula, where𝐴 feed and𝐴filtrate are the absorbance
at 𝜆max of feed and filtrate solutions, respectively:

Filtration efficiency% = [
[𝐴 feed − 𝐴filtrate]

𝐴 feed
] ∗ 100. (2)

3. Result and Discussion

3.1. CNF Membranes. It is known that the morphology of
electrospun fibers depends on various processing parameters,
solution properties, and environmental conditions. Through
control of the spinning conditions, the resulting fibers can
range fromabout 20 nm to a fewmicrometers. To gain control
over the properties of the obtained nanofibers, the viscosity
and conductivity were measured as a function of the PAN
concentration. Figure 1 shows an overlay plot of the viscosity
and conductivity as function of the PAN weight percentage
in DMF. By increasing the PAN concentration from 4 to
12wt.% the viscosity rises exponentially from 31 to 2053 cP,
as a result of the higher molecular entanglement. In fact, at
higher precursor concentration the polymer chains are more
tangled, which leads to the production of broader fibers. The
electric conductivity also increases from 48 to 86 𝜇s/cm by
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Table 1: Process parameters used for the electrospinning of solutions C-1 to C-5 and the average diameters of the PAN nanofibers and CNF
mats.

Solution code PAN Feed rate Voltage Distance Applied electric field PAN nanofibers diameter Carbon nanofibers diameter
(wt.%) (mL/h) (kV) (cm) (kV/cm) (nm) (nm)

C-1 4 2 30 7 4.2 96 ± 24 —
C-2 6 2 30 10 3.0 189 ± 47 126 ± 19
C-3 8 2 29 13 2.2 282 ± 51 184 ± 31
C-4 10 2 29 15 1.9 351 ± 78 249 ± 24
C-5 12 2 27 16 1.7 620 ± 39 554 ± 107

Table 2: Characterization of the PAN/TEOS solutions C-Si-1 to C-Si-3 and the average diameters of the PAN/TEOS nanofibers and CNF/Si
mats.

Solution code PAN PAN/TEOS Viscosity Conductivity PAN/TEOS nanofibers diameter CNF/Si diameter
(wt.%) (w/w) (cP) (𝜇s/cm) (nm) (nm)

C-Si-1 6 7/3 132 96 244 ± 31 158 ± 38
C-Si-2 8 7/3 285 93 300 ± 33 193 ± 36
C-Si-3 10 7/3 647 102 487 ± 65 387 ± 33
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Figure 1: Solution viscosity and electrical conductivity as function
of the polymer solution concentration.

increasing the concentration from 4 to 12wt.%. As shown in
Table 1, for each solution, different operating conditions were
set to produce nanofibers in a continuous and stable elec-
trospinning process. When the electrical conductivity of the
solution was higher, a lower electrical field (voltage/distance)
was needed for the formation of nanofibers. For example,
for solution C-1, having the lowest viscosity of 31 cP, the
electrospinning process was not sufficiently stable, and a
high voltage had to be applied to form fibers. In fact, the
fibers were formed by the application of the highest electrical
field, and this led to the formation of beads and defects.
Moreover, solution C-5, with a polymer concentration of
12 wt.%, although it possessed the highest viscosity of 2053 cP,
could be electrospun by the application of the lowest electrical
field. This means that the most critical parameter to be
controlled for a continuous and stable process is the solution

conductivity. For instance, at low conductivities, the addition
of salts is commonly used to improve process stability [16].
The SEM micrographs and diameter distribution of PAN
nanofibers as function of polymer concentration are shown
in Figure 2. The average fiber diameter increases gradually
with polymer concentration going from 189 nm at 6wt.% to
620 nm at 12 wt.%. This indicates that the morphology of the
nanofibers depends on polymer concentration which effects
viscosity. At higher viscosity there are more chain entan-
glements and less chain mobility, resulting in less extension
during spinning, therefore producing thicker fibers.

The pyrolysis process of PAN based nanofibers generally
consists of stabilization process in air followed by carboniza-
tion at higher temperatures in inert atmosphere.The optimal
stabilization temperature for PAN has been reported to be
around 280∘C; at this temperature several reactions, that is,
cyclization, dehydrogenation, aromatization, and oxidation,
take place, which generates the formation of conjugated
ladder-type structures [15]. These structures are thermally
stable and might be able to withstand high temperature
to prevent melting of the polymer and loss of nanofiber
morphology during carbonization. Moreover, stabilization
changes the color of PAN nanofibrous mats from white
to brown. The trend of color change from light to dark
results from the increment of carbon content and formation
of dense structure of polymer in thermal cyclization and
dehydrogenation. Large area CNF mats could be obtained
after the thermal treatment process. These sheets, however,
were quite rigid and could be easily broken by manipulation
or bending.

Figure 3 shows the SEM micrographs and diameter dis-
tribution of the CNF after the thermal treatment of the as-
spun nanofibers at different concentrations. As expected,
remarkable weight loss and shrinkage occurred during the
carbonization of the PAN fibers. However, the heat-treated
fibers were still long and retained their cylindrical and
uniform shape. In fact, at high temperatures, some small
molecules may have broken down into highly volatile gases



4 Journal of Nanomaterials

2𝜇m

Fr
eq

ue
nc

y

40–70 70–100 100–130 130–160
Fiber diameter (nm)

(a)

Fr
eq

ue
nc

y

200–250 250–300 300–350 350–400
Fiber diameter (nm)

2𝜇m

(b)

2𝜇m

Fr
eq

ue
nc

y

500–550 550–600 600–650 650–700
Fiber diameter (nm)

(c)

Figure 2: SEM images and diameter distribution of nanofibers obtained by electrospinning PAN solutions C-1 (a), C-3 (b), and C-5 (c).
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Figure 3: SEM images anddiameter distribution of theCNFobtained by the thermal treatment of the as-spunnanofibers of the PANsolutions:
(a) C-3, (b) C-4, and (c) C-5.

or carbon char. In addition, during the carbonization, the
disruption of the molecules occurred with the loss of
carbon oxides and the formation of a structure with a
higher carbon assay, which resulted in significant weight
loss and shrinkage. In other words, when the PAN nanofi-
brous mats are subjected to the stabilization temperature,

the dense ladder-polymer structures react with oxygen and
prevent melting during carbonization. The carbonization
process of stabilized PAN mats involves thermal treatment
to remove noncarbon elements. Then, denitrogenation takes
place and thus results in the formation of a network
structure [17].
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A comparison between the average fiber diameters of the
as-spun and carbonized nanofibers is presented in Figure 4.
The as-spun nanofibers thermally treated at 800∘C shrink in
diameter and lose approximately 25–30% of their weight. In
this step, the CNFmats with fiber diameters ranging from 126
to 554 nm were successfully obtained. However, because of
the rigidity of the CNF, a more flexible material was needed
to reduce any potential accidental damage of the membrane
that might occur during filtration generating preferential
pathways for contaminants and consequently loss of retention
capacity.

3.2. CNF/Si Membrane. Recently, Kim et al. [13] reported
the fabrication of flexible CNF mats by the incorporation
of TEOS into PAN via electrospinning for supercapacitor
electrodes. They also concluded that the new mats had high
capacitance and energy/power density values because of
the formation of ultramicropores and the introduction of
heteroatoms. We hypothesized that the same approach could
be successfully applied to produce flexible CNF mats with
high surface areas for NP filtration from aqueous solutions.
For this purpose, different solutionswere prepared by varying
of the concentration of PAN in DMF (C-Si-1, C-Si-2, and
C-Si-3), as shown in Table 2. For the PAN/TEOS solutions
presented in this table, the optimum concentrations of PAN
(obtained from Table 1) were chosen to produce the CNF/Si
mats. TEOS was added to the PAN solutions on the basis of a
specific ratio of 3 : 7, respectively. According to data reported
in the literature [14], through the application of this specific
ratio of PAN/TEOS, the highest mesoporous structures could
be formed, and this could enhance the filtration efficiency of
the fibers. As described in the previous section for the CNF,
the average fiber diameter grew gradually with the polymer
concentration.

In fact, at a constant PAN/TEOS weight ratio, the fiber
diameter went from 244 nm at 6wt.% PAN (for the solution
of C-Si-1) to 487 nmwhen the concentration was 10wt.% (for
the solution of C-Si-3). The PAN/TEOS mats were thermally
treated with the stabilization-calcination procedure previ-
ously described. The diameter of the carbonized PAN/TEOS
nanofibers (CNF/Si) after carbonization at 800∘C reduced
roughly to 35% of its initial diameter regardless of the PAN
concentration in DMF (see Table 2) [18].

To investigate the effect of higher carbonization temper-
atures on the fiber morphology, the PAN/TEOS nanofibers
were also carbonized at 1000∘C. It is notable that stabilization
is critical in obtaining morphological stability.These kinds of
oxidative stabilizations include complex chemical reactions
and time-consuming steps. It was reported previously that
the stabilization processes of TEOS-incorporated nanofibers
were kinetically higher than those of pure polymeric electro-
spun nanofibers because of the catalytic ability of TEOS [14].
The trapped TEOS in the nanofibers could be transformed
into hydrated forms. During the stabilization process, silanol
[Si(OH)

𝑥
] groups tended to be produced by sequence hydrol-

ysis reactions. Further condensation of Si–OH led to the
formation of SiO

𝑥
and to gas formation (e.g., CO, CO

2
, H
2
,

CH
4
, and H

2
O). Figure 5 shows the SEM micrographs and

diameter distribution diagrams of CNF/Si after the thermal
treatment of the as-spun nanofibers produced by the solution
C-Si-3 at 800 and 1000∘C. As shown, all of the resulting sam-
ples were smooth and exhibited cylindrical morphologies.
The average diameter of the nanofibers decreased from 487 to
387 nm and then to 289 nm as the carbonization temperature
increased from800 to 1000∘C.Moreover, when the nanofibers
were thermally treated at temperatures greater than 800∘C, a
color change from brownish black to black was observed due
to a higher percentage of graphite [19].

The resulting CNF/Si mats showed good robustness and
were more flexible than the CNF mats obtained by the
thermal treatment of PAN. In addition, no broken fibers
were visible; this indicated that the mats were exceptionally
strong with long nanofibers having diameters ranging from
158 to 387 nm (see Table 2). The observations indicated that
the CNF/Si membranes are mechanically strong enough and
they can be bent completely without breaking (Figure 6).The
robustness of the CNF/Si membranes and the ability to be
produced in an easy and cost-efficient way by electrospinning
make these carbonaceous nanofibers potential candidates for
the filtration of NP from aqueous solutions.

3.3. Pore Size and Water Flux. Nanofiber membranes have
been shown to provide dramatic increases in filtration effi-
ciency at relatively small reduction in permeability [20].
Moreover, in many laboratory tests and actual operating
environments, nanofiber filter media have also enabled new
levels of filtration performance and more capacity to retain
pollution compared to traditional fibers thanks to their open
porous structure. Several methods have been used for pore
size measurement of nanofibrous membranes [21]. Each of
them has different measuring theory and it is often seen that
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Figure 5: SEM images and diameter distribution of the (a) PAN/TEOS nanofiber mats and CNF/Si obtained by the thermal treatment of the
as-spun PAN/TEOS nanofibers of solution C-Si-3 at (b) 800∘C and (c) 1000∘C.

Figure 6: Digital picture showing the flexibility of the CNF/Si mats.

different results are obtained by measurement of the same
membrane using different methods.

In this study, the nominal pore size of CNF/Si membrane
is determined using a simple method based on the filtration
of latex beads of well-established size. The graph in Figure 7
shows that the CNF/Si membrane was able to retain almost
completely particles of approximately 1𝜇mor larger, resulting
in an extrapolated nominal pore size of 0.8𝜇m. Polystyrene
beads of different sizes trapped on the surface of the nanofiber
filter are clearly visible in the SEM image of Figure 7.
Although most of the 1 𝜇m beads and larger are trapped onto
the membrane top surface, smaller beads are visible not only

onto the membrane surface but also throughout the whole
membrane section.

As consequence of the large porosity and the hydrophilic-
ity, the CNF/Si membrane possesses an extremely large
water flux of 47620 Lm−2 h−1 bar−1. This is almost 4 times
higher than the carbonaceous nanofiber membranes recently
reported by Liang et al., which were 12250 Lm−2 h−1 bar−1
and 80 times higher than commercially available membranes
with cut-off of 0.05𝜇m being 757 Lm−2 h−1 bar−1 [22]. This
difference is due to the lowporosity of the commercially avail-
able membranes and the low porosity of vertical cylindrical
channels which can easily get blocked by particles [22, 23].

3.4. Filtration of Aqueous NP Dispersions. Recently, Lin et
al. [24] reported the preparation of a mechanically robust
and thermally tolerant nanofibrous membrane via elec-
trospinning of Nomex solution. They concluded that the
preparation of membranes in the form of nanofibers dramat-
ically enhanced the specific surface area of the membranes
compared to the commercial Nomex fibers. In addition,
their nanofibrousmembranes demonstrated a highly efficient
rejection of SiO

2
NP from aqueous solution. This obser-

vation significantly proved the high potential of polymeric
nanofibers for filtration due to their larger surface area.
Here, the membranes produced by the carbonization at
1000∘C of electrospun nanofibers from solution C-Si-3 were
initially used to assess the filtration ability of CNF/Si mats.
The filtration performance of the CNF/Si membrane was
evaluated with different types of NP, includingmetal NP, such
as Au and Ag, and metal oxide NP, such as TiO

2
.
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Figure 8: UV-vis spectra of feed solution and filtrate showing the filtration of AuNP (a) andAgNP (c) and the filtration efficiency as function
of particle size for Au NP (b) and Ag NP (d).
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membrane after filtration with TiO
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Metal NP visualization of the filtration can easily be
achieved by following the characteristic intense color that
is yellow for Au NP and red for Ag NP dispersions. In the
case of the Au NP solutions, the filtration efficiency was
determined by measurement of the absorption at 𝜆max in the
range 520–540 nm of the feed and filtrate solutions using NP
with diameter of 100, 50, 25, and 10 nm. As an example, a
typical UV-vis spectrum is shown in Figure 8, as well as the
retention as function of NP size. The nanostructured CNF/Si
filters were able to retain about 95% of the Au NP of 100,
50, and 25 nm. However, when smaller NP were used, the
filtration efficiency dropped to about 66% for the 10 nm NP.

For the Ag NP dispersions, the UV-vis absorption at 𝜆max
values around 400–420 nm was used, and solutions with NP
of average diameters of 60, 30, and 10 nm were used. As
shown in Figure 8, the nanofibrous membranes could almost
completely remove the Ag NP regardless of their particle
sizes. In fact, for all three NP sizes, the retention was around
99%. Interestingly, in contrast to what was observed for the
Au NP, in this case, the filtration efficiency did not decrease
when smaller NP (e.g., 10 nm) were used.

The demand of TiO
2
NP is significantly increasing due

to its wide range of applications such as environmental tech-
nologies, paints, cosmetics, paper, and solar cells [25]. The
world production of TiO

2
NP is an order ofmagnitude greater

than the next most widely produced nanomaterial, ZnO.
TiO
2
may reach high concentrations in surface waters and

pose a significant threat to aquatic ecosystems [26].Therefore,
here, the filtration efficiency of CNF/Si membranes against
dispersions of TiO

2
NP with average diameter of 10–15 nm in

water is examined. The UV-vis spectra of the feed solution
and filtrate are shown in Figure 9.The filtration efficiency for
the TiO

2
NP was very high, being 94.1%. Figure 9(b) shows

the typical SEMmicrograph of the top surface of the CNF/Si
membrane after filtration of the TiO

2
NP solution.

Small and large NP aggregates are clearly visible on the
surface of single nanofibers. The SEM image evidencing that
the pore size of the nanofiber filter is too large to retain NP

based on sieving model. Therefore, the high NP retention
capacity of the membrane might be attributed to strong
electrostatic interaction ofmetal andmetal oxideNPwith the
CNF/Si membranes resulting in a good retention capacity of
the filters.

4. Conclusion

CNF membranes were fabricated by the electrospinning of
PAN precursor solutions followed by the thermal treatment
of the electrospun fibers. TEOS was added to the polymer
solution to increase the specific surface area of the CNF
and to provide flexibility and mechanical strength needed
to withstand filtration under pressure or vacuum. These
developed filters were capable of efficiently rejecting NP of
different sizes and natures (e.g., Au, Ag, and TiO

2
) from

aqueous solution. The results described herein demonstrate
the great potential of these membranes for the filtration of
NP from water, mainly because of their tunable pore size,
very high permeability, and ability to produce nanofibers in
an easy and cost-efficient way by electrospinning. Moreover,
they can be proposed for the promising system recovery of
valuable nanomaterials from complex matrices.
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High-content keratin/poly (ethylene oxide) (PEO) (90/10) blend nanofibers were prepared by electrospinning combined with a
two-step cross-linking process. The keratin/PEO aqueous solution was firstly mixed with ethylene glycol diglycidyl ether (EGDE)
as cross-linker and then electrospun into nanofibers.The resulting nanofibrousmatswere cross-linkedwith EGDEvapor to decrease
the solubility of nanofibers in water. The morphologies and properties of electrospun fibers were investigated by SEM, FTIR, TG,
XRD, and contact angle testing, respectively. The results showed that the morphologies of nanofibers were uniform at the fiber
average diameter of 300 nm with negligible bead defects by adding EGDE to keratin/PEO solutions. The cross-linking results
showed that EGDE vapor could improve the hydrophobic property of blended nanofibers. The crystallinity of the keratin/PEO
blend nanofibermat increased from 13.14% for the uncross-linked sample to 21.54% and 35.15% for the first cross-linked and second
cross-linked samples, respectively. Free defect nanofiber mats with high keratin content producing from this two-step cross-linking
process are particularly promising for tissue engineering and cell-seeded scaffold.

1. Introduction

Keratin, as the major protein component of hair, wool,
feathers, nails, and horns, belongs to a family of fibrous
structural proteins and can be used in a variety of biomedical
applications due to its biocompatibility and biodegradability
[1–7]. Among these sources, human hair keratin emerges as
an attractive protein because it can be easily obtained from
the unlimited supply of human hair, making it abundant
and readily available [8]. Electrospun nanofiber mats have
many potential biomedical applications for their attractive
features such as high surface-to volume ratio and very
high porosity [9–11]. In addition, the structure and fiber

distribution of the mats can be controlled to provide them
with necessary mechanical property and induction during
the cell culture process [12]. Due to their excellent properties,
a handful of research groups have tried to create keratin
fibrous matrices through electrospinning technology [13–
16]. However, because of the low molecular weight and low
viscosity of extracted keratin, most researchers have to resort
to fabricate nanofibrous mats using keratin in combination
with other natural or synthetic polymers [17].

