Pharmacia 70(3): 465-473
DOI 10.3897/pharmacia.70.e98122

& PHARMACIA

Fabrication of blended chitosan nanofibers
by the free surface wire electrospinning

Nawzat D. AlJbour'?, Mohammad Dalour Hossen Beg'?,
Jolius Gimbun', Mior Ahmad Khushairi Moh Zahari'

1 Center of Excellence for Advanced Research in Fluid Flow (CARIFF), Faculty of Chemical and Natural Resources Engineering, Universiti Malaysia
Pahang, Gambang 26300, Kuantan, Malaysia

2 Faculty of Pharmacy, Middle East University, Amman, Jordan

3 School of Engineering, University of Waikato, Private Bag 3105, Hamilton 3240, New Zealand

Corresponding authors: Nawzat D. AlJbour (naljpbour@meu.edu.jo); Mohammad Dalour Hossen Beg (dhbeg@yahoo.com)

Received 28 November 2022 ¢ Accepted 14 June 2023 ¢ Published 10 July 2023

Citation: AlJbour ND, Beg MDH, Gimbun J, Zahari MAKM (2023) Fabrication of blended chitosan nanofibers by the free surface
wire electrospinning. Pharmacia 70(3): 465-473. https://doi.org/10.3897/pharmacia.70.¢98122

Abstract

Nanofibers are fibers with diameters in the nanometer range. They are characterized by their high surface area to volume ratio,
flexible surface functionalities, and superior mechanical properties. Chitosan is a polycationic polymer which is abundant in nature.
Chitosan nanofibers have been widely explored for different potential applications such as wound dressing, tissue engineering, and
drug delivery systems. It is difficult to directly spin pure chitosan, due to its high molecular weight, low solubility, and high viscosity.
To produce nanofibers, chitosan is commonly blended with other polymers that possess fiber forming capabilities such as polyvinyl
alcohol, polycaprolactone, and Polylactic acid. In this study chitosan oligomers of an average molecular weight 15 kDa was blended
with the three copolymers at different weight ratios. The fibers were prepared by the free surface wire electrospinning process, and
the formed Chitosan nanofibers were characterized by Scanning Electron Microscopy (SEM). SEM results showed that blending
chitosan with PLA enhances its spinnability and facilitates uniform and smooth morphology. Blending chitosan with PLA produced
nanofibers with better quality, compared to PVA, and PCL.
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Introduction face modifications, increased functionalities, and supe-

rior mechanical performance (including stiffness and

Nanofibers are fibers with diameters in the nanometer
range with impeccable features that makes them suitable
for various applications. it is well known that reduction
in the diameter of materials could impart more desirable
features into such material. As such reduction in fiber
sizes from micrometres (10-100 mm) to submicron’s or
nanometres (10x103-100x10* mm), would afford them
different characteristic features such as larger surface
area to volume ratio, increased flexibility towards sur-

tensile strength). These outstanding properties make
polymeric nanofibers ideal candidates for many import-
ant applications. In addition, these nanofibers exhibit
interesting porosity and structure that could mimic the
structure of the extracellular matrix (Son et al. 2014).
Some of the notable applications where polymeric nano-
fibers have gained large interest include fields such as
electronics, textile, medical, conductors, enzyme im-
mobilization, nanocomposites, and general chemistry
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(Haider et al. 2018). Notably, polymeric nanofiber mats
have been reportedly used for the delivery of both hy-
drophilic and hydrophobic drugs (Song et al. 2018; Xu et
al. 2011). Interestingly, the use of nanofibers could offer
advantages such as cost effectiveness, ease of produc-
tion, high encapsulation efficiency, high drug loading
capacity, multi drug delivery, and improved controlled
drug release profiles.

