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Abstract

Composite nanofibers were prepared successfully by centrifugal spinning of

poly(ethylene oxide) aqueous solutions containing silver nanoparticles. The core

focus of the present work is to carefully evaluate the antibacterial activity of

poly(ethylene oxide)–Ag composite nanofibers in the presence of Escherichia coli

(E. coli) and Bacillus cereus (B. cereus) bacteria. Centrifugally spun nanofibers were

obtained from poly(ethylene oxide)–Ag precursor solutions with different Ag nano-

particle loadings. The process parameters such as the spinneret rotational speed,

collector-spinneret distance, and relative humidity were optimized to obtain fine

fibers. The complex morphology and flexible structure of the poly(ethylene oxide)–

Ag composite fibers were investigated by scanning electron microscopy, X-ray dif-

fraction, energy-dispersive X-ray spectroscopy, thermogravimetric analysis, and

Raman spectroscopy. The composite nanofibers have been proven as a strong

antibacterial agent against E. coli and B. cereus due to their capacity to form superior

inhibition zones. The efficiency of inhibiting bacteria by nanofibers was over 98%.

The workability of the bacteria was impeded by the nanofibrous membrane as the Ag

nanoparticles presented an effective chemical ability to dysfunction the bacterial

structure at the nanoscale. These results demonstrate that the centrifugally spun

poly(ethylene oxide)–Ag nanofibers are promising antibacterial agents for biomedical

applications.
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1 | INTRODUCTION

Bacterial pitfalls are harmful to our health and commercial products. A

typical resident of human intestine, Gram-negative E. coli bacteria,

causes nosocomial infections in the urinary areas.1,2 Conversely,

Gram-positive bacteria, B. cereus makes deep penetration of attack

into human body.3 To overcome these problems, polymer/metal

nanocomposites have recently been used as antimicrobial scaffolds

for cell adhesion and proliferation4 due to their biocompatibility, avail-

ability, and biodegradability.5 Since the polymer matrix characteristics

are compatible with the human skin,6,7 research was focused on

absorbing exudates8-11 as a potential future way to treat infections.

The high surface area to volume ratio of nanofibers promotes

enhanced porosity. The size, shape, and composition of nanofibers

assist the interfacial strength to adjoin the fiber–matrix layers.12-14

Nanofibers can be prepared by diverse methods including

electrospinning, centrifugal spinning, melt blown spinning, dry spin-

ning, phase separation, template synthesis, and self-assembly.15

Among all, electrospinning has been the most used method to pro-

duce nano- and microfibers in that the conducting polymer solution
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jets are drawn to a collector by an electric field.15,16 Alternatively,

centrifugal spinning, a rising promising technique, has been utilized to

prepare fibers/microfibers/nanofibers at a moderate cost and at a far

higher production rate (1 g/min) than electrospinning (0.3 g/h).17-20

Additionally, in centrifugal spinning, both conducting and non-

conducting solutions/melts can be used to produce the fibers,

depending upon the optimized processing parameters.21-23

Polyethylene oxide (PEO) is a water-soluble,24 biodegradable,

biocompatible,5 and chemically stable polymer that can be spun by

centrifugal spinning5 into nano- and microfibers. The combined effect

of covalent and hydrogen bonding25 can contribute to the stability of

PEO.26 Moreover, PEO nanofibers with low toxicity27 and high sur-

face area to volume ratio are capable to promote the adhesion and

growth of organic cells.28,29 Due to these attractive characteristics,

nonwoven PEO fibers have been utilized in various applications such

as biomedical,30 tissue engineering, electronics, energy storage, hemo-

static agents,31 and antibacterial agents.32

Most recent studies report that most of the antibacterial agents

were developed by electrospinning from natural/synthetic polymer

nanocomposite precursors. Monitored antimicrobial activity of

electrospun PEO/chitosan/Ag nanofibers, PEO blends–Ag

nanoparticles (NPs),33 as well as PVP/ZnO nanocomposite have dem-

onstrated strong and efficient inhibition against E. coli and S. aureus

bacteria.34,35 At present, many developed nanofibers are available;

however, centrifugally spun PEO nanofibers are exceptionally propi-

tious as a powerful and natural antimicrobial agent against bacteria

while having no adverse effects. For instance, PEO hydrogel32 works

quite finely in the digestive tract surgery of antithrombogenic applica-

tions.31 Recently, the efficacy of PEO hydrogels has been testified

upon animal bodies as a cured wound.32,36 Many discovered polymers

have no antimicrobial functionality, but such polymers conjugated

with other polymers/nanoparticles can display significant properties.

