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ABSTRACT
Fabrication of nanofibers composites for biomedical and textile applications
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Directed by: Prof Ick Soo Kim

The nanofibers has become very interesting topic for the researchers due to its applications ground, and it is
being used in various research fields such as biotechnology, biomedical, electrical & electronics,
environmental and energy resources due to its advanced properties and high potentials applications.
Therefore, this thesis covered the series of experiments related to biomedical applications and functional
textiles. For this purpose, we started to the formation of blended nanofibers by incorporating natural
biomaterials with the synthetic polymer which has a great interest in recent years. We reported the successful
fabrication of novel nanofibers using naturally occurring antimicrobial honey incorporated in Poly (1, 4
cyclohexane dimethylene isosorbide trephthalate) (PICT) for the potential wound dressing applications. On
the basis of characterizations results, it was concluded that PICT/honey nanofibers containing 15% of honey
are more suitable for good elastic behavior and tensile strength as compared to other concentrations of honey
used in the polymer solution and in the study of “Preparation and Characterizations of Multifunctional
PVA/ZnO Nanofibers Composite membranes for Surgical Gown Application” authors developed the
multifunctional; antibacterial, ultraviolet rays (UV) protected and self-cleaning surgical gown by blending of
zinc oxide (ZnO) nanoparticles with poly vinyl alcohol (PVA). On the behalf of characterization results,
PVA/ZnO nanofibers were exhibited the desired objectives for the surgical gown. This multifunctional
surgical gown is beneficial for medical surgeon against the bacteria, stains, and UV blocking to save his/her
life.

The fabrication of an artificial blood vessel remains an ongoing challenge for cardiovascular tissue
engineering. Full biocompatibility, proper physiological and immediate availability have emerged as central
issues. To address these issues, the dual network composite scaffolds were fabricated by coating the
electrospun nanofibres based tubes with PVA hydrogel, which could increase the cell viability and show the
potential for controlling the composition, structure and mechanical properties of scaffolds. The authors also
tried to form a model for axon, where nanofibers based tubes as scaffolds for potential neuroscience

application in the axon were fabricated by Polyvinylpyrrolidone incorporated with gold nanoparticle



(PVP/Auv) in five different diameters via electrospinning. So the nanofibers based tubes having diameter 0.2
mm made from PVP/Au is the better substrate for farther in vivo or in vitro investigation which will make
this material more useful for tissue engineering.

Metals and their nanoparticles, sodium alginate, honey and bacterial cellulose were widely used in the
fabrication of scaffolds and wound dressings due to their biocompatibility, but silver sulfadiazine (SSD) is a
leading topical antibacterial agent especially for the treatment of burn wound infections. In this novel research
study, first time SSD was embedded with nanofibers. The objective of this study was to fabricate high profiled
antibacterial properties with lowest toxicity and high cell adhesion. The resultant CA/SSD nanofibers
exhibited the appreciable antimicrobial activity against Gram-negative Escherichia Coli and Gram-positive
Bacillus Subtilis bacteria with considerable sustainability for repetitive use. In another study, for functional
textiles related to biomedical field, were focused. Herein, a self-cleaning effect of electrospun poly (1,4-
cyclohexanedimethylene isosorbide terephthalate) nanofibers embedded with ZnO nanoparticles and
comparative study of self-cleaning properties of electrospun PVA/TiO2 and PVA/ZnO Nanofibers
Composite were examined. On the base of the characterization results, it was concluded that these PVA/ZnO
& PVA/Ti02 nanofibers have self cleaning properties, but PVA/ZnO nanofibers have higher self-cleaning
properties than PVA/TiO2 nanofibers because PVA/ZnO nanofibers have 95% self-cleaning properties,

which is higher than PVA/Ti02 nanofibers.
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Chapter # 01 Introduction

1.1. Background

The fiber has the primary role to fabricate the textiles or biomedical product due to length to volume ratio,
sustainable flexibility with certain strength. Nanofiber has the great important over the conventional fiber
because its diameter is very low around >100 nm with light weight and high length to volume ratio [1].
Nanofibers can be manufactured using various methods but most prominent is electrospinning.
Electrospinning is the only way through which we can produce continuous nonwoven fabric in form of
nanofibers [2]. This nonwoven fabric/web is used for various applications in biotechnology such as
nanofibers for wound dressing, drugs for treatment of diseases, bone regeneration and other artificial vital
organs of human beings and this web can also use for functional textiles like multifunctional surgical gown,
self-cleaning fabrics and etc [3].

