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Abstract: This paper reported the fabrication of starch-based nanofibers derived from various weight
ratios (w:w) of native sago starch (SS) and poly (vinyl alcohol) (PVA) (0:100, 1:100, 3:100, and 5:100)
using the electrospinning technique. The effects of electrospinning operation parameters on the surface
morphology of SS/PV A nanofibers were observed by using Scanning Electron Microscopy (SEM). The
smooth and bead-free SS/PVA nanofibers with fiber diameters within the range of 90 nm to 150 nm
were produced under the optimized conditions. The paracetamol (PCM) was encapsulated into the
SS/PVA nanofibers via the blending process. The SS/PVA nanofibers exhibited a maximum PCM
loading capacity of 0.9573 mg.mg™ and PCM was observed to release out from SS/PVA nanofibers
slowly and steadily for 72 hours.
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1. Introduction

There are numerous techniques for the preparation of nanofibers, such as phase
separation [1], physical drawing [2], wet chemical reduction method [3], and electrospinning
[4]. Phase separation is a versatile technique for the fabrication of microencapsulation and fiber
scaffolds in which this technique comprises dissolution, gelation, extraction with different
solvents, condensation, and drying in an orderly way. However, the downside of this technique
is expensive due to it uses a lot of coagulants, such as ethanol and sodium hydroxide. Apart
from phase separation, the drawing technique is also one of the techniques which produced
long individual strands of nanofiber [5]. This technique involved the pulling process and
followed by the solidification that turned the liquefied spinning material into the solid fibers.
However, the setback of this technique is the limited material option. Only viscoelastic
substances can undergo substantial deformations, while cohesion was needed to assist the
pressures that developed during the pulling process so that the nanofibers can be formed nicely
[6].

Among various methods for nanofibers preparation, electrospinning is the most
promising as it is a relatively fast, straightforward, simple, cost-effective, and versatile method
[7]. The electrospinning method was proven to be able to produce non-woven fibers [8] that
were smaller in diameter than fibers fabricated by other methods [9]. Moreover, the
electrospinning technique offers the advantage of its adaptability, its consistency in producing
multifunctional nanofibers from various polymers ranging from a few micrometers to a few
nanometers, and its versatility in spinning a large selection of polymeric fibers. In 2018, Zhang
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et al. [10] reported the successful fabrication of electrospun nanofibers of polyethylene glycol
(PEG)-modified poly (lactic-co-glycolic acid) (PLGA) and exhibited a fast release profile for
the model drug of amoxicillin (AMX). These electrospun drug-loaded nanofibers have an
excellent hemocompatibility and cytocompatibility that was useful for tissue engineering and
pharmaceutical applications.

The electrospun starch-based nanofibers have been comprehensively studied due to
their desirable properties, which are high surface area to volume ratios [9], high porosity [11],
good adhesion, high flexibility, and superior mechanical strength that could be achieved simply
by manipulating the electrospinning parameters [9,12,13]. Electrospun fibers appeared to be
versatile and useful in various applications such as in wastewater treatment, filtration, tissue
engineering, wound dressing[11], and drug delivery[4]. Both water-soluble and insoluble
polymers have to be blended to produce nanofibers with desirable properties for drug delivery
applications [14-16]. Fonseca et al. (2019) had fabricated electrospun potato starch nanofibers
loaded with carvacrol with a loading concentration of 40 % (v/v) and a diameter of 94 nm [17].
Apart from that, the maize starch acetate (SA) nanofibers have been studied for its potential
applications in drug delivery by Xu et al. [18]. The SA were electrospun from the SA solution
using formic acid/water mixture, and diclofenac was loaded as a model drug. Their studies
showed that 90% (v/v) formic acid/water was an optimum solvent system for the production of
uniform and fine SA nanofibers.

In recent years, there are increasing numbers of researchers focused on the fabrication
of starch-based nanofibers from various starches such as tapioca starch [19], potato starch
[20,21], and corn starch [22,23] via the electrospinning technique for various biomedical
applications such as wound dressing, tissue engineering, and drug delivery [24] because of its
non-toxicity, coupled with excellent physicochemical and biocompatibility. The
electrospinning method has been used to produce Chlorpheniramine maleate (CPM)
(antihistamine drug) loaded glutinous rice starch (GRS) nanofibers from 2% (w/v) GRS and
8% (w/v) of PVA for drug delivery application[9].