Poly (ethylene oxide) (PEO) is a water-soluble poly-
mer with good biocompatibility, low toxicity, and excellent
spinnability. It has been proved that the fiber-forming prop-
erty of keratin solution can be greatly improved by proper
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addition of PEO [13, 18]. When PEO is blended with keratin
in ratio of 30/70, the viscosity of spinning solutions increased
and could be electrospun into continuous nanofibers with
few defects. However, when the keratin content is further
increased, the bead-like defects would appear on the fiber.
How to prepare keratin/PEO nanofibermat with high keratin
content is the urgent problem to be solved for medical appli-
cations such as tissue engineering. Xin et al. [19] proposed
a method to prepare keratin/PEO nanofiber mat with high
keratin content. In their method, keratin was chemically
modified by reacting sulfide side group with iodoacetic
acid to enhance its solubility in organic solvent. Then, the
modified keratin was blended with PEO in weight ratio
of 90/10 and dissolved in 2, 2, 2,-trifluoroethanol (TFE)
for preparation of nanofibers. Although organic solvent can
increase keratin content in the resulting samples, the residual
solvent in the nanofibers may cause an unexpected risk such
as allergy. In addition, comparing with water as spinning
solvent, organic reagent as solvent is not environmental
friendly and not economic. Another problem to be solved
for making biomedical keratin/PEO blend nanofiber mat is
that the blend nanofiber mats are easily to be dissolved in
water because of the water solubility of keratin and PEO.
Xin et al. [19] also suggested that the water tolerance of the
keratin/PEO blend nanofiber mat should be improved by
cross-link treatment.

Ethylene glycol diglycidyl ether (EGDE) is a diepoxy
cross-linker with two epoxide groups on either end. The
epoxide group is reactive cyclic ether composed of three ring
atoms, which make EGDE easily react with amino group on
the amino acid at the end or in the middle of the keratin
molecules in neutral condition; see Figure 1. In this condition,
the keratin molecules can be extended by EGDE. Therefore,
the spinnability of keratin and its content in the keratin/PEO
blendnanofibermatmight be improved. Furthermore, EGDE
might also provide an appropriate choice for improving the
waterproof performance of the blend nanofiber mat.

In this work, a high keratin content keratin/PEO (90/10)
blend nanofiber mat was fabricated by electrospinning using
aqueous solution after cross-linking treatment with ethylene
glycol diglycidyl ether (EGDE). In order to improve the water
resistance of the nanofiber mat, the obtained blend nanofiber
mat was further treated with EGDE vapor. The properties of
nanofibers were investigated by SEM, FTIR, TG, and a video
optics contact angle apparatus.

2. Experimental

2.1. Extraction of Human Hair Keratin. Human hair was
obtained randomly from a local hair salon, washed exten-
sively, rinsed with petroleum ether, and then dried at room
temperature for 24 h and cut into 5mm length.The extraction
of keratin from human hair was performed according to
the previously reported method [20]. The human hair (6 g)
was shaken in 200mL of aqueous solution containing 7M
urea, 2 wt% SDS, and 5wt% Na

2
S
2
O
5
at 95∘C for 4 h. The

resulting mixture was filtered through a stainless-steel mesh,
and subsequently dialyzed against 3 L of distilled water in

OOCH HC

OO

+ R

OO

OH

CH

OH

HC NH RR NH

CH2 CH2 CH2 CH2 CH2 CH2

CH2CH2 CH2CH2 CH2CH2

H2N

Figure 1: The schematic reaction of keratin with EGDE in neutral
condition.

cellulose tubing (molecular weight cut off = 8000–14000Da)
for 36 h with three changes of H

2
O. Finally, the keratin

solution was then lyophilized to obtain keratin powder.

2.2. First Cross-Linking in Keratin/PEO Solutions. PEO
(molecular weight = 400000Da) power (10.5 g) was stirred in
150mLof distilledwater at 45∘C for about 4 h.Keratin powder
(0.126 g) was first dissolved in 7wt% PEO solution (0.2mL)
and then distilled water was added into the mixture.The final
mixture solution was 2mL. Subsequently, EGDE (0.125mL)
was mixed into the keratin/PEO solution for electrospinning.
The mixtures were stirred for 30min at 60∘C to ensure
complete dissolution.

2.3. Fabrication of Electrospun Keratin/PEO Nanofibrous
Mats. After dispensing the keratin/PEO solution after cross-
linking by EGDE, electrospinning was performed at a con-
stant feed rate of 0.5mL/h, an accelerating voltage of 16 kv
and the distance of 15 cm from the syringe tip to collector for
ensuring complete evaporation of solvent. The nanofibrous
mats were produced with a deposition time of 30min.

2.4. Second Cross-Linking of Keratin/PEO Nanofibrous Mats.
In order to increase the water resistance of nanofibers for
their biomedical applications, keratin/PEO nanofiber mat
was further cross-linked with EGDE vapor (99.5%) at 80∘C
for 5 h.

2.5. Characterization. The morphologies of the samples
were analyzed using a scanning electron microscope (SEM,
TM-1000, Hitachi, Japan). A Fourier transform infrared
spectroscopy (FTIR, TENSOR37, Bruker, Germany) was
employed to determine the chemical composition of the
untreated keratin/PEO nanofibers, first cross-linking ker-
atin/PEO nanofibers and second cross-linking keratin/PEO
nanofibers. Infrared absorbance spectra of the samples were
recorded at wavelengths 400–4000 cm−1.

A video optics contact angle apparatus (JY-80, Chende
Dingsheng Test machine equipment Co., Ltd., China) was
used to assess the hydrophilicity of keratin/PEO nanofibers
obtained in these experiments.

3. Results and Discussion

3.1. Morphologies of Nanofiber Mat. Figure 2 shows the SEM
micrographs of the nanofiber mats produced from spinning
solution containing 90wt% keratin. As shown in Figure 2(a),
therewere bead defects in nanofibers when the spinning solu-
tion had not recieved EGDE cross-linking pretreatment. The
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(a) Untreated keratin/PEO nanofibers mat (b) First cross-linking keratin/PEO nanofibrous mat

(c) Secondary cross-linking keratin/PEO nanofibrous
mat

Figure 2: Scanning electronmicrographs of nanofibermats (a) uncross-linked keratin/PEOnanofibresmat; (b) first cross-linked keratin/PEO
mat; (c) second cross-linked keratin/PEO mat.

(a) First cross-linking keratin/PEO nanofibrous mat (b) Secondary cross-linking keratin/PEO nanofibrous
mat

Figure 3: Contact angle images of (a) First cross-linked keratin/PEO nanofibers mat; (b) second cross-linked with EGDE vapor (99.5%)
keratin/PEO nanofibers mat.

reason might be that the low viscosity of spinning solution
caused rise to break of jet [13]. Electrospun nanofibers with
negligible bead defects were produced using the cross-linked
spinning solution by EGDE (see Figure 2(b)), suggesting that
EGDE could improve the spinnability of high content keratin
solution. The improvement of fiber morphology is due to
the cross-linking reaction between keratin molecules, which
extends the keratin molecular length.

Figure 2(c) showed the morphology of the second cross-
linked keratin/PEO nanofibermat. Obviously, themorpholo-
gies of keratin/PEO nanofiber mat deteriorated slightly after

the crosslinking. That may be due to the high temperature of
the cross-link reaction with EGDE vapor.

3.2. Hydrophobicity of Nanofibers Mats. The water resis-
tances of first cross-linked keratin/PEO nanofibers and sec-
ondary cross-linked keratin/PEO nanofibers were evaluated
using a contact angle test apparatus. Contact angle images
from the cross-linked keratin/PEO nanofibers are shown in
Figure 3. For the first cross-linked keratin/PEO nanofibers,
the angle was almost 0 (Figure 2(a)), suggesting that the
first cross-linked keratin/PEO nanofibers are hydrophilic.
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Figure 4: Curve-fitted amide I region of the keratin/PEO blend nanofiber mats.

The contribution of the first cross-linking reaction to the
hydrophobicity of the fiber mat was negligible.

After secondary cross-linking with EGDE vapor, the
contact angle of nanofiber mat increased to about 36.5∘. The
results showed that the secondary cross-linked method had
a significant effect on the water resistances of keratin/PEO
nanofibers.

3.3. FTIR Spectra Analysis. Infrared spectroscopy has been
applied to investigate the molecular conformation of ker-
atin/PEO nanofiber.The keratin component of the fiber gives
the characteristic absorption bands in the regions named
the amide A (2800–3286 cm−1), amide I (1600–1700 cm−1),
amide II (1480–1580 cm−1), and amide III (1220–1300 cm−1)
peaks, among which the amide I band corresponding to
the C=O stretching vibration is especially sensitive to the
secondary structure of the proteins. And the amide I trans-
mission band is not disturbed by the transmission peak
generated by PEO and EGDE. As a result, the amide I band

is appropriate to characterize the structural conformation of
keratin in the blend nanofibers [13].

The secondary structure of keratin in the different
nanofibers was compared by curve fitting of the amide I band.
Firstly, the transmitted spectrawere normalized at 3284 cm−1,
at which the band corresponds to N-H stretching vibration
of amide A. Since this transmission band was rarely affected
by chemical treatment, it could be chosen as the band for
spectrumnormalization.Then, the amide I bandwas resolved
in Gaussian-shaped bands at about 1622 cm−1 and 1650 cm−1
corresponding to the 𝛽-sheet structure and 𝛼-helix structure
of keratin, shown in Figure 4.Themaximum peak height and
content of the peak’s corresponding structure were calculated
from peak area, as listed in Table 1.

It can be seen from Figure 4 that the shapes of peaks at
1625 cm−1 and 1622 cm−1 are almost the same for the three
nanofiber mats. Table 1 suggests that the 𝛽-sheet structure
and 𝛼-helix structure content of keratin almost do not change
by the cross-link reaction by EGDE. The intensities of the
two characteristic transmission peaks are gradually increased
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Table 1: Amide I absorption bands of keratin/PEO blend nanofiber mats.

Wavenumber (cm−1) Uncross-linked nanofiber mat First cross-linked nanofiber mat Second cross-linked nanofiber mat
Max height Content Max height Content Max height Content

1622 14.0 29.7 16.1 28.9 18.7 28.2
1625 21.3 43.4 28.3 49.0 30.9 46.8
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Figure 5: FTIR spectrum of keratin/PEO blend nanofiber mats (a)
Untreated keratin/PEO nanofibers mat; (b) first cross-linking ker-
atin/PEOnanofibrousmat; (c) secondary cross-linking keratin/PEO
nanofibrous mat.

accompanying with the step-by-step cross-linking reaction
(see Figure 4 and Table 1), meaning that the cross-linking
reaction strengthened the absorption capability of keratin on
its characteristic bands.

Previous research work showed that the characteristic
transmission peak of PEO attributed to the C-O-C stretching
vibration presents at 1094 cm−1 [21]. In addition, the peak
value corresponding to the C-O-C stretching vibrationwould
move to larger wave number at about 1102 cm−1 as the keratin
content increased to 60% in the keratin/PEO blendmaterials.
As a result, the weak peak at 1100 cm−1 of the uncross-linked
nanofiber mat (line (a) in Figure 5) is due to the C-O-C
stretching vibration of PEO for the three blend nanofiber
mats with high keratin content [22]. The transmission spec-
trums of first and second cross-linked nanofiber mats in
Figure 5 show that the C-O-C stretching vibration absorption
are intensified by further cross-linking reaction with EGDE.
That should be attributed to the epoxide groups in cross-
linker EGDE.

The other two characteristic transmissions of EGDE
located at the band 910 cm−1 and 859 cm−1 arise from the
stretching vibrations of the epoxide groups in EGDE [23].
Figure 5 suggests that there are two weak transmission peaks
at 910 cm−1 and 859 cm−1, which indicates that there are small
amount of EGDE residual in the first and second cross-linked
nanofiber mats.

3.4. Thermal Analysis. TG analysis was conducted to eval-
uate the effect of cross-linking treatment on keratin/PEO
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Figure 6: The TG curves of samples (a) untreated keratin/PEO
nanofibersmat; (b) first cross-linking keratin/PEOnanofibrousmat;
(c) secondary cross-linking keratin/PEO nanofibrous mat.

nanofiber mats. Figure 6 illustrates that the uncross-linked
nanofiber mat presents lower thermal stability comparing
with the first and second cross-linked nanofiber mats.

There are four weight loss stages of evident mass losses in
thermogravimetric graphs (Table 2). The smallest percentage
of weight loss in the first stage that occurred bellow 100∘C
is ascribed to the vaporization of the free water, physical
adsorption of water, and the water of crystallization [24].
The second weight loss stage ranging from 127∘C to 230∘C
in the TG curve of the first and second cross-linked fiber
mats can be attributed to the melting of a-keratin [25]. The
corresponding weight loss stage of the uncross-linked sample
appeared in the range from 111∘C to 154∘C [26].

The third weight loss stage of the first and second cross-
linked fiber mats emerge from 211∘C to 384∘C with the max-
imum decomposition rate at 307∘C, which corresponding to
the decomposition of keratin [25]. The corresponding broad
endothermic region of the uncross-linked sample emerges
from 154∘C to 258∘C with the maximum decomposition rate
at 209∘C [22]. The last phase of mass loss is connected
with the decomposition of keratin/PEO nanofibers. Weight
loss analysis of nanofiber mats suggests that the lower
temperature of denaturation/melting of a-keratin crystallites
structure was shifted to the higher temperature after cross-
linking treatment, suggesting that EGDEcross-link treatment
can improve the thermal property of the keratin/PEO blend
nanofiber mat.

3.5. X-Ray Diffraction Analysis. X-ray diffraction graphs
were shown in Figure 7. It can be found that the typical
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Table 2: The weight loss and range of temperatures with different stages in the TG curves of different samples.

Untreated nanofiber mat First cross-linking nanofiber mat Second cross-linking nanofiber mat
Temperature (∘C) Weight loss (%) Temperature (∘C) Weight loss (%) Temperature (∘C) Weight loss (%)

Phase I 20–111 8.05 22–127 3.98 36–127 1.96
Phase II 111–154 21.01 127–211 5.35 127–229 7.15
Phase III 154–258 36.66 211–384 36.77 229–384 49.6
Phase IV 258–346 12.18 384–445 12.41 384–447 12.30
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Figure 7: X-ray diffraction curves of the samples (a) untreated
keratin/PEO nanofibers mat; (b) first cross-linking keratin/PEO
nanofibrous mat; (c) secondary cross-linking keratin/PEO nanofi-
brous mat.

diffraction pattern of keratin located at 2𝜃 = 10∘ almost
disappeared in the keratin/PEO blend nanofiber mats [26,
27]. Meanwhile, two diffraction peaks at 2𝜃 = 4.7∘ and
7.0∘ emerge in the diffraction curve of the uncross-linked
keratin/PEO blend nanofiber mats, and the intensity of the
two peaks gradually intensified by the cross-linking reaction
with EGDE.Thatmeans the emergency of the two peaks have
a close relationship with the chemical reaction of keratin with
the cross-linker.

The crystallinities of the three samples were calculated
based on the X-ray diffraction curves. The crystalline and
amorphous profiles could be obtained by curve decom-
position using Gaussian function, as shown in Figure 8.
The degree of crystallinity was determined based on the
estimation ratio of the crystalline to amorphous material in
the sample and listed in Table 3.

The results showed that the crystallinity of the ker-
atin/PEO blend nanofiber mat increased from 13.14% for the
uncross-linked sample to 21.54% and 35.15% for the first
cross-linked and second cross-linked samples, respectively.
The reason might be attributed to a new crystalline structure
from the chemical reaction between cyclic ether bond of
EGDE and the hydroxyl group of the keratin. In addition,
the increased crystallinity of the first cross-linked and second
cross-linked nanofiber mats keeps well with their improved
thermal stability by TG test.
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Figure 8: Curve decomposition of the uncross-linked keratin/PEO
blend nanofiber mats.

Table 3: Crystallinity of the keratin/PEO blend mats.

Sample Crystallinity
Uncross-linked 13.14
First cross-linked 21.54
Secondary cross-linked 35.15

4. Conclusions

Keratin was extracted from human hair, and blended with
PEO in aqueous solutions. The EGDE, as cross-linker, was
firstly added to the high-content keratin/PEO (90/10) aque-
ous solutions for preparing nanofibers with negligible bead
defects. EGDE vapor were then employed to cross-link
keratin/PEO (90/10) nanofibers. The results showed that the
use of cross-linker is capable of improving electrospinnability
of keratin and could produce high-content keratin/PEO
nanofibers mat. The secondary cross-linking through EGDE
vapor could increase the hydrophobic property and the crys-
tallinity of keratin/PEO (90/10) nanofibers mat. This study
opens an effective way to fabricate the high-content keratin
nanofibrous mats for cells growth or tissue engineering.
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[24] Z. Éhen, C. Novák, J. Sztatisz, and O. Bene, “Thermal char-
acterization of hair using TG-MS combined thermoanalytical
technique,” Journal ofThermal Analysis andCalorimetry, vol. 78,
no. 2, pp. 427–440, 2004.

[25] N. Eslahi, F. Dadashian, and N. H. Nejad, “Optimization of
enzymatic hydrolysis of wool fibers for nanoparticles produc-
tion using response surface methodology,” Advanced Powder
Technology, vol. 24, no. 1, pp. 416–426, 2013.

[26] J. Cao, “Melting study of the 𝛼-form crystallites in human hair
keratin by DSC,”Thermochimica Acta, vol. 335, no. 1-2, pp. 5–9,
1999.

[27] J. Cao and C. A. Billows, “Crystallinity determination of native
and stretched wool by X-ray diffraction,” Polymer International,
vol. 48, no. 10, pp. 1027–1033, 1999.



Research Article
Fabrication, Characterization, and Antibacterial
Properties of Electrospun Membrane Composed of Gum Karaya,
Polyvinyl Alcohol, and Silver Nanoparticles

Vinod Vellora Thekkae Padil, Nhung H. A. Nguyen, Alena ŠevcR, and Miroslav Herník

Institute for Nanomaterials, Advanced Technologies and Innovation, Technical University of Liberec, Studentská 1402/2, Czech Republic
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Gum karaya (GK), a natural hydrocolloid, was mixed with polyvinyl alcohol (PVA) at different weight ratios and electrospun to
produce PVA/GKnanofibers. An 80 : 20 PVA/GK ratio produced themost suitable nanofiber for further testing. Silver nanoparticles
(Ag-NPs) were synthesised through chemical reduction of AgNO

3

(at different concentrations) in the PVA/GK solution, the GK
hydroxyl groups being oxidised to carbonyl groups, and Ag+ cations reduced to metallic Ag-NPs. These PVA/GK/Ag solutions
were then electrospun to produce nanofiber membranes containing Ag-NPs (Ag-MEMs). Membrane morphology and other
characteristics were analysed using scanning electron microscopy coupled with energy dispersive X-ray analysis, transmission
electron microscopy, and UV-Vis and ATR-FTIR spectroscopy. The antibacterial activity of the Ag-NP solution and Ag-MEM was
then investigated against Gram-negative Escherichia coli and Pseudomonas aeruginosa and Gram-positive Staphylococcus aureus.
Our results show that electrospun nanofiber membranes based on natural hydrocolloid, synthetic polymer, and Ag-NPs have many
potential uses in medical applications, food packaging, and water treatment.

1. Introduction

Natural gums derived from plants have many potentially
valuable uses as food additives and pharmaceutical ingredi-
ents as well as stabilising, suspending, gelling, emulsifying,
thickening, binding, and coating agents [1]. In recent years,
much research has been undertaken on the application and
physicochemical, morphological, and structural properties
of exudate gums, such as gum arabic, gum tragacanth, gum
karaya, and gum kondagogu [2–5]. Natural biopolymers
based on plant exudates have already been used in the
preparation of nanoparticles, with gum arabic, for example,
having been assessed as a nontoxic phytochemical scaffold for
the production of biocompatible gold nanoparticles, which
have diagnosis and therapeutic applications [6]. Natural tree-
based hydrocolloids serve as both an environmentally benign
medium and as a chemical reductant, as they have exten-
sive numbers of hydroxyl, carbonyl, and carboxylic groups.