Electrospinning is the fiber production method in which electric force is applied to draw charged threads of
polymer solutions to fiber diameters in the order of nanometer. In the electrospinning, when a sufficiently
voltage is supplied to a liquid droplet, it becomes charged and electrostatic repulsion counteracts the surface
tension and droplet is stretched at a critical point of stream where liquid droplet erupts from the surface and

then it becomes the fiber as shown in the Figure 1.1. [4,5].

Copper Wire —

Syringe

Polymer Solution
Capillary Tip

Nanofiber n
collection L —

Power Supply

Figure 1.1: Illustration scheme of electrospinning



1.2 Nanofibers for biomedical applications

Biomedical engineering is defined as the application of engineering fields to maintain and restore existing
cell/tissue/skin structure or to enable their growth. They are usually organized into three-dimensional
structures as required for the body that believed to the development of specific biological function in them.
When used to develop the artificial tissue substitutes, the engineering approaches emphasize the importance
of the structural design of the biomaterial employed as scaffolding structure. These scaffolds or wound
dressings are used to protect the skin from various microbials or maintain and restore the cells and tissues [0,

7.

The development of nanofibers has enhanced the scope for fabricating the scaffolds that can potentially
mimic the architecture of human tissue at stated requirements. The high surface area to volume ratio of the
nanofibers combined with their microporous structure favors the cell adhesion, proliferation, migration, and
differentions are the highly desired properties for the tissue engineering applications. Therefore the current
research in this area was driven towards the fabrication, characterization, and application of nanofibers as
scaffolds for biomedical engineering in many fields like ophthalmology, bone regeneration, drug delivery,
wound dressings, neuroscience and vascular transplantation [8-10].

Since past few years, the nanofibers based tissue engineering has been increasing and progress is obvious in
various fields such as blood vessels, artificial cornea, retina, veins, blood filter for kidney and other
implantable artificial vital organs of animals and also for human beings. A huge numbers of people used
nanofibers for this field because nanofibers are fruitful for medical textiles due to its biodegradable and non

biodegradable properties as required for the organs [11- 13].

1.2.1. Nanofibers for antibacterial properties

The skin is the largest organ of the human body and serves as an important barrier that protects the
body from microbial infestation and maintains homeostasis. The damage skin can allow pathogens
to invade the human body or its part/parts and cause the infections. However, it is necessary to cover
the skin with proper wound dressings to protect the wound from further contaminations. To ensure
the effectiveness of wound healing, wound dressings should be biocompatible, non-allergic and non-

toxic and in addition, it should maintain a moist environment around the wound, rapid the wound



recovery, reduce the risk of infection and should possess antibacterial activity to prevent the
microbial invasion. Multidisciplinary Alliance Against Device-Related Infections (MAADRI) reported that
medical device related infections are the major cause of more than half of the hospital acquired infections.
Together with the rise in antibiotic resistant Staphylococcus aureus & Escherichia Coli, there is a pressing
demand for next generation anti-infective materials for protecting wounds and medical devices against
microbes. In the United States, an estimated seven million people suffer from chronic skin ulcers while more
than one million burns have been reported annually [14,15].

Staphylococcus aureus, bacillus subtilis & Escherichia Coli are the major etiological agents
responsible for invasive infections in wounds around the globe. The advent of topical antimicrobial
agent impregnated wound dressings such as silver, iodine, polyhexamethylenebiguanide and honey
have provided a tangible alternative in the development of wound dressing for the control of wound
infections [16,17].

1.2.2. Nanofibers based tubes

Since past few years, the nanofibers based tissue engineering has been increasing and progress is obvious in
various fields such as blood vessels [11], artificial cornea, retina, veins, blood filter for kidney and other
implantable artificial vital organs of animals and also for human beings. A huge numbers of people used
nanofibers for this field because nanofibers are fruitful for medical textiles due to its biodegradable and non
biodegradable properties as required for the organs [18, 19]. These organs are damaged due to the accidental
situations and the medical treatment required the secondary surgery for planting the organs. The artificial
organs are best option to for replace the damaged organs of human beings [20]. One of them is the axon for
continues supply of neurosignals in the nerves of human’s body. These signals need some amount of potential
voltage for the information carrying from any point of body to brain. This potential voltage is not harmful
for brain because around the axon there is insulated layer which protect the nerve [21-23]. The fabrication of
artificial blood vessel remains an ongoing challenge for cardiovascular tissue engineering. Full
biocompatibility, proper physiological and immediate availability have emerged as central issues. To address
these issues, the dual network composite scaffolds were fabricated by coating the electrospun nanofibres
based tubes with PV A hydrogel, which could increase the cell viability and show the potential for controlling

the composition, structure and mechanical properties of scaffolds [24, 25].
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The electrospinning setup for making nanofibers tubes is shown in Figure 1.2, in which a rotating and

resiprotating element is used to collect the nanofibers in front of main collector of nanofibers.