Similarly, chitosan, a natural polymer having mediocre antimicrobial

function, is extremely difficult to spin. However, chitosan along with

PEO can induce high scaffolds to inhibit bacterial infections.37

Besides, heavy metals can also serve as an antibacterial agent with

conjugated polymers. Owing to protonated H+ ion in chitosan, acidic

medium in PEO/chitosan38 facilitates antimicrobial activities by taking

up heavy metals such as Cu, Cd, Mg, and Ag. Therefore, it is confirmed

that PEO nanofibers self-autonomously display some antibacterial

function, which is amplified by nanoparticles.33

Nanofibers prepared from polymer blends and co-polymers may

function as a great antimicrobial agent. Avci et al reported results on

the use of PVA/PEO with henna extract (2.793 wt%) as a potent

eco-friendly agent, which exhibited good outcome against E. coli

bacteria.37 Beyond PEO, subsequently, Marini et al39 introduced a

hybrid material as an antibacterial activator based on which Selvam

et al,35 experimentally demonstrated that ZnO NPs (only 20 mg/L)/

PVP functionalized with cotton fabric exhibited 100% efficiency to

eradicate bacterial spread through a chemical reaction on bacterial

surfaces within short time duration. In addition, porous shapes of

TiO2/Ag nanocomposite ease to agglomerate considerable interac-

tions between particles, which play a major role to impede E. coli

and methicillin-resistant S. aureus within 24 h.40-42 Indeed, TiO2

nanocomposites could not damage the bacterial cell without light

and participation of heavy metals (Ag, Cu, Pd).41-43 Such findings

report that despite countless polymers/NPs having antimicrobial

capacity, PEO is unique as it is altogether a hydrogel, easy to spin,

and, most importantly, an effective activator to recoil Ag NPs

through its fibrous matrix.

Many researchers experimented on various NPs to discover the

best antibacterial agent where, in the most cases, Ag NPs revealed

an outstanding inhibition performance. Shameli et al42 found that in

polyethylene glycol (PEG), Ag NPs can easily be aggregated uni-

formly along fibrous layers to inhibit S. aureus and Salmonella typ-

himurium.44 Fatma et al43 reported results in that the inhibition

efficiency of PVB/ZnO, PVB/CuO, PVB/ZnO/TiO2, and

PVB/AgNO3 was gained 100% within 1–2 h. However, PVB/TiO2,

PVB/ZrO2, and PVB/SnO2 took more than 4 h to impede bacteria

completely. Among above all, PVB/AgNO3 composite fibers were

characterized with the lowest diameter (295 nm) and largest surface

porosity (69.5%), assisting Ag to be embedded finely in the fiber's

membrane to deteriorate bacterial viability at a limited time.43 Gen-

erally, the inhibition capacity of CS/PEO is only 81.38% and 85.41%

against E. coli and S. aureus, respectively. On the other hand, in con-

junction with Ag NPs, CS/PEO displayed 100% inhibition.34 In fact,

PVA/Ag/nanocellulose film worked well against E. coli and S. aureus

since such nanocomposite films exhibited no cytotoxicity effect.45

Quirós et al46 analyzed the most effective antibacterial agent with

electrospun PVP nanofibers containing Cu, Ag, and Zn nanoparticles.