Production of nanofibers could be through any of the
processes such as drawing, self-assembly, phase separa-
tion, and electrospinning. Among these methods, elec-
trospinning is of particular interest. In fact, it is being
considered as the most cost effective, simple approach to
produce ultrafine fibers with a simple set-up. Electrospin-
ning is a progressive method which produces fibers rang-
ing from the submicron range to several nanometres of
diameter using a high voltage electrostatic field. Neverthe-
less, despite the advantages offered by this process, the low
throughput has been a serious bottleneck that limits its
applications (Wen et al. 2016). Another major limitation
is the potential complicated structures which could arise
from multiple-fluid spinning processes (Yang et al. 2016;
Yu et al. 2016). Interestingly, literature have revealed that
the free surface electrospinning system using Nanospider
electrospinning technology could help to overcome the
challenges associated with conventional electrospinning
processes. For example, this technique offers the possibili-
ty for continuous and mass production of nanofiber layers
(Yalcinkaya 2016).

Chitin and chitosan are polysaccharides obtained from
the exoskeleton of arthropods and cell walls of fungi and
yeast. They possess excellent biocompatibility and biode-
gradability, with versatile biological performance such as
antimicrobial activity, low immunogenicity, and low tox-
icity (Murphy et al. 2013; Sainitya et al. 2015). Likewise,
these biopolymers possess peculiar amino functionality
and two hydroxyl groups which makes it easier for them
to be chemically modified. In addition, a host of enzy-
matically modified products can be obtained from them.
Therefore, they are highly desirable in several important
applications, such as biomedical, pharmaceutical, and
biotechnological applications (Kumar et al. 2014; Dhivya
etal. 2015).

Currently, electrospun nanofibers based on chitosan
have been widely studied, and various nanofibers with
chitosan as the essential component have been produced
by electrospinning with reports showing that these ma-
terials could be applied in various applications. It is of
great advantage to chitosan that it is soluble in most
acids, and the protonation of chitosan changes it into a
polyelectrolyte in acidic solutions. Notwithstanding, it is
difficult to fabricate pure chitosan nanofibers because the
application of a high electric field during electrospinning
triggers the repulsive forces between ionic groups within
the polymer backbone. This would result in the forma-
tion of beads instead of fibers (Min et al. 2004). How-
ever, different solvents have been combined to prepare
spinnable nanofibers of chitosan which produced better

fibrous properties (Ziani et al. 2011; Mendes et al. 2016).
In addition, chitosan nanofibers have been prepared by
blending chitosan with other spinnable polymers to pro-
duce spinnable blends.

The preparation of blended nanofibers helps to solve
the problem of chitosan nanofibers formation. In addi-
tion, it could lead to synergy between chitosan and the
blended polymer. In fact, the blended nanofibers are more
advantageous compared to the single electrospun nanofi-
bers, for improving the mechanical, structural antibacteri-
al, biocompatible, and engineered properties of materials
(Yalcinkaya 2016).

The significance and novelty of this research is in the
use of the free surface wire electrospinning process in the
fabrication of chitosan nanofibers. Free surface wire elec-
trospinning process is considered of high potential to solve
the problem of mass production accompanying most of
the conventional processes used for nanofibers formation.
The high productivity in addition to the ease of setting up
and clean up give this process superior strength compared
to others available techniques. Therefore, fabricating the
nanofibers of chitosan using this process is considered of
high importance.

The objective of this research is to fabricate chitosan
nanofiber mats using the free surface wire electrospin-
ning process. Specifically, chitosan was blended with oth-
er polymers such as PVA, PCL, and PLA to improve the
structural properties of the produced nanofibers.

Materials and methods

Materials

Low molecular weight chitosan (LMWC), (15 kDa,
100%DDA) was prepared in-house using the acid hy-
drolysis method by the use of 2M Hydrochloric acid.
The produced chitosan was characterized for its degree
of deacetylations by the 1% derivative UV method, the
viscosity average molecular weight of chitosan was de-
termined using Marck-Houwink Equation. Poly (lactic
acid) (PLA) (3052D), poly (caprolactone) (PCL) (23
kDa), and poly (vinyl) alcohol (PVA) (30kDa) which
were used as a copolymer for the nanofiber preparation
were purchased from Unic Technology Ltd, Taiwan. On
the other hand, dichloromethane (99.8%) was purchased
from Merck, Germany.