Pmlm ¢ Electmdc

Copper Wire
PP T S\ ringe
Polymer Solution :_

i ' Ti Power Supply

—himm Capillary Tip
X —:i:)‘_' Rotating &
ls o — reciprocating
- T _.. Nanofiber iprocat
collection

Rotating Metallic drum
(Negatively charged)

Figure 1.2: Illustration scheme of electrospinning for nanofibers based tubes.

1.3. Nanofibers for functional textiles

Nanofibers are ideally suited to form the functional or multifunctional textiles [26]. The protected products
are needed to reduce occupational exposure for individual involved with the hospital, chemical industry,
emergency response and also military. A number of methods for development of nonwoven and non-
washable technical textiles like surgical gowns but the use of electrospun nanofibers for the non-washable
protective garments has grown over the past few decades since they are relatively inexpensive, lightweight
and effective protection [27]. The electrospun nanofibers can be used for various functional applications,
such as protection from exposure to UV light, as an anti-microbial product, as a flame retardant, to enhance
the shape-memory behavior of apparel, and self-cleaning. Especially, various approaches have been
suggested to introduce the self-cleaning property to nanofibers [28, 29]. Since ZnO is a promising material
for introducing the self-cleaning property to composite materials, it is of great interest to researchers who
want to make self-cleaning materials [30]. It is non-toxic and could be used extensively in industry due to its
low cost. In addition, it provides better efficiency in photo-catalytic applications than other chemicals (e.g.,
TiO, and WO3) due to its large energy gap (3.37 eV) and its large excitation binding energy (60 meV) [31].
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Chapter # 02

Fabrication and characterization of nanofibers of honey/poly (1, 4 cyclohexane dimethylene

isosorbide trephthalate) by electrospinning

2.1. Introduction

The applications ground of nanofibers is becoming vast day by day and it is being used in various research
fields such as biotechnology, biomedical [1-10], electrical & electronics [11], environmental [12] and energy
resources [13] due to its advance properties and high potentials applications. Nanofibers can be manufactured
using various methods but most prominent is electrospinning [14]. Electrospinning is the only way through
which we can produce continuous nonwoven fabric in form of nanofibers [15]. This nonwoven fabric is used
for various applications in biotechnology [16] such as nanofibers for wound dressing [17], drugs for treatment
of diseases [18], bone regeneration [19] and other artificial vital organs of human beings [20]. The formation
of blend nanofibers by incorporating natural biomaterials with the synthetic polymer has great interest in
recent years [21]. Herein, we attempted to fabricate the nanofibers by incorporating natural Honey in Poly
(1, 4 cyclohexane dimethylene isosorbide trephthalate) (PICT) by electrospinning for the very first time.
PICT is an aromatic semicrytalline & biodegradable co-polyester [22] and honey is an aromatic hydrocarbon,
which has many organic compounds and used as a medical treatment since ancient time [23]. Honey is the
most efficient antimicrobial compound for safe and effective antimicrobial wound dressings, throughout the
naturally occurring compounds such as tea tree oil, mastic gum and cranberry juice which demonstrated the
antimicrobial efficiency [24]. Recently a few approaches were adopted to fabricate honey with different
polymers, such as; A. Arslan et al. (2014) tried to fabricate honey based polyethylene terephthalate nanofibers
by electrospinning and nanofibers had the beaded & ribbon-like morphology but the fiber deposition’s area
was increased [25] and H. Maleki et al. (2013) tried to fabricate the honey based nanofibers with PVA by
electrospinning at different concentrations of honey. The nanofibers diameter was reduced as the
concentration of honey increased and the release was completed in one hour [26].

The nanofibers of PICT/honey were fabricated successfully and no beads were observed. The release
behavior was completed in 30 minutes and good tensile strength & elongation as compared to previous works
and having potential for wound dressing and other antimicrobial properties. The morphology of nanofibers

was examined under SEM and TEM. The chemical structural change was studied with FT-IR, the mechanical
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properties were assessed using tensile strength tester and the release behavior was investigated by UV-visible
Spectrophotometer.

2.2, Experimental

2.2.1. Materials

PICT polymer (99.8%) with 70 mol % isosorbide (99.8%) purchased from SK Chemical Korea, Triflouric
acid (99.9%) was purchased from Sigma-Aldrich Corporation (USA), Honey was extracted by Bee insects

from Pakistan forest and chloroform was purchased from Wako Pure Chemical Industries, Ltd.

