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Abstract

Polyvinyl alcohol (PVA) is a low-cost biocompatible polymer with potential appli-
cations in the textile industry. Similarly, zinc oxide (ZnO) is a unique material that
exhibits semiconducting, optical, piezoelectric, pyroelectric, and antibacterial prop-
erties. Electrospinning is a technique that allows the formation of nano- to micro-
sized fibers. Therefore, the development of ZnO-containing PVA fibers using elec-
trospinning is a useful proposition. In this work, freeze-dried ZnO powder and
as-precipitated ZnO suspension obtained from a novel flow synthesis methodology
were used. Varying concentrations of ZnO were then used to obtain PVA/ZnO elec-
trospun fibrous mats. Synthesized ZnO was assessed for phase purity using X-ray
diffraction. The as-prepared composite nanofibers were characterized using Fourier
transform infra-red spectroscopy and scanning electron microscopy. Tensile prop-
erties of PVA/ZnO mats were also measured. It is herein shown that antibacterial
fibrous PVA/ZnO composites can be successfully synthesized using electrospinning.
Antibacterial studies of the fabricated electrospun mats were carried out using zone
inhibition method on Gram-positive S. aureus bacteria. The results showed that with
increasing concentration of ZnO, antibacterial properties were improved.
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Introduction

Research has recently witnessed a steady rise in interest in tunable tissue engineered
scaffolds using biodegradable and biocompatible polymers. The key requirements
from these scaffolds are porous structure and high surface area. This condition pro-
motes cell adhesion, proliferation, differentiation and retention of its phenotype [1],
making the interconnected porosity an important characteristic for scaffold integra-
tion, but on the other hand, reducing the mechanical strength [1].

Undoubtedly, various polymers including hydrogels have been investigated for
tissue engineering applications [2]. Poly(vinyl alcohol) (PVA) is a hydrophilic poly-
mer with a simple chemical structure. It is biocompatible, non-toxic, non-immuno-
genic and inert in physiological environments [3-6]. Several studies have focused
on the applications of PVA in the biomedical and pharmaceutical fields [7, 8]. Due
to its excellent biocompatibility, PVA has found its use in wound dressings and
management [9, 10], drug delivery systems [11], artificial organs [12] and contact
lenses [13]. PVA has been found to have unique biological properties such as non-
mutagenic and non-carcinogenic for human cells [14—16] and widely used in multi-
ple applications as emulsifier, paper adhesives, photosensitive coating and finishing
chemicals for wood and leather. PVA has a dense closely packed monoclinic crys-
tallite which makes it a good gas barrier in various applications. Due to its unique
properties such as high tensile strength, flexibility, water solubility and high ther-
mal and chemical stability makes it important in textile industry and paper coatings.
PVA is the only barrier that exhibits flexibility, and transparency within economic
feasibility [17].
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Polymeric matrices containing inorganic reinforcements offer the best combina-
tion of organic nanofibers’ properties such as flexibility and processability. The rein-
forced materials also provide high strength, thermal stability and chemical resist-
ance which comes in handy for a number of applications [18-23]. PVA combined
with inorganic materials such as silica [19], gold [24] and silver (Ag) nanoparticles
[25] are very well investigated for biomedical applications. The introduction of these
inorganic materials in PVA makes it resilient in harsh processing conditions, also
are safe for human use if used under threshold levels [26].

Zinc oxide (ZnO) exhibits semiconducting, optical, piezoelectric and pyroelectric
properties, making it unique and useful for a number of applications such as solar
cells [27, 28], gas sensors [29], photocatalysts [30], photodetectors [31], and biosen-
sors [32]. ZnO was recently investigated to have potential biomedical application
due to its chemical stability and antimicrobial activity [33—-35]. Padmavathy et al.
[36] and Raghupathi et al. [37], in their separate studies, observed that ZnO nano
particles have better antimicrobial activity than microparticles due to high surface-
to-volume ratio, making it an effective antimicrobial agent than other metal oxides,
such as SiO,, MgO or TiO, [37]. Farouk et al. [38] investigated the antimicrobial
effect of coated cotton fabric with ZnO nanoparticle—chitosan composite for com-
bined antimicrobial response of ZnO and chitosan. It was revealed that lower molec-
ular weight chitosan—ZnO composite was a better antibacterial agent. The research
concluded that the reason might be the improved migration of ZnO nanoparticles to
the medium as a result of reduced molecular weight of the composite [38]. Besides,
7ZnO has been found non-toxic to humans and environment, hence, suitable for bio-
medical research and applications [39, 40].