These groups facilitate the formation of metal nanoparticles
through the reduction of metal ions and the biopolymer can
act as a stabilising agent to prevent nanoparticle agglomer-
ation [7, 8]. Furthermore, the complex polysaccharide and
protein structures of such gums can effectively lock metal
nanoparticles to produce nontoxic nanoparticulate products
that have a wide range of applications (e.g., in nanomedicine)
and are stable under in vivo conditions [9]. Gumkaraya (GK),
defined by JECFA (Joint Expert Committee for Food Addi-
tives) as dried exudates from the stems and branches of Ster-
culia urens Roxburgh and other species of Sterculia (family:
Sterculiaceae), is a partially acetylated polysaccharide with a
branched structure and a highmolecularmass of∼16× 106Da
[1, 10]. This gum contains about 60% neutral sugars (rham-
nose and galactose) and 40% acidic sugars (glucuronic and
galacturonic acids) [11]. Due to its high viscosity and suspen-
sion properties, GK is widely used as a food stabiliser, meat
binder, bulk laxative, denture powder, and textile size [1].

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 750726, 10 pages
http://dx.doi.org/10.1155/2015/750726

http://dx.doi.org/10.1155/2015/750726


2 Journal of Nanomaterials

Electrospinning, an environmentally friendly process
capable of producing polymer nanofibers with high porosity
and large surface area, allows for the use of a variety of
polymers and polymer mixtures together with additives
and fillers such as gums [12, 13]. Nanofibers produced by
electrospinning can be further supplemented with a variety
of nanoparticles in order to fabricate composites with unique,
tailor-made properties for different applications [14]. The
“spinnability” and mechanical integrity of natural polymers,
such as chitin, chitosan, GK, or ulvan polysaccharide, can be
improved by blendingwith synthetic biodegradable polymers
such as polyvinyl alcohol (PVA), polyethylene oxide (PEO),
and polyvinylpyrrolidone (PVP) [15–18]. The nature and
morphology of the nanofibers produced will be affected by
many factors, including the physicochemical properties of
the polymer and various parameters of the electrospinning
process, including solution viscosity and mixture conductiv-
ity [19]. Nanofibers have recently been successfully electro-
spun using ulvan polysaccharide extracted from an Ulva sp.
seaweed blended with PVA [16]. As PVA is a water soluble
and biocompatible polymer, it is one of the best materials for
preparation of a wide range of potential biomedical materials
[20, 21].

The properties of silver nanoparticles (Ag-NPs) make
them particularly useful as antimicrobial materials, biosen-
sors, composite fibres, cryogenic superconducting materials,
cosmetic products, antibacterial medical textiles, wound
dressingmaterials, and electronic components [22–24]. Silver
(Ag), especially in nanoparticulate form, is widely recog-
nised as an efficient disinfectant against a wide spectrum of
bacteria and viruses and, as such, Ag-NPs (usually between
10 and 20 nm) have been used as additives in both natural
and synthetic biomedical gels, films, and fibers to improve
the antibacterial capability of these materials [25–27]. To
date, Ag-NPs have been incorporated into a wide variety
of natural or synthetic electrospun nanofibers, including
carboxymethyl/chitosan, chitosan/PVA, PVA/gum arabic,
PVA/carboxyl methyl/chitosan, PVA/tetraethyl orthosilicate,
carboxymethyl chitosan/polyethylene oxide, and curcumin/
chitosan-PVA [28–33]. As an advanced process for generating
nanostructures, coaxial electrospinning was also reported to
prepare Ag NPs loaded polyacrylonitrile nanofibers [34, 35].

In this study, we describe a method for producing a new
nanofiber membrane and film composed of PVA/GK coated
with Ag-NPs. We assess the material’s morphology using
various microscopy and spectroscopy techniques and assess
its antibacterial activity using Gram-positive and Gram-
negative bacteria. The results are discussed in the light of
their potential usefulness in themedical, food packaging, and
water treatment industries.

2. Experimental Section

2.1. Materials. Commercial gum karaya (partially deacety-
lated) with molecular weight (Mw: 1.827 × 106 g/mole),
PVA (Mw 88,000, 88% deacetylated), silver nitrate (AgNO

3
),

and glutaraldehyde solution (Grade 1, 50% in water) were
purchased from Sigma-Aldrich, USA. All other reagents used

in the experiment were of analytical grade. Deionised water
was used throughout.

2.2. Preparation of PVA, GK, and Electrospinning Solutions
(PVA/GK). A 10wt% aqueous PVA solution and 1 wt% GA
were prepared in deionised water. A range of PVA/GK
electrospinning solutions were produced by mixing PVA
(10wt%) solution with GK (1.0 wt%) at different weight
ratios (i.e., 100 : 0, 90 : 10, 80 : 20, 60 : 40, and 50 : 50) in
order to identify that, giving the best spinnability and most
uniform nanofiber size distribution. The mixtures were kept
on a magnetic stirrer at 70∘C for 5 h to ensure complete
dissolution. The solutions were centrifuged to remove any
suspended particles prior to electrospinning.

2.3. Preparation of Ag-NP (PVA/GK/Ag Solution). Based
on the results of electrospinning different weight ratios of
PVA/GK, the most suitable combination was found to be
an 80 : 20 weight ratio mix. This was mixed with aqueous
AgNO

3
solutions of 1, 2, 4, 5, and 10mmol L−1 and the

resultant solutions stirred at room temperature for 12 h to
obtain homogeneous solutions. Sufficient Ag-NP formation
was indicated by a dark yellowish colour, whereupon the
PVA/GK/Ag solution was deemed ready for electrospinning
and testing for antibacterial activity.

2.4. Preparation of Ag-MEMs. ThePVA/GK andPVA/GK/Ag
solutionswere electrospun in order to produce nanofiber
membranes. All electrospinning was carried out with
a Nanospider electrospinning machine (NS IWS500U,
Elmarco, Czech Republic) under the following parameters:
spinning electrode width = 500mm, effective nanofiber
layer width = 200–500mm; spinning distance = 130–
280mm, substrate speed = 0.015–1.95m/min, process air
flow = 20–150m3/h, and voltage 0–50 kV. The PVA/GK and
PVA/GK/Ag (Ag-MEM) membranes were then cross-linked
through exposure to glutaraldehyde vapour in desiccators
for 12 h. Both the membranes were then heated in an oven
for 12 h at 110∘C to complete the cross-linking process. Any
excess of glutaraldehydewas removed by keepingmembranes
under vacuum for 24 h.

2.5. Characterization. Formation of Ag-NPs was confirmed
through UV-Vis spectroscopy (UV-1601, Shimadzu, Japan)
and transmission electron microscopy (TEM; Tecnai F30,
Japan; acceleration voltage 15 kV) was used to analyse Ag-NP
size distribution.Themorphology of the PVA/GK nanofibers
(different weight ratios) and the Ag-MEMwas assessed using
scanning electron microscopy with energy dispersive X-
ray spectroscopy (SEM-EDXA; Zeiss, Ultra/Plus, Germany).
Attenuated total reflectance-fourier transform infrared spec-
troscopy (ATR-FTIR; NICOLET IZ10, Thermo Scientific,
USA) was used to characterise the functional groups of
PVA, GK, PVA/GK, and Ag-MEM. Conductivity and viscos-
ity of the electrospinning solutions were recorded using a
Toledo FG3 electric conductivity meter (Mettler, USA) and a
rotational viscometer (Brookfield Engineering Laboratories,
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Figure 1: PVA/GK solution (a) before formation of AgNPs and (b) after AgNPS formation; and (c) UV-vis spectra of PVA/GK aqueous
solution containing Ag-NP prepared at various concentrations of AgNO

3

(0, 1, 2, 4, 5, and 10mM).

USA). The concentration of AgNPs in PVA/GK/Ag solution
and Ag-MEM was established by ICP-AES.

2.6. Antibacterial Activity Tests

2.6.1. Bacterial Strains and Culture Media. The bacterial
strains of Gram-negative Escherichia coli (CCM 3954) and
Pseudomonas aeruginosa (CCM 3955) and Gram-positive
Staphylococcus aureus (CCM 3953) used in this study were
obtained from the Czech Collection of Microorganisms,
Masaryk University Brno, Czech Republic. Bacterial suspen-
sions were always prepared fresh by growing a single colony
overnight at 37∘C in a nutrient broth. The sample turbidity
was adjusted to an optical density of 0.1 at 600 (OD 600)
before performing the antibacterial experiments. All agar
plates were freshly prepared before the antibacterial tests. A
sterilised cotton swab was dipped into the culture suspension

and the cells spread homogeneously over the agar plates.
These plates were immediately used for the antibacterial
activity tests.

2.6.2. Determining Zone of Inhibition. We determined the
antibacterial activity of four PVA/GK/Ag solutions (1, 2, 4, 5,
and 10mM) and samples of Ag-MEM (each containing the
equivalent of 1mM of AgNO

3
). The PVA/GK/Ag solutions

were pipetted onto a sterilised membrane filter and placed
onto an inoculated agar plate, while 6mm diameter circles
of Ag-MEMwere placed directly onto inoculated agar plates.
Similarly sized samples of PVA/GK solution (10mg/mL) and
samples of nanofiber membrane without Ag-NP were used
as controls.The samples and inoculated agar plates were then
incubated for 24 h at 37∘C. The zone of inhibition (ZOI) was
determined as the total diameter (mm) of PVA/GK/Ag-filter
paper or Ag-MEM sample plus the halo zone where bacterial
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Figure 2: SEM image of (a) Ag-NP prepared using PVA/GK; (b) EDS of Ag-NP, showing the presence of Ag; and (c) TEM image of Ag-NP
prepared using PVA/GK and 10mM AgNO

3

; and (d) particles diameter distribution of AgNPs (7–10 nm).

growth was inhibited. All measurements were performed in
triplicate for the PVA/GK/Ag solutions and repeated three
times (once for each bacterial strain, i.e., nine runs) for the
Ag-MEM.

2.7. Statistical Analysis. One-way ANOVA and the Mann-
Whitney test (GraphPad Prism Software, CA, USA) were
used to compare differences among the mean ZOIs for the
PVA/GK/Ag solutions and Ag-MEMon E. coli, P. aeruginosa,
and S. aureus.

3. Results and Discussion

3.1. Preparation of Ag-NP and PVA/GK. The colour change
of the PVA/GK solution with a ratio of 80 : 20 to dark yellow
following formation of Ag-NPs is shown in Figures 1(a) and
1(b). The 420 nm maximum absorption band seen in the
PVA/GK UV-Vis spectra (Figure 1(c)) is a typical plasmon
absorption of Ag-NP formation [33].

GK comprises around 60% neutral sugars and 40% acidic
sugars and a range of hydroxyl, carbonyl, carboxyl, and acetyl
functional groups [36]. Following addition of AgNO

3
, theGK

hydroxyl groups are oxidised to carbonyl groups and Ag+
cations are reduced to metallic Ag-NPs. PVA acts as a good
stabilising agent for these Ag-NPs due to a free electron pair
on the hydroxyl oxygen [31]. Similar observations have been
reported for synthesis of Ag-NPs using PVA/carboxymethyl-
chitosan and chitosan/PVA polymer blends and gum ara-
bic/PVA hydrogel [28, 29, 31].

Presence of Ag-NPs in the PVA/GK/Ag solution
was confirmed by SEM imaging of freshly formed Ag-
NP (Figure 2(a)) and its corresponding EDXA analysis
(Figure 2(b)). TEM imaging and a particle-size histogram
indicate that the majority of the Ag-NPs formed were within
a range of 7–10 nm (Figures 2(c) and 2(d)).

3.2. Electrospinning of PVA/GK and PVA/GK/Ag. We pre-
pared a range of PVA/GK weight ratio mixtures (100 : 0,
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Figure 3: SEM images of electrospun PVA/GK mixed with different weight ratios: (a) PVA/GK (50/50); (b) PVA/GK (60/40); (c) PVA/GK
(70/30); (d) PVA/GK (80/20); (e) PVA/GK (90/10); and (f) neat PVA (100/0) 10 𝜇m.
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Figure 4: Digital image of (a) PVA/GKmembrane and (b) Ag-MEM prepared by electrospinning of PVA/GK and PVA/GK/Ag NP solution,
respectively.

90 : 10, 80 : 20, 60 : 40, and 50 : 50) in order to optimise the
electrospinning solution, that is, to obtain optimal spinnabil-
ity and uniform nanofiber size. SEM images of the resultant
nanofibers (Figures 3(a)–3(f)) indicate that, while nanofibers
of pure PVA were uniformly distributed (Figure 3(f)), pure
GK fibres could not be electrospun at all due to repulsion
from the various highly charged polyanions resulting in chain
entanglement.

Further, the pure GK solution proved too viscous for
electrospinning as GK is an acidic polymer with high vis-
cosity and molecular weight [8]. Indeed, the PVA/GK blend
ratio proved critical in obtaining uniform nanofibers, with

evenly formed nanofibers only obtained at PVA/GK weight
ratios of 80 : 20 and 90 : 10 (Figures 3(d) and 3(e)). Uniform
nanofiber diameters of 200 nm were only produced at a
PVA/GK weight ratio 80 : 20, however; hence, this ratio was
selected for all further experiments. Overall, higher PVA/GK
ratios enhanced fibre size homogeneity by improving the
solubility of the mixed polymers and by decreasing polymer
chain aggregation.

Not only were the nature and morphology of the
nanofibers affected by polymer solution viscosity and con-
ductivity (both affected by the PVA/GK weight ratio used),
but we also found that the viscosity of the PVA/GK/Ag
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Figure 5: SEM micrograph of (a) Ag-MEM showing the presence of AgNPs on the surface membrane; (b) EDXA analysis of Ag-NP on
Ag-MEM; (c) EDXA layered image indicating the presence of Ag-NP on the surface of Ag-MEM.

electrospinning solution increased from 300 to 500mPa⋅s
and its conductivity from 2500 to 3200mS⋅cm−1, with
increasing AgNO

3
concentration (1, 2, 4, 5, and 10mmol L−1).

The levels at 1mM, however, were within acceptable limits
for electrospinning using the 80 : 20 PVA/GK weight ratios
and provided reasonable Ag-NP coverage in the final Ag-
MEM (Figure 4(b)) products. The digital photographs of
electrospun PVA/GK nanofiber and Ag-MEM are presented
in Figures 4(a) and 4(b), respectively.

SEM micrographs of the final electrospun Ag-MEM
(Figure 5(a)) clearly show Ag-NPs on the PVA/GK nanofiber
surface, and Ag and Ag-NP presence was also confirmed by
EDXA analysis (Figure 5(b)) and an EDXA layered image
(Figure 5(c)).

3.3. ATR-FTIR Characterisation of Ag-MEM. In examining
the bonding between Ag-NPs and the Ag-MEM (also GK,
PVA, and PVA/GK) using ATR-FTIR, we noted a broad

absorption peak centred around 3318–3350 cm−1 for all sam-
ples, attributable toO–H stretching vibration in the hydrogen
bonded hydroxyl groups (Figure 6).

Thepeaks at 1430 cm−1 and 1326 cm−1 are characteristic of
O–H groups and C–H deformation vibration in PVA, respec-
tively, while the peak at 1000–1100 cm−1 can be assigned to
C–O stretching and O–H bending vibrations arising from
the PVA chain. The appearance of a new peak at 1561 cm−1
in the PVA/GK blend represents O–H group deformation
vibration with the H bond, suggesting the formation of an
H bond between PVA and GK when forming the PVA/GK
blend. Structurally, GKhas abundant hydroxyl groups; hence,
H bonding interactions between GK and PVA occur readily
on blending with PVA. The O–H bond absorption band at
3300–3500 cm−1 indicates that the O–H bond was involved
in bonding with the Ag-NPs. Carboxylate group stretching
vibration at 1419 cm−1 was considerably reduced in the
PVA/GK/Ag-MEM spectrum, demonstrating binding of Ag+
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Figure 6: ATR-FTIR spectra of PVA, GK, PVA/GK blend, and Ag-MEM.

Table 1: Diameter (mm) of zone of inhibition (ZOI) for PVA/GK/Ag solutions produced with different concentrations of AgNO3 (1, 2, 4, 5,
and 10mM) and Ag-MEM (1mMAgNO3). Means were calculated from in triplicate tests on the PVA/GK/Ag solution and nine replicates for
the Ag-MEM (±SD).

PVA/GK/Ag solution Ag-MEM
AgNO3 (mM) 1 2 4 5 10 1
E. coli 8.0 ± 0.7 9.0 ± 0.5 10.0 ± 0.8 11.0 ± 0.5 14.0 ± 0.7 7.9 ± 0.8

P. aeruginosa 8.0 ± 0.8 10.5 ± 0.8 11.5 ± 0.7 12.5 ± 0.7 14.5 ± 0.7 8.0 ± 0.7

S. aureus 8.1 ± 0.8 10.5 ± 0.7 11.5 ± 0.6 12.5 ± 0.6 14.5 ± 0.8 8.0 ± 0.8

ions with the PVA/GK nanofibres. These results are in
agreement with earlier reported studies on the binding of Ag-
NPs with other natural gums [7, 11].

3.4. Antibacterial Properties. We tested the antibacterial
activity of the PVA/GK/Ag and Ag-MEM composites syn-
thesised in this study against Gram-negative E. coli and P.
aeruginosa and Gram-positive S. aureus. The results indi-
cate that PVA/GK and Ag-MEM without Ag-NPs show no
antibacterial activity.

For the PVA/GK/Ag solution, zone of inhibitions (ZOIs)
for Gram-negative E. coli and P. aeruginosa shows similar
antibacterial trends. The ZOI of E. coli increased from 8

to 14mm with increasing AgNPs concentration. Similarly,
the ZOI of P. aeruginosa increased from 8 to 14.5mm with
increasing AgNPs concentration (Table 1).

The ZOI of Gram-positive S. aureus increased from 8.5
to 14.5mm with increasing Ag NPs concentration (Table 1).
Interestingly, growth of both Gram-negative (E. coli and
P. aeruginosa) and Gram-positive bacteria (S. aureus) was
inhibited by the Ag-MEM (ZOI ∼ 8), with no significant
difference (𝑃 > 0.05) between the bacterial strains (Table 1
and Figure 7).The concentration of the Ag NPs was observed
to be 157.2mgL−1 in both Ag solution and Ag-MEM (pre-
pared from 1mM each concentration of AgNO

3
) as deter-

mined using ICP-AES, respectively. These results were in
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Figure 7:The bacterial growth inhibition zones of S. aureus (a, b), P. aeruginosa (c, d), and E. coli (e, f); left panels represent the antibacterial
effect of PVA/GK/Ag NP solution (0, 1, 2, 4, 5 and 10 mM concentration of AgNO

3

) and right panels of Ag-MEM (quadruplicates represent
the zone of inhibition of 1mM concentration of AgNO

3

), respectively.

a good agreement with earlier reported investigation onto
antibacterial properties of PVA/Ag NPS/TEOS films and
PVA/carboxymethyl-chitosan/AgNanofibers [27, 31].