Preparation of the spinning blend

About 9 g of PVA was dissolved in water to prepare a
solution of 9 wt% concentration. Then, specific amounts
of PCL, and PLA were dissolved in dichloromethane or
in the (30:70) mixture of (acetic acid: formic acid) to
prepare solutions of 3 wt% PCL, 10% PCL, and 6 wt%
PLA. The 15 kDa chitosan was blended with the previ-
ously prepared PVA, PCL, and PLA solutions by adding
the required amounts of chitosan and kept them under
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Table 1. Concentrations of chitosan and copolymers in the spinning blends.
NO Sample ID Solvent CsMwt  %wtCsin  %wtPVAin %wtPCLin %wt PLA in
(kDa) solution solution solution solution
1 9% PVA water 15 0 9 - -
2 3% PCL, 2.5% Cs 15kDa Dichloromethane 15 2.5 - 3 -
3 10% PCL, 2.5% Cs 15kDa (acetic acid: formic acid) (30:70) 15 2.5 - 10 -
4 2% PLA Dichloromethane 15 0 - - 2
5 4% PLA Dichloromethane 15 0 - - 4
6 6% PLA Dichloromethane 15 0 - - 6
7 6% PLA, 2% Cs 15 kDa Dichloromethane 15 2 - - 6
8 6% PLA, 15% Cs 15 kDa Dichloromethane 15 15 - - 6
9 6% PLA, 25% Cs 15 kDa Dichloromethane 15 25 - - 6

continuous stirring for 24 h. The composition of the dif-
ferent grades of the prepared spinning blends are shown
in Table 1.

Fabrication of chitosan nanofibers us-
ing free surface wire electrospinning
system (NANOSPIDER)

The electrospinning of chitosan blended nanofibers was
conducted at room temperature using Nanospider Elec-
trospinning Machine (Elmarco) (which is shown in Fig. 1)
by applying a voltage of 45 kV at a carriage speed of 200
mm/sec, during which the relative humidity in the spin-
ning chamber was kept in the range of 60-69%. The elec-
trospun fibers were collected using a take-up cylinder, on
a conveyer which is placed between the two wire elec-
trodes, and at a height of 210 mm from the lower wire.

Morphology of chitosan blended nano-
fibers

Morphology of the produced fibers was observed through
SEM (Hitachi Tabletop TM 3030, Japan). The samples
were placed on aluminum stubs after sputtering with a
layer of gold, and the diameters of the electrospun fibers
were calculated using Image] 1.52a software (National In-
stitutes of Health, USA). The average fiber diameters, and
diameter distributions was obtained by taking measure-
ment of 100 fibers selected from 3 different samples.

Collector
|_
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% < »] > S 2‘? T Supp|y
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Figure 1. Schematic representation of the wire electrospinning

technique.

Fourier Transform Infrared (FTIR) Spec-
troscopy

The FT-IR analysis is based on the identification of ab-
sorption bands associated with the vibrations of function-
al groups within macromolecules. Herein, dried samples
were analysed by taking FTIR spectra in the range of
400 cm™ to 4000 cm™ using a spectrometer (Thermo Sci-
entific Nicolet I1S50).

Differential Scanning Calorimetry (DSC)

The DSC analysis is commonly used for the measurement
of heat effects on polymers. Generally, this method is used
for detecting phase changes such as crystallization, melt-
ing, glass transition, and decomposition. In this study, a
Perkin Elmer, DSC8000 instrument was used for the DSC
analysis. About 2 mg of each powdered sample was placed
in closed platinum pans and continuously heated from
30 °C to 300 °C at 1 °C/min.

