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Abstract

Producing nanofibers using the electrospinning technique is a developed method that is widely used
and of significant interest nowadays. This technique can be applied using various types of polymers.
This research aimed to investigate the antibacterial PEO-NaAlg nanofiber fabrication. The fiber fabrication
was examined under various viscosities of electrospinning solution. The electrospun nanofiber fabrication
focuses on blending polyethylene oxide (PEO) with a molecular weight of 200-300 kDa, mixed with
sodium alginate (NaAlg) of three different viscosities: 150 cP, 300 cP, and 730 cP to study how the
viscosity of the solution affects the morphology of electrospun nanofibers. The PEO-NaAlg electrospun
nanofiber was enhanced for water insolubility by crosslinking with calcium chloride (CaClz). The
additional antibacterial property of the nanofiber by loading an antibacterial agent potentially against
the growth of bacteria, was investigated. Antibacterial drug, ciprofloxacin at varying amounts of
0.05%w/v, 0.20%w/v, and up to 0.25%w/v was loaded to PEO-NaAlg solution and conducted electro-
spinning. The effectiveness of the antibacterial electrospun nanofiber was evaluated by testing its ability to
inhibit the growth of Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). The inhibition area
before and after crosslinking was observed. The results showed that the acquired nanofiber formation
required 7%w/v of 200 kDa to 300 kDa of PEO, and blending 1%w/v NaAlg of 150 cP can certainly
retain fiber morphology after crosslinking. Moreover, nanofibers loaded with ciprofloxacin effectively

inhibit the growth of E. coli.

1. Introduction

Electrospinning is a method for fabricating fibers from polymer
solution, producing fibers with diameters ranging from nanometers
to micrometers [1]. This technique requires three main components,
including a high-voltage power supply, a syringe pump, and a metallic
collector plate or rotary collector. High voltage is applied to the needle
tip, creating an electric charge that moves from the polymer solution
toward the metallic collector. This process stretches the droplet of
polymer solution into the fiber formed by inducing the electrical
charges [2]. The fabricated nanofibers have nanoscales, which are
an invisible size to the human eyes. Electrospun nanofibers are often
referred to as nanofibers when the diameter of the fiber is thinner
than roughly 500 nm [3]. Various parameters involved in the electro-
spinning process affect the morphology and diameter of the fiber.
These parameters are classified into process parameters, including
applied voltage, flow rate, and distance between the needle and metallic
collector, solution parameters including concentration, viscosity,
conductivity, molecular weight, etc., and environmental parameters
including temperature and humidity [4]. The small size of nanofibers
offers numerous advantages applied in various applications, with
biomedical applications being prominent. Research in biomedical
applications has extensively explored the development potential of
electrospinning techniques [S]. This technique can fabricate fibers from
natural, synthetic, and co-polymers, making them biodegradable and
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biocompatible [6]. This characteristic enables their use in biomedical
applications, including wound dressing fabrication and scaffolds in
tissue engineering applications [ 7-13]. Polyethylene oxide (PEO) and
sodium alginate (NaAlg) were utilized to fabricate the nanofibers using
the electrospinning technique [14-16]. PEO, being a polymer of ethylene
oxide, possesses biocompatible, biodegradable, and non-toxic, which
are suitable for various biomedical applications [17]. Given its polymer
nature, PEO alone can be employed to create electro-spun nanofibers
through the electrospinning technique, but the stability of PEO fiber
is low, and water-soluble. Therefore, modified fiber construction is
required to improve the properties of electrospun nano-fibers. Sodium
alginate is a natural polysaccharide produced from brown algae,
obtained from the sodium salt of alginic acid [18]. NaAlg, in isolation,
lacks the capacity to form electrospun nanofibers. However, when
NaAlg is blended with PEO, the hydroxyl groups (~OH) of NaAlg
interact with the hydrogen bond of the ether oxygen (—O-) in the
PEO structure [19]. This reaction enhances the chain and flexibility
of the resulting electrospun nanofibers of PEO-NaAlg [20]. NaAlg
is an ionic salt. When combined with PEQ, it increases the ion charge
of the solution, thereby increasing the conductivity and surface tension
of the electrospinning process [21]. Consequently, this enhancement
leads to an improvement in the fabrication of fiber, yielding electrospun
nanofibers without bead particles. The application of fiber requires
the properties of insolubility, however, PEO and NaAlg are water-
soluble even if they are blended. To improve fiber insolubility, the
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Figure 1. The structure of the PEO-NaAlg before crosslinking and the PEO-Alg
after crosslinking.

inter-chain association potentially achieves many target properties of
fiber [22,23]. The most commonly used crosslinking agent with NaAlg
is calcium chloride (CaCly) [23]. In the interactions, the Ca?* ion from
calcium chloride replaces the Na* ion and bonds with two carboxylate
groups of alginate molecules, resulting in the formation of a three-
dimensional network structure, as shown in Figure 1 [24]. This leads to
enhanced water insolubility of the electrospun nanofibers.

Several researchers have successfully fabricated nanofibers from
PEO-NaAlg using PEO with a molecular weight above 600 kDa,
mixed with NaAlg [14-17] Additionally, there are also researches
reports that low molecular weight of PEO (lower than 600 kDa)
blended with NaAlg cannot form the electrospun nanofibers without
bead particles due to insufficient chain entanglement to form a continuous
fiber [14,16,25]. However, the lower molecular weight of PEO results
in lower solution viscosity, making it more readily soluble in water
and easier to form a homogeneous solution, leading to a more straight-
forward process than higher molecular weight PEO [26]. Moreover,
low molecular weight PEO solubility allows additional agents to mix
homogeneously without causing excessive viscosity, thereby reducing
the need for surfactants to lower solution viscosity for successful
electrospun nanofiber formation. Therefore, low molecular weight
PEO is an attractive and challenging material for investigating the
antibacterial electrospun nanofibers, which can be further applied in
biomedical applications. Electrospun nanofibers from PEO-NaAlg
have been applied in various biomedical applications, including wound
dressing and scaffolding in tissue engineering. An additional antibacterial
property could be essential because it can help reduce contamination,
which causes infection and is harmful to cell seeding for tissue
engineering [27]. Adding antibacterial agents is one of many factors
that play an important role in the fabrication of electrospun nanofibers
for medical uses. Various antibacterial agents and antibiotic drugs
affecting electrospun nanofiber formation have been investigated,
including anthocyanin [28], curcumin [29], centella asiatica extract
[30], amoxicillin [31], penicillin [32], ciprofloxacin [14,33], etc. These
agents can be added to the solution for fiber fabrication, which helps
to prevent the growth of bacteria, reduce inflammation from the wound,
and promote the recovery of damaged tissue in the case of antibacterial
wound dressing application [34,35].