The results indicated that among three of the NPs, Ag NPs exhibited

the highest inhibition efficiency (>90%), whereas Zn and Cu showed

less antibacterial properties. More importantly, Ag NP is a good cap-

ping agent to damage the bacterial cell strains very fast, but Cu and

Zn NPs entrapped in PVP nanofibers allow the slow release of dis-

solved metal to inactivate bacteria. In summary, it has been con-

firmed that Ag NPs are a strong antibacterial agent (efficiency

>99.8%) because of having capacity to disperse and adjoin uniformly

into fiber matrixes.47

Among all heavy metals, Ag is the highest toxic metal toward

microorganism and displays the lowest toxicity for humans.48 Ag NPs

slowly instill into the negatively charged bacteria cell to invade via

Ag+ reacting with (-SH), phosphate groups of bacteria,49 and generat-

ing a leakage on the outer surface. Eventually, Ag+ sterilizes respira-

tion through continuous reactions with enzymes and proteins of

bacterial cells which inactivate bacterial functionality.50

The objectives of this work are the processing and characteriza-

tion of PEO/Ag composite nanofibers and to study their antibacterial

activities against E. coli and B. cereus bacteria. In this study, the use of

PEO nanofibers with high surface area to volume ratio as a polymer–

fiber matrix for Ag nanoparticle can result in improving their antimi-

crobial function51 against common and existing bacteria. The PEO/Ag

fibrous membranes can be directly used for wound dress-healing and

drug delivery. In addition, the PEO fiber–matrix is biodegradable and

biocompatible to human body, whereas using Ag NPs is not practical

and difficult to implement in human body as a healing agent. In this

2 HASAN ET AL.



manuscript, a range of Ag NPs concentrations, which are effective to

dysfunction microbial attack, is clearly specified.

In this study, PEO/Ag composite nanofibers were prepared by

centrifugal spinning of PEO/Ag precursor solutions. The morphology,

elemental analysis, thermal dissociation analysis, molecular vibration

observation, and crystallographic phase analysis were characterized

by SEM, EDS, TGA, RAMAN, and XRD instruments, respectively. The

antibacterial activity of PEO/Ag nanocomposite fibers was studied

against E. coli and B. cereus bacteria using agar plate to observe the

inhibition zone. To the best of the authors' knowledge, this is the first

study to report results on centrifugally spun PEO/Ag composite

nanofibers and their use as an antibacterial agent against bacteria.

2 | EXPERIMENTAL

2.1 | Materials

PEO with average Mw 600,000 was purchased from Sigma-Aldrich

(St. Louis, MO); Ag nanoparticles with sizes ranging between 30 and

50 nm were obtained from US Research Nanomaterials, Inc (Huston,

TX). Deionized water was used as the solvent. All chemicals were used

as received without further purification.

2.2 | Preparation of PEO/Ag composite nanofibers

Firstly, PEO was dissolved in water with 8% (w/w) concentration. The

solution was homogenized by a vortex, and then Ag NPs, with differ-

ent concentrations of 15%, 25%, and 35% (w/w) with respect to PEO,

were added to the solution. After sonicating the mixture for 1 h, the

as-prepared solution was magnetically stirred overnight. The homoge-

neous PEO/Ag precursor solution was then used to prepare PEO/Ag

composite nanofibers by centrifugal spinning using Cyclone L-1000 M

(Fiberio Technology Corporation). Prior to centrifugal spinning, the

Ag/PEO solution was injected into a spinneret equipped with

30-gauge half-inch regular bevel needles. Sufficient centrifugal forces

were applied to the solution to break down the surface tension of the

polymer droplets and stretch out the fibers.52-56 To obtain good

fibrous mats, the optimum centrifugal spinning rate and spinneret

rotational speed were determined. The centrifugal spinning of

PEO/Ag solutions was performed in air at spinneret rotational speeds

of 6000 and 8000 rpm and at a relative humidity of 45% ± 5% and at

room temperature. The fibers were collected in a well-arranged eight

uniform spacious vertical collectors. Finally, the PEO/Ag composite

nanofibers were kept in an Al foil and dried for 24 h in a

vacuum oven.

2.3 | Characterization

The morphology of PEO/Ag composite fibers was characterized by

scanning electron microscopy (FE-SEM; Sigma VP Carl Zeiss,

Germany). For high-quality SEM images, the samples were sputtered

with a thin layer gold coating using a Denton's Desk V deposition sys-

tem. From the SEM images with ×5000 magnification, the average

fiber diameter was calculated by measuring 130 counts of randomly

selected images by using the image analysis software JMicroVision

V.1.2.7 (University of Geneva, Geneva, Switzerland) and Origin Pro@R

2020 software.

Energy dispersive spectroscopy (EDS) (USA) analysis was con-

ducted to evaluate the presence of Ag nanoparticles in the PEO

nanofibers. The elemental composition was investigated concisely

using samples with various Ag NP content. During the experiments,

different areas were focused, and the corresponding peaks were

taken into consideration while EDS mapping measurements were

taken in the same areas.