Electrospinning, an electrostatic-based process offers the possibility of obtaining
fibrous polymeric materials with appropriate morphologies for biomedical applica-
tions since the porosity of the produced scaffolds allows for tissue growth and regen-
eration. It is a suitable method for preparing ultrathin fibers having diameters in the
range of tens of nanometers to micrometres [41, 42]. Attempts have been made by
several researchers to develop nanofibers using electrospinning from suspensions of
inorganic materials in polymeric solutions. For instance, Shao et al. [19] success-
fully synthesised PVA/silica composite nonwoven nanofiber mats using electrospin-
ning. In another report, fibers of PVA/carboxymethyl chitosan composite substituted
with silver nanoparticles were developed by electrospinning. This material inhibited
the growth of Escherichia coli (E. coli) [43]. Furthermore, Augustine et al. [44, 45]
reported the development of poly(caprolactone) (PCL)/ZnO membranes using elec-
trospinning technique. ZnO concentration was reported to have a strong influence on
the fibrous morphology and antibacterial activity. An optimal level of ZnO is neces-
sary for reducing inflammation and infection in a defect site in animals. The PCL/
ZnO composite membranes demonstrated excellent fibroblast attachment, which is
crucial for the wound healing applications.

Textile industry is commonly known for clothing products. However, they also
play vital roles in domestic home furnishings, water purification systems, food pack-
aging, automotive, air filters, medical devices, mechanical and protection, sports
gear, healthcare and hygienic applications [46, 47]. Large surface areas present in
these textile materials are prone bacteria and fungi contamination, which are present

@ Springer



2684 Polymer Bulletin (2023) 80:2681-2695

everywhere and can readily multiply [48]. Hence, the demand for antimicrobial tex-
tiles has attracted the attention of textile scientists and researchers over the last few
years due to growing consumers awareness on health hazards and personal hygiene
linked with some microorganisms [48, 49].

The antimicrobial applications in field of textile have been studied which include
introduction of leachable antimicrobial compounds to polymeric fibers. The process
involves physical modification of the surface of fibers or grafting certain moieties
on the surface of the polymers [47, 50, 51]. The antimicrobial treatment in textile
must be specifically effective against microorganisms suitable for textile processing;
durable to laundering, dry cleaning and hot pressing with favorable safety and envi-
ronmental profile; and it should not affect the textile quality or appearance [48, 49].

Different metal oxides or salts based on silver, zinc, titanium and cobalt have
been used for biocidal activity applications in field of textile, healthcare and other
industries [52]. Such compounds in nano-range present higher surface area and ease
of embedment into fibers’ polymeric matrices, making them unique by allowing
release of metal ions with stronger antimicrobial effect [51-53].

Keeping in view the requirements of industry, we composed a project in which
antibacterial electrospun fiber mats were fabricated using electrospinning and incor-
porated with ZnO particles. Although the ZnO can be synthesized using batch syn-
thesis method, we used a novel flow synthesis technology. This technology is based
on ambient temperature, continuous production, and has a high throughput. PVA/
ZnO mats obtained were characterized using the universal tensile machine (UTM),
FTIR spectroscopy, scanning electron microscopy (SEM) and X-ray diffraction
(XRD). Its antimicrobial activity against Gram-positive (Staphylococcus aureus)
was also determined.

Experimental
Materials

Polyvinyl alcohol (PVA) (MW =72,000) powder (Merck, Germany), zinc nitrate
hexahydrate (Merck, Germany) and sodium hydroxide (Sigma-Aldrich) were used
as received.