Results and discussion

Fabrication of chitosan nanofibers us-
ing different copolymers

Chitosan is well known to be among the most naturally
abundant biopolymers. However, the strong inter- and
intramolecular interactions between the amine groups
of chitosan often hinder sufficient chain entanglement.
This is a major challenge to prepare chitosan nanofibers
with smooth morphology. Previously, the spinnability of
chitosan has been reportedly improved by incorporat-
ing certain co-spinning agents, including different types
of synthetic or natural polymers (Sangsanoh et al. 2006;
Mendes et al. 2016). Therefore, different trials have been
carried out to prepare chitosan nanofibers.

Herein, chitosan nanofibers were prepared through
free surface wire electrospinning process, which is consid-
ered a new technique with fewer studies reported. Hence,
during the trials, this study relied on previous studies
reported about chitosan nanofibers using needle electro-
spinning process (Haider et al. 2009; Kriegel et al. 2009;
Ziani et al. 2011; Koizumi et al. 2017). Firstly, different
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solvents were used to prepare chitosan solutions such as
TFA, acetic acid with concentrations in the range of 2%-
90%. However, these did not work because of different
problems relating to conductivity, viscosity, and surface
tension. Chitosan was then blended with other spinnable
copolymers such as PVA, PCL, and PLA.

Blending with Poly vinyl alcohol (PVA)

Polyvinyl alcohol is one of the polymers previously blend-
ed with chitosan and tried for spinning, using the nee-
dle electrospinning method. PVA is soluble in water up
to 9 wt%, which is a suitable concentration for spinning
using the needle electrospinning process. So, in this re-
search, 9 wt% PVA solution was tried for spinning, using
the free surface wire electrospinning before blending with
chitosan (Huang et al. 2007). The spinning was tried using
50 kv, and 75 kv, and carriage speed of 200 mm/sec.

Fig. 2 shows the SEM image of the fibers prepared from
9 wt% PVA solution. Obviously, the fibers started to form
but at an extremely low rate. Therefore, the whole sample
could be considered to mainly contain beads and lumps
which indicate that during the process, the sample was
merely spraying instead of spinning. Due to the inability
of PVA to form fibers, it was not blended with chitosan.

2018-04-06 NM D39 x3.0k  30um

Figure 2. Scanning electron microscope captures of 9 wt% PVA
after spinning.

Blending with Polycaprolactone (PCL)

Polycaprolactone (PCL) is considered an ideal candidate
that may be incorporated into chitosan, especially due
to its salient features. Specifically, PCL is biocompati-
ble, biodegradable, non-toxic and possesses sufficient
mechanical properties (Schueren et al. 2011). Therefore,
PCL is being investigated for biomedical applications.
However, it is highly hydrophobic and does not have
cell-recognition sites that can support cell adhesion (Pra-
bhakaran et al. 2008). Interestingly, these properties can
be supplied by chitosan. Hence, it is believed that incor-
porating PCL into chitosan would facilitate the electro-
spinning process of chitosan. Although PCL is not sol-
uble in water, it is highly soluble in novel solvent such
as acetic acid:formic acid mixture in the volume ratio
of 3:7. The blend of PCL and chitosan was prepared by

simultaneously dissolving them in a solvent mixture to
get a final concentration of 10 wt% PCL with 2.5 wt% Cs
(Schueren et al. 2012). Spinning was carried out using the
Nanospider under voltage of 50 kv and carriage speed of
200 mm/sec. During the spinning process, fibers began
to form and it was obvious to the naked eye as fibers were
formed. However, as presented in Fig. 3, the SEM image
of the prepared fibers of 10 wt% PCL with 2.5% Cs, re-
vealed that the fibers formed are beaded.

2018-04-10 NMMD6.1 x5.0k 20 um

Figure 3. Scanning electron microscope captures of 10 wt%
PCL blended with 2.5wt% Cs (Acetic Acid:Formic Acid) (3:7).

