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Recently, nanofibrous scaffolds have been used in the field of biomedical engineering as wound dressings, tissue engineering
scaffolds, and drug delivery applications. The electrospun nanofibrous scaffolds can be used as carriers for several types of
drugs, genes, and growth factors. PCL is one of the most commonly applied synthetic polymers for medical use because of its
biocompatibility and slow biodegradability. PCL is hydrophobic and has no cell recognition sites on its structure. Electrospinning of
chitosan and PCL blend was investigated in formic acid/acetic acid as the solvent with different PCL/chitosan ratios. High viscosity
of chitosan solutions makes difficulties in the electrospinning process. Strong hydrogen bonds in a 3D network in acidic condition
prevent the movement of polymeric chains exposed to the electrical field. Consequently, the amount of chitosan in PCL/chitosan
blend was limited and more challenging when the concentration of PCL increases. The treatment of chitosan in alkali condition
under high temperature reduced its molecular weight. Longer treatment time further decreased the molecular weight of chitosan
and hence its viscosity. Electrospinning of PCL/chitosan blend was possible at higher chitosan ratio, and SEM images showed a
decrease in fiber diameter and narrower distribution with increase in the chitosan ratio.

1. Introduction

Electrospinning has received widespread attention as an
easy and adaptable technique which leads to fabrication of
fibers in nanometer size scale. Nanofibers provide remarkably
high surface area for surface interchanges, a significantly
improved interconnected pore architecture for diffusion and
transportation of biological fluid, nutrient, and drugs for
tissue engineering and drug delivery applications [1]. Uti-
lizing electrospun fibers and nanofibrous meshes in tissue
engineering applications often includes several considera-
tions: selection of material, fiber orientation (aligned or
random), porosity, and surface modification. Both natural
and synthetic (biodegradable and nondegradable) materials
as well as hybrid blends can be used depending on specified
mechanical and biomimetic properties [2, 3]. Also by varying
the processing and solution parameters, fiber orientation

and porosity/pore size of the electrospun scaffold can be
controlled and optimized for each individual application.

In tissue engineering, the scaffold prepares a three-
dimensional (3D) construct for cell attachment, proliferation,
and formation of an extracellular matrix (ECM), as well as
a carrier of growth factors or other biomolecular signals [4].
Scaffolds for tissue engineering should have goodmechanical
properties, suitable biodegradability, and most importantly
good biocompatibility [4, 5]. Particularly, the surface prop-
erties of the material define the interactions between the cells
and the material and, consequently, affect cell adhesion [6].

Poly(𝜀-caprolactone) (PCL) is one of the most com-
monly applied synthetic polymers for medical use because
of its biocompatibility and slow biodegradability. PCL is
hydrophobic, so presence of another component which
embeds hydrophilicity and cell attachment is necessary in
scaffold fabrication. Electrospinning of pure PCL has been
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studied expansively [7–13]. Van der Schueren et al. [13] intro-
duced an acetic acid/formic acid (AA/FA) solvent system for
the electrospinning of PCL. Chitosan has been widely used
in different biomedical areas because of its various advan-
tages like biocompatibility, biodegradability, hydrophilicity,
nonantigenicity, antimicrobial activity, nontoxicity, bioadher-
ence, and cell affinity, which make it the ideal candidate
for uses in a wide range of applications. It is a linear
biopolymer and is usually obtained by alkaline deacetylation
of chitin, the second most abundant biopolymer in nature
after cellulose [14]. Chitosan is soluble in organic acids, such
as aqueous acetic acid and formic acid. Free amino groups
alongside chitosan chain become positively charged in acidic
condition. Formation of hydrogen bonds in 3D network
inhibits chain movement and limits the electrospinning.
This drawback is a challenge for researchers and they have
come up with different solutions which can be put in two
categories: firstly using a suitable solvent system and secondly
blending chitosan with another polymer. Ohkawa et al.
[15] successfully prepared pure chitosan nanofibers using
trifluoroacetic acid (TFA) as solvent. TFA can form salts with
the amino groups of chitosan and thus prevent intermolec-
ular interactions between chitosan chains in electrospinning
process [16]. Spinnability of chitosan in aqueous solutions of
acetic acid also has been investigated [15, 17, 18]. Formation
of nanofibers and their morphology are highly influenced by
acetic acid concentration and chitosan molecular weight and
percentage.

The second polymer acts as an attenuating factor to
limit the hydrogen bonds between chitosan chains and thus
making the electrospinning of the polymer mixture possible.
For example, polyethylene oxide (PEO) [19, 20] and polyvinyl
alcohol (PVA) [21–23] have been investigated to improve the
spinnability of chitosan. They reached to the point that the
formation of nanofibers is highly dependent on themass ratio
of two polymers and higher mass ratio of chitosan is just
possible in lower molecular weight of chitosan. Li and Hsieh
[21] showed that themaximum ratio of PVA/chitosanwas just
17/83 for chitosan with medium molecular weight; therefore,
they introduced alkali pretreatment to decrease themolecular
weight of chitosan. This also was approved by Homayoni
et al. [23]; the molecular weight of chitosan decreased with
an alkali pretreatment and led to good results in increasing
the chitosan ratio in the blend.