Ciprofloxacin is an antibiotic drug in the fluoroquinolone class
that has been effective against both gram-positive and gram-negative
bacteria. Ciprofloxacin inhibits DNA gyrase, which is known as
topoisomerase II and topoisomerase IV, thereby stopping DNA
activities such as replication and transcription processes [36]. It
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has been used to treat millions of patients, both adults and children,
for various conditions, including skin infections and urinary tract [36].
Therefore, it is considered for biomedical applications. To investigate
the efficiency of antibiotic property in PEO-NaAlg electrospun nano-
fiber, this research focused on varying the amount of ciprofloxacin
mixed with PEO-NaAlg to observe the inhibition of bacteria.

From the literature review, the previous studies have explored the
effects of low molecular weight PEO combined with NaAlg influences
the formation of electrospun nanofibers loaded with the antibacterial
agent, but the findings remain insufficiently detailed. Therefore, this
research aims to investigate the fabrication of the antibacterial electro-
spun nanofibers based on low molecular weight 200 kDa to 300 kDa
PEO-NaAlg by the electrospinning technique. The insolubility of the
nanofiber is enhanced through a crosslinking method with calcium
chloride. The effect of PEO concentration and NaAlg viscosities is
examined to obtain an appropriate condition for nanofiber fabrication.
Additionally, the concentrations of the antibacterial agent ciprofloxacin
loaded in PEO-NaAlg nanofibers are examined to observe their effect
on bacterial growth.

2. Materials and methods
2.1 The set-up of electrospinning device

The electrospinning device in this research consists of 3 main parts,
including a high-voltage power supply, a syringe pump that contains
the syringe with a blunt tip, and a metallic collector plate covered with
aluminum foil. The electrospinning process was carried out with 15 kV
of applied voltage, 0.5 mL-h™! of flow rate, and 15 cm distance between
the needle and collector plate. The electrospinning device is shown
in Figure 2.

2.2 Electrospinning solution for fiber fabrication

Polyethylene Oxide (PEO) (POLYOX™ WSR N750, DuPont)
with a molecular weight ranging from 200 kDa to 300 kDa and three
different viscosities of sodium alginate (NaAlg), including 150 cP
(TCS mart), 300 cP (Krungthepchemi), and 730 cP (Chemrich)
were used to examine the fabrication of electrospun nanofibers. The
solution was prepared by mixing PEO at 4%w/v to 7%w/v and NaAlg
of 1%w/v to 2%w/v dissolved in deionized water by stirring until
it was homogeneous at room temperature for 24 h. The viscosity of the
homogeneous solutions was measured using a rotational viscometer
(NDJ-4). The measurement of viscosity was performed at room
temperature, 25°C. The rotor (ranging from 0 to 4) and speed (rpm)
were selected based on the viscosity of the solution. The NDJ-4
viscometer offers eight selectable speeds: 0.3 rpm, 0.6 rpm, 1.5 rpm,
3 rpm, 6 rpm, 12 rpm, 30 rpm, and 60 rpm. Less viscous solutions were
measured using higher speeds and lower rotor numbers. The rotor and
speed were adjusted according to the instrument’s indicated range;
settings were chosen when the pointer stopped within the appropriate
measuring range of each rotor-speed combination. The viscosity (in
centipoise, cP) was calculated by multiplying the value at which the
pointer stopped (a) by the corresponding coefficient (k) depending on
the rotor and the speed used, based on the formula: n (real viscosity) =
ax k. Each measurement was repeated three times to ensure accuracy.
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Figure 2. The setup of the electrospinning device.
2.3 Crosslink method

The crosslinking process was performed following the published
research [14]. The electrospun nanofiber was submerged in 70%
ethanol for 1 min to facilitate further crosslinking reaction, enhancing
the stabilization process [14,37]. After that, the crosslinking process
was performed by submerging electrospun samples in 2 wt% CaClz
in a volume ratio of 1:5 (ethanol : water) for 15 min. To ensure the water
insolubility of electrospun nanofibers, the samples were tested by
submerging in deionized water for 1 min.

2.4 FTIR analysis

The spectrum of the electrospun nanofibers was used to identify
the composition of the fiber by the Attenuated Total Reflectance
(ATR) from the FTIR spectrometer (IRPrestige-21, Shimadzu).
Transmittance data were measured at wavenumber ranging from
4000 cm™' to 400 cm ™.

2.5 SEM analysis

To characterize the morphology of nanofibers, electrospun samples
were coated with gold (Q150R Plus, Quorum Technologies Ltd) and
observed using a scanning electron microscope (SEM) (Apreo S,
ThermoFisher Scientific). The SEM images were taken at various
magnifications, ranging from 8000x to 40000x. The accelerated
voltage is 15 kV. The diameter of the electrospun nanofiber was
analyzed by using ImageJ software version 1.49k [38]. The diameter
of the fibers was measured on SEM images by using the ImageJ
version 1.49 program.

2.6 DSC analysis

Differential scanning calorimetry (DSC; DSC 3500, NETZSCH)
was performed to investigate the thermal properties of pure PEO and
electrospun nanofibers before and after crosslinking. The electrospun
nanofibers were cut into approximately 5 mm pieces, and about 5 mg
to 10 mg of each sample was sealed in aluminum DSC pans and analyzed
under a nitrogen atmosphere. The samples were heated from 25°C to
95°C at a heating rate of 20°C-min™! to observe the thermal properties

of PEO and to confirm that PEO was removed after crosslinking [39].
An empty aluminum pan was used as a reference. The DSC thermograms
were recorded to identify the melting behavior of PEO and evaluate
changes in thermal transitions.