While the mechanism for Ag-NP action is still not fully
understood, it has been documented that Ag-NPs cause
structural changes when they interact with the outer mem-
brane of bacteria [37]. Such changes may lead to an increase
in membrane permeability and leakage of intracellular con-
stituents and cause severe damage, ultimately resulting in cell
death. Differences in bacterial susceptibility may be due to
structural and compositional differences in the cell mem-
brane of Gram-positive and Gram-negative bacteria [38, 39].
Gram-negative E. coli cell walls, for example, have dynamic
lipopolysaccharide O-side chains that are not present in
Gram-positive cell walls. Rapidly moving side chains may

disable the formation of a metal-ion salt bridge and prevent
an antibiotic effect when Ag-NPs are not present in suffi-
cient concentration [40]. The present investigation showed
that Ag-MEM and Ag solution with Ag NP concentration
(157.2mgL−1) indicate almost similar zone of inhibition (∼8)
against both Gram-negative (E. coli and P. aeruginosa) and
Gram-positive bacteria (S. aureus). The PVK/GK/Ag solu-
tion and Ag-MEM show high potential as environmentally
friendly antibacterial materials for a variety of applications,
such as medical wound dressings and cosmetics.

4. Conclusions

In this study, we produced an electrospun nanofiber mem-
brane from GK, a natural hydrocolloid, blended with PVA.
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Uniform PVA/GK nanofibers were obtained at a PVA/GK
weight ratio of 80 : 20. The 80 : 20 PVA/GK was blended
with various concentrations of AgNO

3
solution to produce

a PVA/GK/Ag NP solution. PVA/GK/Ag NP solution was
then used to produce nanofibers containing AG-NPs, from
which an antibacterial nanofiber membrane (Ag-MEM)
was fabricated. The PVA/GK/Ag solution and Ag-MEM
showed clear antibacterial activity toward Gram-negative
E. coli and P. aeruginosa and Gram-positive S. aureus. As
all bacterial species showed similar susceptibility to Ag-
MEM, they show bactericidal action toward a wide range
of potentially pathogenic bacteria. These newly synthesised
AgNP solutions and Ag-MEM show great potential for
the development of environmentally friendly antibacterial
materials for medical devices, food packaging, and water
purification purposes.
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Poly(𝜀-caprolactone)/chitosan (PCL/chitosan) blend nanofibers with different ratios of chitosan were electrospun from a formic
acid/acetic acid (FA/AA) solvent system. Bovine serum albumin (BSA) was used as a model protein to incorporate biochemical
cues into the nanofibrous scaffolds. The morphological characteristics of PCL/chitosan and PCL/chitosan/BSA Nanofibers were
investigated by scanning electron microscopy (SEM). Fourier transform infrared spectroscopy (FTIR) was used to detect the
presence of polymeric ingredients and BSA in the Nanofibers.The effects of the polymer blend ratio and BSA concentration on the
morphological characteristics and consequently on the BSA release pattern were evaluated. The average fiber diameter and pore
size were greater in Nanofibers containing BSA. The chitosan ratio played a significant role in the BSA release profile from the
PCL/chitosan/BSA blend. Nanofibrous scaffolds with higher chitosan ratios exhibited less intense bursts in the BSA release profile.

1. Introduction

Tissue engineering scaffolds in the form of electrospun
nanofibers provide support for cells to adhere, grow, and
propagate by mimicking the natural extracellular matrix
(ECM) structure [1]. Nanofibers have the following several
advantages as tissue engineering scaffolds: (i) a high surface
area for the delivery of drugs, nutrients, and biochemical
materials through the seeded cells; (ii) a structure comprised
of a network of interconnected pores; (iii) high porosity for
cells to migrate and nutrients and metabolic waste to flow in
vivo.

In addition to architecture, biomolecules are another vital
element for cell attachment, proliferation, and differentia-
tion and should be released in a constant and controlled
manner, maintaining their bioactivity. Therefore, the afore-
mentioned morphological characteristics coupled with con-
trolled biomolecule delivery provide bothmorphological and
biomedical applications for tissue regeneration. Nonetheless,

research in this area is still quite limited [2–12], although
the release pattern of pharmaceutical drugs with nanofibrous
scaffolds has already been considered by a number of authors
[13–19].

Blend [3], emulsion [5, 10, 20], and coaxial [3, 9, 12]
electrospinning are three conventional electrospinning tech-
niques for the incorporation of biomolecules into fibers.
Researchers have reported burst release as a disadvantage
of blend electrospinning comparing with coaxial electro-
spinning, which requires a special apparatus and careful
selection ofmaterials. Emulsion electrospinning has attracted
increasing attention in recent years due to its simplicity [7].
Nevertheless, the effects of emulsifiers as an additive in elec-
trospinning are still unknown. Generally, the compatibility of
the polymer, drug, and other ingredients affects the release
profile [21].

Chitosan is a partially deacetylated derivative of chitin,
the second most abundant polysaccharide in nature [22].
It has several unique characteristics that are beneficial for
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biomedical applications, such as its biodegradable, biocom-
patible, nontoxic, and antibacterial properties. The electro-
spinning of pure chitosan and its blends with synthetic
polymers, proteins, and inorganic nanoparticles has been
studied [23, 24]. Chitosan is soluble in most organic acids.
The electrospinning of chitosan is relatively complicated due
to its high molecular weight, high viscosity, and high density
of positive charges in acidic solution [25–28]. The electro-
spinning of chitosan in a blend with a second polymer with a
flexible structure and lower molecular weight is a potential
solution to this problem. In further attempts to minimise
the limitation of molecular weight on the electrospinning
process, even in blends with a second polymer, reducing the
molecular weight of chitosan through alkali treatment has
been investigated [29, 30].

Poly 𝜀-caprolactone (PCL) has been used for scaffold fab-
rication and the controlled release of drugs and biomolecules
[31–33], but it has several drawbacks, such as its hydropho-
bicity, initial burst release, and extremely long degradation
period. To overcome the abovementioned drawbacks, blends
of PCL and other natural or synthetic polymers, such as
gelatin and chitosan, have been used [31, 33–35]. Studies
related to nanofibrous scaffolds composed of PCL/chitosan
blends are very rare due to their lack of common solvent
systems.

In 2012 [36] introduced a solution system consisting
of formic acid/acetic acid (FA/AA) as a substitute for pre-
vious expensive and toxic solvents [32, 33, 37]. This new
solvent system opens the door for further feasibility studies
for PCL/chitosan scaffolds as means to simulate the basic
requirements of ECM. Bovine serum albumin (BSA) as a
model protein was added to the solvent system to generate
biochemical signals in fabricated scaffolds.

The aim of this study was to fabricate PCL/chitosan
nanofibrous scaffolds with BSA from FA/AA solution
via blend electrospinning. Nanofibers with different PCL/
chitosan/BSA ratios have been fabricated and investigated in
terms of fiber diameter, pore size, and BSA release behaviour.
The main objective was to show that the BSA release profile
could be finely tailored by modulation of the morphology,
porosity, and composition of the nanofibers. The results
illustrated that the morphological characteristics play a fun-
damental rule in explaining the release pattern of nanofibers.

2. Materials and Methods

2.1. Materials. Medium-molecular-weight chitosan, poly(𝜀-
caprolactone) (PCL), bovine serum albumin (BSA), and
phosphate-buffered saline (PBS) all were obtained from
Sigma-Aldrich for use in the protein release studies. The
solvents, including formic acid (FA; 98%) and acetic acid
(AA; 99.8%), were supplied by Merck.

2.2. Electrospinning. The electrospinning solutions were pre-
pared by simultaneously adding certain amounts of PCL
and chitosan to a mixed solvent system and stirring for 3 h.
The solvent system was composed of formic acid/acetic acid
(FA/AA) in a ratio of 70/30 [36, 38].

The PCL and chitosan concentrations were expressed in
wt.% relative to the solution,while the BSA concentrationwas
presented as the wt.% relative to the total polymeric material
(PCL and chitosan).

To prepare electrospun nanofibers, approximately 2mL
of the prepared solution was placed in a 5mL syringe. A 23-
gauge needle was used for the spinning process. The distance
from the needle to the collector was fixed at 12.5 cm, and
the voltage range of stable electrospinning was generally in
the range of 18 to 25 kV depending on the stability of the
Taylor cone during the process. Electrospinning was carried
out at room temperature (22 ± 2∘C) and a relative humidity
of 65 ± 5%.The flow rate was set at 0.5mL h−1.

2.3. Protein Loading in the Electrospun Scaffolds. Protein
was loaded on the nanofibers using the blend electrospin-
ning technique. First, solutions of 8 wt.% PCL and different
concentrations of chitosan (0.2, 0.4, 0.6, 0.8, and 1 wt.%)
were prepared. Next, 5, 10, 15, and 20% BSA were added
to the solution systems to determine the optimum BSA
concentration in terms of fiber morphology and protein
release behaviour. Lastly, the experiments for preliminary
solvents were repeated with the optimum amount of BSA.

2.4. Characterisation of Electrospun Scaffolds

2.4.1. Scanning Electron Microscopy (SEM). To evaluate the
morphology of the electrospun scaffolds, electrospun nanofi-
brous samples were cut into small pieces, sputter-coated with
gold, and imaged using a Hitachi TM-3000 SEM apparatus.
The fiber diameters and pore sizes of the scaffolds were
analysed using image visualisation software (ImageJ,National
Institute ofHealth, Bethesda,MD; http://rsb.info.nih.gov/ij/).
Approximately 100 counts per image were used to calculate
the fiber diameter.

2.4.2. Pore Size. As a morphological characteristic of nanofi-
brousmatrices, the pore size of the electrospun PCL/chitosan
was measured. To this end, nanofibers were electrospun for
5min for each blend. The surface porosity of the electrospun
web was calculated by processing the SEM images and mea-
suring the free space between nanofibers, which corresponds
to the dark area in the SEM images.

2.4.3. FTIR. FTIR spectroscopy was used to identify the
components in the blend and the changes to the blend com-
position after adding BSA. Samples of the same dimensions
were mixed with potassium bromide to form pellets. FTIR
spectra in transmission mode were recorded using an FTIR
spectrometer (Perkin Elmer, USA) connected to a PC, and
the data were analysed using IR Solution software.

2.5. In Vitro Protein Release Study. For the in vitro release
studies, all nanofibrous membranes were cut into small
squares (1 × 1 cm2) and then immersed in 2mL microtubes
containing PBS (pH = 7.4) at 37∘C. After predetermined
intervals of time, the release buffer was completely replaced
with fresh PBS and placed in a water bath to continue
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Figure 1: Continued.



4 Journal of Nanomaterials

Diameter (nm)

Fr
eq

ue
nc

y

0
5

10
15
20
25
30
35

26 58 90 122 154 187 219 251 283 315

PCL 8%/chitosan 1%

(e)

Figure 1: SEM images of PCL/chitosan nanofibers with wt.% ratio of (a) 8/0.2, (b) 8/0.4, (c) 8/0.6, (d) 8/0.8, and (e) 8/1 with fiber diameter
frequency diagrams.

the release study. The concentration of each retrieved BSA
solution was then determined by measuring the absorbance
at 280 nm using a UV-Vis spectrophotometer (Hitachi Corp.,
Tokyo, Japan). The concentrations were calculated using the
Beer-Lambert law:

𝐴 = 𝜀𝑏𝑐, (1)

where 𝐴 is the absorbance, 𝑏 is the path length of the sample,
that is, the path length (cm) of the cuvette in which the
sample is contained, 𝜀 is the molar absorptivity with units of
Lmol−1 cm−1, and 𝑐 is the concentration of the compound in
solution, expressed in mol L−1.

The results were demonstrated in terms of cumulative
amount released (%):

Cumulative release% = (
𝑀
𝑡

𝑀
∞

) × 100, (2)

where𝑀
𝑡
is the amount of BSA at time 𝑡 and𝑀

∞
is the total

amount of BSA in the nanofibrous membrane.
After completing the release study, the samples were dried

using tissue paper, and each sample was dissolved in 3mL
of methylene chloride. The amount of protein extracted was
assayed in a similar manner as described above.

3. Results and Discussion

3.1. Morphology. Figure 1 shows the SEM micrographs of
the PCL/chitosan fibrous material made with 8wt.% PCL
and chitosan concentrations ranging from 0.2 to 1 wt.%
without protein encapsulation, which was fabricated under
the conditions described in Section 2.2. The fiber diameter
distribution was presented for all samples. The mean diame-
ter of the PCL/chitosan fibers increased gradually from 82.39
to 131.85 nm with the chitosan ratio in the blend (Table 1(a)),
except for the last chitosan ratio, which produced a narrower
fiber with a ribbon-like structure. For lower chitosan ratios
(Figures 1(a) and 1(b)), the nanofibrous structure displayed
beads alongside the nanofibers.

The stable electrospinning of pure PCL in FA/AA as a
solvent system was only possible at relatively high concentra-
tions, starting from 12wt.% [38]. Below this concentration,
the electrospun nanofibers most resembled a string of beads,
and the process conditionwas not stable regarding the forma-
tion of the Taylor cone. Chitosan, evenwhen added in smaller
quantities, increased the solution viscosity sufficiently for the
spinning process to be possible with amix of PCL/chitosan at
a lower wt.% of PCL [36, 38].

The pore size increased with increasing chitosan concen-
tration, except for the highest concentration, at which the
pore size decreased from 421.61 nm for 0.8 wt.% chitosan
to 335.61 nm for 1 wt.% chitosan (Table 1(b)). Increasing the
solid material content produced a more viscous solution,
which, along with aggregation of the positive charges of
chitosan in the acidic solvent in the needle, affected the
morphological properties of the polymer in the distance
between the syringe and the collector such that a higher
repulsive force on the polymer string was required to leave
the needle.Thus, a smaller fiber diameter and larger pore size
resulted.

The impact of the BSA concentration on the PCL/
chitosan nanofiber morphology is illustrated in Figure 2.
To study the effects of BSA concentration on electrospun
nanofibers, different amounts of BSA (5%, 10%, 15%, and
20%) were added to 8% PCL and 0.6% chitosan.The polymer
jet containing BSA carries extra charges, which induce a
more effective elongation and finer fibers at the same applied
voltage.Nevertheless, as the BSA concentration increased, the
average fiber diameter increased due to the presence of more
solid material in the solvent system [7]. The results showed
no significant changes in the mean fiber diameter, except
for an increase at 10% BSA, which was approximately 10 nm
and was negligible under these criteria. The fiber diameter
fluctuated slightly from 122.4 nm for 5% BSA to 109.95 nm
for 20% BSA, whereas the pore size increased from 387.19
to 490.24 nm (Table 2). The fiber diameter initially increased
gradually due to the naturalisation effect of the functional
groups of BSA molecules on the positive charges of chitosan.
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Table 1: (a) Fiber diameter and (b) pore size calculated for PCL/chitosan nanofibers comparing PCL/chitosan/BSA nanofibers.

(a)

PCL/chitosan
wt.% ratio

Average fiber
diameter (nm)

Coefficient of
deviation (%)

Average fiber
diameter (nm)

Coefficient of
deviation (%)

Without BSA With 20 wt.% BSA
8/0.2 82.39 3.73 108.68 5.72
8/0.4 101.69 4.93 123.58 5.37
8/0.6 101.66 4.51 121.54 5.48
8/0.8 131.85 4.45 132.73 5.17
8/1.0 109.01 6.24 159.12 7.66

(b)

PCL/chitosan
wt.% ratio

Average pore
size (nm)

Coefficient of
deviation (%)

Average pore
size (nm)

Coefficient of
deviation (%)

Without BSA With 20% BSA
8/0.2 233.62 11.63 462.89 24.97
8/0.4 322.96 12.64 437.28 18.57
8/0.6 423.56 21.42 554.14 34.06
8/0.8 421.61 22.05 621.52 35.79
8/1.0 335.61 19.02 783.77 41.85

Table 2: Applied voltage and average nanofibers diameter and pore size in electrospinning PCL/chitosan nanofibers with different BSA%.

BSA Voltage Average fiber Coefficient of Average pore Coefficient of
wt.% (KV) diameter (nm) deviation (%) size (nm) deviation (%)
5 18 122.4 5.60 387.19 21.25
10 21 133.47 5.60 429.45 24.88
15 20 117.39 6.74 418.43 22.71
20 21 109.95 5.09 490.24 25.10

When the BSA concentration was increased to 15% and 20%,
the extra charges produced a finer fiber. The increase in
pore size is also attributed to greater repellence between the
polymer jet after leaving the needle tip and before grounding.
The assessment of the effect of the BSA ratio on the nanofibers
release property will be considered in Section 3.3.

Adding 20% BSA to all formulations of the PCL/chitosan
blend necessitated a 2-3 kV higher voltage for all samples
(Figure 2(a)) to achieve the stable conditions for electrospin-
ning.

The SEM images of different formulations of PCL/
chitosan with 20% BSA are shown in Figures 3(a)–3(e).
The PCL/chitosan nanofibers diameters increased steadily
by approximately 23 ± 4 nm in all cases as a result of the
addition of BSA. Alternatively, the pore sizes increased by
50% compared to the samples without BSA. This may be
related to the repelling effects of the same charges of the
BSAmolecules, whichmoved to the surface of the nanofibers
during the bending and splaying before collecting on the
collector [39].

Comparing Figures 1(a) and 1(b), no beads were formed
during the electrospinning. This effect is related to the
compensation of the low viscosity by adding BSA to the
system. In Figure 3(e), although the solid material was the
same as the sample in Figure 1(e) except for the presence of

BSA, fine nanofibers were formed, and no ribbon shape was
observed. This result can be ascribed to the modifying effect
of BSA for chitosan positive charges in the needle and the
reduction of the repelling force applied to the polymer during
the spinning process.

Figure 4(a) shows the applied voltages for each group of
PCL/chitosan with or without BSA.The voltage was adjusted
based on the stable Taylor cone during the process. As
expected, higher chitosan concentrations required higher
voltages for electrospinning, which is related to the higher
viscosity of the solution resulting from the increased chitosan
concentration.

All of the data related to the mean fiber diameter, average
pore size, and coefficient of deviation are summarised in
Tables 1(a) and 1(b). Figures 4(b) and 4(c) compare the
characteristics of the PCL/chitosan blend nanofibers after
inserting BSA. The figures also show that BSA increased
the fiber diameter and pore size in all PCL/chitosan blend
formulations.

3.2. FTIR. FTIR spectroscopy was performed to detect the
polymeric ingredients and BSA in the fabricated nanofibers.
The main features of the FTIR spectrum of chitosan powder
included the carboxylate band in the range of 1400 to
1790 cm−1, with a maximum at 1675 cm−1, and a N–H band
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Figure 2: SEM images of PCL/chitosan/BSA nanofibers with BSA different concentration of (a) 5%, (b) 10%, (c) 15%, and (d) 20% with fiber
diameter frequency diagrams.
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Figure 3: Continued.
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Figure 3: SEM images of PCL/chitosan/BSA nanofibers with 20% BSA and different PCL/chitosan wt.% ratio of (a) 8/0.2, (b) 8/0.4, (c) 8/0.6,
(d) 8/0.8, and (e) 8/1 with fiber diameter frequency diagrams.
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Figure 4: (a) Applied voltage, (b) average nanofibers diameters, and (c) average pore size of PCL/chitosan versus PCL/chitosan BSA
nanofibers.
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Figure 6: Release profile of BSA from PCL/chitosan/BSA blend nanofibers (a) with different BSA and (b) with different PCL/chitosan ratio.

at approximately 3350 cm−1 (Figure 5(a)). PCL exhibited a
strong absorption at 1720 cm−1 corresponding to its car-
bonyl group (Figure 5(b)). The FTIR spectra in Figure 6(d)
included contributions from the carboxylate and amine
groups of chitosan and the carbonyl group of PCL. No
additional peaks were observed, indicating that the chitosan
was embedded physically within the nanofibers.