2.2.2. Preparation of Nanofibers

Polymer solution was prepared by weight using 10% of PICT dissolved in the TFA and chloroform at ratios
1:3 respectively. After stirring polymer solution for 3 hours, honey was dissolved with 10% & 20% by weight
separately. Both polymer solutions (10% honey contained and 20% honey contained) were kept on stirring
for 2 hours. After two hours of stirring both polymer solutions were used for electrospinning and loaded
separately in two different syringes to carry out electrospinning process. An electrode of copper wire was
adjusted in the syringe and the distance from capillary tips to collector was kept 12 cm. A 10 kV was applied
to produce the nanofibers.

2.2.3. Characterization

The surface morphology of these nanofibers was evaluated by SEM (JSM-5300, JEOL Ltd., Japan)
accelerated with the voltage of 12 kV, TEM (JEM-2100 JEOL Japan) accelerated with 200 kV, FT-IR spectra
(IR Prestige-21 by shinmadzu Japan) was done for the evaluation of chemical reaction or bonding with Honey
& PICT, the Tensile strength test was performed to check the mechanical behavior of nanofibers by using
the Universal Testing Machine (Tesilon RTC 250A, A&D Company Ltd., Japan), wetting behavior of
PICT/honey nanofibers surface was characterized by measuring the static contact angle with a contact angle
meter (Digidrop, GBX, France), X-ray photoelectron spectroscopy (XPS) was performed on a Kratos Axis-
ultra DLD spectrometer (Kratos Analytical Ltd., Manchester, U.K.) and the UV-visible Spectrophotometer
(Lambda 900, perkin-Elmer, USA) was used to evaluate the releasing behavior of honey in the wavelength

range of 100-900 nm.
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2.3. Results and discussions

2.3.1. Morphology of Nanofibers
In order to investigate the surface morphology of PICT nanofibers and PICT/honey nanofibers, SEM images

were taken. It was investigated that nanofiber diameter is affected by blending of honey in PICT. When the
percentage of honey was increased in PICT then diameter of nanofibers was also increased. In Fig. 2.1a it
can be clearly observed that the nanofibers are fine with average diameter 190nm and in Fig. 2.1b PICT
nanofiber embedded with 10% honey showed smooth morphology and bead free nanofibers with average
diameter of 328 nm and greater in average diameter than pure PICT nanofibers and in Fig. 2.1c the nanofibers
of PICT with 15% honey showed further increment in average diameter up to 412 nm and in Fig. 2.1d the
nanofibers of PICT with 20% honey showed further increment in average diameter than PICT/honey
nanofibers with 15% honey up to 482 nm and it is the largest diameter of the all concentrations of honey used

in the nanofibers.

Figure. 2.1. Results of SEM (a) pure PICT nanofibers (b) 10% PICT/honey nanofibers (c) 15% PICT/honey
nanofibers (d) 20% PICT/honey nanofibers

Table 2.1. Average diameter of PICT and PICT/honey Nanofibers

Sr. No. Conslzzil)tlleosn of Conclcjllz)trrlz;t}llon of Average Diameter
1 Neat PICT 0 190 £30 nm
2 PICT/honey 10% 328+20 nm
3 PICT/honey 15% 412450 nm
4 PICT/honey 20% 482+35 nm
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The average diameter of all samples was calculated by image analysis software (Image J, version 1.49) as
shown in Table 2.1. The average diameter of neat PICT is

190 nm which is very fine as compared to PICT/honey nanofibers having concentration of honey 10%, 15%
and 20%.

For the study of average diameter distributions, a graph against each concentration of honey was drawn
between diameter in nm of nanofibers and the frequency of fibers in the same range of diameter. It was
analyzed that in Fig. 2.2a there are very low diameter distributions in neat PICT nanofibers, most of the
nanofibers were in the range of 100-200 nm. In Fig. 2.2b there are diameter distributions in 10% PICT/honey
nanofibers. This distribution is greater than neat PICT; most of the nanofibers are in the range of 100-200,
300-400 nm. In Fig. 2.2c there are high diameter distributions in 15% than neat PICT & PICT/honey
nanofibers with 10% honey, in this case most of the nanfibers lies in the range of 300-400 nm. In Fig. 2.2d
there are highest diameter distributions in 20% PICT/honey nanofibers than neat PICT, PICT/honey
nanofibers with 10% honey and PICT/honey nanofibers with 15% honey. In this case nanifibers have also
diameter of 900-1000 nm. So when concentration of honey increased the diameter distributions are also

increased.
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Figure 2..2. Results of diameter distributions (a) Neat PICT nanofibers (b) 10% PICT/honey
nanofibers (c) 15% PICT/honey nanofibers (d) 20% PICT/honey nanofibers