2.7 Drug loading

Ciprofloxacin is an antibiotic drug that was used in this research to
evaluate the antibacterial activity of PEO-NaAlg electrospun nanofibers.
Ciprofloxacin hydrochloride (MySkinRecipes®) at concentrations
of 0.05%w/v, 0.2%w/v, and 0.25%w/v was added to the PEO-NaAlg
solution. The solution was stirred until it became homogeneous. These
drug-loaded PEO-NaAlg solutions were electrospun using the same
electrospinning parameters as PEO-NaAlg without drug loading.

2.8 Preparation of antibacterial testing

Escherichia coli (E. coli) TISTR 527 and Staphylococcus aureus
(S. aureus) TISTR 746 were used to test the antibacterial property
of electrospun nanofiber. These bacteria strains were obtained from
Thailand Institute of Scientific Technological Research (TISTR).
Bacteria were cultivated in rich nutrient broth (Himedia) of 0.5%w/v
peptone, 0.5%w/v NaCl, 0.15%w/v yeast extract, and 0.15%w/v beef
extract at 37°C with shaking at 150 rpm for 24 h. After incubation,
the bacterial cultures were serially diluted to 10~ and spread onto a
rich nutrient agar medium with 100 pL. The electrospun samples
were cut precisely into discs with 6 mm diameter and placed on the
spread plates and incubated at 37°C for 24 h. To obtain the validated
results, the testing experiment was repeated with three electrospun
samples for each condition. The diameter of the inhibition zone was
measured using the ImageJ version 1.49 program to evaluate the
antibacterial properties of the electrospun samples.

3. Results and discussion
3.1 Electrospun fiber fabrication

PEO is the core polymer material used for nanofiber fabrication by
the electrospinning technique. The effect of PEO concentrations at
200 kDa to 300 kDa on the formation of nanofibers was observed. The
concentration of PEO varied from 4%w/v to 7%w/v. The concentration
of PEO affects the average diameter of the fiber and its morphology,
as illustrated in Table 1 and Figure 3, respectively. Increasing the
concentration of PEO results in an increase in solution viscosity and
average diameter of nanofiber. Among four concentrations of PEO, the
smallest diameter was observed at 32.34 nm by 4%w/v PEO, and the
highest diameter was 75.23 nm by 7%w/v PEO. The SEM results with
8000x magnification reveal the bead particles that appeared on 4%w/v
to 6%w/v PEO, as shown in Figure 3. However, at the higher PEO
concentration of 6%w/v, fiber became more apparent. The completed
fiber formation was observed on 7%w/v PEO. These results indicated
that the increased concentration of PEO led to the disappearance of
bead particles and achieved fiber formation. Therefore, 7%w/v is
the minimum concentration of PEO at 200 kDa to 300 kDa, enabling
fiber fabrication without undesired bead particles, and it was used to
study with NaAlg to improve fiber stabilization.
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Figure 3. SEM images 8000x of the morphology of electrospun nanofibers
with different PEO concentrations: (a) 4%w/v, (b) 5%w/v, (c) 6%w/v, and
(d) 7%w/v.

Figure 4. SEM images 8000x of the electrospun nanofiber from 7%w/v PEO
mixed with 1%w/v NaAlg of (a) 150 cP, (b) 300 cP, and (c) 730 cP.

Figure 5. SEM images 8000x of the electrospun nanofiber from 7% w/v
PEO mixed with 2%w/v NaAlg of a) 150 cP, and b) 300 cP viscosity.

Because viscosity is an important parameter that can affect the
morphology of the electrospun nanofiber [38]. The suitable range of
viscosity of PEO solution for completing fiber formation is between
100 cP and 2000 cP [40]. Adding NaAlg into the 7%w/v PEO solution
increases the viscosity of the solution. Therefore, various solution
viscosities based on 7%w/v PEO at 150 cP, 300 cP, and 730 cP of
NaAlg were examined. The amount of NaAlg at 1%w/v and 2%w/v
was added, and the final viscosity of the solutions was measured, as
presented in Table 2. The morphology of the nanofiber observed by
SEM at 8000x magnification is illustrated in Figure 4-5 of 1%w/v
and 2%w/v of NaAlg, respectively. The completed fiber formation
was certainly achieved at 745 cP to 1,315 cP by adding 1%w/v of
NaAlg, as shown in Figure 4. However, an increase in the solution
viscosity affects the surface tension of the nanofiber and leads to the
formation of bead particles, as shown in Figure 5 when 2%w/v of
NaAlg was added. At the highest viscosity of 12,800 cP, the solution
became extremely thick and solidified easily due to the high guluronic
acid content in NaAlg, which prevented the solution from flowing
out of the needle [41]. Moreover, NaAlg is an ionic salt, and the high
amount of NaAlg impacts the over-conductivity of the solution. This
causes an unstable fiber formation [42]. Based on these results, 7%
of PEO mixed with 1%w/v NaAlg of three viscosities, 150 cP, 300 cP,
and 730 cP could achieve nanofiber formation and were selected for
further improvement of insolubility through the crosslinking process.

Table 1. The solution viscosity and the average diameter of 4%w/v to 7%w/v PEO concentration at 200 kDa to 300 kDa.

Concentration of PEO [%ow/v] Viscosity [cP]

Average diameter [nm]

! 395
5 44

6 100
7 225

32.34
37.40
55.13
75.23

Table 2. The solution viscosity for electrospun fibers under the different concentrations and viscosities of NaAlg.