Even though starch nanofibers have been proven to be promising as nanocarriers for
various drugs and nutraceutical products because of the various advantages, such as high drug
loading capacity, improved drug solubility, and stability [25,26], nonetheless, it comes with a
drawback as starch nanofibers were the weak electrospun fiber-forming agent as it is brittle
and highly sensitive to moisture. These limitations could be rectified by blending starch with
linear chain polymer [11] such as Poly(vinyl alcohol) (PVA) [23] due to PVA exhibited
excellent spinnability properties [27]. Furthermore, PVA also has been widely used in the
biomedical field as it is a biodegradable, non-toxic, water-soluble, hydrophilic great chemical
and thermal stability as well as low acute oral toxicity [28]. According to studied by Sukyté
and their research mate, done in the year 2010 showed that starch nanofibers with mean
diameter size ranging from 250 nm to 340 nm were produced at 65 kV of electrospinning [29].
In addition, in 2012, Lu and her team had also reported the size of the diameter of nanofibers
with a mean diameter ranging from 188 to 265 nm by increasing the concentration of ethanol
at 16 kV. Ethanol could be one of the factors that influence the size diameter of the nanofibers
produced [30].

In this study, we report on the fabrication of starch-based nanofibers with a diameter
ranging from 90 nm to 150 nm from a native sago starch (SS) and PVA solution using the
electrospinning technique. The optimization of various weight ratios of SS/PVA (1:100, 3:100,
and 5:100) was carried out to produce smooth and bead-free starch-based nanofibers via the
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electrospinning approach. Then fabricated SS/PVA nanofibers were characterized using
Scanning Electron Microscope (SEM), Fourier Transform Infrared (FTIR) Spectroscopy. The
potential application of these SS/PVA nanofibers as the drug delivery carriers was assessed by
loading PCM as a model drug.

2. Materials and Methods
2.1. Materials.

Native sago starch powder (SS) and aluminum foils were purchased from the local
grocery market (Kuching, Sarawak, Malaysia). Poly (vinyl alcohol) (PVA) was obtained from
ACROS ORGANICS, Belgium, a syringe (5 mL), and syringe needle 20 gauge, the blunt tip
was procured from Thomas Scientific. Ultrapure water with a resistivity of 18.2 MQ/cm was
obtained from the Water Purifying System (ELGA, Ultra Genetic) and used throughout the
experiments. Paracetamol powder (PCM) was purchased from R&M Chemicals.

2.2. Preparation of spinning solutions.

The spinning solution was prepared using the blending technique, where the SS was
blended into the PVA solution before the electrospinning process [29]. PVA solutions (5, 7,
and 9 weight percent (w:w)) were prepared by dissolved PVA in ultrapure water at 85 °C under
constant stirring for two hours until a homogeneous solution was obtained. This PVVA solution
was then cooled to room temperature. Subsequently, SS was added to the PVA solution to
form an SS/PVA solution with the weight ratios of 0:100, 1:100, 3:100, and 5:100 (w:w).

2.3. Electrospinning technique.

The electrospinning process was carried out at room temperature with the setup
consisting of a Syringe Pump (New Era Pump System, Inc.), a syringe with a blunt needle (20-
gauge), a high voltage supply (HV350R HV REGULATED), and a sheet of aluminum foil (as
the collector) which was kept at 12 cm from the needle tip. The applied voltage used was kept
at 11 kV [23]. The electrospinning parameters used for the fabrication of the SS/PVA
nanofibers were depicted in Table 1.

2.4. Characterization of electrospun nanofibers.

2.4.1. Scanning electron microscopy (SEM).

The surface morphology of the electrospun starch nanofibers was observed using a
Scanning Electron Microscope (SEM) (JEOL JSM-6390LA). The electrospun nanofibers on
the aluminum foil collector were cut and placed onto the metal stubs using the carbon adhesive
tape and were then coated with a thin gold layer under the vacuum before the SEM analysis
was done. Then, the Smile View program was used to measure the diameter of nanofibers from
the SEM micrographs, and the mean diameter of nanofibers was calculated.

2.4.2. Water swelling ratio (WSR).

The degree of water swelling could be described as the water absorptivity of the SS
nanofibers expressed, as shown in equation (1). The dried SSSS/PV A nanofibers were weighed
before immersed in 25 mL of ultrapure water for 24 hours at ambient temperature until the
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equilibrium was achieved. The excessed ultrapure water on the swollen nanofibers was then
removed with tissue papers and weighed immediately. The weight of wet SS nanofibers at
predetermined intervals was recorded during the swelling period. The swelling ratio of (WSR)
of nanofibers was calculated according to equation (1):

WSR = %0 1009 (1)
Wo
where W1 is the weight of the swollen SS nanofibers after being centrifuged at 12000 rev/min
for 10 minutes, and Wo is the weight of dried SS nanofibers samples that have been dried in
the drying oven at 60 °C [19,30].