To investigate further, the morphology of nanofibers was examined under TEM. It was investigated that
diameter and morphology of nanofibers were changed by blending of honey with PICT. The neat PICT
nanofibers having diameter size very small and smooth surface as compared to 10%, 15%& 20% by weight
PICT/honey nanofibers. When concentration of honey was increased, the surface became lesser smooth than
pure PICT nanofibers, and the nanofibers having 20% of honey showed rougher surface morphology
compared to PICT nanofibers containing amount of honey 10% and 15% at magnification 200nm. The Fig.
2.3 revealed the obvious change in the diameter and exterior surface morphology of nanofibers. The Fig.2.3d

showed the highest diameter size than other Fig. 2.3a, 2.3b and 2.3c.

Fig. 2.3. Results of TEM (a) pure PICT nanofiber, (b) 10% PICT/honey& (c) 15% PICT/honey nanofiber
(d) 20% PICT/honey nanofiber

2.3.2. Tensile Strength
The tensile strength of PICT/honey nanofibers was investigated for the mechanical behavior of the nanofibers,

we prepared five specimens for each category of the samples where the initial length and width was kept at
26 mm and 2.8 mm respectively but the thickness for the samples was not the same. The stress and strain

were calculated according to the following formula A and formula B respectively.

S(MPa) — all average values of load(N) 4
area (mz2)
change in length(Al)
5(%) = x 100 B
(%) initial length(1)
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The Fig. 2.4 showed the elastic and plastic behavior of the PICT/honey nanofibers. The nanofibers without
honey showed has high young modulus up to 6 MPa along with 9% elongation, But the blended PICT/honey
nanofibers with increased amount of honey were observed under tensile test, an increase in percentage of
elongation was observed but the tensile strength was decreased with young modulus because of concentration
of honey was increased. 90:10 PICT/honey nanofibers has the low strength than pure nanofibers, It has 3
MPa and showed more elongation up upto 39%. Similarly, 85:15 PICT/honey nanofibers has the good
strength but less than neat PICT and 90:10 PICT/honey nanofibers, which has 2.7 MPa strength and showed
highest elongations (45%) than neat PICT, 90:10 PICT/honey nanofibers and 80:20 PICT/honey nanofibers,
but 80:20 PICT/honey nanofibers has lowest strength than 90:10, 85:15 and neat PICT nanofibers; it has 0.7
MPa strength and showed 37% elongation which is good elastic behavior. So PICT/honey nanofibers having
15% concentration of honey are suitable for good elastic behavior and for tensile strength as compared to

other concentrations.
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Fig. 2.4. Stress Strain curve of PICT/honey Nanofibers

2.3.3. FT-IR study

Pure PICT nanofibers, PICT/honey nanofibers embedded with 10% and 20% honey were investigated under
FT-IR Spectroscopy. Fig. 2.5 showed the successful reaction of PICT with honey as it can be observed that
in neat PICT there are aromatic strong stretching at 1600 cm™!, C=C stretching at 1680 cm™ and C-O

stretching at 1050 cm™!. After bending of honey with PICT there is significant interactions between PICT and
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honey which showed the bonding of O, C and H at 1270 cm'& 1850 cm™! C-O stretching and C-H bending

respectively. So, FT-IR confirmed the presence of honey in PICT/honey nanofibers.
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Fig. 2.5. FT-IR spectra of PICT/honey Nanofibers

2.3.4. Release behavior of honey

UV visible Spectrophotometer was used to investigate the releasing behavior of honey. It was observed that

releasing efficiency was good. Honey was started to release within the 3 min. and showed maximum releasing

behavior in 10 min. and gradually increased up to 10 minutes. The maximum release of honey was 56% (72

mg/L) and minimum was 4% (8 mg/L) in the range of weaves length 250-325 nm as shown in Fig. 2.6b.
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Fig. 2.6. Release behavior of honey
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2.3.5. Water contact angle measurements

The wetting behavior of PICT/honey nanofibers was investigated by measuring the static angle with a contact
angle meter by drop method. It was analyzed that neat PICT nanofibers is hydrophobic with contact angle
135° as mentioned all images of water droplet on the surface of electrospun PICT & PICT/honey nanofibers
in Figure 2.7. When the concentration of honey was increased the hydrophobicity was decreased. At 20% of

honey in PICT/honey nanofibers the hydrophilic property was increased.