Thermogravimetric analysis (TGA) of the samples were studied

using TA-Q series equipment, TGAQ500 (TA Instruments Inc.).

Samples of about 10 mg were kept in the instrument and heated

from 26�C to 700�C at a heating rate of 5�C/min under air

atmosphere.

X-ray diffraction (XRD) was performed to visualize the crystalline

structure of the nanocomposites. Advance X-ray diffractometer

(Bruker, Germany), AXS D8 of graphite monochromator

(λ = 1.5406 Å), was used to characterize the structure of the PEO/Ag

composite fibers. The instrument uses CuK alpha as a radiation

source. The intensity of the scattered rays and angle (2θ) were mea-

sured to investigate the crystal structure of the samples.

In order to investigate the molecular motions within the PEO/Ag

composite nanofibers, a Renishaw InVia confocal microscope was

used to conduct Raman measurements with 785 (red) and 532 (green)

nm excitation laser.

For the characterization of antibacterial performance, PEO/Ag

composite nanofibers were tested on the Gram-negative bacteria

E. coli and Gram-positive bacteria B. cereus separately. The

antibacterial tests were basically analyzed according to the Kirby

Bauer disk diffusion method. Agar plate was setup, and aliquots of

100 μl of a bacterial suspension were spread onto the surface of agar

plates uniformly by a sterile L-shape glass rod. The fibrous mats were

then carefully deposited on the surface of the agar plates. Eventually,

the fibers were incubated at 37�C for 48 h to detect the

inhibition zone.

For in vitro release experiments, the Ag NPs were placed in 10 ml

of ultrapure water (resistance 18 mOHM) and equilibrated on a nutat-

ing mixer. The samples were equilibrated for 24 h, removed, cen-

trifuged at 3000 RPM, and then a 0.5 ml aliquot was taken in

triplicate. The samples were then placed back on the nutating mixer

and then equilibrated for 48 h and samples. This process of equilibrat-

ing for 48 h and sampling was continued for 7 day. The concentration

of silver released from the samples was determined using a Perkin

Elmer 8300 Optima ICP-OES. The silver concentration was deter-

mined using a wavelength of 328.068 nm, a nebulizer flow of 0.65 L/

min, a plasma flow of 20 L/min, an auxiliary flow of 0.2 L/min, and an

RF power of 1500 W. All samples were collected in triplicate for sta-

tistical purposes.
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3 | RESULTS AND DISCUSSIONS

3.1 | Morphology and structure of fibers

The formation of centrifugally spun fibers depends on the required

rotational speed to overcome surface tension of the solution and on

the polymer concentration, relative humidity, and the spinneret-to-

collector. A control of these parameters is required to produce bead-

free and uniform nanofibers. Experimentally, a PEO aqueous solution

with 8 wt% concentration produced excellent fibers by centrifugal

spinning. Below this concentration, minimal viscosity tended to yield

beaded fibers. Moreover, for fine PEO fiber production, the spinneret

rotational speed was required to set at 4500 rpm to 8000 rpm at a

favorable humidity. However, rotational speeds lower than 4000 rpm

barely produced morphologically fine fibers due to the higher surface

tension of the polymer droplets. On the other hand, above 9000 rpm,

the centrifugal forces could easily overcome the surface tension and

the ejected droplets got enough time to evaporate. Consequently,

more jets came out very fast from the spinneret to negatively affect

the deposition of fibers on the collector.

As presented in the SEM images of Figure 1, the average fiber

diameter ranges from 216 to 244 nm for different concentrations of

Ag. The histograms in Figure 1 (C, F, I) show that the average diameter

of the PEO/Ag composite nanofibers decreases with increasing the

Ag NPs loading in the PEO–fiber matrix which is in agreement with

previous experimental results.57

The SEM images (Figures 1(A, B, D, E, G, H)) show that the

increase of Ag concentration in the PEO solution results in bead-free

PEO/Ag composite fibers having fine morphology. It is observed in

the SEM images that the Ag NPs tend to agglomerate on the fiber

F IGURE 1 SEM images of the PEO/Ag composite nanofibers with 15, 25, and 35 wt% Ag concentrations in the precursor solution ([A, B],
[D, E], [G, H]), respectively. The average fiber diameter distribution (histogram) (C, F, I)
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surface. To ensure the presence of Ag NPs in the SEM images, the

arrow heads indicate a little bit defected shape of irregularity in the

fibrous texture.