Synthesis of ZnO nanoparticles

ZnO particles were synthesized using a novel flow synthesis system [54] wherein
solutions of zinc nitrate hexahydrate and sodium hydroxide were pumped through
a single pump at a flow rate of 45 ml/min at room temperature, mixed in a metal-
lic T-piece and result in suspensions. Suspensions were freeze-dried (at — 40 C for
48 h) to obtain ZnO in powdered form.
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Table1 Sample IDs and

- ‘ Sample IDs Nature of ZnO ZnO (Wt%) ZnO (g)

compositions and weight

percentages of ZnO added to IP-ZnO/PVA  Powder 2.16 0.0088

PVA solutions
2P-ZnO/PVA 6.16 0.0264
3P-ZnO/PVA 11.6 0.0528
1S-ZnO/PVA Suspension 2.16 0.0088
2S-ZnO/PVA 6.16 0.0264
3S-ZnO/PVA 11.6 0.0528

Preparation of PVA/ZnO blend solution

PVA and ZnO were used as starting materials. 8% (w/v) PVA solutions were pre-
pared using 18.2MQ deionized water (under vigorous stirring and 85 °C tempera-
ture). Two groups of composites were developed. Group 1 involved addition of ZnO
in powdered form. Group 2 involved of ZnO in the form of as-synthesized suspen-
sion. 2.16 wt% of PVA/ZnO was prepared by adding 0.0088 g of ZnO in the 5 mL
8% PVA solution. Similarly, 6.16 wt% and 11.6 wt% of PVA/ZnO was prepared by
adding 0.0264 g and 0.0528 g of ZnO powder in 5 mL PVA (8%) solution, respec-
tively (see Table 1).

Electrospinning of PVA/ZnO nanofibers

The suspension was loaded into a 10 mL plastic syringe having a needle made of
stainless steel. The needle was connected to a high-voltage power supply with alu-
minium foil serving as a counter electrode and fiber collector. The suspension was
delivered via needle at flow rate of 0.5 mL per hour. The distance between needle tip
and collecting foil was 12 cm. The application of 20 kV and a flow rate of 0.5 mL
per hour resulted in the deposition of fibers. The collected fibers were dried at 80 °C
for 24 h in a vacuum drying oven.

Material characterization

The electrospun fibers were observed under scanning electron microscopy (SEM)
(TESCAN-VEGA 3 LMU, Czech Republic) for morphological analysis. For obtain-
ing the SEM micrographs, the dried electrospun fibers were mounted on a metal
stub using a double-sided adhesive carbon tape. Elemental mapping was carried
out using an Oxford Instruments Energy-Dispersive Spectrometer connected to the
SEM. The phase purity of ZnO was assessed using X-ray diffraction (X-Pert Pow-
der, PANalytical, Netherlands). Fourier transform infrared (FTIR) spectrophotom-
eter (FTIR, Nicolet 6700) was used to record FTIR spectra. Tensile properties of the
deposited mats were measured using a Walter Bai 1.5 kN Fatigue Testing Unit in
static mode with crosshead speed of 2 mm/min.
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Antimicrobial assays

Antimicrobial activities were carried out on the nanofiber mats according to the
method [55]. Nanofiber mats with nanoparticles of known dimensions were steri-
lized in an oven for 60 min at 80 °C. Fibrous PVA mat without any antimicrobial
nanoparticles was used as a negative control specimen whereas Chloramphenicol
disc was used as positive control. Antibacterial activity was evaluated by placing all
the samples into the inoculated Petri dish followed by incubation at 37 °C for 24 h
with S. aureus.