NaAlg viscosity NaAlg concentration PEO concentration Final viscosity of PEO mixed with NaAlg
[cP] [Yow/v] [Yow/v] [cP]
1 7 745
150 2 7 1,450
1 7 795
300 2 7 2,760
1 7 1,310
730 2 7 12,800
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3.2 The crosslinked fiber

Water insolubility of fiber can be improved by crosslinking between
polymer chains, in which PEO-Na* alginate fiber is turned into Ca>*
alginate, forming the inter-chain crosslink network in fiber [37]. The
electrospun nanofibers from 7%w/v PEO mixed with 1%w/v NaAlg of
different viscosities were electrospun for 8 h. The nanofiber morphology
and average diameters before and after the crosslinking process were
observed. Figure 6 displays the SEM results at 40000x magnification,
showing that the fibers retain their morphology after crosslinking.
The average diameter of fibers was measured and calculated as shown
in Figure 7. Before crosslinking, the average diameter of PEO-NaAlg
electrospun fiber at viscosities of 745 cP, 795 cP, and 1,310 cP was
72.34 nm, 80.84 nm, and 89.37 nm, respectively. These results indicate
that the average diameter of the fiber before crosslinking increases
with increasing solution viscosity [43]. However, the average diameter
after crosslinking was reduced compared to the average size before
crosslinking, as shown in Figure 7. The average diameter of the fiber
after crosslinking at viscosities of 745 cP, 795 cP, and 1,310 cP was
52.88 nm, 51.82 nm, and 48.85 nm, respectively. This is due to the
removal of PEO from the fibers, as it is soluble in both ethanol and
water, resulting in fiber shrinkage after crosslinking. This observation
could be proved by FTIR and DSC results. However, removing PEO
did not affect the fiber structure [37,44].

FTIR analysis is used to confirm the success of the crosslink
process. Before crosslinking, the fiber consists of 7%w/v PEO and
1%w/v NaAlg. PEO and NaAlg can fabricate certain nanofibers as
they interact together between the hydroxyl group (—OH) of NaAlg
and the hydrogen bond of the ether group (—O-) in the PEO, which was
confirmed by the stretching at 3200 cm™ to 3600 cm™' of the hydroxyl
group of NaAlg compared to the NaAlg spectrum as shown in Figure 8.
After blending, the ether spectrum of PEO was shifted from 1100 cm™
to 1095 cm™! After blending, the ether spectrum of PEO was shifted
from 1100 cm™, and the spectrum of the carboxylate group (COO")
in the NaAlg was shifted from 1593 cm™'. After blending, the ether
spectrum of PEO was shifted from 1100 cm™! to 1612 cm™! After
blending, the ether spectrum of PEO was shifted from 1100 cm™!
[15]. After crosslinking, PEO was removed due to its solubility
corresponding to the peak of ether from PEO disappeared. Because
there was an exchange from Na* to Ca?* ions in the alginate molecules,
the carboxylate group peaked at a higher frequency of 1612 cm™!
due to the ion exchange interaction compared to before crosslinking
[45]. The spectrum at 3200 cm! to 3600 cm™! indicates the hydroxyl
group contained in NaAlg. The crosslinking process decreased the
hydrogen bonding between the hydroxyl group (~OH) of NaAlg and
the ether group (—O-) due to the exchange from Na* to Ca®* ions,
resulting in the formation of a network structure that enhances the
stability of the electrospun and improves fiber insolubility property
[46]. DSC was performed to characterize the thermal properties of
PEO, confirming that the PEO was removed after crosslinking. As
shown in Figure 9, the DSC thermogram of pure PEO (7%w/v) and
the electrospun nanofibers before crosslinking exhibited a melting
peak in the range of 60°C to 70°C, which corresponds to the melting
temperature of PEO [47]. Pure PEO exhibited a melting peak at 63.7°C,
while the electrospun nanofibers before crosslinking showed a
melting peak at 65.4°C. In contrast, no melting peak was observed in

this temperature range for the electrospun nanofibers after crosslinking,
confirming that PEO was removed during the crosslinking process.

Figure 6. SEM images 40000x of fiber morphology after crosslinking. The
solution of 7%w/v PEO mixed with 1%w/v NaAlg of (a) 150 cP, (b) 300
cP, and (c) 730 cP.
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Based on the structural retention of the fiber after the crosslinking
process, a composition of 7%w/v of PEO with 1%w/v of 150 cP NaAlg
could certainly retain the structure and the average fiber size. Therefore,
this condition was selected to investigate the additional antibacterial
property of the fiber.

3.3 Antibacterial nanofiber

Since E. coli and S. aureus are used as indicators to assess hygiene
conditions and sanitation, these two bacteria were selected to study
the antibacterial property of fiber [48]. The additional antibacterial
activity of electrospun nanofibers was tested by loading different
amounts of ciprofloxacin to observe the inhibition zones of E. coli
and S. aureus. The 7%w/v PEO with 1%w/v of 150 cP NaAlg solution
was mixed with ciprofloxacin at concentrations of 0.05% up to
0.20%w/v, and then a homogeneous ciprofloxacin-containing polymer
solution was electrospun for 8 h. The amount of ciprofloxacin was
determined based on the study of the electrospun alginate nanofibers
loaded with ciprofloxacin hydrochloride as reported by A. Kyziol
[14]. Moreover, these concentrations of ciprofloxacin loading covered
the range of effectiveness against the bacteria's growth in the nano-
fiber form, as discussed by T. Thairin [49]. The electrospun nanofibers
of the PEO-NaAlg with 0.05%w/v ciprofloxacin solutions retain a
smooth fiber before crosslinking, as shown in Figure 10(a) analyzed by
SEM at 40000x magnification. However, a rough fiber was observed
after crosslinking, as shown in Figure 10(b). When the ciprofloxacin
was increased to 0.20%w/v, the smooth nanofibers were successfully
retained, as shown in Figure 11, observed under SEM at 40000x
magnification. Before crosslinking, the average fiber diameters of
PEO-NaAlg loaded with 0.05%w/v and 0.20%w/v ciprofloxacin were
81.13 nm and 85.50 nm, corresponding to increases of 12.15% and
18.19%, respectively, when compared to the fiber without ciprofloxacin,
which was 72.34 nm (Figure 4(a) and Figure 7). These results indicated
that ciprofloxacin did not affect the formation of fiber, but the fiber
diameter expanded and fused. Additionally, after crosslinking, the
average diameter of the ciprofloxacin-loaded fibers increased compared
with that before crosslinking, which can be attributed to the swelling
of the nanofibers induced by ciprofloxacin during the crosslinking
process [14,50]. Rough fiber surfaces were observed at a ciprofloxacin
loading of 0.05%w/v. Despite these changes, the fibers retained
their overall morphology and insolubility.