140
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Fig. 2.7. Images of water droplet on PICT/honey nanofibers (a) neat PICT, (b) 10% PICT/honey (c) 15%
PICT/honey (a) 20% PICT/honey

2.3.6. X-ray photoelectron spectroscopy (XPS)
XPS spectra were recorded to study the formation of carbon, oxygen and nitrogen functional groups in
PICT/honey nanofibers. As expected, PICT/honey nanofibers strated an N1s peak, Ols peak and Cls peak

at binding energy of 398, 533 and 285 eV respectively as shown in Figure 2.8 and there is no N1s peak in

neat PICT nanofibers.
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Fig. 2.8. XPS spectra of PICT & PICT/honey nanofibers

24. Conclusion

Here in, PICT/honey nanofibers were successfully fabricated by electrospinning. The elastic behavior of
PICT/honey nanofibers was improved by increasing concentration of honey in the polymer solution but this
increase in concentration was also the cause of decrease in young’s modulus. The morphology of PICT/honey
nanofibers observed was rough on the surface. Moreover, increasing concentration of honey in the polymer
solution was the reason of more diameter distributions of PICT/honey nanofibers. Polymer solution
containing 20% of the honey was maximum percentage to obtain bead free PICT/honey nanofibers. Water
contact angle measurements were done with the static contact angle by a contact angle meter, which showed
that hydrophobacity was decreased by adding the honey. The XPS spectra showed that honey was present in
the PICT/honey nanofibers. The release of honey was complete in 15 minutes and the maximum release of
honey was 72 mg/L in 10 minutes. Therefore, PICT/honey nanofibers containing 15% of honey are more
suitable for good elastic behavior and tensile strength as compared to other concentrations of honey used in

the polymer solution.
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Chapter # 03

Self-cleaning effect of electrospun poly (1, 4-cyclohexanedimethylene isosorbide terephthalate)
nanofibers embedded with ZnO nanoparticles

3.1. Introduction

Over the past decade, the sustainable conversion of biomass to specific chemicals has been an active research
area in academia and industry. Due to the high stability of isosorbide (a biomass material) at 256 °C and its
compatibility with different polymers, it has become a significant chemical platform for further chemical
modifications [1-4]. Recently, a terephthalate-based polymer, i.e., poly (1, 4-cyclohexanedimethylene
isosorbide terephthalate) (PICT), was synthesized using isosorbide, and this new polymer has various
significant properties, including its aromaticity, its semi-crystalline structure, thermal stability, and
biodegradability [5-7]. To date, PICT has been used in various industrial applications, such as baby bottles,
electrical outlets, and dishware suitable for cleaning in dishwashers [7, 8]. However, until now, there have
been no studies of the nanofibers made from this new polymer. Based on their unique properties, this polymer
has great potential for use in the textile industry, so we made the first attempt to fabricate PICT nanofibers
using the electrospinning process. Electrospinning is a useful technique for fabricating nanofibers [9, 10] for
various functional applications [11], such as protection from exposure to UV light [12], as an anti-microbial
product [13], as a flame retardant [14], to enhance the shape-memory behavior of apparel [15], and self-
cleaning [16]. Especially, various approaches have been suggested to introduce the self-cleaning property to
nanofibers [17]. Since ZnO is a promising material for introducing the self-cleaning property to composite
materials, it is of great interest to researchers who want to make self-cleaning materials [18]. It is non-toxic
and could be used extensively in industry due to its low cost. In addition, it provides better efficiency in
photo-catalytic applications than other chemicals (e.g., TiO, and WO3) due to its large energy gap (3.37 eV)
and its large excitation binding energy (60 meV) [19, 20]. Chutima S, et. al. demonstrated the silver decorated
Ti0, nanofibers with different concentration of silver. [17] They demonstrated the degradation efficiency of
methylene blue with prepared nanofiber. The maximum value of degradation was 77% and the minimum
value was 22% within 2hrs.

Herein, we report a novel ZnO/PICT nanofiber via electrospinning, and we investigated the effect of different
ZnO concentrations on the nanofiber’s self-cleaning properties. The resultant nanofibers were characterized

by Fourier Transform Infrared Spectroscopy (FT-IR) to determine their chemical composition, and a
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scanning electron microscope (SEM) was used to investigate their surface morphology. Also, transmission
electron microscopy (TEM) was used to investigate the dispersion of the nanoparticles, and their photo-
catalytic activity was determined to assess their self-cleaning properties. It was observed that the ZnO
nanoparticles were well-located along the nanofibers, and they provided a high photodegradable property as
their concentration was increased. Since this was the first attempt to fabricate ZnO/PICT nanofibers, it is our
opinion that these nanofibers provide a significant opportunity for extending their applications in various
areas, including their use in home textile products and eliminating stains in non-woven or non-washable
products, such as surgical gowns, wound dressings, pillows, and curtains. Thus, we believe this new product
has great potential for extensive use in the textile industry.