2.5. Loading capacity of paracetamol.

A series of PCM solutions with concentrations of 6, 8, 10, 12, and 14 mg L was
prepared in Phosphate Buffer Solution (PBS) at pH 7.4 from PCM powder. Electrospun
SS/PVA nanofibers were incubated in PCM solutions for 72 hours to achieve equilibrium
absorption. The concentrations of PCM remained in supernatant after centrifugation was
determined by a UV-visible spectrophotometer at a wavelength of 240 nm. The drug loading
capacity was calculated using equation (2):

PCMtotal_PCMfree

weight of nanofibers

Loading capacity (mg.mg=!) = 2

where PCM total is the total amount of paracetamol added to the PBS and PCM free is the
amount of PCM remained in the supernatant after centrifugation.

2.6. Release profile of paracetamol.

2.6.1. Encapsulation of the Paracetamol into the SS/PVA nanofibers.

PCM was prepared and was added to the 1:100 (w:w) SS/PVA solution to make up the
1:100:1 (w:w:w) of SS/PVA/PCM weight ratio. This mixture was then kept under continuous
stirring at room temperature for 15 minutes and used for the electrospinning.

2.6.2. In vitro drug release.

The amount of PCM encapsulated into SS/PVA nanofibers was predetermined [31],
weighed, and then were placed in the containers filled with 10 mL PBS at different pH values
of 1.2, 7.4, and 8.6. These PBS solutions mimicked the pH values of the stomach, blood, and
large intestine, respectively. PBS solutions were used as the releasing media in an incubator at
37 °C. At predefined time intervals, 2 mL of PBS was withdrawn from each container and
immediately replaced with the same volume of PBS. The absorbance of PBS solutions was
analyzed using a UV-visible spectrophotometer at a wavelength of 240 nm. The concentrations
of PCM released were calculated by referring to the calibration curve of PCM standard
solutions. The percentage of PCM release was calculated according to equation (3):

Drug release (%) = W x 100% (3)
load

where PCM released was the amount of PCM released (mg) in the PBS, and PCM load was the
amount of PCM loaded onto SS/PVA nanofibers (mg).
https://biointerfaceresearch.com/ 10804



https://doi.org/10.33263/BRIAC113.1080110811
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC113.1080110811

3. Results and Discussion
3.1. Surface morphology.

Figures 1 illustrated the SEM micrographs of SS/PVA nanofibers fabricated with
various weight ratios of SS/PVA. All nanofibers were observed to form well-defined mats of
nanofibers with the diameters of nanofibers within the range of 90-150 nanometers, as shown
in Figure 2. The composition of SS/PVA was observed to have a substantial effect on the
morphology of the SS/PVA nanofibers formed. Figure 1 (a) and (b) showed that 5 and 7%
(w:w) PVA nanofibers resulted in uneven and discontinued nanofibers with the oval-shape
beads. As the concentration of PVA in the spinning solution was increased to 9% (w:w), beads
free nanofibers with uniform diameter were obtained (Figure 1c). On the other hand, Figures 1
(d), (e), and (f) showed SEM micrographs of nanofibers from SS/PVA with a weight ratio of
1:100, 3:100, and 5:100 (w:w), respectively. The effect of SS concentration with fixed PVA
concentration on the mean diameter of nanofibers formed, as shown in Figure 1 (b). As the
weight ratio of SS/PVA solution increased from 1:100 to 5:100 (w:w) in the fixed concentration
of 9% (w:w) of PVA, the mean diameter of the nanofibers was observed to increase from 90
nm to 140 nm. The smallest nanofibers diameter of 91 nm was produced from SS/PVA solution
of 1:100 (w:w) weight ratio. Figure 1 (g) showed uniform and smooth SS/PVA/PCM
nanofibers were formed from SS/PVA/PCM solution with a volume ratio of 1:100:1 (w:w).
Bead-free SS/PVA nanofibers only produced when 9% (w:w) of the PVA solution was used.
Thus, 9% (w:w) of the PVA solution was considered for further optimization of SS/PVA
electrospinning.