Furthermore, the aggregation of Ag NPs in the PEO/Ag compos-

ite fibers was caused by the high PEO concentration in the solution.

Unlike electrospinning, the centrifugal spinning process requires poly-

mer solutions with high concentration and viscosity where high cen-

trifugal forces are applied to the polymer precursor solution at high

rotational speeds to form and stretch the fibers during solvent evapo-

ration. The addition of Ag nanoparticles to the aqueous PEO solution

can increase the solution precursor concentration and viscosity fur-

ther, which can cause more difficulties during centrifugal spinning.

Furthermore, the elongation of the polymer jet during the formation

of fibers of the precursor solution (polymer/solvent/metallic

nanoparticles) can cause a phase separation during spinning.58,59 Basi-

cally, the aggregation of Ag nanoparticles in the PEO–fiber matrix can

be mitigated by preparing lower concentration solutions, conducting

more sonication at high temperature as well as adding surfactants to

the precursor solution. This requires a more in-depth investigation

and more work to address this issue.

3.2 | Elemental mapping analysis

EDS mapping analysis was conducted using energy dispersive X-ray

spectroscopy (EDX) to investigate the elemental composition (espe-

cially Ag) in the PEO/Ag composite nanofibers. Figure 2(A–F) shows

the EDS mappings with Ag concentrations of 15 wt%. The Ag NPs

(Figure 2(F)) were present in the PEO fibers. The two other elements

(C and O) were also detected at higher concentrations than Ag in the

selected region. The compositions of the PEO/Ag composite fibers in

the EDS-mapping sample area (Figure 2(B)) were 77%, 12%, and 10%

of C, O, and Ag, respectively.

It is concluded that the Ag NPs are not embedded within the

nanofibers but rather concentrated within defected areas of PEO

nanofibers (such as sites were more nanofibers are linked together).

3.3 | Thermophysical characterizations

To investigate the thermal degradation of the PEO/Ag composite

nanofibers, TGA analysis was performed on the nanofibers under

nitrogen atmosphere. The TGA results of the PEO/Ag composite

nanofibers with three different Ag concentrations (Figure 3) show

similar dependences with important modifications due to the addition

of Ag nanoparticles. As the temperature was increased from 25 to

700�C, the mass loss of nanofibers was ignited. The pristine PEO

nanofibers are almost volatilized completely at about 550�C, with a

low amount of char being noticed (Figure 3(A)). For the PEO/Ag

nanocomposites with 25 wt% Ag nanoparticles, the thermal degrada-

tion is essentially completed at higher temperatures, with a low

amount of residual char, mostly consisting of Ag nanoparticles

(Figure 3(A)). There are three main contributions to the mass loss at

different temperature. From 25�C to 200�C, the mass loss is very

small (Figure 3(A)). This loss represents about 3% weight of the poly-

mer matrix and is caused by water evaporation and formation of

F IGURE 2 EDS mapping (A) sample area, (B) EDS mapping of PEO/Ag composite fibers, (C) composition of the fibers, (D) C, (E) O, and (F) Ag
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anhydride. These changes affect the polymer matrix and not the

nanofiller. In the second temperature region from 200�C to 400�C,

the weight loss of the nanocomposite is substantial and is still con-

trolled by the weight loss occurring within the polymer matrix. At

about 700�C, the residual fraction is within the experimental errors

which are consistent with the Ag NPs loading in the polymer–fiber

matrix.

The thermal degradation at low temperature (below 200�C) is

unnoticeable, probably reflecting negligible amounts of water still cap-

tured within the nanofibers. The main degradation process is occur-

ring from about 225 to 450�C. In this temperature range, the Ag NPs

are essentially shifting the degradation temperature slightly toward

higher temperatures. It is observed in Figure 3(A, B) that the weight

loss for all samples remains unchanged between 450 and 700�C, indi-

cating that decomposition of the polymer matrix is completed. The

residual mass at 700�C is negligible for the pristine PEO nanofibers

and consistent, within the experimental errors, with the content of Ag

NPs (0 wt%) in the PEO–fiber matrix.