Electrospinning of PCL/chitosan nanofibres has only
recently been performed in some mix solvent systems [19,
24–29]. Recently, PCL/chitosan nanofiber was fabricated by
electrospinning of PCL/chitosan polymeric blend in an acetic
acid/formic acid (AA/FA) solvent mixture [28]. Electrospin-
ning of solutions containing different polymer concentration
performed at the voltage which assured a stable cone. Van
der Shueren et al. [28] showed that adding chitosan below
13wt% PCL improved the spinnability of PCL, but there
is limitation in chitosan amount as for the least possible
PCL this amount is around 1.8 wt% and for higher amount
of PCL this amount decreases significantly. Limitation of
electrospinning of PCL/chitosan blend is related to the poly-
electrolyte properties of chitosan which limit its solubility in
acidic solutions. For 8wt% PCL the maximum wt% chitosan

is ≤1. The limitations of solubility of medium molecular
weight chitosan and chain entanglement problem in acidic
condition affect its blend with PCL in new solvent system. So
in this study alkali pretreatment of chitosan on spinnability,
applicable portion of chitosan in PCL/Chitosan blend, and
morphology of fabricated nanofibers were investigated.

2. Materials and Methods

2.1. Materials. Chitosan with medium molecular weight was
purchased from Sigma-Aldrich. PCL with molecular weight
70,000–90,000 was supplied from same company. 98 v%
formic acid was obtained from Sigma-Aldrich, 99.8 v% acetic
acid from Merck, and sodium hydroxide pellet from QREC
(Asia) SDN BHDMalaysia.

2.2. Methods

2.2.1. Reducing the Molecular Weight of Chitosan. To reduce
the molecular weight of chitosan, the polymer powder was
treated in a 50%NaOH with a chitosan/NaOH ratio of 1/25
(w/v) at the temperature of 95∘C for 48 hours. Then, sample
was strained and rinsed with distilled water, naturalized with
acetic acid, and rinsed and dried at 60∘C for 16 hours.

2.2.2. Preparation of the PCL/Chitosan Solutions. The elec-
trospinning solutions were prepared by dissolving 2.5 wt%
untreated chitosan, 7 wt% treated chitosan, and 8wt% PCL
individually in the solvent mixture acetic acid/formic acid
(30/70). The solutions were magnetically stirred at room
temperature for three hours, time needed for complete dis-
solution and finally mixed with PCL/chitosan solution ratio
30/70, 50/50 and 70/30 v/v% to study the effect of component
ratio in electrospinning process.

2.2.3. Electrospinning. The polymer solution was pumped
from a 5mL syringe into a needle gauge 23. The voltage was
in the range of 18–28 kV. Electrospinning was carried out at
room temperature (22 ± 2∘C) and at a relative humidity of
65 ± 5%. The tip to collector distance was set at 12.5 cm. The
flow rate was set at 0.5mLh−1 and spinning was performed
for 30min.

2.2.4. Characterization. The morphology of electrospun
PCL/chitosan fibers was observed with a scanning electron
microscope (SEM). The diameter of the fiber was measured
from the SEM micrographs using image analysis software
(Image J, National Institutes of Health, USA).

Viscosities of solutions were measured by Brookfield
Viscometer. FTIR spectroscopy was used to identify the
changes of chitosan chemical bonds after treatment and to
see the presence of component in blend. Samples with same
dimensions were mixed with potassium bromide (KBr) to
make pellets. FTIR spectra in the transmission mode were
recorded using FTIR spectrometer (Perkin Elmer Series FTIR
Spectrometer, USA), connected to a PC, and the data was
analyzed by IR Solution software.
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Figure 1: FTIR spectra of treated and untreated chitosan. (A) Untreated chitosan, (B) treated chitosan for 24 hours, and (C) treated chitosan
for 48 hours.

3. Results and Discussions

3.1. Alkali Treatment. Alkali treatment decreases the molec-
ular weight of chitosan by hydrolyzing the oxygen bonding
the glucose amine groups. This effect on molecular weight
depends on the treatment time. Chitosan treatment for 48
hours showed the best result regarding the spinnability of
pure chitosan [30]. Hydrolyzing occursmore progressively by
increasing treatment time. As after 5 hours molecular weight
decreased from 1,094,804 to 1,043,791 and then by continuing
the process for 16, 32, and 48 hours it changed to 645,023,
341,782, and finally 293,763 g/mol [12].

Alkali treatment does not change the chemical nature
of chitosan. It was proved with Fourier transform infrared
(FTIR). Spectra of untreated, 24 hours, and 48 hours treated
chitosan polymers are demonstrated in Figure 1. All tree
spectra show the same trend at distinctive wavelengths: C–
OH groups at around 3450 cm−1, N–H groups at 1650 cm−1,
and oxygen bonding at around 1150 cm−1, 800 cm−1. Physical
changes because of molecular weight reduction lead to some
small deviations in the positions of these peaks in the
spectrum of the treated chitosan corroborate.