J. Met. Mater. Miner. 36(2). 2026

Figure 10. SEM images 40000x of PEO-NaAlg electrospun loaded with 0.05%w/v
ciprofloxacin of (a) before crosslinking, and (b) after crosslinking.

Figure 11. SEM images 40000x of PEO-NaAlg electrospun loaded with 0.20%w/v
ciprofloxacin of (a) before crosslinking, and (b) after crosslinking.
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against S. aureus, before crosslinking (blue) and after crosslinking (grey).
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The inhibition zone was observed on nutrient agar spread E. coli
and S. aureus, placing a 6 mm diameter sample of ciprofloxacin
electrospun both before and after crosslinking. The inhibition area
that appeared around the electrospun samples was measured and
averaged, as shown in Figure 12-13 of E. coli and S. aureus, respectively.
The results showed that electrospun samples containing 0.05%w/v
and 0.20%w/v ciprofloxacin before crosslinking effectively inhibit
E. coli and S. aureus growth. However, after crosslinking, electrospun
fibers loaded with both amounts of ciprofloxacin could inhibit . coli
but could not inhibit S. aureus. Since the fiber loading of 0.20%w/v
ciprofloxacin ineffectively inhibited S. aureus, an attempt to improve
the antibacterial activity of electrospun was performed by increasing
the dosage of ciprofloxacin, up to 0.25%w/v. At 0.25%w/v ciprofloxacin.
Before crosslinking, electrospun nanofibers successfully inhibited
both E. coli and S. aureus, as shown in Figure 12-13, respectively.
However, after crosslinking, even up to 0.25%w/v of ciprofloxacin
effectively inhibits E. coli but still ineffectively inhibits S. aureus.
However, the antibacterial efficiency of the electrospun fiber did not
proportionally increase with increasing the concentration of ciprofloxacin
loaded due to several causes, including the drug-polymer interaction,
crystallization of the drug in the fiber, particularly at higher concentrations
of drug leading to the larger drug crystal affecting the fiber morphology
and the diffusion of the drug from the dense polymer network [51,52].
Among these three ciprofloxacin concentrations evaluated, the minimum
concentration of 0.05%w/v in electrospun before crosslinking was
sufficient to inhibit both E. coli and S. aureus.

However, the average inhibition zones for both bacteria were
significantly reduced in the post-crosslinked electrospun samples.
The inhibition zone of the crosslinked electrospun samples was
observed and measurable only against E. coli. These results revealed
that the crosslinking process affects the antibacterial properties of
the electrospun material. Ciprofloxacin is a water-soluble antibiotic.
CaCl: crosslinking of the alginate matrix can restrict drug diffusion
and release, thereby reducing the apparent antibacterial activity, as
reported by A. Kyziol [14]. The presence of Ca?* ions can interact
with ciprofloxacin, leading to complex formation and reduced drug
mobility, which decreases its effective antibacterial performance [53].
Increasing the ciprofloxacin loading enhances the interaction with
Ca?" ions within the crosslinked matrix, resulting in the restriction of
drug release and consequently reducing the antibacterial effectiveness,
as reported previously by Amiruddin et al. [54]. Consequently,
ciprofloxacin remained entrapped within the fibers after crosslinking.
This approach has been employed to control the drug release rate in
drug delivery systems [49,55]. However, the ciprofloxacin diffused
from the crosslinked electrospun was insufficient to inhibit the growth
of S. aureus. Ciprofloxacin is more effective against E. coli than
S. aureus due to the differences in the mechanism of ciprofloxacin
inhibition. In E. coli, ciprofloxacin inhibits both DNA gyrase and
topoisomerase IV, which are the primary targets against the growth
of E. coli [56]. However, in S. aureus, ciprofloxacin targets the
topoisomerase IV as the primary target with high sensitivity, while
DNA gyrase acts as a secondary target, and is less sensitive [57]. The
resistance of ciprofloxacin in S. aureus occurs because the Nor A efflux
pump is overexpressed to pump out the fluoroquinolones, therefore,
S. aureus resists ciprofloxacin more effectively than E. coli [58].

It has also been reported that a higher concentration of ciprofloxacin
is required to inhibit S. aureus compared to E. coli [59,60].

The electrospun nanofiber developed in this research is one of the
essential materials for various biomedical applications. This polymer
is biocompatible and biodegradable, making it suitable for various
biomedical fields, and the material is cost-effective [17,61]. This
research successfully fabricated PEO-NaAlg electrospun nanofibers
based on a low molecular weight of 200 kDa to 300 kDa of PEO.
The results reveal that the viscosity of the PEO-NaAlg solution affects
the size and morphology of fibers. Water insolubility of the polymer
was achieved using the crosslinking method. After loading ciprofloxacin,
the electrospun nanofiber was effective against the growth of E. coli.
However, it was insufficient to inhibit S. aureus because of its resistance
to ciprofloxacin. To address the limitation of electrospun nanofibers
from PEO-NaAlg, improving the antibacterial polymer by increasing
the concentration of drugs, studying the release mechanism, and
investigating other antibiotic drugs will be explored in further work.
Since the achievement of E. coli inhibition of this fiber, it could also be
applied scaffold in tissue engineering or filtration systems trapping
the bacteria, which requires biocompatibility and biodegradability
of materials with antibacterial properties [62,63].