The derivative of the residual mass as a function of temperature

(Figure 3(B)) reveals two degradation (negative) peaks in the pristine

PEO nanofibers. These peaks are located at a temperature where the

mass loss is maximum and eventually suggest two competing degrada-

tion mechanisms. The addition of Ag NPs to the PEO fibers narrows

these peaks and shifts them slightly to higher temperatures. At about

35 wt% of Ag NPs, there are essentially a single major degradation

peak, at about 400�C and some minor broad peaks at lower

temperatures.

3.4 | XRD analysis

The wide-angle X-ray scattering spectrum of PEO/Ag composite

nanofibers is dominated by the peak located at 18.3� in 2θ assigned

to (120) plane reflections (Figure 4). This peak was reported in pristine

PEO at 19.67�,60 at about 19� in 2θ,61 and even larger 2θ angles were

observed in the case of PEO samples prepared by compression

molding.60

The observed shift in the (120) peak or line from 19.3� to about

18.3� suggests some interactions between the polymer and the Ag

nanoparticles and may include some contributions due to the

stretching of the polymer structure during centrifugal spinning. A simi-

lar shift (trend) from 19.30� to19.04� in 2θ was reported in PEO

crystalized on graphene surfaces.60 The next intense peak was noticed

at 22.5�. This peak was typically reported at about 23�,61 23.25�,36 or

23.5�60 and not properly understood and modeled as it was assigned

to several possible reflection planes62 such as (112).36 In PEO samples

prepared by compression molding, this peak was shifted toward

higher 2θ values60; this behavior was assigned to local stresses/strains

induced by processing. The as-recorded line (peak) shows an

(B)(A)

F IGURE 3 (A) The dependence of the residual mass on temperature for PEO and PEO/Ag composite nanofibers (as recorded by TGA).
(B) The dependence of the derivative of the TGA signal on the temperature for PEO and PEO/Ag composite fibers

F IGURE 4 Wide angle X-ray scattering (WAXS) of the pristine
PEO and PEO–Ag composite nanofibers
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incompletely resolved structure, which may derive for the random ori-

entation of the nanofibers within the mat. The peaks noticed at 37.3�

and 43.9� were assigned as (111) and (200) reflections occurring in Ag

nanoparticles, respectively, (reported at 38.18� and 44.25� in 2θ63,64).

The weaker lines originating from Ag nanoparticles and located at

63.8� and 76.8� were assigned to (220) and (311) reflections, respec-

tively, in Ag nanoparticles (reported at 64.72 and 77.4� in Reference

63). The oxidation of Ag nanoparticles, if it is present, can be negligi-

ble or can only affect the amorphous regions of PEO fibers.

It is important to note that the main PEO lines corresponding to

(120) and (112) reflections planes are broadened by the addition of Ag

nanoparticles. The broadening is usually originated from the decrease

of the crystallite size or by significant strains of the polymer chains

due to the accommodation of the nanofiller. It is suggested that both

contributions can affect the width of PEO diffraction lines.

3.5 | Raman spectroscopy analysis

The Raman spectra of PEO and PEO nanofibers loaded with various

amounts of Ag NPs are shown in Figure 5. Significant differences

between the Raman spectrum of the PEO powder and the Raman

spectra of centrifugally spun PEO and PEO/Ag fibers are observed

since metallic silver is not a Raman active material. However, oxidized

silver may exhibit some Raman lines. Based on the X-ray data that

have not revealed the presence of silver oxides, and the lack of Raman

lines relevant to oxidized silver, it will be assumed that the Raman

spectrum is controlled by Raman lines originated from the polymer

matrix. Ag NPs are expected to exhibit surface-enhancing features as

well as significant position's shifts due to the plasmon-mediated inter-

action between Ag NPs and the PEO macromolecular chains. Thus,

some regions of the Raman spectrum may be preferentially enhanced.

The centrifugally spun PEO and PEO/Ag nanofibers show significantly

weaker lines compared to pristine PEO powder. It is important to note

that the Raman lines of the PEO and PEO/Ag fibrous mats are wider

than those of the as-received PEO powder. The addition of Ag

nanoparticles modified the PEO Raman spectrum and broadened the

resonance lines, which was due to the interaction between Ag and

the PEO–fiber matrix.