Figure 2 shows the FTIR spectra of pure PCL and
PCL/chitosan blend nanofibers; the distinguished feature
for PCL is the carbonyl stretching absorption at around
1730 cm−1, and the spectra of PCL and chitosan blend in the
form of untreated or even treated chitosan are very similar to
the spectra of pure PCL except in some differences at around
3450 cm−1, 1630–1670 cm−1, and 1100 cm−1 which contribute
to chitosan groups as described in FTIR spectra of chitosan.
In the area of 1700 cm−1, there is a deeper absorbance in

PCL/chitosan both treated and untreated which is related
to the hydrogen bond between carbonyl groups of PCL and
chitosan. So this area is identically related to interaction
between PCL and chitosan.

3.2. Electrospinning. PCL/chitosan blend nanofibres provide
an excellent nanostructured material for biomedical use
as their valuable properties are combined into one. The
new solvent system leads to production of very fine and
beadless nanofibres above 13 wt% PCL. The electrospin-
ning of PCL/chitosan blends using 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP), dimethylformamide/methylene chloride
(DMF/MC), HFIP/TFA/DCM, acetone/formic acid, and
acetic acid/formic acid were carried out before. Because of
the toxicity and high price of most of these solvents, only
the AA/FA solvent system seems applicable in PCL/chitosan
electrospinning.

Themain characteristic of a reproducible electrospinning
process is a stable Taylor cone. Thus, voltage for all electro-
spinning processes has been adjusted for formation of utmost
stable Taylor cone. Table 1 shows that for untreated chitosan,
electrospinning of PCL/chitosan solution with the ratio of
70/30 was performed under 21 kV but increasing the portion
of chitosan leads to polymer chain entanglement and inhibits
nanofiber formation even at higher voltage. Alkali pretreat-
ment decreases molecular weight of chitosan considerably;
consequently, the viscosity of the same amounts of treated
and untreated chitosan was not comparable, so for treated
chitosan a solution of 7wt% was prepared to make the result
comparable with untreated chitosan concerning viscosities.
Required voltage for polymeric blend with the ratio of 70/30
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Figure 2: FTIR spectra of (A) 8wt% PCL/2.5% untreated chitosan (70/30), (B) 8wt% PCL/7% treated chitosan (70/30), and (C) pure PCL
nanofibers.

Table 1: Electrospinning of PCL/chitosan blend and effect on
required voltage.

PCL/chitosan blend Applied voltage
8% PCL and 2.5% untreated chitosan (70/30) 21
8% PCL and 7% treated chitosan (70/30) 25
8% PCL and 2.5% untreated chitosan (50/50) —
8% PCL and 7% treated chitosan (50/50) 28

PCL/treated chitosan was 25 kV, and for higher portion of
chitosan with 50/50 of PCL/treated chitosan a higher voltage
of 28 kV was needed.

Figures 3, 4, and 5 demonstrate the SEM images of
nanofibers with the ratio of 70/30 PCL/untreated chitosan
and 70/30, 50/50 PCL/treated chitosan, respectively. Table 2
shows the average diameter of nanofibers and the coefficient
of variation of nanofibers. PCL/treated chitosan nanofibers
with the ratio of 70/30 have lower average diameter of
205 nm compared to 356 nm for blend nanofiber fabricated
by untreated chitosan. Both higher applied voltage and easier
movement of polymer chains are the reasons for thinner
fibers for treated chitosan and PCL blend. And additionally
the narrower fiber distribution is due to the higher applied
voltage. Increasing the portion of chitosan in PCL/treated
chitosan sample caused fabricating thinner fibers with less
variation which is related to higher required voltage for
spinning in a stable condition.

Figure 3: SEM image 8wt% PCL/2.5% untreated chitosan (70/30).

4. Conclusions

In this study, the influence of themolecularweight of chitosan
on spinnability of PCL/chitosan blends was investigated
with an electrospinning technique. Alkali treatment has
been introduced as a solution to decrease the molecular
weight of medium molecular weight chitosan and, thus,
reduction of hindering effect of positively charged amine
group when spinning. This treatment does not change the
chemical structure of chitosan. Treated chitosan in blendwith
PCL nanofibers caused fabrication of smaller diameter and
narrower deviation compared to untreated chitosan. Smaller
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Figure 4: SEM image 8wt% PCL/7% treated chitosan (70/30).

Figure 5: SEM image 8wt% PCL/7% alkali treated chitosan (50/50).

Table 2: Average diameter, coefficient of variation, and surface
porosity of chitosan blend.

PCL/chitosan blend Average diameter
(nm)

Coefficient of
variation %

8% PCL and 2.5% untreated
chitosan (70/30) 356.29 172.10

8% PCL and 7% treated
chitosan (70/30) 204.81 83.92

8% PCL and 2.5% untreated
chitosan (50/50) — —

8% PCL and 7% treated
chitosan (50/50) 317.46 67.37

diameter is related to easier movement of chitosan polymer
chains exposed to high voltage during electrospinning. Also
increasing chitosan ratio in blend with PCL is possible to be
considered for further studies in biomedical application.
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