Figure 5(c) depicts the FTIR spectrum of BSA powder.
The main absorption bands of BSA were located at 1640 and
1540 cm−1, which correspond to the protein-related amide
I and II absorptions. The spectrum of the PCL/chitosan
nanofibers containing BSA (Figure 5(e)) showed both peaks
for BSA as well as the characteristic peaks for PCL and
chitosan, which confirmed the presence of BSA in the blend
nanofibers.

3.3. Release Kinetics. The release profiles of PCL/chitosan/
BSA blend nanofibers with different proportions of BSA are
shown in Figure 6(a). The release kinetics can be described
as consisting of two phases: an initial burst at approximately
30–40% of the total BSA during the first hours of the release

study and a gradual release until 14 days, at which point the
80% of the release had been accomplished [40].

During the release experiments, the BSA existing on the
surface leaves the nanofibers to enter the release solution. In
the case of nanofibers that were electrospun from a mixture
of drugs, biomolecules, and polymer, the drugs and/or
biomolecules are likely to conglomerate on the surface.
Consequently, a poor burst release of the dissolved drug is
generally observed in the early phase.

Nanofibers with higher BSA concentration exhibited a
more robust burst in the first stage and a longer delay of
the second stage than those with lower BSA concentrations.
As described in Section 3.1, for equivalent PCL/chitosan, a
higher amount of BSA decreased the nanofibers diameter
and increased the pore size. Although the changes in the
nanofibers diameter were negligible due to the complexity
of the interaction between the chitosan and BSA charges,
the overall movement of BSA molecules from the nanofibers
surface to the release medium was easier for nanofibrous
matrices with higher surface areas and larger pore sizes.
Additionally, a higher BSA concentration led to greater
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uptake on the nanofibers surface and a stronger diffusion
force encouraging themolecules to enter the releasemedium.
As shown in Figure 6(a), a higher amount of BSA led to
a more intense sustained release stage: 75% for 20% BSA
compared to 42% for 5% BSA for blend nanofibers. It was
clear that the release was not completed, and the rest of the
BSA may continue to release over a longer time period.

The release pattern in PCL/chitosan/BSA nanofibers as a
function of chitosan ratio is shown in Figure 6(b). Nanofibers
with higher amounts of chitosan demonstrated less intense
bursts and more sustained behaviour in the second stage of
release. Nanofibers with 0.2 wt.% chitosan had 51% burst in
the first hour of the release study, compared to 43% for 1 wt.%
chitosan and 35% and 32% for 0.6 and 0.8 wt.% chitosan,
respectively. Nanofibrous matrices with 0.8 wt.% chitosan
exhibited a release pattern similar to the sustained release
kinetics.The deviation of 1 wt.% chitosan from this trend was
strongly related to the BSA saturation of its surface.

Based on the morphological studies, nanofibers with
higher chitosan content exhibited a higher fiber diameter
and pore size.Thus, similar to the aforementioned discussion
for nanofibers with different BSA contents, the determined
amount of nanofibrous scaffold with higher surface area and
larger pore size is correlated with stronger burst release for
nanofibers with less chitosan. However, BSA contains more
charged groups (such as –NH

2
and –COOH) than PCL.

Therefore, BSA was forced to move onto the fiber surface
by the electric forces during electrospinning and was thereby
in strong competition with chitosan. Consequently, chitosan
limits BSA transfer to the surface of nanofibers and ultimately
decreases the release amount of BSA in release graphs for
PCL/chitosan/BSA with higher chitosan contents.

4. Conclusion

BSA as a model protein was successfully embedded in
PCL/chitosan blend nanofibers using FA/AA as solvent
system through a blending electrospinning technique.
Compared to PCL/chitosan nanofibers, PCL/chitosan/BSA
nanofibers had higher fiber diameter and larger pore size.
Some electrospinning defects, such as beads at lower chitosan
concentrations and ribbon-like nanofibers, were observed
because of the accumulation of chitosan positive charges in
the needle during electrospinning. This phenomenon was
reduced by adding BSA. PCL/chitosan/BSA nanofibers with
higher chitosan concentrations exhibited less intense bursts
in the first hour of BSA release, which was related to the
higher diameter and consequently lower surface area of the
nanofibers exposed to the release medium.
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The paper studies the electrical properties of polyamide 6- (PA6-) carbon nanotubes (CNTs) nanowebs, obtained through
electrospinning. Three different treatments (chemical, mechanical, and mixed) were applied to the CNT in order to prepare the
electrospinning solutions. For each treatment, the CNT content was different: 0.5%, 1%, 1.5%, and 2%. The electrical volume and
surface conductivity of the obtained samples were studied by measuring their electrical volume and surface resistance. Homemade
plate electrodes were used. The samples were also analyzed using a scanning electron microscope (SEM) and an atomic force
microscope (AFM). Defects were found on the extremities: solvent traces, flat fibers, and beads. The mixed treatment seems
too aggressive and it is not recommended. The AFM analysis gave values for roughness and profile height (Ra and Rz): extreme
values were obtained for the chemically and mechanically treated samples. Next, a pristine PA6 sample was used to compare the
influence of the CNT content on the electric behavior of the samples. By increasing the pressure on the specimens, the volume
resistivity decreased exponentially, while the surface resistivity showed no significant changes, independently of the CNT content.
The obtained behavior proves a great potential of the MWNT-PA6 reinforced nanocomposites for sensor applications.

1. Introduction

Fullerene, which is a third allotropy form of carbon, was
discovered in 1985, after the other known forms of carbon:
graphite and diamond (which are hybridized sp2 and sp3,
resp.). The most famous of all carbon forms in the fields
of nanoscience are carbon nanotubes (CNTs). They were
observed for the first time in 1991 by Sumio Iijima, a Japanese
scientist, who used a high resolution transmission electron
microscope (HRTEM). Carbon nanotubes can be found in
two structures: single- or multiwalled (SWNT/MWNT) [1].
CNTs possess magnificent thermal, electrical, mechanical,
and electrical properties which make them excellent candi-
dates for a lot of applications. It is well known that CNTs can
carry a current density of 109 A/cm2, which is the highest of
any known materials [2, 3].

In order for CNT to be used effectively for obtaining
polymer nanocomposites, an appropriate interfacial adhe-
sion between the CNTs and the polymer matrix must be
guaranteed [4–6]. There are usually two distinct techniques:
mechanical and chemical. The mechanical approach consists
of procedures such as ultrasonication, high shear mixing,
and ball milling, while the chemical approach uses surface
functionalization of CNTs, in order to improve their chemical
compatibility to the polymer matrix and reduce their ten-
dency to agglomerate. In the case of the chemical treatment,
boiling acids are used (H

2
SO
4
+ HNO

3
) under ultrasonica-

tion, followed by boiling [4].
In this study, three distinct techniques were applied to

the CNTs: chemical, mechanical, and mixed treatments. The
last is a combination of the chemical and the mechanical
treatments.
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2. Experimental

2.1. Materials. The materials used for this experiment are
polyamide 6 (PA6), presented as pellets of 3mm in diame-
ter, bought from Sigma-Aldrich (France), with a molecular
weight𝑀

𝑤
= 150000 g⋅mol−1; nitric acid (HNO3), purchased

from Fisher Scientific (France); sulphuric acid (H2SO4),
50% purity, also purchased from Fischer Scientific (France);
93% purity multiwalled carbon nanotubes, with an external
diameter of 11 nm and 3.2 ± 1 nm thickness, purchased from
Arkema (France). The sulphuric acid is a highly corrosive
strongmineral acid, colourless to slightly yellow, viscous, and
soluble in water at all concentrations. The nitric acid is also a
highly corrosive acid, colourless, with a usual concentration
of 68%. Both acids are very toxic.

2.2. Protocol of Work. Firstly, three different types of treat-
ments were applied to the MWNTs: chemical, mechanical,
and mixed. The MWNT content was different as follows:
0.5%, 1%, 1.5%, and 2%. The three treatments are described
below.

2.2.1. Chemical Treatment. Amixture of 65%HNO
3
and 50%

H
2
SO
4
(v/v = 1 : 3) was prepared in an Erlenmeyer glass and

then 4 g of MWNTs was added.The solution was sonicated at
50∘C for 4 hours. Then the MWNTs were separated from the
mixture of acids and purified with oxygenated water until the
pH value reached 7. Then the MWNTs were left for 48 hours
into an oven at 130∘C, for drying. After the drying process,
the MWNTs were weighted and there were 2.8 g left. The
rest of 1.2 g was wasted during the washing procedure. Next,
the acidic MWNTs were split into 4 different concentrations,
0.5%, 1%, 1.5%, and 2%, and dispersed into 27.77mL of 90%
CH
2
O
2
(which is the equivalent of 25mL of pure CH

2
O
2
)

together with the PA6 pellets. The quantity of PA6 for each
solution was calculated so that the final solutions should have
a 20% PA6 content. The solutions were left for 72 hours at
70∘C on a magnetic stirrer in order to ease the dissolving
process of the PA6 and homogenize the solution.

Four chemically treated solutions resulted. They were left
to reach room temperature.

2.2.2.Mechanical Treatment. Thefirst stage of themechanical
treatment was the separation of 0.1919 g, 0.3861 g, 0.5828 g,
and 0.7821 g of MWNT corresponding to the 0.5%, 1%,
1.5%, and 2%MWNT concentrations, into 4 different bottles.
27.77mL of 90%CH

2
O
2
eachwas added and left for 1 hour for

sonication at 50∘C. The process was followed by high mixing
using the Ika T25 digital Ultra Turrax, at 18.000 rpm for 30
minutes. The final step was adding the PA6 pellets quantity
so that the final solution should have a 20% PA6 content and
then they were left for 72 hours at 70∘C on a magnetic stirrer.
The 4 mechanically treated solutions which resulted were left
to reach room temperature.

2.2.3.Mixed Treatment. The samemixture of 65%HNO
3
and

50% H
2
SO
4
(v/v = 1 : 3) which was used for the chemical

treatment was prepared in an Erlenmeyer glass and 4 g of

MWNTs was added. It was left for sonication at 50∘C for 4
hours and then mixed with Ultra Turrax at 18.000 rpm for 30
minutes. Then the MWNTs were separated from the mixture
of acids and washed with oxygenated water until the pH
value reached 7. Next, the MWNTs were put into an oven
at 130∘C, for 48 hours, for drying. Similar to the previous
two procedures, the mixed treated MWNTs were split into
4 different concentrations, 0.5%, 1%, 1.5%, and 2%, and then
dispersed into 27.77mL of 90%CH

2
O
2
together with the PA6

pellets. The solutions were left for 72 hours at 70∘C on a
magnetic stirrer. Four mixed treated solutions resulted. They
were left to reach room temperature.

2.2.4. Electrospinning Conditions. For the electrospinning
procedure, an experimental device, built in the “Laboratoire
de Physique et Mécanique Textiles,” ENSISA, Mulhouse
(France), was used [7]. The 12 obtained solutions were
electrospun for 15 minutes at 30 kV voltage, room conditions
of 30% humidity, and 20∘C. A 0.7 × 30mm needle was used,
with a 15 cm distance from the needle to the collecting area
and a 0.283mL feed rate was applied.

2.2.5. Structural Analysis of the Samples. The obtained sam-
ples have been characterized using the scanning electron
microscopy (SEM, Hitachi S-2360N) and the atomic force
microscopy (AFM, NTEGRA Spectra NT-MDT). Table 1
shows the SEM results, for each CNT concentration. In these
pictures, 100 different fibers of each sample were measured in
order to evaluate their diameters.

Table 3 shows the AFM results for each CNT concentra-
tion.The surface roughness for 100 nanofibers per samplewas
calculated using the Gwyddion free software. Average values
of the roughness (Ra) and the average profile height (Rz) were
obtained (Table 2).

The extreme Ra and Rz values were obtained for the
chemically and mechanically treated samples:

(i) min: 0.5% CNT content, chemical treatment: Ra =
2 nm; Rz = 9 nm;

(ii) max: 0.5% CNT content, mechanical treatment: Ra =
11.2 nm; Rz = 57.8 nm.

2.2.6. Preparing the Samples for the Resistance Measurements.
In order tomeasure the volume resistance, three specimens of
1 × 1 cmwere cut from each of the obtained samples, while for
the surface resistance the cut dimension was 1 × 3 cm. Both
the surface and the volume resistance were measured up to
the American Standard ASTM D 257-61, using homemade
plate electrodes. The electrodes were made from copper and
they were previously metallized with a gold layer. Before the
measuring procedure, the sampleswere left for 24 hours in the
roomwhere theywere to be tested, in atmospheric conditions
of 20 ± 2∘C and 60 ± 2% humidity. The device used was
the Knick Terra Ohm Meter (LPMT, ENSISA, Mulhouse,
France).

An assembly of loads with the purpose of studying the
effect of compression on resistivity was also used (Figure 1).

Table 4 contains the parameters of the electrical resistance
measurements.
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Table 1: SEM results.

Chemical treatment Mechanical treatment Mixed treatment

0.5%
CNT

1%
CNT

1.5%
CNT

2%
CNT

Table 2: Average values of the roughness (Ra) and profile height (Rz) for the electrospun nanofibers.

Chemical treatment Mechanical treatment Mixed treatment
0.5% 1% 1.5% 2% 0.5% 1% 1.5% 2% 0.5% 1% 1.5% 2%

Ra
(nm) 2 3.8 7 6.4 11.2 2.42 2.24 3.2 9 4.5 4.68 5.2

Rz
(nm) 9 20.2 32.6 27.2 57.8 10.36 13.4 14.2 23 19.56 17.44 20.2

3. Results and Discussions

3.1. The Influence of the CNT Content on the Morphology
of the Nanofibers. For the SEM analysis, for each sample,
specimens from 3 different areas were taken: two extremities
and the center. The diameters of the nanofibers varied from
43.37 nm corresponding to the 0.5% CNT mixed treated
sample to 304.71 nm corresponding to the 0.5% CNT chem-
ically treated sample. Analysing the values of the obtained
diameters, the obtained nanofibers show a high level of

homogeneity. As far as defects are concerned, the chemically
treated samples exhibit solvent traces on the extremity speci-
mens, which caused that the nanofibers stick to each other.
At the same time, the nanofibers from the extremities are
not uniform and are flat. However, the nanofibers analysed
from the center specimens have a uniform aspect with
a homogenous structure. Occasionally, few beads are also
present [8].

In the case of mechanically treated samples, the
traces of solvent are significantly reduced if compared to
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Figure 1: Surface resistance setup versus volume resistance setup.

Table 4: Parameters of the electrical resistance measurements.

Resistance type Surface Volume
Dimension of the specimens 1 × 1 cm 1 × 3 cm

Conditioning of the specimen
(i) No cleaning
(ii) No predrying

(iii) 24 h of conditioning

Atmospheric testing conditions 20 ± 2∘C
60 ± 2% RH

Applied voltage 500V 100V
Time of electrification 2min

the chemically treated ones. Instead, the number of beads is
higher. Another important aspect is that the electrospinning
jet was not continuous, as droplets of solution are present on
the surface of the nanofibers.

The mixed treatment led to the following results: very
high number of beads on the surface of the nanofibers
and flat fibers. This is caused by the fact that the CNT
structure was influenced by two important factors: chemical
and mechanical treatments. It can be concluded that both
treatments combined proved to be too aggressive for the CNT
structure.

Next we will analyse the percolation threshold of the
nanocomposites and the influence of the CNT on the volume
resistivity of the chemically treated nanofibers.

3.2. Percolation Threshold of the Reinforced Nanocomposites
and the Influence of the CNTContent on the Volume Resistivity
of the Nanocomposites. Figure 2 shows the behaviour of the
electrical volume conductivity in S/m of the pristine PA6
sample, compared to the reinforced PA6, at different CNT
content, for each of the 3 applied treatments. The obtained
results have shown that the percolation threshold is below
the 0.5% concentration. Increasing the CNT, conductivity
also increases, which proves that the electrical status of
the nanocomposite changes from an insulative into static
dissipative material (where the conductivity is between 1 ×
10−4 S and 1 × 10−11) [9–11].

One can also notice that the values of the volume
resistivity of the samples decrease together with the applied
load (Figure 3). This shows the fact that the nanocomposites
can be used as pressure sensors and be integrated in smart
textiles [12].

3.3.The Influence of the CNTContent on the Surface Resistivity
of Nanocomposites. Due to the fact that the dimension of
the analysed specimens was 1 × 3 cm and the dimension of
the electrodes was 1 × 1 cm, the distance between the elec-
trodes equals the dimension of the contact surface (1 × 1 cm).
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Figure 2:Volume conductivity of the 20%CNTPA6 compositewith differentCNT content: (a) chemical treatment; (b)mechanical treatment;
(c) mixed treatment.

The CNTs are present both inside and on the surface of the
nanofibers [13]. This means that the values of the surface
resistivity are the same with those of the surface electrical
resistance.

Figure 4 shows the evolution of the surface electrical
resistivity for the obtained samples.There were no significant
changes for the surface resistivity of the samples. Neither
the CNT content nor the applied treatment has shown a
significant change in the surface resistivity in relation to the
applied load.

We note that the electrical behaviour of the PA6-CNT
nanocomposites analysed in the current paper (volume resis-
tivity and conductivity, surface resistivity and conductivity)
can be theoretically approached using the two nanocompos-
ite models, (the Tanaka or the Tsagaropoulos model) [14, 15].
In such a context, different dependencies of the above men-
tioned electrical parameters can be accepted (temperature
dependency, etc.) so that the dynamics analysis can become
more complex but complete. We consider that this study
requires a separate analysis which will be done in a future
paper.

4. Conclusions

Themain conclusions of the present paper are as follows:

(i) as far as defects are concerned, the chemically treated
solutions gave the most uniform nanofibers;

(ii) the biggest number of defects found on the nanofibers
resulted from the mixed treatment;

(iii) the percolation threshold could not be reached; it is
below 0.5% concentration;

(iv) increasing the CNT, the volume conductivity also
increases;

(v) the values of the volume resistivity of the samples
decrease together with the applied load;

(vi) for surface resistivity, no significant changes were
observed; neither the CNT content nor the applied
treatment has shown a significant change in the
surface resistivity in relation to the applied load.
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Figure 3: Volume resistivity of the 20% CNT PA6 composite with different CNT content: (a) chemical treatment; (b) mechanical treatment;
(c) mixed treatment.
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Figure 4: Surface resistivity of the 20% CNT PA6 composite with different CNT content: (a) chemical treatment; (b) mechanical treatment;
(c) mixed treatment.
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Nanofibers composed of cellulose acetate (CA) andmontmorillonite (MMT) were prepared by electrospinning method. MMTwas
first dispersed in water and mixed with an acetic acid solution of CA. The viscosity and conductivity of the CA/MMT solutions
with different MMT contents were measured to compare with those of the CA solution. The CA/MMT solutions were electrospun
to fabricate the CA/MMT composite nanofibers. The morphology, thermal stability, and crystalline and mechanical properties of
the composite nanofibers were characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM),
energy dispersive X-ray spectroscopy (EDX), thermogravimetric analysis (TGA), X-ray diffraction (XRD), and tensile test. The
average diameters of the CA/MMT composite nanofibers obtained by electrospinning 18wt%CA/MMT solutions in amixed acetic
acid/water (75/25, w/w) solvent ranged from 150∼350 nm. The nanofiber diameter decreased with increasing MMT content. TEM
indicated the coexistence of CAnanofibers.TheCA/MMTcomposite nanofibers showed improved tensile strength compared to the
CA nanofiber due to the physical protective barriers of the silicate clay layers. MMT could be incorporated into the CA nanofibers
resulting in about 400% improvement in tensile strength for the CA sample containing 5wt% MMT.

