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Abstract

Cu nanoparticles (CuNPs) embedded in Polyvinylpyrrolidone (PVP) and Polyethylene Oxide
(PEO) fiber-matrices were prepared through centrifugal spinning of PVP/ethanol and
PEO/aqueous solutions, respectively. The prime focus of the current study is to investigate the
antibacterial activity of composite fibers against Escherichia coli (£. coli) and Bacillus cereus (B.
cereus) bacteria. During the fiber formation, the centrifugal spinning parameters such as spinneret
rotational speed, spinneret to collector distance and relative humidity were carefully chosen to
obtain long and continuous fibers. The structural and morphological analysis of both composite
fibers were investigated using Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD),
Energy-dispersive X-ray spectroscopy (EDS) and Thermo gravimetric Analysis (TGA). In the
antibacterial test, PVP/Cu and PEO/Cu composite fibrous membranes exhibited inhibition
efficiency of 99.98 % and 99.99 % against E. coli and B. cereus bacteria, respectively. Basically,
CuNPs were well embedded in the fibrous membrane at the nanoscale level which facilitated the
inhibition of bacterial functions through the inactivation of the chemical structure of the cells. Such
an effective antibacterial agent obtained from forcespun composite fibers could be promising

candidates for biomedical applications.
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Introduction

Nowadays, microorganism (e.g. Gram positive and Gram negative bacteria) originated from
spoilage or contaminated products is rampantly affecting the compositional change of human
intestine negatively [1, 2] by which the tissue interlink system can collapse [3]. Correspondingly,
for the protection from microorganisms, efficacious antibacterial agents, developed from suitable
metal/polymer nano-composites, have been widely used to impede bacterial cell proliferation due
to having higher efficiency, stability, biocompatibility, biodegradability and availability to process
[4-6]. Fortunately, human skin is coherently compatible with the morphological characteristics of
nanofibrous membrane [7, 8], facilitating the inhibition of bacteria through absorbing exudates [9-
11].

Nanotechnology promotes to develop nanofibers conveying high specific surface area to volume
ratio, surface composition [12] and higher porosity with functional additives where the interfacial
strength of layers is congruent to the size, shape, and composition of the nanofibers. In general,
the antibacterial ability of a fibrous membrane is a variable function of the surface area in contact
with the bacterial layers [13]. Conceptually, nanofibers react significantly with the bacterial
surface because of their high surface area and porosity. Zupancic et al [14] reported that thicker
nanofibers can reduce the bacterial cell mobility more profusely and quickly than thinner fibers as
the response was cell-line specific [15, 16]. Therefore, nanofibers can exhibit strong inhibition
performance and be used as antibacterial agents [17, 18] in drug delivery [19, 20], tissue

engineering [21-23], bio-adhesive [20] and filtration

Nano/micro fibers can be prepared by various processing methods such as melt blowing,
electrospinning [24-26], centrifugal spinning[27-34], dry spinning[35], phase separation[36] and
self-assembly [37]. Centrifugal spinning or Forcespinning (FC) has been recently used to produce
fibers at a high production rate (1g/min) and low cost [32, 33, 38] where both conducting and non-
conducting solutions/melts can be centrifugally spun into fibers [29, 39]. Beyond these features,
for an identical solution at ambient conditions, centrifugally spun fibers yield more porous-based

shape than electrospun fibers [14, 40].

Several polymer systems have been recently centrifugally spun into fibers[41, 42]. Likewise, PEO
and PVP polymers have been forcespun to generate fibers for various applications. Both polymers

are soluble in water and/or other solvents[43], biodegradable, biocompatible [6], physiologically
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acceptable polymers and nontoxic for living organisms [44]. For PVP/ethanol solution, oxygen
adjoins with hydrogen of ethanol [45] while for aqueous PEO solutions, PEO reacts with water to
lead to a weak hydrogen bond [46]. Consequently, this bond increases solubility with the flexible
polymer long chains. Because of the hydrophilic nature of such long structural chains, both
polymers prevent protein adsorption [47] of bacterial responses [48]. As a whole, both PVP and
PEO fibrous membranes are good capping agents, assisting charge transfer to inhibit bacteria

efficiently[49].

It has been experimentally observed that PEO composite fibers with chitosan and embedded
AgNPs exhibited good inhibition zone against Staphylococcus aurous(S. aureus) and Klebsiella
pneumonia bacteria [50, 51]. On the other hand, well functionalized PVP/ZnO nanocomposites
were fabricated via elctrospinning for use as an antimicrobial agent [52]. Apart from PEO and PVP
fibers, Yalcinkaya et al. reported that the inhibition efficiency of Polyvinyl butyral(PVB)/CuO was
over 90 % (much higher) since cupric (Cu") ions can be distributed more homogenously in the
fibrous membrane[53]. According to the comparison of antibacterial performance between
Chitosan and PVP/ZnO composite fibers, Karpuraranjith et al, showed that PVP/ZnO inactivated
gram positive and negative bacteria 17 and 6 % more than that for chitosan, respectively.
Additionally, compared to Chitosan, Chitosan/PVP/ZnO nanocomposites increased the inhibition
zone by 42 % more against E. coli. The reason behind this is that higher inhibition was possible
because the effective capping agent, PVP fibers provided higher surface area where Zn NPs were
evenly distributed to spoil biocidal activity [54]. Moreover, thermally, and chemically reduced Ag
NPs embedded in PVP fiber-matrix promoted the uniform agglomeration of Ag NPs, assisting to
interlink to a coordination bond with PVP (=N or —O) [55]. Higher molecular weight PVP tends
to pattern uniform fibers with a smaller diameter distribution, eventually results in good interaction

with NPs and exhibiting improved antimicrobial properties [3].