It was thought that changing the solvent used may im-
prove the spinnability or improve the quality of the nano-
fibers formed. Therefore, dichloromethane (DCM) was
used to prepare a 3 wt% PCL solution blended with 2.5
wt% Cs, the spinning was carried out under voltage of
45 KV, carriage speed of 200 mm/sec, and 69% humidity.
It should be noted that the spinning of organic solvents
should be done at high humidity conditions to avoid
evaporation. The SEM image of the prepared nanofibers
is presented in Fig. 4. As can be seen from the figure, the
formed fibers are beaded but much better than those ob-
tained using the solvent mixture (Acetic Acid: Formic
Acid, at 3:7). Hence, PCL cannot be fully considered as
a suitable solvent to be blended with chitosan to improve
its spinnability.

2018-05-02

Figure 4. Scanning electron microscope captures of the nanofi-
bers of 3 wt% PCL blended with 2.5 wt% Cs in DCM.
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Chitosan blend with polylactic acid (PLA)

Poly lactic acid (PLA) is known to possess good spinning
properties because of its surface activity and low viscosity
which make it spinnable even at moderate to high con-
centrations. To determine the spinnable concentration
of PLA, solutions with concentrations 2%, 4% and 6%
in DCM were prepared and electrospun using a voltage
of 45 Kv, and 200 mm/sec carriage speed. Morphologies
of the obtained nanofibers are shown in Fig. 5. As can
be seen from the figure, the concentrations 2% and 4%
PLA formed beaded nanofibrous structure as presented
in Fig. 5a and 5b). On the other hand, Fig. 5¢ shows the
morphology of the 6% PLA electrospun nanofibers which
exhibits a smooth, neat, and uniform surface. The average
diameter is about 158.42+25.87 nm as obtained from the
histogram of the fiber size distribution, estimated by the
Image j software and shown in Fig. 8. The use of DCM as
a solvent helped in getting good nanofibers, where DCM
is considered low boiling point solvent (BP is 39.6 °C)
compared with other solvents commonly used in electro-
spinning, such as dimethylformamide (DME, 153 °C) and
acetic acid (Ac.Ac. 118 °C). Solvents should be completely
removed from the nanofibers, as the residual solvents may
cause adverse effects when nanofibers are used in biomed-
ical applications. Interestingly, this is one of the advantages
of using DCM because it can be easily evaporated and then
removed from the formed nanofibers (Ogawa et al. 2004).

PLA was then blended with Cs in DCM and tried for
nanofibers preparation. Fig. 6 shows the prepared nanofi-
bers of blended solution of 6 wt% PLA with 2 wt% 15 kDa
Cs in DCM, under a voltage of 45 V, relative humidity
of 69% and carriage speed of 200 mm/sec. The prepared
nanofibers were uniformly distributed with an average
diameter of about 200 nm. Notably, the presence of chi-
tosan with PLA did not affect the quality of the nanofibers
formed and their sizes were still around 200 nm.

Generally, most of the previously reported work on
chitosan nanofibers involved acidic solvents such as
concentrated acetic acid (Sedghi et al. 2017), trifluo-
racetic acid (TFA) Haider et al. 2009), or a mixture of
(TFA: DCM) in the ratio of 70:30 (Sangsanoh et al. 2006;
Mendes et al. 2016). The main disadvantage of those
nanofibers is that they could lose their structure when
they come in contact with phosphate buffer saline (PBS,
pH 7.4). This could arise from the dissolution of chi-
tosan-acid salts that are usually formed when chitosan is
dissolved in acids such as acetic acid or TFA (Sangsanoh
et al. 2006). Therefore, the use DCM to dissolve chitosan
herein will help to protect the structure of the produced
nanofibers during application.