Results and discussion
Scanning electron microscopy

Figure la and b represents the SEM images of electrospun mats of PVA and ZnO
particles, respectively. Figure la reveals that the fibers were randomly oriented
of uniform thickness (measured 25 fibers [ca. 862 nm (116 nm)]. Figure 2
shows the electrospun fibers with ZnO powder addition in three different con-
centrations and Fig. 3 shows ZnO added in suspension form with three different
concentrations. Free-standing nanoparticles were observed on sample 1P-ZnO/
PVA (Fig. 2a). Increasing the percentage of the ZnO in sample 2P/ZnO/PVA, the
free-standing particles observed increased in number (Fig. 2b). A further increase
in the ZnO percentage in sample 3P-ZnO/PVA showed a further increase in the
free-standing nanoparticles (Fig. 2¢). Based on SEM images, it is suggested that
increasing the ZnO percentage, increases the incidence of particles on electrospun
fibers. Furthermore, the morphology of electrospun fibers remained the same
when compared to control fibers (Fig. 1a). In Fig. 2, the ZnO was looking like
embedded on the surface of the fibers; however, in the figure, the ZnO particles
were observed in the form of aggregates embedded in pockets. With the increase
in suspension percentage sample 2S-ZnO/PVA, the size of pockets increased, and

SEM HV: 15.0 KV WD: 10.41 mm
SEM MAG: 10.0 kx Det: SE, BSE
BE 5.00 Date(midly): 02/04/16

Fig.1 SEM images at magnification 10.0 kx. a Control PVA electrospun fibers, b ZnO powder
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Fig.2 SEM image (a-c) of composites at magnification 10.0 kx. a 1P-ZnO/PVA, b 2P-ZnO/PVA, ¢
3P-ZnO/PVA. Energy-dispersive spectrum and elemental mapping d—g of PVA/ZnO nanofibres; d, f 3%
suspension and e, g 6% suspension. Red, green and blue colors are in spectra are for carbon, oxygen and
zinc, respectively

Fig.3 SEM image of composites at magnification 10.0 kx. a 1S-ZnO/PVA, b 2S-ZnO/PVA, ¢ 3S-ZnO/
PVA
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Fig.4 Average fiber diameter of synthesized samples

Table 2 Fiber diameters of

synthesized samples Sample IDs Average diameter (nm)

PVA 862 nm=+116 nm
1P-ZnO/PVA 360 nm=+ 150 nm
2P-ZnO/PVA 375 nm= 178 nm
3P-ZnO/PVA 442 nm + 190 nm
1S-ZnO/PVA 284 nm=+ 84 nm

2S-ZnO/PVA 303 nm=+ 106 nm
3S-ZnO/PVA 358 nm=+ 115 nm

fibers became fused (Fig. 3b). With further increase in sample 3S-ZnO/PVA, the
pockets cannot be distinguished, fiber fusion markedly increased (Fig. 3c). The
reason of fusion might be due to low viscosity because the water content of solu-
tion increases with the addition of suspension (as suspension is water based);
however, in case of powder no further water is added which results in an increase
in viscosity and more distinct fibers (Fig. 2).

More so, there is no doubt that at higher concentrations, ZnO powder may
optimize the viscosity of PVA to obtain a suitable viscosity necessary to initiate
a high degree of entanglement during solvent evaporation in the jet (Fig. 2). This
entanglement is necessary for fiber formation. The solvent evaporation occurs
locally leading to increased charged density. Sometimes, the presence of metallic
particles can alter the solution conductivity, which could equally affect fiber for-
mation [56]. We believe that the ZnO nanoparticle used here might have changed
the solution conductivity which affected the fiber formation (Fig. 4).

The fiber diameters were calculated using image analysis software, Image
J. Compared to control PVA fibers (having no ceramic added) (Fig. 1), all the
composite fibers show slightly lower fiber diameter (Figs. 2 and 3). The average
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diameters of fibers are described in Table 2. The image analysis further demon-
strated that the fiber diameter decreases with increase in ZnO concentration. It
was hypothesized that the ZnO in suspension form would offer a good mix with
PVA; however, SEM results demonstrated the presence of agglomeration and
fiber fusion in response to suspension addition (Fig. 3).