The microbial cell of bacterial strains attributes to very less longevity to ZnO, Ag and Cu NPs[1].
Throughout experiments, the inhibition efficiency of different heavy metal NPs has been
investigated where the order of antibacterial activity against E. coli was demonstrated as following:
CuO > ZnO = ZnO/ TiOz > AgNOs > ZrO; > TiOz > SrO» [56]. It is noticeable that PVB/CuO
composites showed good results since the smallest diameter (244 nm) and high surface porosity

(60.6 %) of CuO [56] could accelerate well emendation in the fiber’s membrane. Being inspired
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from these results, Ren et al. reported results on the antibacterial activities of CuNPs in that the
CuNPs at higher concentrations could kill a wide range of bacterial pathogens [57, 58]. In fact,
CuNPs have higher surface area, catalytic properties, good biocompatibility, stability and
reactivity than AgNPs[59] which prompts to form Cu®* to dysfunction bacterial enzyme [3, 60].
More importantly, Cu is an engrossing antimicrobial agent because it is relatively cheap, easily

mixed with polarized liquid and polymers[61].

The focus of the present work is to investigate the antibacterial functionalities of centrifugally spun
PEO/Cu and PVP/Cu composite fibers against E. coli and B. cereus bacteria. CuNPs are very
reactive and perilous to human body because of which nanofibrous membrane intermingled with
CuNPs may potentially be a favorable for drug delivery and healing agent for human body.
Typically, AgNPs are good antibacterial agent, however in this study, CuNPs were harnessed as
an another alternative antibacterial agent, which are less expensive, highly active and more stable
than AgNPs[59]. The present work focused on the capability, functionality, dissolution, and
feasibility of centrifugally spun PEO/Cu and PVP/Cu composite fibers as a novel case to visualize
the antibacterial activity. More importantly, the premise behind the study was to determine the
optimum Cu concentration in fibers for the dysfunctionality of microbial attack. For this reason,
two different polymers, PEO and PVP were selected since both are biocompatible, biodegradable
and easily dissolved into very cost-effective solvents (water, ethanol). Additionally, the analysis
based on the various experiments verified whether PEO or PVP fibers encapsulation of Cu NPs

was feasible and if these fibers exhibit antibacterial inhibition at a various concentration of Cu.
2. Experimental
2.1 Materials

PEO and PVP with average Mw of 600,000 and 1,300, 000 were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and the solvent comprised of 100% pure deionized water (Distilled water)
and ethanol. Cu nanoparticles with sizes of 40-50 nm were obtained from US Research
Nanomaterials, Inc (Huston, TX, USA). All chemicals were used as received without further

purification.

2.2 Preparation of Polymer/NPs composite fibers
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PEO 8 % (w/w) and PVP 18 % (w/w) were dissolved in water and in ethanol, respectively. The
solution was agitated by a Fisherband™ Analog Vortex mixer at 3200 rpm and then CuNPs of 15,
25 and 35 wt. % concentration, with respect to the polymer, were added to the solution. After the
mixture was sonicated by Cole-Parmer 08895-12 Ultrasonic cleaner at 40 °C for 1 hour, the
solution was then magnetically stirred by Thermo Scientific Cimarec+4x4 HP120, Cimarec
Stirring Hotplates at 25 “C for 96 hours. The rotational speed of the stirring plate was 400 rpm. The
proper homogeneous PEOQ/Cu and PVP/Cu solutions were then centrifugally spun using Cyclone
L-1000M (Fiberio Technology Corporation) to produce the composite fibers. The as-prepared
polymer solutions were injected into a spinneret equipped with 30-gauge half inch regular bevel
needles. Adequate centrifugal forces were applied to the precursor solution to exceed the surface
tension of the polymer jets and stretch out the fibers[30, 31, 41, 62, 63]. Centrifugal spinning was
performed based at rotational speeds of 5000 rpm for PEO aqueous solution and 7500 rpm for PVP
solution and at a relative humidity of 46%. The fibers were then collected in a well arranged eight
uniform spacious vertical collectors while the collector was set at 12 cm from the spinneret. The
PVP/Cu and PEO/Cu composite fibers were then kept in an Al foil and dried at 60 °C for 24 hiin a

vacuum oven.