3.2, Experimental

3.2.1. Materials

Pellet-type PICT was supplied by SK chemicals, Republic of Korea. Trifluoroacetic acid (99.9%),
chloroform (99%), ZnO nanoparticles (50.1 wt%), and methylene blue (powder form, solubility of 1 mg/ml)

were purchased from Sigma-Aldrich (USA).

3.2.2. Preparation of nanofibers

PICT was dissolved in trifluoroacetic acid and chloroform (volumetric ratio of 1:3). ZnO was blended in the
solution of PICT in different concentrations, i.e., 0, 3, 5, 7, and 9%, but the concentration of PICT was
constant at 10% by weight. The nanofibers were formed at room temperature at 45% humidity using an
electrospinning machine. The solution was loaded in a plastic syringe connected with capillary tips that had
an inner diameter of 0.60 mm, in which an electrode of Cu wire was adjusted. The distance from tip of the

capillary to the collector was 15 c¢m, the flow rate was 0.75 ml/hr, and the supply voltage was 10 kV.

3.2.3. Characterization

The morphology of the nanofibers was evaluated by SEM (JSM-5300, JEOL Ltd., Japan) and TEM (JEM-
2100, JEOL Ltd., Japan). The average diameter and distribution of the nanofibers were measured from the
SEM micrographs using image analysis software (Image J, version 1.49). To obtain an average value for the
diameter, 50 points were selected randomly in a single SEM image. The photo-catalytic activity was
investigated in two ways. The first way was to determine the photo-catalytic property of pure PICT nanofibers

and 9 wt% ZnO/PICT nanofibers by changing the irradiation time. The second way was to investigate the

27



effect of different concentrations of the ZnO-embedded PICT nanofibers during irradiation with sunlight for
3 hr. For the first way, a solar simulator (XES-40S3, San-ei Electric, Japan) was used to simulate sunlight,
and it had an intensity of 1000 W/m? with a wavelength range of 350 - 1100 nm. For the two ways mentioned
above, FT-IR spectra were acquired using an IR Prestige-21 instrument (Shimadzu, Japan). The spectra were
recorded from 400 to 4000 cm™' with a resolution of 4 cm™! and the addition of 128 scans. The degradation
value was obtained by the following equation:

Degradation (%) = (I; — 15)/(I;) x 100

where [; and I; are the peak intensity of the initial, dyed nanofiber and the degraded dyed nanofiber,

respectively, extracted at 1275 cm™! in the FT-IR spectrum.

3.3. Results and discussion

3.3.1. Morphology of the nanofibers

SEM images were acquired and average fiber diameters of PICT and ZnO/PICT were determined in order to
study the average fiber diameters when different concentrations of ZnO were loaded into the PICT nanofibers.
Figure 3.1(f) shows the average diameters of the ZnO/PICT nanofibers with different concentrations of ZnO.
The average diameters were not changed significantly as the ZnO concentration was increased, and all of the
nanofibers had an average diameter of ~500 nm. This result implied that the concentration of ZnO did not

affect the diameters of the diameters of the PICT nanofibers.
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Figure 3.1. (a) Neat PICT nanofibers; (b) 3 wt% of ZnO in PICT nanofibers; (c) 5 wt% of ZnO in PICT

nanofibers; (d) 7 wt% of ZnO in PICT nanofibers; (e) 9 wt % of ZnO in PICT nanofibers; (f) graph of average
diameter versus concentrations.

To investigate the dispersion of ZnO into the PICT nanofibers, TEM images were taken for ZnO/PICT.
Figure 3.2 shows that the ZnO particles were incorporated along the axes of the nanofibers, and the amount
of ZnO particles increased as the ZnO concentration increased. Interestingly, for the low concentrations of
ZnO (3 and 5 wt%), almost no ZnO particles were imbedded in the PICT nanofibers, resulting in fewer ZnO
particles being observed on the surfaces of the nanofibers. It was clearly observed that most of the ZnO
particles were attached to the surfaces of the nanofibers in the samples of ZnO that had relatively high
concentrations (7 and 9 wt%). Considering that the degradation reaction occurred on the surfaces of the ZnO
particles, it is reasonable that 9 wt% of ZnO/PICT nanofibers would have a higher degradation efficiency

than the other samples.
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Figure 3.2. TEM results: (a) 3 wt% of ZnO particle in PICT nanofibers; (b) 5 wt% of ZnO particle in PICT
nanofibers; (c) 7 wt% of ZnO particle in PICT nanofibers; (d) 9 wt% of ZnO particle in PICT nanofibers.
3.3.2. Photo-catalytic activity