The concentration of PVA was a crucial parameter in which it was directly related to
viscosity, surface tension, and viscoelastic force of the polymer solution. The formation of
beaded nanofibers at lower PVA concentrations was attributed to the changes in viscosity of
the solution. The viscosity is associated with the degree of polymer chain molecules
entanglement within a PVVA solution [12]. An increase in polymer chain entanglement because
of the increase in the number of polymer molecules increased its viscosity [32]. The low
viscosity of PVA solution having a low viscoelastic force was not able to compensate for the
electrostatic repulsion forces that pulled the PVA solution jet during the electrospinning
process and led to the jet partially broke up. By the effect of interfacial tension, the high
numbers of free solvent molecules in the solution combined into a spherical shape, which
resulted in the formation of beads [33]. Once the concentration of PVA was increased, the
viscosity of the solution also increased and resulted in an enhanced viscoelastic force. This had
prevented the jet from partially broke up. The increased polymer chain entanglement with
higher solution concentration also enabled the solvent molecules to be distributed over the
entangled polymer molecules, led to the formation of smooth fibers, and improved the
nanofiber uniformity [34].

As can be observed from Table 1, feed rates and applied voltages were varied while the
SS/PVA weight ratios and tip to collector distance were kept constant. The feed rate of 1.2 mi/h
was observed to produce SS/PVA nanofibers with beads with a mean diameter size of 110 to
145 nm. Table 2 showed that the collector distance did not affect much the diameter size of
nanofibers. Besides, there were no significant differences in nanofibers morphology for various
distances. The same findings have been reported for the electrospinning of gelatin, chitosan,
poly(vinyl alcohol), and poly(vinylidene fluoride) [35,36] nanofibers. Whereas, when a low
concentration of a spinning solution (5% and 7% (w:w) PVA at 0% (w:w) of SS) was used,
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beaded nanofibers were observed to form. The viscosity of SS/PVA solution was observed to
be a crucial factor that determined the spinnability of this polymer, which resulted in the
entanglement of the polymer molecules and the formation of a continuous jet of polymer
solution instead of droplets, which led to the formation of beads in nanofiber [37]. Nonetheless,
a very high viscosity has caused the polymer solution to distort the flow of spinning solution
across the passageway of the needle that gave rise to the formation of a localized gel that
inhibited the production of nanofibers [38]. Therefore, a 9% (w:w) of the PVA solution was
chosen to be used for the optimization of the process.
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Figure 1. SEM micrographs of nanofibers fabricated with SS/PVA weight ratio; 0:100 of (a) 5% (w:w) PVA (b)
7% (w:w) PVA (c) 9% (w:w) PVA; 9% (w:w) PVA (d) 1:100 (w:w), (e) 3:100 (w:w), (f) 5:100 (w:w); and (g)
SS/PVA/PCM ratio of 1:100:1 (w:w).

Table 1. Effects of voltages and feed rates on the morphology of nanofibers.

Electrospinning parameters Fiber mean diameter (nm) Fiber morphology
Feed rate (mL/h) Voltage (kV)
5 145 Bead -free
7 125 Bead -free
0.6 9 116 Bead -free
11 117 Bead-free
5 145 Bead-free
7 123 Bead-free
0.8 9 119 Bead-free
11 128 Bead-free
5 115 Bead-free
7 111 Bead-free
1.0 9 124 Bead-free
11 91 Bead-free
5 113 Beaded
7 93 Beaded
1.2 9 89 Beaded
11 95 Beaded
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Table 2. Effect of the tip to collector distance on the morphology of SS/PVA nanofibers.

Electrospinning parameters Mean diameter (nm) Fiber morphology
Feed rate (mL/h) Voltage (kV) Tip to Collector (mm)
100 134 Bead-free
120 145 Bead-free
0.6 5 140 119 Bead-free
160 115 Bead-free
180 122 Bead-free
200 119 Bead-free
220 124 Bead-free
240 124 Bead-free
180
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Figure 2. Mean diameters of nanofibers fabricated with 9% (w:w) PVA at SS/PVA weight ratio of 0:100, 1:100,
3:100, 5:100.