2.3 Characterization

The morphology of PVP/Cu and PEO/Cu composite fibers was studied by scanning electron
microscopy (FE-SEM; Sigma VP Carl Zeiss, Germany). Before conducting the SEM analysis, the
samples were sputtered with a thin layer of gold coating using a Denton’s Desk V deposition
system to obtain high quality images. Then the average diameter of the samples was calculated
from SEM images with 5 KX resolution by measuring 150 counts of various images using the
image analysis software JMicroVision V.1.2.7 (University of Geneva, Geneva, Switzerland) and
Origin Pro®R 2020 software.

EDS) analysis (EDAX, Mahwah, NJ, USA) was performed to evaluate the elemental composition
of C, O, N and Cu nanoparticles in the fibers. The elemental composition of other different
elements was scrutinized thoroughly for six of the samples where different areas were identified

and peaks were obtained accordingly to those areas.
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TGA analysis of PVP/Cu and PEO/Cu composite fibers was investigated by TA-Q series
equipment, TGAQS500 (TA Instruments Inc.) under air environment. Samples of about 10 mg were

kept in the instrument and heated from 25 to 700 °C under air flow at a heating rate of 5 °C/min.

XRD analysis was performed on the composite fibers to determine the crystal structure. A Bruker
D2 powder (Bruker Germany) X-ray diffractometer was used with a Co source (Ka 1.789 A),
which was filtered using iron. The data were collected in 26 from 10 to 80° with a count time of 5

sec and a step of 0.05° in 26.

Antibacterial activities against the gram-positive bacteria B. cereus and gram-negative bacteria E.
coli were evaluated for both PVP/Cu and PEO/Cu composite fibers. The most standard
antibacterial performance measurement method, Kirby Bauer disk diffusion method, was used
where Agar plate was kept, and then the bacterial suspension was uniformly outspread onto the
surface of agar plates by a sterile L-shape glass rod. The fibrous mats were then stored on the
surface of agar plates to evaluate the inhibition zone of bacteria. During this test, the fibers were

incubated at 37 °C for 72 hours.

In vitro release experiments were performed to determine the Cu release and sample stability.
The copper-nanoparticles, PEO/Cu and PVP/Cu composite-fiber samples were suspended in 10
mL of deionized water (resistance 18 MQ). The samples were placed on nutating mixer and
equilibrated for 24 hours. Subsequent to equilibration, the samples were then removed and
centrifuged at 3,000 RPM for 5 minutes and a 0.5 mL aliquot was extracted in triplicate. The
extracted samples were saved and stored at 4 °C prior to analysis. The remaining samples were
resuspended and placed back on the nutating mixer and equilibrated for additional 24 hours. This
sampling and resuspending procedure was repeated every 48 hours for seven days The Cu
concentration (released from the sample) was measured using Perkin Elmer 8300 Optima ICP-
OES. The operating conditions of the ICP-OES were as follows: wavelength of 324.7 nm,
nebulizer flow of 0.65 L/ min, plasma flow of 20 L/min, an auxiliary flow of 0.2 L/min, and RF
power of 1500 W while an integration time of 20s was used per replicate. The data analysis was

performed in triplicate.
3. Results and Discussions

3.1 Morphology and structure of fibers
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The finest structure and morphology of the centrifugally spun Cu/PEO and Cu/PVP composite
fibers were obtained from the selective spinneret rotational speed, polymer concentration,
viscosity, relative humidity, and the spinneret-to-collector distance. The effective combination of
these parameters results in bead-free and uniform nanofibrous matrix. During centrifugal spinning,
PEO aqueous solution of 8 wt.% concentration[42] produces bead-free fibers. In the case of PEO
solution, the viscosity at 8 wt.% concentration[42] was very low to produce good fibrous mats
whereas a higher viscosity than this one yielded beaded and torn fibers[64]. Here the experiments
were performed at 46-48% the relative humidity since aqueous solution didn’t get it evaporated
beyond upper of this humidity. Mostly in that case, enough vapor could not suck out existent water
from the solution. During centrifugal spinning of PEO/Cu composite fibers, the spinneret
rotational speed was set between 5500 and 8000 rpm at a favorable humidity. However, the
centrifugal spinning of PEO/Cu solutions at rotational speeds lower than 4500 rpm barely
produced morphologically uniform fibers due to the high surface tension of the polymer
droplets[65]. Conversely, at rotational speeds above 9000 rpm, the centrifugal forces exceeded the
solution’s surface tension and resulted in fiber breakage[33, 66]. As a result, at shorter spinning
time, more jets were ejected onto the collector swiftly and negatively affected the deposition of
fibers on the collector. Finally, PEO/Cu solutions with 15, 25 and 35 wt. % CuNPs were
centrifugally spun to obtain uniform and layered fibers. Similarly, the PVP/ethanol solution was
more favorable to be spun at 21 wt. % concentration. Solutions having concentrations lower than
21 wt. % were difficult to get fibers as the viscosity was lower while concentrations more than 28
wt% were cumbersome to spin. For the spinneret rotational speed, 7500 rpm was a good value to
get fine fibers at a favorable humidity. Experimentally, PVP/Cu solutions were centrifugally spun
at 7500 rpm for three different Cu concentrations of 15 %, 25 % and 35 wt. % which resulted in
fibers with different morphologies. Figure 1 shows the SEM images of PEO/Cu composite fibers.
The fibers (Figure 1 (A, C, E)) were uniform, slender, and well-arranged. The histograms in Figure
1 (B, D, F) clarify that the diameter of PEO/Cu composite fibers decreased with increasing the
CuNPs loading in the PEO-fiber matrix which was in agreement with previous experimental
results[42]. The SEM image in Figure 1C showed bundled PEO/Cu composite fibers. Several
factors can lead to the formation of bundled fibers such as the distance between the collector and
spinneret, solvent evaporation rate, vapor pressure of the solvent and van der Waals attraction