4. Conclusion

Based on the PEO at low molecular weight range between 200 kDa
to 300 kDa, 7%w/v is the optimal concentration of PEO that can
achieve the electrospun nanofiber formation. The stabilization of
nanofibers was examined by adding 1%w/v of NaAlg with viscosities
0f 150 cP to 730 cP and conducting the crosslinking by replacing Ca>*
and Na". The electrospun nanofibers retained their fibrous morphology
despite changes in solution viscosity caused by NaAlg and the post-
crosslinking process. Additional antibacterial nanofiber was investigated
by loading ciprofloxacin at 0.05%w/v to 0.25%w/v. Adding ciprofloxacin
did not affect the morphology of the fiber. After crosslinking, the
average diameter of the nanofiber with ciprofloxacin increased due to
swelling from the addition of this agent. The PEO-NaAlg electrospun
nanofiber loaded with 0.05%w/v ciprofloxacin could efficiently inhibit
E. coli and S. aureus. However, the crosslinking process reduces the
effectiveness of E. coli and S. aureus inhibition. Further optimization
will be needed for its effective application in future work.

Acknowledgements

This work is financially supported by King Mongkut's Institute
of Technology Ladkrabang under the research funding support
contract no. KREF016610 from KMITL Research and Innovation
Service (KRIS).

Reference

[11 G. C. Rutledge, and V. S. Fridrikh, "Formation of fibers by
electrospinning," Advanced Drug Delivery Reviews, vol. 59,
no. 14, pp. 1384-1391, 2007.

[2] D.Li, and Y. Xia, "Electrospinning of nanofibers: Reinventing the
wheel?," Advanced Materials, vol. 16, no. 4, pp. 1151-1170, 2004.

J. Met. Mater. Miner. 36(2). 2026



(8]

[11]

[12]

[13]

NIYOMCHON, P., et al.

J. Xue, T. Wu, Y. Dai, and Y. Xia, "Electrospinning and
electrospun nanofibers: Methods, materials, and applications,"
Chemical Review, vol. 119, pp. 5298-5415, 2019.

V. Jacobs, R. D. Anandjiwala, and M. Maaza, "The influence
of electrospinning parameters on the structural morphology
and diameter of electrospun nanofibers," Journal of Applied
Polymer Science, vol. 115, no. 5, pp. 3130-3136, 2009.

J. Doshi, and D. H. Reneker, "Electrospinning process and
applications of electrospun fibers," Journal of Electrostatics,
vol. 35, no. 2-3, pp. 151-160, 1995.

Z.-M. Huang, Y .-Z. Zhang, M. Kotaki, and S. Ramakrishna,
"A review on polymer nanofibers by electrospinning and their
applications in nanocomposites," Composites Science and
Technology, vol. 63, no. 15, pp. 2223-2253, 2003.

S. Gu, Z. Wang, J. Ren, and C. Zhange, "Electrospinning of
gelatin and gelatin/poly(l-lactide) blend and its characteristics
for wound dressing," Materials Science and Engineering: C,
vol. 29, no. 6, pp. 18221828, 2009.

O. Urbanek, A. Wysocka, P. Nakielski, F. Pierini, E. Jagielska,
and L. Sabala, "Staphylococcus aureus specific electrospun wound
dressings: Influence of immobilization technique on antibacterial
efficiency of novel enzybiotic," Pharmaceutics(tMDPI), pp. 1-17,
2021.

N. Weber, Y.-S. Lee, S. Shanmugasundaram, M. Jaffe, and T.
Arinzeh, "Characterization and in vitro cytocompatibility of
piezoelectric electrospun scaffolds," Acta Biomaterialia, vol. 6,
no. 9, pp. 3550-3556, 2010.

A. Subramanian, U. M. Krishnan, and S. Sethuraman, "Fabrication
of uniaxially aligned 3D electrospun scaffolds for neural
regeneration," Biomedical Materials, pp. 1-10, 2011.

R. S. Ambekar, and B. Kandasubramanian, "Advancements in
naofibers for wound dressing: A review," European Polymer
Journal, vol. 117, pp. 304-336, 2019.

X. Liu, H. Xu, M. Zhang, and D.-G. Yu, "Electrospun medicated
nanofibers for wound healing: Review," Membranes (Basel),
vol. 11, no. 10, p. 770, 2021.

X. Zhang, Y. Wang, Z. Gao, X. Mao, J. Cheng, L. Huang and
J. Tang, "Advances in wound dressing based on electrospinning
nanofibers," Journal of Applied Polymer Science, vol. 141,no. 1,
p. 54746, 2023.

A. Kyziol, J. Michna, I. Moreno, E. Gamez, and S. Irusta,
"Preparation and Characterization of electrospun alginate nano-
fibers loaded with ciprofloxacin hydrochloride," European
Polymer Journal, vol. 96, pp. 350-360, 2017.

M. F. Hossain, and M. Rahman, "Preparation and characterization
of the electrospun alginate nanofibers," Scientfic Research
Publishing, vol. 7, pp. 91-100, 2021.

C. D. Saquing, C. Tang, B. Monian, and C. Bonino, "Alginate—
polyethylene oxide blend nanofibers and the role of the carrier
polymer in electrospinning,” Industrial & Engineering Chemistry
Research, vol. 52, no. 26, pp. 8692—-8704, 2013.

Y.-Q. Wan, J.-H. He, J.-Y. Yu, and Y. Wu, "Electrospinning
of high-molecule PEO solution," Journal of Applied Polymer
Science, vol. 103, no. 6, pp. 3840-3843, 2006.

J. Met. Mater. Miner. 36(2). 2026

(18]

[19]

[23]

(24]

[25]

[26]

(27]

[28]

[30]

[31]

H. Hecht, and S. Srebnik, "Structural characterization of sodium
alginate and calcium alginate," Biomacromolecules, vol. 17,
no. 6, pp. 2160-2167, 2016.

S. Safi, M. Morshed, S. H. Ravandi, and M. Ghiaci, "Study of
electrospinning of sodium alginate, blended solutions of sodium
alginate/poly(vinyl alcohol) and sodium alginate/poly(ethylene
oxide)," Journal of Applied Polymer Science, vol. 104, no. 5,
pp. 3245-3255, 2007.

T. Caykara, S. Demirci, M. S. Eroglu, and O. Guven, "Poly
(ethylene oxide) and its blends with sodium alginate," Polymer,
vol. 46, no. 24, pp. 10750-10757, 2005.