1. Introduction

Electrospinning is a unique technique for producing nonwo-
ven fabrics of nanofibers, which exhibit high specific surface
area and porosity on account of their potential applications,
such as sensors [1, 2], filtration [3–5], membranes, tissue
engineering, and drug delivery [6–9]. In addition, electro-
spinning is a good and effective method for fabricating
micro- to nanoscale fibers from a variety of polymers, such
as cellulose acetate [10], polystyrene [11], polybutadiene [12],
and polycaprolactone [13]. In electrospinning, a high voltage
(ca. 10–30 kV) that is sufficient to overcome the surface
tension of a pendant drop of polymer solution is applied to a
capillary containing polymer solution to induce the ejection
of fine charged jets toward a target. These jets are stretched

and elongated before they reach the target and are then dried
and collected as an interconnected web of small fibers [14].

Cellulose is the most abundant natural polymeric mate-
rial with a polyfunctional macromolecular structure and
environmentally benign nature. Despite being characterized
by its extensive linearity, good flexibility, excellent durability,
biodegradability, chemical resistance, mechanical strength,
nontoxicity, and low cost, cellulose suffers from a lack of
solubility in most organic solvents due to its supramolecular
architecture. However, one of its organic soluble derivatives,
cellulose acetate (CA), carries all of the aforementioned
remarkable features as well as good solubility in organic
solvents, making it an excellent material for electrospinning
[15]. The electrospinning of CA has been studied using
various solvents [10, 16].
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Functional nanomaterials, such as metal nanoparticles,
carbon nanotubes, and nanoclays, can be incorporated into
the electrospun CA nanofibers. The incorporation of func-
tional nanomaterials into a CA nanofibrous structure is
an attractive hybridization method, because nanomaterials
distributed evenly in the CA nanofibrous structure can be
used for novel specific applications. The CA nanocomposites
reinforced with nanoclay (montmorillonite, MMT) can be
quite promising due to the remarkable improvement in the
material properties of polymer composites with only a low
percentage of MMT added. The main advantages of these
nanocomposites are the improvements in mechanical prop-
erties, reduced flammability, and superior barrier properties
compared to polymers or conventional micro- and macro-
composites. Nanocomposites of CA and MMT have been
prepared into film- or paper-shaped composite structures
by conventional compounding methods, such as solution
casting [16],melt processing [17], and dispersionmethod [18],
and mechanical properties of CA/MMT composites have
been further improved by the addition of compatibilizer or
plasticizer [19, 20].On the contrary, nanofiber-nanoclay com-
posites of CA andMMThave unique advantages compared to
conventional CA/MMT nanocomposites, because of higher
surface area and biodegradability. However, there is no report
on the electrospinning of CA nanofiber incorporated with
MMT.

In this study, CA/MMT composite nanofibers were pre-
pared by facile compounding and electrospinning. The mor-
phological, thermal, structural, and mechanical properties
of CA/MMT nanofibers were analyzed by scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), thermogravimetric analysis (TGA), X-ray diffraction
(XRD), and tensile test. In addition, the effect of electro-
spinning parameters on the distribution of MMT in the CA
nanofibers was described.

2. Materials and Methods

2.1. Materials. Cellulose acetate (CA, acetyl content 39.8%,
MW = 30,000 g/mol) was purchased from Aldrich Co.,
USA. Acetic acid (>99%) was purchased from DC chemical
Pure Chemical Co., Korea. The clay (montmorillonite, MMT
cloisite 93A) was supplied by Southern Clay Products Co.,
USA. Acetic acid and water were mixed to a weight ratio
of 75 : 25. The resulting solution is abbreviated to acetic
acid/water (75/25).

2.2. Preparation of CA/MMT Solution for Electrospinning.
The CA and CA/MMT solutions were prepared using an
ultrasonic treatment. MMT powders were dried at 80∘C for
24 h under vacuum prior to use. For the CA solution, CA at
a concentration of 18 wt% was dissolved in acetic acid/water
(75/25) between 65∘C and 75∘C for 5 h. For the CA/MMT
solutions, a predetermined amount ofMMTwas dispersed in
water with constant stirring for one day after ultrasonication
for 2 h. The CA/MMT solutions were compounded with a 1,
3, 5, 7, or 9wt% of MMT and CA solution. The CA/MMT
composites electrospun from these solutions are referred to
as CA/MMT-1, CA/MMT-3, CA/MMT-5, CA/MMT-7, and
CA/MMT-9, respectively.

2.3. Electrospinning of CA/MMTNanofibers. Electrospinning
was performed using a single syringe attached to a needle (ID
= 0.84mm), a ground electrode (𝑑 = 21.5 cm, aluminum
sheet on a drum with a variable rotation speed), and high
voltage supply (ChungPaEMTCo., Korea). Each solutionwas
fed at a rate of 2mL/h using a syringe pump and electrospun
at a positive voltage of 27 kV.The tip-to-collector distancewas
10 cm and all electrospinning procedures were carried out at
19∘C.

2.4. Characterization of CA/MMT Solutions and Nanofibers.
The viscosity and conductivity of the CA and CA/MMT
solutions were determined using a Brookfield digital vis-
cometer (Model-DV-prime) and a conductivity meter (Isteck
model 455C) at 19∘C, respectively. The thermal properties
of the electrospun nanofibers were characterized by TGA
(TGA Q 500, TA Instruments) at a heating rate of 10∘C/min
with purging nitrogen gas at 100mL/min. The derivative
thermogravimetric (DTG) curves were also recorded. The
crystallinity of the CA and CA/MMT nanofibers was inves-
tigated by XRD (D/MAX-2500 diffractometer, Rich. Rigaku
Co., Japan) with Cu-K𝛼 radiation (100mA, 40 kV). The
tensile strength of the electrospun nanofibers was examined
under tensile loading conditions using an Instron tensile
testing machine (model 4467, Instron Co., USA) according
to the ASTM D-638 method. The crosshead speed was
5mm/min. At least twenty measurements were taken for
each sample, and the results were averaged to obtain a
mean value. The surface morphology of the CA and the
CA/MMT nanofibers was characterized by SEM (S-4700,
Hitachi, Japan) at an acceleration voltage of 15–25 kV. Prior
to the measurement, the specimens were coated with Au to
prevent surface charging. Field emission TEM (FE-TEM, FEI,
Tecnai F30 Super-twin operated at an accelerating voltage
of 200∼300 kV with a Gatan imaging filter (GIF) model
2002) was performed to confirm existence of theMMT layers
within the nanofibers that were directly electrospun onto
carbon-coated TEM grid with a 300 mesh. The composition
of the nanofibers was confirmed from the energy dispersive
X-ray spectroscopy (EDAX, Genesis) spectrum andmapping
images.

3. Results and Discussion

3.1. Characterization of CA Solution. Han et al. reported that
CA nanofibers could be electrospun continuously using a
mixed acetic acid/water solvent and the optimum concen-
tration of CA for long uniform nanofibers was 17 wt% [10].
In this study, the viscosities of CA and CA/MMT-5 solutions
were measured to determine the optimum concentration of
CA solution and the effect of MMT addition on the CA solu-
tion for electrospinning. Figure 1 shows the viscosity of the
CA and CA/MMT solutions with various CA concentrations
in the range of 13∼23wt% in the acetic acid/water (75/25)
solvent system. The viscosities of the CA and CA/MMT
solutions were similar and the addition of 5 wt% MMT to
CA solutions had little effect on the viscosity at CA solution
concentrations < 18 wt%.The viscosity of CA and CA/MMT-
5 increased relatively rapidly at CA concentrations > 18 wt%.
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The 18wt% CA and CA/MMT-5 solutions were quite stable
during the electrospinning process and could be electrospun
continuously in a mixed acetic acid/water (75/25) solvent.
Therefore, the CA nanofiber electrospun at 18 wt% was
assigned as a standard nanofiber to examine the effect of
MMT addition. CA and CA/MMT nanofibers with 18wt%
CA could be electrospun continuously using a mixed acetic
acid/water (75/25) solvent.

Figure 2 shows the conductivity of the CA/MMT solu-
tions with different MMT concentrations of 1, 3, 5, 7, and
9wt% in the 18 wt% CA solution. The conductivity was rela-
tively constant over the range of 1–5wt%MMT but increased
dramatically atMMTconcentrations> 7wt%.MMTaddition
at lower concentrations enhanced the mobility, but MMT
concentrations> 7wt% caused an increase in repulsion in the
CA/MMT solution due to the charge of excess MMT. Some
MMT did not interact with CA molecules and separately

located in the solution at higher concentrations > 7wt%,
because there was lack of miscibility in those concentrations.
The high conductivity due to excess MMT seemed to induce
the formation of smaller nanofibers with some beads, as
shown in Figures 3(e) and 3(f).

3.2. Morphology of CA and CA/MMT Nanofibers. Figure 3
shows the SEM images of the electrospun CA fiber and
CA/MMTcomposite fiberswith differentMMT loadings pre-
pared from 18wt%CA in the acetic acid/water (75/25) solvent
system. CA nanofibers were well electrospun and formed
a fibrous web with diameters ranging from 150 to 350 nm.
The diameter of the nanofibers was reduced by adding
MMT. In case of CA/MMT-5, a relatively uniform nanoweb
was obtained through the continuous electrospinning from
the solution to the charged target wrapped with aluminum
sheet. However, the diameters of the nanofibers electrospun
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from higher MMT concentrations, such as CA/MMT-7 and
CA/MMT-9,were decreased, but not uniformwith increasing
MMT concentration. An increase in the Si and Al peaks
was observed with the addition of higher concentrations of
MMT from the EDAX analysis of CA/MMT nanofibers. The
addition of a quaternary ammonium salt of MMT increased
the charge density in the ejected jets and imposed stronger
elongation forces to the jets because of the self-repulsion
of the excess charges under the electrostatic field, resulting
in electrospun fibers with a substantially smaller diameter
[19, 20]. As expected, the increase in the conductivity of
CA/MMT with higher MMT concentrations caused a signif-
icant decrease in the diameter of the CA/MMT nanofibers.

The extent of MMT intercalation and dispersion can
be usually obtained from the WAXS and TEM results
[21]. Figure 4 shows the XRD patterns of MMT, CA, and
CA/MMT nanofibers with different MMT contents. The
patterns revealed changes in the interlayer distances. The
CA nanofibers did not show any XRD, but MMT showed a
(001) diffraction peak at 3.8∘ 2𝜃. This diffraction peak was
not observed in the CA/MMT-1 and CA/MMT-3 samples,
indicating that most of the MMT had been exfoliated and
well-dispersed in the CA matrix. However, the CA/MMT-
5, CA/MMT-7, and CA/MMT-9 samples showed a broad
weak diffraction peak at 3.5∘ 2𝜃 due to a small amount of
intercalatedMMT layers.This peakwas shifted towards lower
2𝜃 values (by 0.3 2𝜃), indicating that the polymer chains had
diffused into the clay galleries, expanding the clay structure
[22].

Figure 5 shows the TEM and EDX results of CA/MMT-
5 that support MMT incorporation into CA fibers. The
TEM image showed that the exfoliated MMT layers were
distributed within the CA/MMT composite nanofibers. The
EDX spectra recorded at two points identified C, Al, Si, and
O in the CA/MMT composite nanofibers (right insets of (a)).
A detail observation in scanning TEM (STEM) mode clearly
showed that theMMT layers appeared to be incorporated into
the CA/MMT composite nanofibers.Themapping data of the

Table 1: The residue and decomposition temperature at onset and
20% rate of pure MMT and nanofibers (pure CA, CA/MMT-1,
CA/MMT-3, CA/MMT-5, CA/MMT-7, and CA/MMT-9).

Materials 𝑇
𝑑

onset (∘C) 𝑇
𝑑

20% (∘C) Residue at 500∘C (%)
Pure CA 280 340 13
Pure MMT 280 380 65
CA/MMT-1 275 330 13
CA/MMT-3 275 325 14
CA/MMT-5 270 315 15
CA/MMT-7 270 310 17
CA/MMT-9 270 310 18

STEM image revealed that C element is a primary component
of the CA/MMT composite nanofibers, and MMT layers
composed of Al, Si, and O elements were evenly distributed
in the CA nanofibers. These results were well consistent with
previous reports [20].

3.3. Thermal and Mechanical Properties of CA and CA/MMT
Nanofibers. The thermal stability of the electrospun fibers
was evaluated using TGA in a nitrogen atmosphere. Figure 6
shows the TGA curves of MMT, pure CA nanofiber, and
CA/MMT composite nanofibers with different MMT load-
ings. Both the MMT and the CA nanofibers began to decom-
pose at 280∘C. However, they have single maximum decom-
position temperatures of 390∘Cand 350∘C, respectively (Sam-
ples a and b). In addition, the residues of MMT and CA
nanofibers after thermal decomposition at 500∘C were 65%
and 13%, respectively (Table 1). However, the decomposition
peaks for the CA/MMT composite nanofibers were divided
into two peaks, at approximately 300∘C and 350∘C, as clearly
seen from DTG curves. A higher concentration of MMT
in the CA nanofiber induced a lower onset temperature of
decomposition for CA/MMT composite nanofibers (Table 1).
This is because the alkylammonium cations of MMT were
thermally unstable and decomposed at lower temperatures.
These aspects would reduce the thermal stability of CA
nanofibers with the addition of MMT. However, the silicate
clay layers could act as a superior insulator and mass-
transport barrier and mitigate the escape of volatile products
generated during thermal decomposition [23, 24].

Figure 7 shows the tensile strength of the CA/MMT
nanofibers with different MMT concentrations. The tensile
strength of the CA nanofibers increased with increasing
MMT concentration reaching the highest tensile strength of
3.2MPa (about 400% increase) at 5 wt% MMT. At higher
MMT concentration (7wt%), the tensile strength decreased
abruptly to 1.5MPa.The improvement in tensile strength was
mainly due to reinforcing effect of MMT layers originated
from the good dispersion of MMT layers in the CA fibrous
matrix. However, some excess MMT seemed to be phase-
separated and poorly dispersed in CA/MMT nanofibers
at higher MMT concentration (7wt%), whereas the exfo-
liated MMT layers were well-dispersed within CA/MMT
nanofibers at 5 wt% MMT. The tensile strength of CA/MMT
composite nanofibers was consistent with the results of XRD
and EDX.
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4. Conclusions

The CA/MMT composite nanofibers were prepared using
a facile compounding and electrospinning technique. The
structures, thermal stability, and crystalline properties of
the electrospun composite nanofibers were investigated. The
average diameters of the CA/MMT nanofibers obtained by
electrospinning 18wt% CA/MMT solutions in a mixed acetic
acid/water (75/25, w/w) solvent ranged from 150∼350 nm.
The nanofiber diameter decreased with increasing MMT
content. TEM indicated the coexistence of CAnanofibers and
MMT layers. The CA/MMT composite nanofibers showed
improved tensile strength compared to the CA nanofiber due
to the physical protective barriers of the silicate clay layers.
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A roller electrospinning system was used to produce nanofibres by using different solution systems. Although the process of
electrospinning has been known for over half a century, knowledge about spinning behaviour is still lacking. In this work, we
investigated the effects of salt for two solution systems on spinning performance, fibre diameter, and web structure. Polyurethane
(PU) and polyethylene oxide (PEO) were used as polymer, and tetraethylammonium bromide and lithium chloride were used
as salt. Both polymer and salt concentrations had a noteworthy influence on the spinning performance, morphology, and
diameter of the nanofibres. Results indicated that adding salt increased the spinnability of PU. Salt created complex bonding
with dimethylformamide solvent and PU polymer. Salt added to PEO solution decreased the spinning performance of fibres while
creating thin nanofibres, as explained by the leaky dielectric model.

1. Introduction

Polymer nanofibres have attracted increasing attention in
previous decades because of their high surface to mass ratio,
small pore size, and special characteristics attractive in
advanced applications. They have potential application in
tissue engineering scaffolds, filters, wound dressings, drug
delivery materials, biomimetic materials, electronics, and
composite reinforcement, among others [1–6].

Techniques to produce nanofibres have been developed
for many years. Electrospinning is one of the versatile meth-
ods to produce nanofibres. Various worldwide researchers
have started to develop alternativemethods to produce nano-
fibres to improve production rates and quality. The most
common methods are melt-blown, phase separation, self-
assembly, template synthesis, bicomponent, centrifugal, and
drawing methods, among others [7–13].

An effective electrospinningmethod was recently investi-
gated by Jirsak et al. [14].The principle of thismethod is based
on free surface spinning. This method involves an electrode
rotating roller that is immersed in a solution bath.The role of
the roller is to feed the solution to the surface of the roller to

continue spinning. Fibres formbetween the roller surface and
the collector. By changing the spinning parameters, having
hundreds of Taylor cones on the surface of the roller at the
same time is possible.Therefore, a highly dense nanoweb can
be achieved by using this method. In general, the diameter
of fibres changes from 50 nm to 800 nm depending on the
solution properties and spinning parameters.

This paper aims to evaluate the influence of salt on the
spinning performance of both aqueous and nonaqueous solu-
tion systems by using the roller electrospinning system. To
date, many researchers have studied the salt effect on nanofi-
bremorphology, but only a few have focused on spinning per-
formance. For instance, Cengiz and Jirsak [15] examined the
effect of salt on polyurethane nanofibre and spinning perfor-
mance. They found that adding salt increases the number of
Taylor cones on the roller surface, thus increasing spinning
performance. By contrast, Dao and Jirsak showed that adding
salt to polyvinyl alcohol (PVA) solution decreases the number
of jets and spinning performance [16].

To the best of our knowledge, no study has been made to
explain the opposite effect of salt on spinning performance
with different solution systems. To achieve this aim, we used
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Figure 1: Diagram of the roller electrospinning system.

polyurethane (PU) and polyethylene oxide (PEO) polymers
with various concentrations of tetraethylammonium bro-
mide (TEAB) and lithium chloride (LiCl) salts. We chose PU
in this work for two reasons. First, the PU used in this study
is pure and industrially produced. Second, much information
on this polymer is available from previous studies, including
information on optimum spinning conditions.

In the current work, PEO was used with both TEAB and
LiCl salts. In case of PEO, adding salt decreases its spinning
performance, similar to PVA solutions. Moreover, PEO is
produced in better purity than PVA. One of the aims of
this study is to determine the different spinning behaviours
of both water-soluble and -insoluble polymers. Using PVA,
which ismostly used in electrospinning, is possible. Although
PVA has been studied by many researchers, PEO was chosen
in this work for its more stable quality and better purity.
The possible salt-polymer, salt-solvent, and solvent-polymer
relations are explained in the following section.

2. Experimental

2.1. Materials. Polyurethane Larithane LS 1086 (Novo-
tex, Italy), which is an aliphatic elastomer composed of
2000 g/mol linear polycarbonate diol and isophorone diiso-
cyanate and extended by isophorone diamine, was chosen as
the second polymer.

Most PUs are block polymers prepared with a diiso-
cyanate, which is a short diol such as 1,4-butanediol or 1,6-
hexanediol, a diamine (the chain extender), and a diol, with a
molecular weight of 500 to 4000 based on a polyether,
polyester, or polycarbonate. Preparation is usually performed
in two steps: the reaction of the longer polyol with isocyanate

in the first stage and that with the chain extender in the
second stage [17]. PU has excellent damping properties, good
mechanical and physical properties even at low temperatures,
high combustion resistance, and low thermal conductivity
[18]. DMF (Fluka, Switzerland) was used as the solvent.