between fibers[67]. A short distance between the spinneret and collector (12 cm in the present
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setup which is the maximum distance) results in the formation of wet fibers that can easily bundle
together on the collector. In fact, a slow evaporation rate of the solvent (e.g., water or DMF) will
lead to the formation of wet fibers and once they are deposited on the collector, the fibers start to
bundle. Using a solvent with high vapor pressure such as ethanol, acetone and chloroform can
increase the evaporation rate and hence reduce the adhesion between the fibers. Therefore,
increasing the spinning time, collector-to-spinneret distance, temperature, and time of evaporation
of the solvent can reduce the adhesion between fibers and ultimately prevent the formation of
bundled fibers. Future work in our group will focus on the effect of solvent-type and binary solvent

mixtures on the fiber formation and morphology of centrifugally spun composite fibers.
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Figure 1: SEM images of the PEO/Cu and PVP/Cu composite nanofibers with 15, 25, and 35 wt.
% Cu NPs concentrations in the precursor solution ([A, C, E], [G, L, K]) respectively. The average

fiber diameter distribution (histograms) ([B, D, F], [H, J, L]).

Furthermore, the SEM image in Figure 1 A showed that the fibers were lightly deformed from a
cylindrical shape. The deformation may be due to the higher spinning speed with a shorter run
time. In fact, polymer droplets might not have had enough time to be swelled and stretched
properly at room temperature, which resulted in loss in the capability to softening into cylindrical
shape properly[68]. Naturally nano/micro fibrous mats can be broken up due to lower vapor
pressure of solvent where coalescing fibrous layers get lost due to easier relaxation of polymer
chains into non-stretched conformation at slow drying process[69]. Additionally, the jet can
break up due to viscous force, imbalance of centrifugal forces and surface tension. Furthermore,
centrifugal and air drag forces can break up fibers from solutions with low viscosity where
stretching was impeded and torn away [70, 71]. In addition, in centrifugally spinning the fibers
are more loosely packed than in electrospinning because of the absence of the electric force field
[72]. Considering all reasoning for fiber deformation/ breakage it may be clear that at 15 wt. %
PEO/Cu precursor solution, the viscosity was lower, which led to the breaking of fibers in some

parts, which was noticed.

Moreover, the SEM images shown in Figure 1 (A, C, E, G, I and K) confirmed that the increase
of Cu concentration in the PEO and PVP solutions resulted in bead-free PEO/Cu and PVP/Cu
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composite fibers. Basically, the metal nanoparticles (Cu NPs) assisted in reducing the crystallinity
of the polymer as well as shortened the size of crystallites of spherulites[73]. Eventually, the Cu
NPs can disrupt the crystal portion and increase the amorphous region in the polymer matrix to
enhance smoother morphology. PEO/Cu nanofiber’s diameter ranged from 220 to 249 nm while
the PVP/Cu nanofiber’s diameter was within 4900 to 5500 nm (Figurel, A, C, E, G, I, and K).
Higher Cu concentrations in the polymer solution resulted in fibers with higher average fiber
diameters as observed in the diametrical statistical analysis (histograms). The Cu NPs were mainly
embedded into the core/shell of fibers as well as attached to the outer surface of the nano fibrous
membrane. If nanoparticles were attached to the outer surface, then the NPs sometimes tended to
agglomerate to form clusters on the fiber surface. From the morphological surface analysis,
PEO/Cu fibers (Figure 1, A, C, E) were flatter and thinner than PVP/Cu fibers (Figure 1, G, I, K).
As a semi crystalline polymer, PEO with water as the solvent gets enough advantages to disperse
more and keeps its crystallinity while the amorphous phase of PVP fibers makes its nanofibrous

membrane disordered and bended in various portion (Fig I, K)
3.2 Elemental Mapping Analysis

EDS analysis was performed to investigate the elemental composition of the PEO/Cu and PVP/Cu
composite fibers. Figure 2A shows the EDS mappings of 15 wt. % Cu/PVP composite fibers.
Based on a short sample area, the presence of C, N, O, Cu are detected as 79, 4, 8 and 9 wt.%
respectively, according to their composition percentages. Similarly, Figure 2B indicates the
elemental composition of 15 wt, % of Cu/PEO composite fibers where C, O and Cu are present in

73, 14 and 14 wt. % percentages, respectively.