It is observed in Figure 5 that the Raman spectrum at low shifts

(typically below 500 cm−1) is enhanced by the addition of Ag NPs to

the PEO–fiber matrix. The Raman shifts in the PEO/Ag composite

nanofibers are assigned to (disorder) longitudinal acoustic modes

(LAM), which is related to the elastic features of the polymer through

the relationship65 ~ν~CL

ffiffi
E
ρ

q
, where ṽ defines the position of the Raman

line, E is Young's modulus, ρ is the density, L is a length assigned to

ordered regions of the polymer, and C is a constant. For disordered

LAM modes, L is identified as the persistence length.65 The line

located at about 120 cm−1 in the PEO-powder spectrum (Figure 6)

and assigned to LAM was enhanced and shifted toward larger Raman

shifts for the PEO/Ag composite fibers (up to about 135 cm−1). Such

increase of the Raman line suggests an increase of Young's modulus

upon the addition of Ag nanoparticles. It is also possible that the order

length, L, may be smaller in the centrifugally spun PEO and PEO/Ag

nanofibers than that in the PEO powder. This may be understood by

observing that the centrifugal forces favor the polymer crystallization

for relatively low values. If the centrifugal forces were sufficiently

high, then they would generate a local internal stress capable to break

the crystallites that grow during centrifugal spinning.

The weak and broad line noticed in the PEO powder at about

230 cm−1 is not significantly affected in the PEO fibrous mat but is

enhanced by the loading with Ag nanoparticles. This amplification of

the spectrum is not observed for all investigated wavenumbers

suggesting a preferentially surface enhanced Raman scattering (SERS).

The Raman lines located at about 280 and 360, 535 cm−1 in the

PEO powder were also noticed in the PEO fibrous mat but dis-

appeared after the Ag nanoparticles were added to the PEO–fiber

F IGURE 5 Raman spectra of PEO and PEO–Ag nanocomposites

F IGURE 6 Relationship between line intensity and Raman shift of
PEO/Ag composite nanofibers with different concentrations. The
Raman lines in the fingerprint region are broadened and shifted by the
addition of Ag NP, making a difficult precise quantification of their
parameters
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matrix. The lines located at 280 and 360 cm−1 were assigned to LAM

mode.62,66 These lines disappeared as the concentration of the

nanofiller increased in the PEO fibers.62 A similar behavior was

observed as the Ag content was increased. These changes may reflect

strong interactions between Ag NPs and the PEO macromolecular

chains. Figure 6 shows that the Raman line located at 580 cm−1 in

PEO powder disappeared in all PEO mats (loaded or not with Ag

nanoparticles).

3.6 | Antibacterial analysis

Antibacterial tests were conducted on the Gram-negative E. coli bac-

teria and Gram-positive B. cereus bacteria using PEO/Ag composite

nanofibers as the antibacterial agent. The activity was performed

using the disk diffusion method. Figure 7(A–F) shows the assessment

of PEO/Ag (15, 25, and 35 wt%) composite nanofibrous membranes

on the growth inhibition of those two bacteria.

From Figure 7(A–C), it is evident that the inhibition capacity of

membrane on E. coli is more than for B. cereus indicated as in

Figure 7(D–F). After 24 h, E. coli was near about fully inhibited by the

membrane, while B. cereus was less inhibited than E. coli. Therefore,

the PEO/Ag nanofibrous membrane is more effective to impede

Gram-negative bacterial strain. From the experimental data, it was

observed that the inhibition zone growth in case of E. coli was 97%,

100%, and 100% for Ag concentration of 15, 25, and 35 wt%, respec-

tively, in 24 h (Figure 7(A–C)) where the average inhibition diameter

was 12.7 out of 12.7 mm. However, in the case of B. cereus, there

were few portions on the fibrous membrane where the pathogenic

bacteria grew overtime. As indicated in Figure 7(D–F), inhibition

capacity was 78%, 90%, and 95%, respectively, for the above three Ag

concentrations. The standard deviations for the antimicrobial activity

measurements of PEO/Ag composite fibers against E. coli and

S. aureus are given in Table 1.

After 1-day performance test of PEO/Ag nanofibers on B. cereus,

the zone of growth inhibition was calculated as an average of

11.1 mm out of the sample diameter (12.7 mm) (Figures 7(C, D)). This

inhibition capacity was observed only because of the content of Ag

nanoparticles embedded into the PEO nanofibers since pure PEO

nanofibers did not have any antibacterial activity on bacteria. The

interaction between silver ions and bacteria can spoil metabolic activ-

ity of bacteria through inactivating its cell which mechanism has been

described in introduction.48-50 Basically, Ag NPs dispersed outside the

nanofibrous membrane dissociated to Ag + ion and were attracted to

bacterial negative ion to dysfunction cells.11,49 The results show that

the 35% Ag-loading hollow fibers were the most efficient to inhibit

the bacterial growth (Figure 8).