Water-soluble PEOwithmolecularweight of 400 kDawas
purchased from Scientific Polymers, Inc., USA. Distilled
water was used as the solvent. PEO is a water-soluble and
non-ionic polymer. PEOs are also commonly studied in elec-
trospinning. They are available in a large range of molecular
weights. PEOs can be applied in areas such as textile appli-
cations, cosmetics, antifoaming agents, and food industry,
among others. PEOs are produced by the polymerization of
ethylene oxide, and they have a structural polyether unit of
–CH
2
–CH
2
–O–. They are a good candidate for an electro-

spinning system because of their high spinnability and water
solubility.

Tetraethylammonium bromide was purchased from
Fluka (Switzerland) and LiCl from Lach-Ner s.r.o. (Czech
Republic). Based on previous works, 6% PEO and 17.5% PU
were chosen as the constant polymer concentrations. Various
amounts of salt were used according to themolar ratio of salt.
The nomenclature of solutions is tabulated as shown in
Nomenclature and Symbols of Solutions according to salt
content. We used a small amount of LiCl salt content for the
PEO solution because the fibre diameter increases with
increased amount of salt.

2.2. Methods

2.2.1. Spinning Conditions. The solutions were spun using
a spinning device, as shown in Figure 1. All the measured
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Table 1: Spinning conditions of PEO solutions in the roller electrospinning system.

Sample Voltage
(kV)

Distance
(mm)

Roller speed
(rpm)

RH
(%)

Temperature
(∘C)

Roller length
(mm)

Roller diameter
(mm)

6% PEO + salt series 42 150 1 28.5 ± 2 23 ± 1 145 20

Table 2: Spinning conditions of PU solutions in the roller electrospinning system.

Sample Voltage
(kV)

Distance
(mm)

Roller speed
(rpm)

RH
(%)

Temperature
(∘C)

Roller length
(mm)

Roller diameter
(mm)

17.5% PU + salt series 62 130 1.5 24.5 ± 2 16 ± 1 145 20

results in the figure have an error bar at 95% confidence inter-
vals. The spinning conditions of PEO and PU are shown in
Tables 1 and 2.

(i) Measurement of surface tension: measurement was
carried out using a KRÜSS tensiometer at 25∘C and
LabDesk software by using plate method.

(ii) Measurement of viscosity: the zero-shear viscosities
of solutions were measured by Haake RotoVisco1 at
23∘C.

(iii) Measurement of conductivity: the conductivities of
polymer solutions were measured at 23∘C by a
Radelkis OK-102/1 conductivity meter.

(iv) Measurement of jets and spinning area: a Sony Full
HD NEX-VG10E Handycam E 18–200mm lens cam-
era was used in the experiments. By using camera, the
number of jets was recorded. Spinning area and num-
ber of jets were determined by taking an image from
the camera and using NIS-Elements software. 10
images per second were taken. A number of jets were
counted by using images.

(v) Measurement of spinning performance and perfor-
mance per jet: 10 × 10 cm2 nanofibre webs were pre-
pared and measured on a balance. The calculations
were made according to (1)-(2).

(vi) Measurement of fibre diameter and diameter distri-
bution: images of the microstructure of the nanofibre
membrane were taken by scanning electron micro-
scope (SEM; Feico). NIS-Elements software was used
to determine the fibre diameter and diameter distri-
bution.

(vii) Measurement of nonfibrous area: using SEM images
and NIS-Elements software, nonfibrous areas were
calculated.

2.2.2. Calculation of Spinning Performance. Spinning perfor-
mance (SP) can be determined from the mass of nanofibres
produced in a 1m long roller spinning electrode in 1min.
Spinning performance is calculated froman areaweight of the
produced nanofibre layer as follows:

SP =
𝐺 ∗ V ∗ 𝐿

𝑓

𝐿
𝑟

, g/min/m, (1)

where 𝐺 is the area weight of the nanofibre membrane per
area in g/m2. V is the velocity of running of the collected fabric
in m/min. 𝐿

𝑓
is the width of the nanofibre membrane on the

collected fabric in m. 𝐿
𝑟
is the length of the spinning roller in

m.
Spinning performance per one Taylor cone (SPC) can be

calculated from the known values of spinning performance
and an average total number of Taylor cones in the spinning
electrode Nc using (2). SPC is an amount of polymer solution
transported through one Taylor cone (or a jet):

SPC =
SP ∗ 𝐿

𝑟
∗ 60

Nc
, g/h. (2)

SPC is one of the parameters to be measured in the exper-
iments to determine whether spinning performance is real-
ized through SPC or Nc.

3. Results and Discussions

3.1. Polymer Solution Properties. The basic properties of
polymer solutions are given in Figures 2, 3, and 9.

Surface tension of the solutions corresponds to that of the
used solvents and is not significantly dependent on the con-
tent of salts. Thus, surface tension is not an influencing inde-
pendent parameter, such as spinning performance and fibre
diameter, in the experiments.

Viscosity of the solutions, as a function of share rate,
shows considerably different characteristics of both poly-
mers. Effective viscosity of PEO strongly depends on share
rate and that of PU shows only moderate dependence.There-
fore, themacromolecules of PEO 400 kDa show a high degree
of mechanical entanglement and a highly macromolecular
characteristic.The strength of PEO jets as a necessary require-
ment for spinnability is satisfactorily high at a relatively
low polymer concentration and corresponding viscosity.
However, spinnability of PU requires a high polymer concen-
tration and corresponding viscosity. Viscosity of PU solutions
increases with salt content; this is not the case in PEO
solutions.

The addition of LiCl to PU solution increases its viscosity.
Erokhina et al. explained that this increase in viscosity could
be due to the same coordination of lithium cation bonds in
the solution with DMF molecules. They concluded that the
partial recoordination of the lithium cation from the DMF
carbonyl groups to the PU carbonyl groups in the ternary
system probably caused the unfolding of macromolecular



4 Journal of Nanomaterials

PU

TEAB
LiCl

0.00
10

15

20

25

30

35

40

45

Su
rfa

ce
 te

ns
io

n 
(m

N
/m

)

0.02 0.04 0.06
Molar concentration of salt (mol/L)

0.08

(a)

PEO

TEAB
LiCl

0.00

50

45

60

55

65

Su
rfa

ce
 te

ns
io

n 
(m

N
/m

)

0.02 0.04 0.06
Molar concentration of salt (mol/L)

0.08 0.10 0.12 0.14

(b)

Figure 2: Surface tension of polymer solutions.
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Figure 3: Viscosity of polymer solutions.

coils in PU with the formation of intermolecular crosslinks
[20].

PU and LiCl salts have secondary bonds similar to the H-
bridges between PU and LiCl ions (Figure 4). Intermolecular
interactions are positively influenced by polar groups. Beside
this, LiCl makes the functional groups of PU more polar.

The interactions between dimethylformamide (DMF)
and TEAB [19] or between PU and salts [15, 21] are shown in
Figures 5 and 6.

C C

HH

+ Li+

Li+

+ Cl−N N

O

O O

Cl−
Polyurethane Dissociated LiCl

|O|

Figure 4: Chemical interaction between PU and LiCl.
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Fry studied the interactions between polar organic sol-
vents and salts [19]. The electrostatic interaction between the
dipolar solvent and the individual ions of the salt is greater
than the attraction of the ions of the salt for each other
in the lattice. Salts dissolve in polar solvents, and this phe-
nomenon is called as general solvation. Fry [19] found that,
aside from general solvation, small or highly charged metal
cations, such as Li+ or Mg+2, in water or other electron pair
donor solvents could also attract a shell of tightly bound sol-
vent molecules.This phenomenon, known as inner-sphere or
specific solvation, provides added stability to the positive
charge in the cation through its interaction with the negative
end of the solvent dipoles. General solvation mainly depends
on the dielectric constant (𝜀) of the solvent regardless of its
chemical structure. Conversely, specific solvation depends on
the chemical structures of both solute and solvent. Fry
conducted a computational study demonstrating that smaller
tetraalkylammonium ions (Me

4
N+ and Et

4
N+) are sur-

rounded by a strong solvation shell in the strong donor DMF
solvent.The four solventmolecules are distributed symmetri-
cally around the tetrahedral cation, and no remaining space is
sterically allotted for a fifth solvent molecule. The tetrahedral
arrangement of solvent molecules is the same as the structure
of Et
4
N+/(H

2
O)
4
, as established by molecular dynamics, and

is similar to that of the Li(THF)
4

+ion, as established by X-ray
crystallography [19].

Rastogi [22] studied the ion-dipole interaction energy of
alkalimetal cations (e.g., Li+), anions (e.g., Cl−), and symmet-
rical tetraalkylammonium ions in DMF and other solvents.
He showed that the ion-dipole interaction energy decreases
in increasing order of Li+ > Cl− > Et

4
N+ in DMF solvent.

Moreover, the ion-dipole interaction energy of ions is gener-
ally higher than the dipolar interaction energy of solvents that
cause secondary solvation in large ions (Cl−, Br−) and long-
range polarization in small ions (Li+).

In the case of PEO-water solutions, the addition of
salt only affects conductivity and permittivity. Viscosity of
solutions does not change when salt is added. Salt and
polymer macromolecules do not seem to have a significant
interaction.

The values of solution conductivities of LiCl and TEAB
salts in the same molar concentration in DMF are illustrated
in Figure 7. Dash lines indicate the connection points.

The conductivity of LiCl and TEAB in the same molar
concentration in water is illustrated in Figure 8. Dotted lines
indicate the connection points.

The conductivity of the solutions of both TEAB and
LiCl in water and DMF is generally high, and all the values
are surprisingly close to each other. TEAB shows the same
conductivity in water as LiCl does despite its evidently larger
ions.The values of conductivity inDMF are surprisingly close
to those in water, thus indicating the high degree of dissocia-
tion of salt in DMF. Conversely, the conductivities of polymer
solutions containing salt differ from each other to some
extent. PEO solutions show higher conductivity than PU
solutions because of their lower viscosity and corresponding
greater movability of ions in a direct electric field. PU
solutions containing LiCl are more conductive than those

with TEAB because their ions are more movable in highly
viscous liquid.

According to Karmakar and Ghosh, in PEO-lithium salt-
based solid polymer, the macromolecule coils around Li+
ions and the O-atom in PEO chain provide a coordination
site for Li+ ions through the Lewis acid-base interaction. Li+
ions jump from one coordination site to another within the
amorphous phase. Moreover, the chain mobility of the poly-
mer host, which plays an important role in ion transport,
makes the ion transport mechanism in polymer electrolytes
complex [23].

Collins et al. [24] showed that, in the absence of an electric
field, charged structures capable of supporting current could
be produced by the general equilibrium as follows:

Neutral molecule
𝑘
1



𝑘
2

ion pair
𝑘
𝑑



𝑘
𝑓

free ions (3)

The neutral molecule and the ion pair are not capable of sup-
porting current, and the rate constants 𝑘

1
and 𝑘
2
are generally

not known and are not important to the treatment of the
problem of conduction in liquids.This step that produces free
ions from ion pairs is critical to understanding the devel-
opment of conduction in liquids. The rate constant 𝑘

𝑑
is

related to the dissociation of the ion pair into the charged
ions, and the rate constant 𝑘

𝑓
is related to the removal of

free ions through the recombination into ion pairs.Moreover,
with the application of a voltage with a positive polarity to
the electrode that supports the solution, the mechanism of
the charge carrier generation is called field enhanced disso-
ciation. Negative charges are immobilized in the electrode,
leavingmobile positive charges to respond to the electrostatic
stresses imposed by the electric field. The unconstrained
surface of the fluid enables multiple spinning sites to develop,
as shown in Figure 10 [24].

In the case of PEO in water solution, the dissociation of
the ion pair into the charged ions of the water molecules
under electric field is expressed as follows:

2H
2
O←→ H

3
O+ +OH− (4)

This creates a high number of ions. Negatively charged ions
are immobilized in the positively charged spinning electrode,
whereas positive charges move towards the collector elec-
trode. Adding salt increases the conductivity of solution over
the value required for the leaky dielectric model and leads to
the decreased number of Taylor cones. In the case of PU
solution, the molecules of DMF solvent do not dissociate.
Therefore, field enhanced dissociation is also not present.

PEOs in water solution show extremely high spinning
performance because of their high polarity and hygroscop-
icity. The PEO chains are used as a hygroscopic part of
detergents because of these properties. Their high polarity,
especially in water solutions, is characterized by a high value
of the dielectric constant, 𝜀 = 39 [25, 26].

Other basic properties of the solutions were not mea-
sured. However, a number of differences between the two
solutions may exist that may cause their different behaviours
in the electrospinning process. For instance, the kind and
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concentration of polar groups in polymers, solvents, and
polymer-solvent-salt systems are responsible for the inter-
actions of the component solutions with the electric field.
The characteristic and content of polar groups influence the
dielectric constant of materials. Water, DMF, and PEO show
high values of permittivity (80, 38, and 39, resp.) [25, 26].
The permittivity of PU is low (5–7), which may be the reason
for its poor spinnability. Spinnability of PU considerably
increases with the addition of salt [15]. This increase may be
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caused by the interactions between DMF and TEAB [19] or
between PU and salt.

3.2. Number of Jets. In electrospinning, PU and PEO show
important differences in their behaviour, such as the number
of jets on the spinning roller, as shown in Figure 11.
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Figure 10: Multiple fluid jets using the plane-plane electrode
configuration without capillaries.

First, the number of jets is considerably larger in PU than
in PEO by adding salt. Two attempts have been made to
explain this difference.

(1) The theory of shielding effect of conducting lightning
rods was considered [27]. According to this theory,
the electric field is screened out in conical spacewith a
tip at the end of the conductor and a top angle of about
45∘–60∘ [28–34].

(2) Lukáš et al. [35–37] calculated the distance between
jets by calculating the inter-jet distance called the crit-
ical wavelength. This parameter enables the estima-
tion of the relative productivity of the electrospinning
process.

Second, the number of PU cones increases with the salt
content of the solution. By contrast, the number of PEO cones

decreaseswith the increase in salt concentration.These effects
are difficult to explain as salt plays multiple roles.

(1) Salt (TEAB more than LiCl) creates complex struc-
tures (Figure 6)with PU,which leads to changes in the
macromolecule-macromolecule andmacromolecule-
solvent interactions. Consequently, viscosity, related
entanglement number, and stronger jets increase.The
following are the effects of salt on a PU solution.

(i) Stronger jets result in longer average life of jets
[20].

(ii) The jets are shorter because of higher content of
ions and greater viscosity [38], and the number
of jets increases.

These effects of salt do not occur in a PEO solution as salt does
not create complex structures with PEO.

(2) Salt increases the conductivity of polymer solutions.
Increase in conductivity changes the characteristic of
the polymer solution from a semiconductor to a con-
ductor.Therefore, the solution loses the characteristic
of a leaky model, which leads to the loss of ability
to create Taylor cones.The leaky dielectric model was
first proposed by Melcher and Taylor [39]. According
to Bahattacharjee and Rutledge [40], “a leaky dielec-
tric differs from a perfect conductor or a dielectric
material in that free charges accumulate on the
surface of the material in the presence of an external
electric field and modify the local field. Under these
conditions, two components of the electrical field
develop, one tangential to the interface and another
normal to it. The presence of a tangential component
on the surface prevents the interface from being in an
equilibrium condition and provokes it to deform. By
contrast, the electrical stress in perfect dielectrics and
conductors is always perpendicular to the interface.
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Figure 11: Number of jets on a roller.

Electromechanical coupling occurs at the fluid-fluid
interface alone; forces resulting from charges in the
bulk are negligibly small. As the fluid accelerates,
the tangential component of the electrical stress is
largely balanced by the viscous, or viscoelastic,
response of the fluid. Therefore, both the constitutive
behaviour and the electrical properties of the fluid
determine the condition of the process. If changes in
the conductivity resulting from salt addition are large
enough to alter the behaviour of the fluid from that of
a leaky dielectric to that resembling a conductor, then
the tangential component of the electrical stress that
accelerates the fluid is likely to diminish and the flow
process to be stopped. Through this limit, the elec-
trical stress is balanced only by the alteration of the
shape of the interface and surface tension only” [40].

Apparently, the effect of salt according to (2) works against
that in (1). In the case of PU, the effects described in (1)
predominate those in (2). In the case of PEO, only the effects
according to (2) apply.

The differences between PU and PEO behaviours are also
based on different polymer characteristics.

(1) PEO 400 kDa has a molecular weight high enough to
create strong jets even at a low concentration and cor-
responding viscosity. This is not the case in PU as PU
needs an increase in entanglement level using salt.

(2) PEO contains strong polar groups to obtain strong
interactions with an electric field. This condition
is expressed by a high value of dielectric constant.
Again, this is not the case in PU as PU needs an
increase in polarity by creating complexes with salt.

3.3. Spinning Performance and Spinning Performance per One
Cone. Spinning performance and spinning performance per
jet were measured and calculated for both solution systems.
In case of PU without salt, spinning was not observed. How-
ever, in the case of PEO without salt, spinnability was high
and only the polymer solution was transported to the surface
of the collector without forming fibres. A possible consequ-
ence of this behaviour is the electrical conductivity variation.

PU polymer shows good spinnability when salt is added
to it. Two kinds of salts (TEAB and LiCl) are used as additives;
both increase the conductivity and viscosity of solutions.
Cengiz and Jirsak [15] observed that TEAB increases the
viscosity of PU solutions, which means more extensive
interactions among macromolecules. A polymer network
becomes more solid. It leads to higher spinning performance
of solution [21].

PEO solution without salt is transported from the spin-
ning electrode to the collector in the electrospinning device,
but no fibres are formed; only the polymer solution moves
towards the collector. Hundreds of jets can be observed.
The addition of salt to the solution decreases its spinning
performance, and nanofibres are formed.

In principle, the spinning performance (Figure 12) shows
the same tendencies as the number of jets. Nevertheless, spin-
ning performance per jet (Figure 13) is not an independent
quantity. The amount of polymer solution flowing through
one Taylor cone depends on the viscosity of solution, the
thickness of a solution layer, and the drawing force of an
electric field, which are dependent on the dielectric properties
of the polymer or polymer solution.

3.4. Fibre Diameter and Nonfibrous Area. Quality of the
produced nanofibres and nanofibre layers was tested in the
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experiments in terms of fibre diameter (Figure 14) and nonfi-
brous area (Figure 15). In the PU electrospinning, the highest
salt content leads to an increase in viscosity and slightly
changes fibre diameters. High salt content also leads to a
low quality of PU nanofibre layers. By contrast, PEO nanofi-
bre diameter and quality of nanofibre layers do not signifi-
cantly depend on salt content above a certain limit.

4. Conclusion

Themain results of the experiments are as follows.

(i) Salt may influence the entanglement number and
polarity of macromolecules when creating complex
bonds with them. It also increases the conductivity of
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solutions that may cross the limit suggested in the
leaky dielectric model.

(ii) PEOat 400 kDa,with its high polarity andhigh entan-
glement number (strength of jets), shows high spin-
ning performance. This performance is reduced by
the increase in conductivity.

(iii) In the case of PU, salt creates complex bonds with the
polymer and increases the low polarity and entangle-
ment number, consequently increasing the spinning

performance. Further addition of salt may lead to
reduced spinning performance.However, it cannot be
proved because of the extreme increase in solution
viscosity.