SEM Image Mapping Sample Area
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Figure 2B: Elemental composition of PEO/Cu Nano-fibrous membrane

The EDS mappings in Figures 2A and 2B clearly show the presence of Cu C, O and N elements
embedded in the PVP and PEO fibers

3.3 Thermogravimetric Analysis:

Thermal degradation of the PEO/Cu and PVP/Cu composite fibers was investigated by TGA under
air environment. PEO/Cu and PVP/Cu composite fibers of 15, 25 and 35 wt.% Cu concentrations
(Figure 3) represent similar congruity in the TGA results with few changes caused by the addition
of Cu NPs variously. At a temperature between 25 and 700 “C; the weight loss of fibers was vividly
apparent because of the thermal ignition. The pristine PEO fibers were almost volatilized
completely at about 550 °C, with a low amount of char being noticed (Figure 3A) while the pristine
PVP fibers were vaporized finely at 600 “C.

At a temperature range between 25 and 200 “C, 3 % weight loss of PEO fibers was caused by water
evaporation to form anhydride while in the case of PVP fibers, ethanol was quickly vaporized
within this temperature range since PVP has more vapor pressure than water (Figure. 3A).
Basically, due to solvent disappearance, the polymer matrix suffers from volume shrinkage and its
morphology gets vertical where nanofillers, CuNPs are not affected. Therefore, the peak at 80 °C
(Figure 3C) represents the removal of ethanol physically absorbed by the PVP-fiber surface[74].
In the second temperature region from 200 to 400 °C, the weight loss of the PEO/Cu
nanocomposite fibers is highly noticeable where the internal polymeric matrix loses weight during
the thermal degradation. In this section, PEO loses its branching and cross-linking in order to
initiate release chain scission[75]. Overall, the small cross-sectional area of fibers prepared from
aqueous PEO solutions contributes to the semi-crystalline phase which also turns to fully degraded

as losing polymeric chains[76]. On the other hand, for PVP/Cu nanocomposite, the polymer fibers
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get more thermally decomposed from 250 to 450 °C. In fact, PVP is an amorphous polymer whose
disordered polymer chain is more thermally stable. As a result, PVP decomposes its chemical
structure after a significant temperature change as indicated in Figure 3C. Therefore, PVP fibers
under oxidation at 300 to 400 °C yields carbon dioxide and pyrrolidone which is apparent at the
TGA peaks (350 °C) terminating the strained sections of the polymer chain[74]. At about 600-700
°C, the residual weight fraction was caused by the experimental errors which was exactly
concurrent with the Cu NPs loading in the PVP-fiber matrix (Fig 3A, 3B). Similar to the TGA
curve analysis, the derivative of thermal degradation (DTG) indicates the correspondent
dissociation of weight percentage loss with the temperature. At low temperature (up to 200 “C),
the rate of change of weight loss is constant indicating the zero-derivative portion in PEO fibers
(Fig 3B), water just vaporized at a constant phase change. Thus, in this section, the polymer
degradation is unnoticeable, probably reflecting negligible amounts of water still captured within
the fibers. Reversely, for PVP fibers, more volatile ethanol gets easily dried within 120 "C where
the thermal degradation is quite fast (Fig 3D). Most importantly, the main degradation process
occurs from about 225 to 450 °C for PEO fibers while for PVP fibers, it is from 300 to 450 °C. In
this temperature range, the CuNPs are essentially shifting the degradation temperature slightly
towards higher temperatures. It is observed in Fig 3(B and D) that the weight loss for all samples
remains unchanged between 450 and 700 'C, indicating that the decomposition of the polymer-
fiber matrix is completed. The residual mass at 700 °C is negligible for the pristine PEO and PVP
fibers and consistent, within the experimental errors, with the content of CuNPs (near about 0 wt.
%) in the PEO and PVP fiber-matrices. The derivative of the residual mass as a function of
temperature (Figs 3B and 3D) represents two negative degradation peaks in the various wt.% of
PEO and PVP fibers. These peaks are located at a temperature where the weight loss is maximum
and eventually suggest two competing degradation mechanisms[77]. Basically, the incorporation
of CuNPs in the PEO and PVP fibers narrows these peaks and shift them slightly to higher
temperatures, signifying that CuNPs and polymer fibers are bonded adhesively, and dissociation
temperature of both fibers are higher. At about 35 wt.% of CuNPs, there are essentially a single

major degradation peak at about 400°C and some minor broad peaks at lower temperatures.
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Figure 3: Thermal Gravimetric Analysis of (A) PEO/Cu & (C) PVP/Cu nanofiber. Gravimetric
Thermal Derivative Analysis of (B) PEO/Cu & (D) PVP/Cu.