X-ray diffraction

The XRD analysis was performed to evaluate the phase purity and composition
of the ZnO nanoparticles (Fig. 5). All the diffraction peaks of the sample corre-
sponding to the unique hexagonal wurtzite structure when compared with litera-
ture with ICDD pattern 036-1451 [57]. A similar pattern of X-ray diffraction has
been reported by Yadav [58], Chen et al. [59], and Pong et al. [60]. No characteristic
peaks of impurity phases except ZnO were present, hence proving the production of
production of pure crystalline ZnO nanoparticles.

FTIR analysis

Figure 6 presents the FT-IR spectra of the PVA and PVA/ZnO electrospun samples
measured in the range of 4000-500 cm~'. To be specific, the broadband observed
between 3000 and 3200 cm™'reveals the O-H stretch from the intermolecular and
intramolecular hydrogen bonds. The vibrational band found between 2880 and
2950 cm™! is the result of the C—H stretch from alkyl groups and the peaks from
1650 to 1670 cm™" and from 1540 to 1590 cm™ are due to the C=0 and C-O
stretches from the remaining acetate groups in PVA, respectively. The C-O stretches
in this region links to saponification reaction of PVA [61, 62]. However, other
peaks which are related to PVA include, 1350-1450 cm™" assigned to (CH)CH,;
1050-1100 cm™! of the group (C—0)-C—OH; 800-850 cm™! from alkyl chain back-
bone [63, 64]. The peak observed in the range of 3400 to 3550 cm™! may be due to
O-H stretching assigned to the water adsorption on the metal surface. The peaks
at 1600 and 580 cm™! correspond to Zn—O stretching and deformation vibration,
respectively.

100
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Fig.5 XRD pattern of a as-precipitated ZnO powder
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Fig.6 FTIR spectra of PVA, 31
ZnO and PVA/ZnO nanocom-

posite mats. a 3S-ZnO/PVA, b J\/
2S-ZnO/PVA, ¢ 1S-ZnO/PVA, d M
3P-ZnO/PVA, e 2P- ZnO/PVA, f 5

1P-ZnO/PVA, g PVA M

Absorbance

———
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm-1)

Mechanical properties of electrospun PVA/ZnO nanofibers

The mechanical properties of PVA/ZnO nanofibers with different ZnO concentra-
tions and forms were evaluated using stress—strain analysis. The tensile strength was
calculated by dividing the maximum force with the cross-sectional area, the elas-
tic modulus was calculated by dividing stress over strain, and the elongation was
calculated by the difference of initial and final length (see Fig. 7). Filler dispersion
and agglomeration strongly influenced the mechanical properties of composites. The
tensile property plots of different composite fibers in comparison with pure PVA
fibers are presented in Fig. 7. The results showed that the addition of ZnO nanopar-
ticles either as suspension or powder causes a change in the mechanical properties
of the fibers.

The mechanical analysis demonstrated that the ZnO powder addition improved
the mechanical behaviour of the PVA mats when compared to PVA alone and ones
added with ZnO suspension. This behaviour suggests better incorporation of ZnO
nanoparticle. These results are in agreement with the results obtained from anti-
microbial studies and SEM. On the other hand, the elastic modulus of the sample
3S-ZnO/PVA had the highest value (Fig. 7b). It suggests here that ZnO nanoparticle
did not predominantly act as a reinforcing filler. Another factor could be due to the
porous nature of mats and weak interaction between the filler and the matrix. Elon-
gation at breakpoint was found to gradually increase sample 3P-ZnO/PVA (Fig. 7c¢).
It is reasonable to believe that the addition of fillers should decrease the elongation

—_
(2)
~

Elongation (%)
T TR TR

Modulus (M]
s 28

A 1.200/PVA 2200/PVA 3-200/PVA A 1ZO0/PVA  2ZnO/PVA  3-ZnOJPVA A LZO/PVA  2Z0/PVA  3ZnOJPVA

#Powder = Suspension =Powder = Suspension #Powder *Suspension

Fig.7 a Tensile strength, b elastic modulus, ¢ % elongation of electrospun fibers
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at break, but such is not the case here. The same factor that led to low elastic modu-
lus might be responsible for the increase in elongation at break. However, in the case
of ZnO suspension addition, the trend was reversed in a way that sample 3S-ZnO/
PVA showed the lowest elongation at breakpoint (Fig. 7c). The reason might include
that with the addition of suspension, the water content increases and during elec-
trospinning the fibers fuse together (see Fig. 3c). Furthermore, in suspension, the
nanoparticles are present in agglomerates which can be seen in SEM images as well.
The agglomerates do not provide uniformity to electrospun fibers hence resulting in
reduced mechanical properties (Fig. 3).