Future Works

The results of this work should be considered as initial
findings on defining the parameters of needleless electrospin-
ning, introducing new parameters and developing methods
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to measure these new parameters for both aqueous and
nonaqueous solution systems. In the future, the following
topics should be focused on.

(i) Not enough studies have been conducted on the
permittivity effect on electrospinning. Theoretical
studies should present a full explanation and complete
description of the electrospinning process involving
the effects of permittivity on dependent parameters,
such as length of jet, distance between jets, current on
a jet, spinning performance, fibre diameter, lifetime of
jets, and spinning area.

(ii) Studies should be made on dependent and indepen-
dent parameters for both solution systems.

(iii) A full understanding of the relation between indepen-
dent and dependent parameters should be presented.

Nomenclature and Symbols of Solutions

PEO Solutions in Water, Polymer Concentration 6wt.%

PEO- : 0 concentration of salts
PEOT1- : 0.024mol/L TEAB
PEOT2- : 0.062mol/L TEAB
PEOT3- : 0.124mol/L TEAB
PEOL1- : 0.024mol/L LiCl
PEOL2- : 0.062mol/L
PEOL3- : 0.124mol/L.

PU Solutions in DMF, Polymer Concentration 17.5 wt.%

PU- : 0 concentration of salts
PUT1- : 0.022mol/L TEAB
PUT2- : 0.044mol/L TEAB
PUT3- : 0.071mol/L TEAB
PUL1- : 0.014mol/L LiCl
PUL2- : 0.028mol/L LiCl
PUL3- : 0.056mol/L LiCl.
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Design and fabrication of nanofibrous scaffolds should mimic the native extracellular matrix. This study is aimed at investigating
electrospinning of polycaprolactone (PCL) blendedwith chitosan-gelatin complex.Themorphologies were observed from scanning
electron microscope. As-spun blended mats had thinner fibers than pure PCL. X-ray diffraction was used to analyze the degree
of crystallinity. The intensity at two peaks at 2𝜃 of 21∘ and 23.5∘ gradually decreased with the percentage of chitosan-gelatin
complex increasing. Moreover, incorporation of the complex could obviously improve the hydrophilicity of as-spun blended mats.
Mechanical properties of as-spun nanofibrousmats were also tested.The elongation at break of fibrousmats increased with the PCL
content increasing and the ultimate tensile strength varied with different weight ratios.The as-spunmats had higher tensile strength
when the weight ratio of PCL to CS-Gel was 75/25 compared to pure PCL. Both as-spun PCL scaffolds and PCL/CS-Gel scaffolds
supported the proliferation of porcine iliac endothelial cells, and PCL/CS-Gel had better cell viability than pure PCL. Therefore,
electrospun PCL/Chitosan-gelatin nanofibrous mats with weight ratio of 75/25 have better hydrophilicity mechanical properties,
and cell proliferation and thus would be a promising candidate for tissue engineering scaffolds.

1. Introduction

Tissue engineering scaffolds play a key role that provides an
environment for cells activities in regeneration of new tissue.
In natural tissues, cells are surrounded by extracellularmatrix
(ECM), which is a complex composed of nanosized proteins
and glycosaminoglycans (GAGs) [1–3]. Electrospinning has
been proven to be a relatively simple technique that utilizes
high-voltage electrostatic field to drive the polymer solutions
or melts to produce nanofibers with diameter in the range
from micrometers down to tens of nanometers, which has
been investigated as a polymer processing technique for tissue
engineering application in recent years [4, 5]. Therefore,
scaffolds fabricated by electrospinning could mimic the
architecture of ECM.

Gelatin is a protein derived from partial hydrolysis of
collagen, and chitosan from deacetylated chitin is a polysac-
charide that has structure similar to GAGs in the ECM [6, 7].
Therefore, electrospun chitosan and gelatin complex could

further mimic the composition of natural ECM. During our
previous work, chitosan and gelatin complex, defined as
CS/Gel below, was successfully electrospun into nanofibers
[8]. However, the tensile strength and elongation of as-
spun mats were still too weak even after modification by
cross-linking, which would limit its application as nanofi-
brous scaffolds. Thus, incorporation of a synthetic polymer
would be necessary to improve the mechanical properties
for tissue engineering applications. Desired physical proper-
ties could be achieved through the development of hybrid
materials consist of synthetic and natural materials. Poly(𝜀-
caprolactone) (PCL) is a linear synthetic degradable polymer
with highmechanical strength and biocompatibility [9] and is
also a suitable candidate for fabricating fibrous scaffolds and
has been approved by Food and Drug Administration (FDA)
for various medical applications [10]. PCL has been blended
with chitosan to improve the spinnability [11] and blended
with collagen to fabricate aligned nanofibrous scaffolds to
support the oriented growth of nerve axons [12]. However,
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electrospun PCL nanofibrous mats had poor hydrophilicity
that would lead to reduction in its ability of cell adhesion,
proliferation, and differentiation [13]. Therefore, hybrids
made of synthetic and natural polymers could combine
the mechanical properties of synthetic polymers and the
biocompatibility of natural polymers. In the present work,
PCL was blended with CS-Gel complex and then electrospun
into nanofibrous mats. The fibers morphology, crystallites,
wettability, and mechanical properties of as-spun mats were
investigated by SEM, XRD, water contact angle test, and
tensile measurement. To evaluate the application in tissue
engineering, cell morphology and proliferation were also
studied.

2. Materials and Methods

2.1. Materials. Chitosan (M𝜂, about 106) with a degree of
deacetylation (DD = 85%) was purchased from Haidebei
Marine Bioengineering Co., Ltd. (Jinan, China). Gelatin
(Type A, 300 bloom) and polycaprolactone (PCL) (Mw
= 80000) were purchased from Sigma-Aldrich (St. Louis,
Missouri, USA). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFP)was
from Daikin Industries Ltd. (Japan) and trifluoroacetic acid
(TFA) was from Runjie Chemical Reagent Company (Shang-
hai, China). All products were received without further
purification.

2.2. Preparation of the PCL Blended with CS-Gel Solutions and
Electrospinning. Chitosan and gelatin complex (w/w= 50/50)
solution was obtained by mixing the chitosan solution, in
which chitosan was dissolved in HFP/TFA (V/V = 8/2), and
gelatin solution, in which gelatin was dissolved in HFP at the
same volume ratio, with concentration of 0.08 g/mL in the
final mixed solution.

Polycaprolactone (PCL) was dissolved in pure HFP with
concentration of 0.08 g/mL. PCL was blended with chitosan-
gelatin complex at different weight ratios by mixing solutions
at different volume ratios. Electrospinning was performed as
previously described [8]. If brief, 1mL plastic syringe con-
taining the above mixed PCL/CS-Gel solutions was mounted
in an accurate syringe pump (789100C, Cole-Parmer, USA).
The mass flow rate was set to 1.0mL/h. A voltage of 15 KV
between the syringe tip and the target, generated by high-
voltage power supply (BGG DC high-voltage generator),
purchased from the BMEI Co., Ltd. (Beijing, China), was
applied to the tip of a syringe needle. The as-spun nanofibers
were collected on a grounded metal plate, which was covered
with aluminum foil (or had medical grade plastic cover-
slides onside) and placed 13 cm from the tip of the syringe
needle.The electrospinning process was conducted under the
ambient conditions.

2.3. Characterization

2.3.1. Scanning Electron Microscopy. The morphologies of
the as-spun nanofibrous mats were observed by scanning
electron microscope (SEM, JSM-5600LV, Japan) and the

diameter distributionswere conducted by image visualization
software Image J (National Institutes of Health, USA).

2.3.2. Contact Angle Measurements. Surface wettability of
the electrospun scaffolds was characterized by water contact
angle measurement. The images of the droplet on the mem-
brane were visualized through the image analyzer (OCA 40,
Dataphysics, Germany) and the angles between the water
droplet and the surface were measured. The measurement
used distilled water as the reference liquid and it was auto-
matically dropped on the electrospun scaffolds. To confirm
the uniform distribution of blend nanofibrous scaffolds,
the contact angle was measured three times from different
positions and an average value was calculated by statistical
method.

2.3.3. Mechanical Properties Test. The mechanical properties
of the as-spun PCL/CS-Gel nanofibrous mats were tested
using universal materials tester (H5K-S, Hounsfield, UK). All
the samples (50mm × 10mm) were prepared and tested in
ambient temperature of 20∘C and humidity of 65%.The gauge
length was 30mm and the strain rate was set at 10mm/min.
Micrometer with precision of 0.01mm was used to measure
the thicknesses of the samples.The tensile stress-strain curves
of the specimens were obtained frommachine-recorded data.

2.4. Cell Viability and Proliferation. Porcine iliac endothelial
cells (PIECs) were cultured in DMEM medium containing
10% fetal bovine serum, 100 units/mL penicillin, and 100
units/mL streptomycin. Cells were placed in an incubator
set to 37∘C and 5% carbon dioxide (CO

2
). The medium was

changed every 3 days. Electrospun scaffolds were prepared on
circular cover slips (14mm in diameter). The cover slips were
placed in 24-well plates and then secured with stainless O-
ring, sterilized with 75% alcohol solution which was replaced
with phosphate-buffered saline solution (PBS) for washing
after two hours.

To evaluate the morphology and proliferation of cells
growing on the scaffolds, PIECs were seeded onto fibrous
scaffolds and control glass cover slips. For the morphology
study, PIECs were seeded carefully in the center of each
well at a density of 1.0 × 105 cells/cm2. After culturing for
24 hours, the cells on the mats were rinsed with PBS and
then fixed in 4% glutaraldehyde water solution for 45min
at 4∘C temperature. Thereafter, the samples were dehydrated
in alcohol solutions with concentrations of 50%, 75%, and
100% in turn and then dried under vacuum overnight. The
dry cellular constructs were coated with gold sputter and
observed under the SEM at a voltage of 10 KV. For cell
proliferation tests, PIECs were seeded onto the as-spun mats
at a density of 2.5 × 104 cells/cm2. Cell proliferation was
continually monitored on days 1, 3, 5, and 7 after cell seeding.
At the time points stated above, the cells and electrospunmats
were incubated with 5mg/mL 3-[4,5-dimethyl-2-thiazolyl]-
2,5-diphenyl-2H-tetrazolium bromide (MTT) for 4 h and
then the culture medium was extracted and 400 𝜇L dimethyl
sulfoxide (DMSO) was added and stayed for 20min. Finally,
aliquots were pipetted into the wells of a 96-well plate and
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tested by an enzyme-labeled instrument (MK3,Thermo) and
the absorbance at 492 nm for each well was measured.

3. Results and Discussion

3.1. Fiber Morphologies. Figure 1 shows SEM micrographs
of electrospun mats prepared from PCL blended with CS-
Gel complex at different weight ratios. From Figure 1(a),
the as-spun pure PCL fibers lost their basic morphology of
ultrathin fiber structure and interconnected between fibers.
When the weight ratio of PCL to CS-Gel complex was 75/25,
the morphology of as-spun fibers became smooth and the
nanofibers diameter decreased significantly from 893 nm to
114 nm, as shown in Figure 1(b). The reason could be that the
conductivity of the blended solutionswas increased. Chitosan
and gelatin have many polar groups, such as –NH

2
and –

COOH, that could carry positive or negative charges and
formpolyanion-polycation complex.The ejected jet would be
subjected to greater elongation forces due to higher charge
density on the surface [14, 15]. Moreover, the jet bending
instability could be enhanced because of the increasing of
charge density and thus result in smaller fiber diameter
[16, 17]. However, when the weight ratio of PCL to CS-Gel
complex was 50/50, the average diameter slightly increased
to 154 nm. The reason of increasing could be the diameters
distributed at larger range from 40 nm to 388 nm, while the
diameters ranged from 57 nm to 221 nm when PCL content
was 75%. When estimating the size of as-spun diameters, at
least 60 fibers randomly observed on the SEM images were
calculated to get the average diameter. The proportions of
fibers with diameters less than 100 nm, ranging from 100 nm
to 200 nm, and more than 200 nm were 46.2%, 49.2%, and
4.6%, respectively, at PCL percentage of 75%, while 40.3%,
25.4%, and 34.3%, respectively, at PCL content 50%. It could
also be illustrated from Figure 1(c) that the fibers exhibit less
uniform at PCL content of 50% than fibers at PCL content
of 25%. For the CS-Gel complex, the average diameter was
231 nm and the diameters ranged from 63 nm to 707 nm.

3.2. X-Ray Diffraction (XRD). Figure 2 shows X-ray patterns
of electrospun PCL blended with CS-Gel complex at different
weight ratios. PCL showed a sharp peak at 2𝜃 of 21∘ and a
relatively low intensity peak at 23.5∘, showing the crystalline
nature of PCL nanofibrous mats. With the percentage of CS-
Gel complex increasing, the intensity of peak at 2𝜃 of 21∘
and 23.5∘ gradually decreased and became amorphous broad
peak for CS-Gel nanofibrous mats.The decreased intensity of
blendednanofibrousmats indicates reduction in the degree of
crystallinity and the as-spunCS-Gelmats have an amorphous
structure.

3.3. Water Contact Angle Analysis. The surface wettability
of biomaterials plays an important role for the attachment
and proliferation of different cells [13, 18]. To investigate the
surface properties of fibrous mats, water contact angles were
measured and shown in Figure 3. The pure PCL nanofibrous
mats showed an angle around 128∘ indicating that PCL
nanofibrous scaffolds were hydrophobic. The reason could

Table 1: Mechanical properties of PCL blended with CS-Gel
complex at different weight ratios (𝑛 = 3).

PCL/CS-Gel
Elongation at

break
(%)

Tensile
strength
(MPa)

Thickness
(mm)

100/0 127.2 ± 12.22 5.52 ± 0.07 0.119 ± 0.015

75/25 85.87 ± 2.41 17.6 ± 0.51 0.096 ± 0.005

50/50 34.93 ± 5.88 3.67 ± 0.26 0.111 ± 0.014

25/75 19.47 ± 2.34 2.24 ± 0.35 0.201 ± 0.017

0/100 2.71 ± 0.16 2.07 ± 0.18 0.106 ± 0.005

be the presence of CH
2
groups in the main chain of PCL

that leads to the hydrophobic property. The contact angles
of blended nanofibrous mats decreased to 69∘, 60∘, and
28∘, respectively, when the percentages of CS-Gel were 25%,
50%, and 75%, implying that the blended nanofibrous mats
transformed to be hydrophilic. The reason is that CS-Gel
complex has many hydrophilic groups, such as amine and
carboxyl. Hydrophilic surfaces exhibit better affinity for cells
than hydrophobic surfaces [19]. However, when the CS-Gel
content was more than 50%, the membrane partly dissolved
during the water contact angle test, and CS-Gel membrane
dissolved completely.

3.4. Mechanical Properties of Electrospun PCL Blended with
Chitosan-Gelatin Complex. Themechanical properties of as-
spun mats have an important effect on successful application
in tissue engineering. The typical tensile stress-strain curves
of PCL blended with CS-Gel complex nanofibrous mats
were shown in Figure 4. The average elongation at break
and average ultimate tensile strength, as determined by the
stress at break normalized to the cross-sectional area of as-
spun mats, were summarized in Table 1. Figure 4 and Table 1
showed that the elongation at break of nanofibrous mats
increasedwith the PCL content increasing, while the ultimate
tensile strength variedwith different weight ratios.The failure
process of nanofibrous mats involved slippage and break of
fibers.The unit of PCLmolecule has fivemethylenes that lead
to the good flexibility. When the percentage of CS-Gel com-
plex was more than 50%, as-spun nanofibrous mats exhibit
typical brittle fracture. With increasing the PCL percentage
to 75%, nanofibrousmats transformed from brittle to flexible.
However, it is interesting to find that pure PCL mats had
lower tensile strength than PCL/CS-Gel (75/25). Lee et al.
[2] studied the effect of gelatin incorporation into PLCL and
also found that gelatin incorporation of 10–30wt% had an
enhanced tensile strength.The reason could be the reduction
of fibers diameter when incorporating chitosan and gelatin
complex. Fibers with thinner diameter would have better
tensile strength. Thus, the mechanical properties of PCL/CS-
Gel at weight ratio 75/25were better comparedwith both PCL
and CS-Gel complex.

3.5. Morphology and Proliferation of PIECs on PCL and
PCL/CS-Gel Scaffolds. When the weight ratio of PCL to
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Figure 1: Continued.
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Figure 1: SEM micrographs and diameter distributions of as-spun PCL blended with CS-Gel complex at different weight ratios, PCL to
CS-Gel complex: (a) 100/0; (b) 75/25; (c) 50/50; (d) 25/75; (e) 0/100.
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Figure 4: Mechanical properties of electrospun PCL blended with
chitosan and gelatin complex at different weight ratios.

CS-Gel was 75/25, defined as PCL/CS-Gel below, the as-
spun mats had better mechanical properties and hydrophilic
surfaces. The morphology of the cells cultured on PCL and
PCL/CS-Gel scaffolds was evaluated by SEM. Figure 5 shows
the cell morphology on PCL, PCL/CS-Gel scaffolds, and
cover slips (control) at 24 h after seeding. PIECs extended
well on the surface of the above two scaffolds with polygonal
shape, and nanofibrous scaffolds had better cell viability in
comparison with cover slips. Moreover, cells spread more
easily to form endothelial layer on PCL/CS-Gel scaffold
than pure PCL, implying that incorporation of CS-Gel into
PCL could improve the biocompatibility. The incorporation
of functional groups such as NH

2
, COOH, and OH could

introduce cell recognition sites to promote cell-material
interactions [20].
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Figure 5: Morphology of PIECs cultured on PCL, PCL/CS-Gel, and cover slips (control): (a) PCL, (b) PCL/CS-Gel, and (c) cover slips.

The proliferation of PIECs cultured on PCL, PCL/CS-Gel,
cover slips, and tissue culture plates (TCPs) on days 1, 3, 5, and
7 after seeding was shown in Figure 6. During being cultured
for 7 days, cells grew well and exhibited increasing trend. On
day 7, cells on PCL/CS-Gel appeared more increasing than
PCL and cover slips. Thus, PCL/CS-Gel scaffolds would be
potential candidate in tissue engineering.

4. Conclusion

In this work, we developed PCL blended with CS-Gel com-
plex nanofibrous mats. PCL blended with CS-Gel complex
at different weight ratios was successfully electrospun and
subsequently characterized by SEM, XRD, and water contact
angle test. SEM analysis indicates that blended mats have
thinner fibers than pure PCL, and the average diameter was

the smallest when PCL to CS-Gel (w/w) ratio was 75/25.
FromXRD analysis, the degree of crystallinity decreasedwith
the percentage of CS-Gel complex increasing. Incorporation
of chitosan-gelatin complex could obviously improve the
hydrophilicity of as-spun mats from water contact angle
test. However, the nanofibrous mats became partly dissolved
when CS-Gel complex content was more than 50%. From
mechanical properties test, the elongation at break increased
with the PCL content increasing. PCL/CS-Gel (w/w = 75/25)
exhibited higher tensile strength. Finally, cell morphology
and proliferation were studied. PCL/CS-Gel scaffolds have
better proliferation than pure PCL. Based on these results,
PCL/CS-Gel nanofibrous scaffolds with weight ratio of 75/25
have better hydrophilic property, mechanical properties, and
cell proliferation, which would be a promising candidate for
tissue engineering scaffolds.
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