3.4 XRD Results

Figure 4 A shows the collected diffraction patterns for the PEO fibers which are consistent with
those reported by Takahasi and Tadokoro on PEO powder [78]. The Le Bail fitting and determined
lattice parameters are illustrated in Table 1. The fitting has a > of 1.70 which indicates a good
agreement between the data of the crystal structure. The diffraction pattern for the PEO/Cu

composite fibers (Figure 4 B) confirms the presence of three phases (the two large diffraction PEO
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peaks at 22.08 and 26.94 in 20), Cu metal, and CuO. The CuO diffraction peaks observed in the
sample represent the 110, 002/-111, 111/200, -202, and 113 planes, which were located at 37.710,
41.23, 41.38, 45.03, 45.31, and 73.64, in 26, respectively [79]. The Cu metal phase showed the
111 and 200 diffraction peaks which were located at 50.28 and 59.213 in 26, respectively [80].
The Le Bail fitting of the PEO-Cu composite fibers had a very good y* value of 1.72 indicating a

good agreement between the experimental data and fitting.

The diffraction pattern of PVP fibers is shown in Figure 4 A which consisted of two diffuse-weak
peaks located at 13.30 and 25.35 in 26. The XRD results of PVP fibers are consistent with those
reported in the literature on PVP powder [81]. The diffraction pattern was not fitted due to the
amorphous phase present in the sample. The diffraction patterns of the PVP/Cu composite fibers
are shown in Figure 4 B. The diffraction pattern of the sample consisted of three phases: two PVP
diffraction peaks at 13.30 and 25.35 in 20, CuO and Cu metal. The CuO phase showed the 002, -
111, 1211. The Cu 111 and 220 diffraction planes were observed in the Cu phase at 50.280 and
59.213 in 26, respectively. The Le Bail fitting results of the PVP/Cu composite fibers shown in
Table 1 had a ¢ of 1.35, again indicating an excellent agreement between the proposed phases and

the experimental data.
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Figure 4: A. Le Bail fitting of the diffraction pattern collected for the PEO fibers. B. Diffraction
pattern collected for the PEO/Cu composite fibers.
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Figure 4. B. Collected diffraction pattern of PVP fibers. B. Le Bail fitting of the PVP fibers with
Cu NPs embedded in the fibers.

Table 1: Le Bail Fitting parameters for the PEO, PEO/CuNPs and PVP/Cu NPs

Sample | Phas | Space Group | a(A) b(A) c(A) a®) | B(®) v |2
e
PEO PEO P2i/c 8.00(8) 13.20(3) | 19.53(1) | 90.00 | 123.89 | 90.00 | 1.70
PEO-Cu | PEO P2//c 8.00(8) | 13.20(3) | 19.53(1) | 90.00 | 123.89 |90.00 | 1.75
CuO C2e 4.691(5) |3.2492) | 5.1323) | 90.00 | 99.23 | 90.00
Cu FM3M 3.610(1) | 3.610(1) | 3.610(1) | 90.00 | 90.00 90.00
PVP-Cu | CuO C2/c 4.738(6) | 3.249(3) | 5.181(4) | 90.00 | 99.23 90.00 | 1.35
Cu FM3M 3.638(9) | 3.638(9) | 3.638(9) | 90.00 | 90.00 90.00

3.5 Antibacterial Performance

As antibacterial agents, PEO/Cu and PVP/Cu nanofibrous membranes of different concentrations

(15, 25 and 35 wt. %) were tested for the antibacterial performance against the gram-negative E.

coli and gram-positive B. cereus bacteria. In the disk diffusion method, fibers were kept on a

cleaned agar plate contained with both bacteria for 72 hours. Figure 5 (A-C) shows the assessment

of the growth of inhibition zone formation as an antimicrobial activity against E. coli by PEO/Cu

(15, 25 and 35 wt. %) while Figure 5 (D-F) indicates activity by PVP/Cu (15, 25 & 35 wt. %)

composite nanofibrous membranes.
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Inhibition zone formation against E. coli bacteria

Inhibition capacity 53.14% Inhibition capacity 71.2% Inhibition capacity 93%
15% Cu/PEO nanofiber 25% Cu/PEO nanofiber 35% Cu/PEO nanofiber

Inhibition capacity 47% Inhibition capacity 85% Inhibition capacity 90%
15% Cu/PVP nanofiber 25% Cu/PVP nanofiber 35% Cu/PVP nanofiber

On the other hand, the growth of inhibition zone against B. cereus bacteria by PEO/Cu and PVP/Cu

composite fibers are shown in Figure5 (G-I) and J-L), respectively.

Inhibition zone formation against B. cereus bacteria

Inhibition capacity 18% Inhibition capacity 89% Inhibition capacity 100%
15% Cu/PEO nanofiber 25% Cu/PEO nanofiber 35% Cu/PEO nanofiber
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Inhibition capacity 13% Inhibition capacity 89.98% Inhibition capacity 99.999%
15% Cu/PVP nanofiber 25% Cu/PVP nanofiber 35% Cu/PVP nanofiber

Inhibition zone formation by Cu NPs

against E. coli against B. cereus
Inhibition capacity 97% Inhibition capacity 95%

Figure 5: Inhibition zone visible on the Agar Plate in PEO/Cu fibers of 15, 25 and 35 wt %

nanoparticles.