The stress withstood by electrospun fibers was analyzed and it was suggested that
with ZnO powder addition the nanoparticles were distributed uniformly (Fig. 2a—c)
which results in a gradual increase in maximum stress when the powder percentage
was increased. However, in the case of suspension, this is not the case. In sample
1S-ZnO/PVA, it was recorded 7.3 MPa, for in sample 2S-ZnO/PVA it reduced to
4.5 MPa and for 3S-ZnO/PVA it again increased to 7.5 MPa. This shows the random
distribution of particles. Moreover, in suspension, the percentage of nanoparticles
cannot be calculated precisely as in the case of dried powder. The scenario here cor-
roborates the free-standing particles in case of powder that increase with the per-
centage increase (Fig. 2a—c) but with a suspension this is not the case (Fig. 3a—c).

Antibacterial activity

Possible inhibition or annihilation of bacteria is an important property of developed
electrospun fibers for a number of applications in bacteria-rich areas. The antimi-
crobial property of the PVA/ZnO fibers against Gram-positive Bacterium S. Aureus,
which is a laboratory test organism, is of biological importance. In this, antibacterial
activity was studied on synthesized samples. Figure 8 shows that samples 1P-ZnO/
PVA, 1S-ZnO/PVA and 2P-ZnO/PVA did not show any antimicrobial activity. How-
ever, the inhibition zone for samples 2S-ZnO/PVA, 3P-ZnO/PVA and 3S-ZnO/PVA
was found to be in between 11 and 13 mm which are in agreement with the Stand-
ard Antibacterial test “SNV 195920-1992”. The Standard Antibacterial test “SNV
195920-1992” specimens showing more than 1 mm microbial zone inhibition are

Fig.8 Antibacterial activity of PVA/ZnO fibers; a 1%, b 3% and ¢ 6% ZnO for both suspension and
powder
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considered as good antibacterial agents [65, 66]. In the present study, the inhibi-
tion zones showed by samples 2S-ZnO/PVA, 3S-ZnO/PVA 3P-ZnO/PVA are 11, 11
and 13 mm, respectively. The results demonstrated that increase in the concentration
of ZnO lead to increase in antibacterial activity. The samples obtained using ZnO
suspension showed greater activity in comparison with the powdered form. The rea-
son might attribute to the enhanced surface area in case of agglomerate exposure
to bacterial surface and more interaction capability of the material. Chlorampheni-
col used as a positive control which shows a 25 mm zone of inhibition against S.
aureus. Only PVA containing fibers were used as a negative control and showed no
antimicrobial activity. The interaction between bacteria and ZnO is reported to be
toxic [67], which has led to its use in many industries for antimicrobial applications.
Sawai et al. [68] have reported that the mechanism of antimicrobial activity of ZnO
is due to the release of active oxygen species in environment which lead to the pro-
duction of H,0, in media. H,O, can penetrate the bacterial cells, causes harm to the
cell membranes, and prevents the growth of bacteria.

Conclusions

PVA/ZnO nanofiber mats were prepared via electrospinning technique. Two forms
of ZnO with different concentrations were used for the preparation of the electro-
spun fiber mats. Fiber mat morphologies and mechanical properties were evaluated
and observed to be affected by the type and concentration of ZnO nanoparticles
wherein these features were more pronounced for ZnO Powder at higher concen-
tration. Antibacterial studies demonstrated that antibacterial properties (against S.
aureus) were improved by increasing the concentration of ZnO.
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