3.7 | In vitro release study

Figure 9 shows the dissolution of the pure Ag NPs exposed to ultra-

pure water over a 1-week time period. As can be seen in Figure 9, the

NPs are soluble within the first day (24 h), and then the solubility of sil-

ver was decreased by 72 h of exposure. Subsequently, the solubility of

Ag nanoparticles was increased again by the fifth and seventh days of

contact. The decrease in concentration observed at 72 h of reaction

may have been due to the reprecipitation of the dissolved silver onto

F IGURE 7 Antimicrobial activity of nonwoven silver nanoparticles–embedded PEO composite membranes against E. coli (A–C) and against
B. cereus (D–F)

8 HASAN ET AL.



the surface of the reaction tube. Figure 10 shows the dissolution of the

15 wt% Ag NPs in PEO nanofibers. As can be seen in Figure 10, the

concentration of Ag in solution was observed to increase with time.

Figure 11 shows the dissolution of the 25 wt% Ag NPs in PEO

nanofibers. The results in Figure 11 show that the dissolution of

the Ag from the PEO fiber matrix was relatively constant over the

5 days, meaning that the sample initially dissolved and the concen-

tration of silver in the solution did not increase to any great extent.

Figure 12 shows the dissolution of 35 wt% Ag in PEO nanofibers

exposed to ultra-pure water for up to 1 week. As can be seen in

Figure 12, the dissolution of the sample was relatively constant

after the first 24 h. The data indicate that the dissolution of the Ag

NPs and the Ag NPS in PEO nanofibers occurred primarily within

the first 24 h and either increased slightly or remained relatively

constant thereafter.

TABLE 1 Inhibition zone diameter for the antibacterial activity of
PEO/Ag nanofibers

Fibers with

bacteria

Average diameter of

inhibition zone(mm)

Standard

Deviation (mm)

PEO/Ag in E.

coli

12.573 out of 12.7 0.2194

PEO/Ag in B.

cereus

11.1337 out of 12.7 1.1096

F IGURE 8 Relationship between Ag concentration and inhibition
zone diameter (the nanofiber sample size was 12.7 mm)

F IGURE 9 Concentration of Ag+ released for the Ag NPs sample
as a function of the immersion time

F IGURE 10 Concentration of Ag+ released for the 15% Ag/PEO
composite nanofibers sample as a function of the immersion time

F IGURE 11 Concentration of Ag+ released for the 25% Ag/PEO
composite nanofibers sample as a function of the immersion time

HASAN ET AL. 9



4 | CONCLUSIONS

PEO/Ag composite nanofibers, with an average diameter of

232.8 nm, were prepared from PEO/Ag precursor solutions through

centrifugal spinning. The nanofibrous membranes were fabricated by

optimizing the spinneret rotational speed at 5000 rpm, 8 wt% polymer

concentration, and 43% relative humidity. The PEO/Ag composite

fibers were in the form of thick fibrous mats in that the Ag

nanoparticles were dispersed uniformly in the PEO–fiber matrix as

the SEM, EDS, and Raman characterization proved except for a few

agglomerated clusters. The antibacterial performance of the compos-

ite fibers showed impressive results. In agar plate, the inhibition zone

was vividly seen where on average, the inhibition efficiency against

E. coli and B. cereus bacteria was 99% and 88%, respectively. Such

improved antimicrobial function of the PEO/Ag composite nanofibers

was attributed to the porous structure with higher surface area

because of which Ag NPs were embedded very spatially to impede

the bacterial action effectively. The more the content of Ag + be

embedded in an optimized range, the more the capacity the

nanofibrous membrane to dysfunction the bacterial cell due to the

negative ion of the membrane. Therefore, centrifugally spun Ag/PEO

nanofibers might be a potential treatment for the prevention of the

bacterial strains.
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