Finally, the antimicrobial activity of CuNPs was shown and its clear inhibition growth zones were
indicated against in E. coli (Figure 5M) and B. cereus (Figure 5 N). From the experimental data,
it was observed that the inhibition zone growth against gram negative, E. coli bacteria in PEO/Cu
composite fibers was 53.14, 71.2 and 93 % for Cu concentration of 15, 25 and 35 wt.%,
respectively in 72 hours (Figure 5, A, B, C) where the average inhibition diameter was 1.64 out of
2.258 cm. Reversely, PVP/Cu fibers showed inhibition zone efficiency of 47, 85 and 90 for 15,
25 and 35 wt. % Cu concentration presented in fibers, respectively. As a capping agent, Cu NPs

can be embedded effectively in PVP fibers at higher concentrations of Cu nanoparticles. For this
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reason, the average inhibition diameter was 1.671 out of 2.258 c¢cm in PVP/Cu nanofibrous
membrane where bacteria grew less than PEO/Cu membrane. On the other hand, in gram positive
bacteria, B. cereus bacteria; the growth percentage of the inhibition zone capacity (Figure 5, G, H,
I) was 18, 89 and 100 % in case of PEO/Cu fibers while for PVP/Cu fibers, Figure 5 (J, K, L), the
inhibition zone capacity was 13, 89.98 and 99.99 %. Moreover, the Cu NPs were proved as a good
antibacterial agent since in CuNPs, E. coli and B. cereus bacteria were inhibited at 97 and 95 %

(Figure 5, M, N) respectively.
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Figure 6: Relationship between Cu concentration in PEO/PVP nanofiber and corresponding
inhibition zone diameter (the nanofiber’s sample size was 2.258cm).

From Figure 6, it is apparent that the inhibition capacity of PEO/Cu was higher than PVP/Cu
nanofibrous membranes. Again, the inhibition zone formation on E. coli was more than for B.
cereus as was observed in Figure 5 because the cell structural of gram E. coli is composed of
thinner cell wall thickness of peptidoglycan while B. cereus is thicker cell wall which is very hard
to permeate[82]. Within 72 hours, E. coli was nearly fully inhibited by the membrane while B.

cereus was less inhibited than E. coli. Therefore, the PEO/Cu nanofibrous membranes were more
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effective to impede gram negative bacterial strain where the strain can easily be paralyzed by
fibers. However, the B. cereus bacterial strain was more capable to propagate alongside the
nanofibrous membrane. Therefore, the inhibition zone efficiency in B. cereus was a bit lower than

E. coli.

Table 2: Inhibition Zone diameter for the Antibacterial Activity of PEO/Ag fibers

Fibers in bacteria Average diameter of inhibition | Standard Deviation (mm)
zone(cm)

PEO/Cu in E.coli 1.64 out of 2.258 0.45

PEO/Cu in B. cereus | 1.6841 out of 2.258 0.51

PEO/Cuin E. coli 1.558 out of 2.258 1.005

PEO/Cu in B. cereus | 1.528 out of 2.258 1.0749

For the measurements of the inhibition zone diameter was taken after three days of inhibition of
bacteria I the presence of composite fibers. The average inhibited zone diameter of PEO/Cu
nanofibers on E. coli was then found to be 1.64 cm out of the sample diameter (2.258 c¢cm) and in
the case of B. cereus bacteria, the diameter was 1.6841 cm. Reversely, PVP/Cu fibrous membrane
inhibition capacity (as an average diameter) was found to be 1.558 and 1.528 cm in E. coli and B.
cereus bacteria, respectively. This antimicrobial function of nanofibrous membranes was due to
the higher surface area to volume ratio of fibers dispersed into the homogeneous Cu nanoparticles.
Since Cu nanoparticles have antibacterial activity, with fibers, their function was visualized as
indicated in Figure 5. Basically, Cu NPs were ionized as Cu®" which played a role to captive the
negative ion of cell structure and inactivate the DNA replication stability. As a result, both gram
positive and negative bacteria were sterilized quickly. From the values illustrated in Table 1, it is
evident that 35 wt. % Cu NPs embedded in nanofibrous PEO and PVP membranes were a finer

agent than other metallic oxides to inhibit bacteria.
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3.6 Cu NPs release and stability results