3.2. Water swelling ratio (WSR).

Figure 3 showed the effects of the mean diameter size of SS/PVA electrospun
nanofibers on its WSR. It could be seen that the WSR of the nanofibers at the highest of 400%
with the mean diameter size of 94 nm. While the lowest WSR is at 80% was achieved with 140
nm mean diameter size of nanofibers. Considering the morphology of the nanofibers, as shown
in Figure 1 (d), (e), and (f), the increase in SS concentration has resulted in the increased mean
diameter of nanofibers formed and led to a decrease in their WSR (Figure 3). In a similar study,
Perves and Stylios also reported on the smallest sizes of fibers could produce a high swelling
ratio compared to the largest size of fibers [39]. This is because the smaller fibers have a larger
surface area to volume ratio allow them to possess a higher adsorption capacity. However, the
cross-linked nanofibers have the same capability of decreasing water absorption to a great
extent, which resulted in maintaining a stable fibrous structure in wet conditions. Also, the
cross-linking was able to reduce the hydrophilicity, as well as the formation of intramolecular
and intermolecular bonds between PVA macromolecular chains and water-soluble polymer
[40].
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Figure 3. The effects of the various diameter of SS/PVA on the swelling water ratio (%).
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3.3. Drug loading capacity and release profile of sago starch nanofibers.
3.3.1. Drug loading capacity.

As shown in Figure 4, the PCM loading capacity of SS/PVA nanofibers was observed
to increase with PCM concentrations. The highest loading capacity of 0.9573 mg.mg™* was at
12 mg.L"t. Meanwhile, the lowest loading capacity was achieved by the SS/PVA was at 6 mg.L"
L which is 0.6843 mg.mg™. Besides, the loading capacity was observed to increase between
0.6843 mg.mg* to 0.9573 mg.mg™* from 6 mg.L%, 8 mg.L?%, 10 mg.L? and 12 mg.L ™ with
0.6843 mg.mg?, 0.7658 mg.mg?, 0.8621 mg.mg* and 0.9573 mg.mg™? respectively. This
finding showed that starch nanofibers have high potential as the paracetamol nanocarriers, as
evidenced by its high loading capacity. According to previous studies, the loading capacity of
paracetamol onto nanoparticles can be increased by increasing the concentration of
paracetamol. The maximum loading capacity of 5.00 mg.mg? was obtained when the
concentration of paracetamol was increased to 10 mg.L™* [41]. This was because smaller size
nanoparticles have a higher surface area to volume ratios, which could enhance its loading
capacity of the drug [42]. Their finding showed that the loading capacity of starch nanoparticles
could be enhanced by increasing the concentration of paracetamol. However, above 12 mg.L™
of paracetamol concentration, the loading started to drop due to the presence of a high
concentration of paracetamol, which could be caused by the highly viscous solution [43,44].
Therefore, the optimal loading capacity of 0.95732 mg.mg™ can be achieved at a paracetamol

concentration of 12 mg.L ™.
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Figure 4. The loading capacity of 100:1 weight ratio of 9% (w:w) PVA 1% (w:w) SS at different concentrations
of PCM.

3.3.2. Drug release study.

Figure 5 showed the release profiles of PCM from the SS nanofibers at pH 1.2, 7.4, and
8.6 fabricated with blending technique with the PCM being encapsulated inside the nanofibers.
This method is the most common method of drug incorporation by which the drug is dissolved
in a polymer solution and the producing drug-loaded electrospun nanofibers [45]. The PCM
was mixed with the spinning polymer (SS/PVA) before the electrospinning process. As can be
observed from Figure 5, there was no significant difference in the percentage release of PCM
at three different pH values for the initial four hours. PCM was released rapidly at all pHs and
then gradually declined with progress in time. Beyond four hours of experiment, a clear
difference in the percentage of release could be observed. The amount of PCM released from
SS/PVA nanofibers was observed to be the highest at pH 8.6, followed by at pH 7.4 and pH
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1.2. The percentage of release was observed to level off after 44 hours at all of the pH values.
Thus, pH 1.2 displayed the slowest release rate within a duration of 8 to 72 hours as compared
to pH 7.4 and 8.6, respectively, due to the acidic medium that could cause the hydrogen bonding
to become stronger between the drug and the polymers [46]. Besides, it was reported that
hydrogen bond interactions could cause drug release to release gradually [47].
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Figure 5. The cumulative PCM was released from SS/PVA nanofibers at different pH media (1.2, 7.4, and 8.6)
as a function of time.

4. Conclusions

In conclusion, we have successfully fabricated smooth and bead-free starch-based
nanofibers through a simple electrospinning technique. Apart from the electrospinning
technique process setup, the composition of the SS/PVA spinning solution was observed to be
the crucial parameter for producing the smooth and uniform SS/PV A nanofibers. As the weight
ratio of SS/PVA increased from 1:100, 3:100, and 5:100 (w:w), thus the mean diameter of
nanofibers formed has also increased from 91 to 149 nm. The optimum concentration of 9%
(w:w) PVA produced bead free, smooth, and uniform nanofibers. PCM was observed to be
released from the SS/PVA nanofibers in a sustained manner for 72 hours.
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