On the other hand, two concentrations of 15 kDa Cs
were tried for the formation of nanofibers with 6% PLA.
The images in Fig. 7 showed that the fibers formed from
15% 15 kDa Cs, with 6% PLA are considered beaded
since large beads and lumps are obvious in the fibrous
structure, while at higher concentration of chitosan (25%
15 kDa Cs, with 6% PLA) better beads-free nanofibrous
structure was obtained.

PLA beads

Figure 5. Scanning electron microscope captures of (a) 2wt%
PLA (b) 4%PLA (c) 6%PLA all in DCM as solvent.

2018-05-02  NLMD5.7 . — 10pm

Figure 6. Scanning electron microscope captures with mea-
sured sized fibers of the blends of 6wt% PLA with 2wt% Cs
15kDa nanofibers in DCM.

Figure 7. Scanning electron microscope captures of (a)
S1(15%Cs 15kDa) (b) S2(25%Cs 15kDa)

The nanofibers diameter distribution diagrams of all
prepared nanofibers are illustrated in Figs 8 and 9. Com-
paring the nanofiber diameters presented in Fig. 9 with
the average nano fiber size of PLA (158.42 + 25.87 nm),
it can be inferred that the addition of chitosan to PLA
did not cause wide changes in the nanofiber’s diameter.
On the other hand, the results show that the influence of
chitosan concentration on the nanofiber diameter was not
significant in the case of 15 kDa Cs, where the size was
almost the same in the two concentrations. This could be
because solutions of the two different concentrations gave
almost the same viscosity and surface tension.
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Figure 8. Histogram of the diameter distribution of 6%PLA
with an average diameter size of 158.42 + 25.87 nm.
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Figure 9. Histogram of the diameter distribution of (a) S1(15%
Cs 15kDa) and (b) S2 (25% Cs 15kDa).

Fourier Transforms Infrared Spectros-
copy (FTIR)

The inter-molecular interaction between two blended
polymers can be investigated through FTIR. The FTIR
spectra of the different samples are illustrated in Fig. 10.
As illustrated in the figure, the spectra of PLA exhibit
some important peaks such as the band around 2999-
2850 cm™ which is attributed to C-H stretching (Olabode
et al. 2015). On the other hand, the peak at 1750 cm™
represents the stretching vibration of C=0 groups from
the carboxylic acid and ester groups of PLA. The peak
at 1455 cm™ represents the characteristic stretching of —

—

S2

S1

Cs 15kDa

% Transmittance

YW
PLA A_Y'“'V""\

" " " a "

4000 3500 3000 2500 2000 1500 1000 3500
Wave number (cm!)

Figure 10. FTIR spectra of PLA, Cs 15kDa, S1(15%Cs 15kDa)
and S2(25%Cs 15kDa).

CH,, whereas the C-H deformational peak can be seen at
1375 cm™ (Akindoyo et al. 2015). The major peaks avail-
able in the structure of chitosan include the peak around
3424 cm™ which represents the N-H stretching. On the
other hand, the peak representing the bending of the NH,
group appears around 1624-1629 cm™.

Notably, all peaks assigned to the saccharide structures
appeared, where the peak around 2890 cm represents
the C-H stretching peak, 1150 cm™ represents the C-N
stretch peak, while the peak at 1320 cm™ is assigned to
C-O stretching (Wang et al. 2006; Athamneh et al. 2013).

Table 2. The characteristic FTIR transmittance peaks of PLA,
15 kDa Cs, and PLA-Cs 15 kDa nanofibers.