Cu NPs stability tests were performed to investigate the Cu®" ion release from pure Cu NPs,
Cu/PEO, and Cu/PVP composite fibers. Dissolution of Cu?*" ions from the different samples was
investigated over one week with ultra-pure water. The results for the Cu-nanoparticle sample
(Figure 7A) showed that the Cu®* concentration initially increased at 24 hours, decreased after 48
hours, and then increased continually up to 168 h. The observed decrease in the Cu?>* concentration
might be due to the oxidation of the Cu-nanoparticle surface, which would generate binding sites
on the nanoparticles. These binding sites may then have led to an adsorption of free Cu*" ions from
the solution onto the nanoparticle surface. The dissolution processes should overcome the surface
complexation over time, hence resulting in an increased release of Cu?". It can be observed in
Figure 7 B that the 15 wt. % PVP/Cu composite-fiber -sample showed an increase in Cu’+
concentration with increasing time, which reached a maximum value at 168 h. However, the 15
wt. % PEO/Cu composite fibers showed a similar trend of increasing Cu?* concentration with
increasing time (Figure 7 C). As can be seen in Figures 7 D and 7 E, both the 25 wt. % PVP/Cu
and PEO/Cu composite-fiber samples showed a similar behavior of increasing concentration with
increasing time. However, the 25 wt. % samples reached maximum of Cu** concentration in
solution faster than the 15 wt.% samples, with 72 hours of reaction. The 35 wt. % PVP/Cu
composite-fiber sample showed a different behavior compared to other samples. Within the first
24 hours of the study, the maximum concentration of Cu?* was released while the concentration
remained constant up to the 168 h, as can be seen in Figure 7F. The 35 wt. % PEO/Cu samples
showed a similar behavior to that of the 25 wt. % PEO/Cu composite fibers where an increasing
in Cu®* concentration was observed at increasing time while equilibrium was reached within the
first 72 hours and remained constant thereafter. It should also be noted that the PEO/Cu composite-
fiber samples consistently had a lower dissolution of Cu NPS as can be seen by the low
concentration of Cu?" in solution, which maximized at 0.25 ppm. On the other hand, the Cu-
nanoparticle sample reached a maximum consideration of Cu" at approximately 3 ppm while the
15%, 25% and 35% PVP/Cu composite-fiber samples showed a maximum of Cu®* concentration
at approximately 3.0, 2.25, and 1.8 ppm, respectively. The difference in behavior between the
PVP/Cu, PEO/Cu, and Cu-NPS samples can be explained by the attachment of surface groups to
the Cu nanoparticles. The Cu-nanoparticle samples do not have a surfactant covering the

nanoparticles, which makes them readily available for dissolution. However, the PVP and PEO in
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the PVP/Cu and PEO/Cu composite fibers act as surfactants on the nanoparticle surface and aide
in slowing or reducing the dissolution of Cu?*ions. In fact, PVP has a terminal ketone group in its
backbone, which does not bind to metal ions or particles very easily. On the other hand, PEO has
terminal alcohol groups which can bind to the copper through removing the hydrogen group. The
formation constants for Cu to PVP is approximately 10 in a tetra coordinate system while it is
approximately 16 for Cu to PEO [83, 84]. As can be seen in the stability data, the PEO/Cu type
complex is much stronger than that for the PVP/Cu and could account for the lower solubility

observed in the current study.
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Figure 7: Concentration of Cu®* released from Cu NPs sample as a function of the immersion
time. A figure is for Cu** release. B, C indicating 15% Cu?" released from PVP/Cu and PEO/Cu
fibers respectively. D, E indicates 25% Cu®' released from PVP/Cu and PEO/Cu fibers
respectively. F, G indicates 35% Cu** released from PVP/Cu and PEO/Cu fibers respectively.

Conclusion

PEO/Cu and PVP/Cu composite fibers were fabricated by centrifugal spinning of PEO/Cu/Water
and PVP/Cu/Ethanol precursor solutions, respectively. In this processing method, the spinneret
speed (5500 rpm for PEO/Cu and 7000 rpm for PVP/Cu), favorable relative humidity (46%) and
concentrations for both solutions (8 wt. % for PEO/Cu and 18 wt. % for PVP/Cu) were the
interplay to obtain fine morphological fibrous mats. The structure and morphological
characterization of the fibers were performed by SEM EDS, XRD which indicated the presence of

distributed Cu nanoparticles throughout the nanofibrous membranes where 15, 25 and 35 wt. %
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Cu NPs were vividly embedded in both composite fibers. For the antibacterial tests, a disk
diffusion method was performed while inhibition zone for six samples (3 for each composite
fibers) was detected accurately. During the Cu release study, Cu nanoparticles dissociate to Cu®*
ion properly; assisting the microbial function of the nano-fibrous membrane to be implemented in
bacterial cell effectively. For this reason, in agar plate medium, in case of gram-negative E. coli;
the inhibition zone efficiency was near about 91.5 % for the both composite fibers at 35 wt. %
concentration of Cu nanoparticles in the fiber-matrix. On the other hand, for gram positive bacteria
B. cereus, 35 wt. % Cu concentration in both nanofiber samples showed 100 % inhibition
efficiency. This was possible due to the high surface area to volume ratio based on which befitting
Cu nanoparticles were dispersed into fibrous mats. Basically, centrifugally spun fibers were very
porous in nature where Cu NPs can be capped very easily. In effect, more Cu nanoparticles were
distributed on the surface of membranes and played a role to inactivate the bacterial cell membrane
efficiently. Hopefully in future, both PEO/Cu and PVP/Cu nano-fibrous membranes could be a

noticeable treatment from the exemption of the bacterial strains.

To the best of the authors’ knowledge, this is the first results to be reported on the centrifugal

spinning of Cu/PEO and Cu/PVP composite fibers for use as antibacterial agents against bacteria.
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