D. Fang, Y. Liu, S. Jiang, J. Nie, and G. Ma, "Effect of inter-
molecular interaction on electrospinning of sodium alginate,"
Carbohydrate Polymer, vol. 85, no. 1, pp. 276-279, 2011.
A. Saarai, V. Kasparkova, T. Sedlacker, and P. Saha, "A comparative
study of crosslinked sodium alginate/gelatin hydrogels for wound
dressing," World Scientific and Engineering Academy and
Society (WSEAS), pp. 384-389, 2011.

A.G.S. de Laia, E. de Souza Costa Jtnior, and H. de Souza Costa,
"A study of sodium alginate and calcium chloride interaction
through films for intervertebral disc regeneration uses," Materials
Science, Medicine, Engineering, pp. 7341-7348, 2014.

I. Choi, Y. Lee, J. S. Lyu, J.-s. Lee, and J. Han, "Characterization
of ionically crosslinked alginate films: Effect of different anion-
based metal cations on the improvement of water-resistant
properties," Food Hydrocolloids, vol. 131, p. 107785, 2022.
H. Nie, A. He, W. Wu, J. Zheng, S. Xu, J. Li, and C. C. Han,
"Effect of poly(ethylene oxide) with different molecular weights
on the electrospinnability of sodium alginate," Polymer, vol. 50,
no. 20, pp. 4926-4934, 2009.

V. Jacobs, R. D. Anandjiwala, and M. Maaza, "The influence
of electrospinning parameters on the structural morphology
and diameter of electrospun nanofibers," Journal of Applied
Polymer Science, vol. 115, no. 5, pp. 3130-3136, 2009.

M. Abrigo, S. L. McArthur, and P. Kingshott, "Electrospun nano-
fibers as dressings for chronic wound care: Advances, challenges,
and future prospects," Macromolecular Bioscience, vol. 14,
no. 6, pp. 772-792, 2014.

A. Pakolpakeil, B. Osman, G. Goktalay, E. T. Ozer, Y. Sahan,
B. Becerir, and E. Karaca, "Design and in vivo evaluation of
alginate-based pH-sensing electrospun wound dressing containing
anthocyanins," Journal of Polymer Research, vol. 28, no. 2,
2021.

X.-Z. Sun, G. R. Williams, X.-X. Hou, and L.-M. Zhu, "Electro-
spun curcumin-loaded fibers with potential biomedical applications,"
Carbohydrate Polymers, vol. 94, no. 1, pp. 147-153, 2013.
1. A. Isoglu, and N. Koc, "Centella asiatica extract containing
bilayered electrospun wound dressing," Fibers and Polymers,
vol. 21, pp. 1453—-1465, 2020.

A. Cerci, E. S. Demir, E. Karaca, C. B. Guzel, and B. Osman,
"Preparation and characterization of amoxicillin-loaded polyvinyl
alcohol/sodium alginate nanofibrous mat: Drug release properties,
antibacterial activity, and cytotoxicity," Arabian Journal for
Science and Engineering, vol. 50, pp. 77-91, 2024.



[34]

[42]

[43]

[44]

[43]

[46]

Antibacterial characterization of ciprofloxacin-doped electrospun of 9

low molecular weight polyethylene oxide (PEO) and sodium alginate (NaAlg) nanofibers

K. Zhao, S.-X. Kang, Y.-Y. Yang, and D.-G. Yu, "Electrospun
Functional nanofiber membrane for antibiotic removal in water:
Review," Polymer, vol. 13, no. 2, p. 226, 2021.

M. Contardi, J. A. Heredia-Guerrero, G. Perotto, P. Valentini,
P. P. Pompa, R. Spano, L. Goldoni, R. Bertorelli, A. Athanassiou,
and L. S. Bayer, "Transparent ciprofloxacin-povidone antibiotic
films and nanofiber mats as potential skin and wound care
dressings," European Journal of Pharmaceutical Sciences,
vol. 105, pp. 133-144, 2017.

D. Mehrabani, M. Farjam, B. Geramizadeh, N. Tanideh, M.
Amini, and M. R. Panjehshahin, "The healing effect of curcumin
on burn wounds in rat," World Journal of Plastic Surgery,
vol. 4, no. 1, pp. 29-35, 2015.

D. Leaper, O. Assadian, and C. E. Edmiston, "Approach to chronic
wound infections," British Journal of Dermatology, vol. 173,
no. 2, pp. 351-358, 2014.

P. C. Sharma, A. Jain, S. Jain, R. Pahwa, and M. S. Yar,
"Ciprofloxacin: Review on developments in synthetic, analytical,
and medicinal aspects," Journal of Enzyme Inhibition and
Medicinal Chemistry, vol 25, no. 4, pp. 577-589, 2010.

C. A. Bonino, M. D. Krebs, C. D. Saquing, S. L. Jeong, K. L.
Shearer, E. Alsberg, and S. A. Khan, "Electrospinning alginate-
based nanofibers: From blends to crosslinked low molecular
weight alginate-only system," Carbohydrate Polymers, vol. 85,
pp. 111-119, 2011.

C. A. Schneidar, W. S. Rasband, and W. K. Eliceiri, "NIH image
to Imagel: 25 years of image analysis," Nature Methods, vol. 9,
pp. 671-675,2012.

A. R. Polu, D. Kim, and H.-W. Rhee, "Poly(ethylene oxide)-
lithium difluoro(oxalato)borate new solid polymer electrolytes:
Ton—polymer interaction, structural, thermal, and ionic conductivity
studies," lonics, vol. 21, pp. 2771-2780, 2015.

H. Fong, I. Chun, and D. Reneker, "Beaded nanofibers formed
during electrospinning," Polymer, vol. 40, no. 16, pp. 45854592,
1999.

Y. Zhao, H. Chen, Y. Wang, and Q. Li, "Effect of sodium
alginate and its guluronic acid/mannuronic acid ratio on the
physicochemical properties of high-amylose cornstarch," Starch,
vol. 68, no. 11-12, pp. 1215-1223, 2016.