Sample ‘Wavenumber (cm™) Vibrational Mode
PLA 2900 C-H stretching
1750 C=0 stretching
1455 CH, stretching
1375 C-H deformational peak
Chitosan 3424 N-H stretching
1625 NH, bending
2890 C-H stretching
1150 C-N stretching
1320 C-O stretching
6%PLA, 15%Cs 15kDa 1750 C=0 stretching
& 6%PLA, 25%Cs 3424 N-H stretching

15kDa

It is noteworthy that some distinct changes occurred in
the FTIR spectra of chitosan-PLA nanofibers as illustrated
in Fig. 10. Specifically, the FTIR spectra of all prepared
grades of chitosan-PLA nanofibers revealed reduced in-
tensity of the C=0 stretching peak at 1750 cm™, as well
as the reduction in the intensity of N-H stretching peak
of chitosan. This is indication of interactions between the
NH, groups of chitosan molecule and the carboxylic acid
functional groups of PLA. Significantly, the reduction of
the C=0 peak was less when using higher concentration
of chitosan (25%). This suggests that the reaction between
chitosan and PLA was not complete. This low reduction in
C=0 peak intensity could be due to possible change in the
conformation of chitosan, into a helical structure as the
concentration increases. As such, more NH, groups will
be hidden within the chains such that only a smaller num-
ber of NH, are available to interact with PLA. This would
result in decreased interaction between PLA and chitosan.
Table 2 summarizes the major peaks in the FTIR spectra
of PLA, 15 kDa Cs, and Cs-PLA nanofibers.

Differential Scanning Calorimetry (DSC)
Analysis

The DSC analysis helps to investigate the influence of chi-
tosan molecular weight and concentration on the glass
transition, crystallization, and melting phenomena of chi-
tosan-PLA nanofibers. The DSC thermograms of the chi-
tosan-PLA nanofibers are illustrated in Fig. 11. Obvious-
ly, the figure reveals distinct successive transition regions.
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The endothermic transitions represent the glass transition
temperature (Tg), and the melting temperature (T ). On
the other hand, the exothermic transition represents the
crystallization temperature, (Tc). Close observation of the
curves shows that there is a slight right shift in the T, of
PLA (64 °C), following the incorporation of chitosan in all
grades of the blended chitosan-PLA nanofibers. Chitosan is
well known to have a rigid structure, with glass T of around
203 °C (Sakurai et al. 2000). Therefore, the r1ght shift in T
of PLA in the blends indicate partial miscibility between
PLA and chitosan (Shuai et al. 2001; Suyatma et al. 2004).
In another vein, around the Tg of polymers, the molecular
chains often gain more flexibility and mobility (Jaszkiewicz
et al. 2014). Therefore, the shift in the glass transition tem-
perature indicates delay in the free mobility of PLA chains,
which can be attributed to restrictions imposed by chitosan
on the molecular chain mobility of PLA. This might have
retarded the cooperative motions of its chains, thereby in-
ducing an increase in the Tg (Liu et al. 2013).

Generally, the T, values may be affected by the size of
the side groups and the chain mobility. However, it is inter-
esting to know that the T obtained herein are comparable
to what was previously reported in previous studies (Cai
etal. 2010; Au et al. 2012; Pachon et al. 2014). On the oth-
er hand, the T  values show that the endothermic heat in
the thermogram of chitosan-PLA nanofibers decreased
after incorporating chitosan into the blends. Chitosan is
an amorphous polymer and might have interfered with
the formation of crystals in the structure of PLA in the
chitosan-PLA blend. Hence, multi peaks can be seen in
the melting peaks of chitosan-PLA nanofibers. Notably,
the multiple peaks in the curve of PLA indicate that there
is a different crystalline structure of PLA in the blends af-
ter electrospinning, which agrees with what was reported
in a previous study (Au et al. 2012).

On the other hand, rigid chitosan in the 15% 15 kDa
Cs, and 25% 15 kDa Cs could affect the formation crys-
talline structure of PLA during nucleation and crystalli-
zation. Therefore, this observation can be attributed to the
amorphous nature of chitosan which might have retarded
the rate of crystallization, thereby generating imperfect
crystals (Sakurai et al. 2000). Summary of the DSC pa-
rameters such as Tg, and T, of PLA and Chitosan-PLA
blended nanofibers are summarized in Table 3.

Conclusion

PLA prove to be more suitable and appropriate polymer
to blend with chitosan, compares to PVA and PCL. Chi-
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