N. Bhardwaj, and S. C. Kundu, "Electrospinning: A fascinating
fiber fabrication technique," Biotechnology Advances, pp. 325—
347, 2010.

A. Dodero, S. Vicini, M. Alloisio, and M. Castellano, "Sodium
alginate solutions: correlation between rheological properties
and spinnability," Journal of Materials Science, vol. 54, pp.
8034-8046, 2019.

S. A. Park, K. E. Park, and W. Kim, "Preparation of sodium
alginate/poly(ethylene oxide) blend nanofibers with lecithin,"
Macromolecular Research, vol. 18, pp. 891-896, 2010.

S. Bekin, S. Sarmad, K. Gurkan, G. Yenici, G. Keceli, and G.
Gurdag, "Dielectric, thermal, and swelling properties of calcium
ion-crosslinked sodium alginate film," Polymer Engineering
& Science, vol. 54, no. 6, pp. 1372-1382, 2013.

M. Ghani, B. Rezaei, A. G. Aghaji, and M. Arami, "Novel
cross-linked superfine alginate-based nanofibers: Fabrication,
characterization, and their use in the adsorption of cationic and

[47]

(48]

[49]

[50]

[51]

[55]

[59]

[60]

anionic dyes," Advances in Polymer Technology, vol. 35, no. 4,
pp. 428-438, 2016.

W. Wang, T. Peigs, and A. H. Barber, "Indentation induced
solid state ordering of electrospun polyethylene oxide fibres,"
Nanotechnology, vol. 21, no. 3, p. 035705, 2010.

D. Matuka, B. Binta, H. Carman, and T. Singh, "Staphylococcus
aureus and Escherichia coli levels on the hands of theatre staff
in three hospitals in Johannesburg, South Africa, before and
after handwashing," SAMJ Research, vol. 108, pp. 474-476,
2018.

T. Thairin, and P. Wutticharoenmongkol, "Ciprofloxacin-loaded
alginate/poly (vinyl alcohol)/gelatin electrospun nanofiber mats
as antibacterial wound dressing," Journal of Industrial Textiles,
pp. 1-27, 2021.

T. C.Mokhena, and A. S. Luyt, "Development of multifunctional
nano/ultrafiltration membrane based on a chitosan thin film on
alginate electrospun nanofibres," Journal of Cleaner Production,
vol. 156, pp. 470479, 2017.

S.R. Shah, A. M. Henslee, P. P. Spicer, S. Yokota, S. Petrichenko,
S. Allahabadi, G. N. Bennett, M. E. Wong, F. K. Kasper, and
A. G. Mikos, "Effects of antibiotic physicochemical properties
on their release kinetics from biodegradable polymer micro-
particles," Pharmaceutical research, vol. 31, no. 12, pp. 3379—
3389, 2014.

K. E. Penton, Z. Kinler, A. Davis, J. A. Spiva, and S. K. Hamilton,
"Electrospinning drug-loaded alginate-based nanofibers towards
developing a drug release rate catalog," Polymers, vol. 14, no. 14,
p. 2773, 2022.

J. AL. Mustafa, and Z. A. Taha, "Thermodynamics of the
complexation of ciprofloxacin with calcium and magnesium
perchlorate," Thermochinica Acta, vol. 521, pp. 9-13, 2011.
Amiruddin, A.S. Rijal, and D. M. Hariyadi, "Effect of CaCl2
crosslinker concentration on the characteristics, release and
stability of ciprofloxacin HCl-alginate-carrageenan microspheres,"
Pharmacy and Pharmaceutical Sciences Journal, vol.10, no. 3,
2023.

S. Khalili, N. Ghane, S. N. Khorasani, F. Heydari, A. Atwal,
and P. Davoodi, "Cytocompatibility and antibacterial properties
of coaxial electrospun nanofibers containing ciprofloxacin and
indomethacin drugs," Polymers, vol. 14, no. 13, p. 2565, 2022.
S. Khoshnood, M. Heidary, A. Hashemi, F. Shahi, M. Saki,
E. Kouhsari, G. Eslami, and H. Goudarzi, "Involvement of the
AcrAB Efflux Pump in ciprofloxacin resistance in clinical
klebsiella pneumoniae isolates," Infect Disord Drug Targets,
vol. 21, no. 4, pp. 564-571, 2021.

T. J. Foster, "Antibiotic resistance in Staphylococcus aureus,"
FEMS Microbiology Reviews, vol. 41, pp. 3049, 2017.

D. C. Hooper, and G. A. Jacoby, "Mechanisms of drug resistance:
quinolone resistance," Annals of the New York Academy of
Sciences, vol. 1354, pp. 12-31, 2015.

R. DS, B.MJ, and W. LO, "In-vitro studies with ciprofloxacin, a new
4-quinolone compound," Journal of antimicrobial chemotherapy,
vol. 13, no. 4, pp. 333-346, 1984.

C.-R.DM, M. JP, P. A, B. P, T. PA, and A. Ward, "Ciprofloxacin.
A review of its antibacterial activity, pharmacokinetic properties
and therapeutic use," Drugs, vol. 35, pp. 373-447, 1988.

J. Met. Mater. Miner. 36(2). 2026



10 NIYOMCHON, P., et al.

[61] J.-W.Lu, Y.-L. Zhu, Z.-X. Guo, P. Hu, and J. Yu, "Electro-
spinning of sodium alginate with poly(ethylene oxide)," Polymer,
vol. 47, no. 23, pp. 8026-8031, 2006.

[62] S. Tripathi, B. N. Singh, D. Singh, G. Kumar, and P. Srivastava,
"Optimization and evaluation of ciprofloxacin-loaded collagen/

J. Met. Mater. Miner. 36(2). 2026

[63]

chitosan scaffolds for skin tissue engineering," 3Biotech, vol. 11,
no. 4, p. 160, 2021.

L. Zhang, L. Li, L. Wang, J. Nie, and G.Ma, "Multilayer electro-
spun nanofibrous membranes with antibacterial property for air
filtration," Applied Surface Science, vol. 515, p. 145962, 2020.