A photo-catalyst absorbs UV light and then converts H>O into hydroxyl radicals (OH"), which have the ability
to degrade the contaminant to small molecules and finally into CO> and H»O [21, 22]. Two microliters of
methylene blue were dropped onto each sample to evaluate the self-cleaning performance. The photo-
catalytic activity was designed in two ways. First, the methylene blue was applied to pure and 9 wt%
ZnO/PICT nanofibers for different times and the results are shown in Figure 3.3(a). The self-cleaning
properties of those nanofibers were observed by the naked eye. The degradation result of photo-catalytic
activity of the 9 wt% ZnO/PICT, as shown in Figure 3.3(c), was changed from 50% to 80% to 90% after 1,
2, and 3 hrs, respectively. In the second approach, the photo-catalytic activity was investigated using different

concentrations of ZnO-embedded PICT nanofibers for a constant time (3 hours), and the results shown in
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Fig. 3.4(b) indicate 40, 70, 90, and 99% of self-cleaning occurred when 3, 5, 7, and 9 wt% of ZnO were used,
respectively. The photo-catalytic activity of the ZnO/PICT nanofibers depended on the concentration and
time. In order to investigate the interactions of methylene blue with ZnO, FT-IR spectra were obtained for
pure PICT and ZnO/PICT nanofibers (Figure. 3.3(b) and Figure 3.4(a)). The FT-IR spectrum of the pure
nanofiber had no characteristic peak, but the FT-IR spectrum of the dyed nanofiber showed characteristic
peaks at 1250 and 1275 cm™! from methylene blue due to the stretching of N-H and C-N, respectively. The
dyed nanofiber showed a high intensity of methylene blue, which decreased when the photo-catalytic activity
increased as exposure time increased (Figure 3.3(b)). The photo-catalytic activity of the PICT nanofibers
embedded with different concentrations of ZnO indicated that the intensity was inversely proportional to the
concentration of ZnO (Figure 3.4(a)), and, at 9 wt% ZnO, there was a very low intensity of methylene blue

in the nanofibers.
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Figure 3.3. For different time intervals: (a) photo-catalytic activity; (b) FT-IR spectrum of dyed nanofiber;
(c) degradation rate extracted from FT-IR spectrum.
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Figure 3.4. Photocatalytic activity of ZnO/PICT nanofibers at different concentrations of ZnO within 3 hrs:
(a) FT of nanofibers; (b) degradation graph

34. Conclusions

We successfully fabricated ZnO/PICT nanofibers by the electrospinning technique. The electrospun
nanofibers demonstrated efficient self-cleaning activity. The TEM results clearly showed that the uniformity
in the dispersion of the ZnO nanoparticles on the PICT nanofibers was increased as the concentration
increased. The photo-catalytic activity of 9 wt% ZnO/PICT nanofibers had about 50% efficiency within 1 hr,
and it increased gradually to around 99% within 3 hrs, while, at 3 wt%, the ZnO/PICT had 40% self-cleaning
efficiency in the same time. Based on these results, it was apparent that the higher concentration of ZnO
provided a more effective self-cleaning performance, and the contamination was fully degraded and removed
within3 hrs. The results of this innovative research should be very useful in developing intelligent textile
products that self-eliminate stains. These results should be helpful in academic and industrial applications in
that they can help textile researchers and manufacturers to meet the stated and implied needs of customers.
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Chapter # 04

Self-Cleaning properties of electrospun PVA/TiO; and PVA/ZnO nanofibers composites

4.1. Introduction

In recent times nanofibres have been researched and studied widely because of their unique properties and
applications [1]. Particularly, their high surface areas to volume ratio, large length to diameter ratio, and light
weightiness have made them suitable for a number of applications [2]. They are widely used for filtration,
drug delivery [3], tissue engineering, and sensors application in protective clothing for protection against
biological and chemical hazards, food processing, and in microelectronics [4,5]. A number of methods for
the production of nanofibers are being used, such as self-assembly, drawing, phase separation, and
electrospinning [2]. Among these techniques electorspinning is more versatile due to its simple assembly and
ease of production of continuous fibers [1,6].

There are a number of ways through which a self-cleaning property can be imparted to nanofibers [7].
Generally, in macro materials two basic methods that are used to develop self-cleaning surfaces are complete
hydophobization or hydrophilization of a surface. In the case of hydrophobic surfaces, water takes away the
dust particles and containments that are on the material surface, which has no adhesion because of a reduced
wet ability also known as the lotus leaf effect [8—9]. While in case of hydrophilic surfaces developed by
coating with semiconducting metal oxides dust, grease and organic containments decompose on exposure to
light and are easily taken away by water or rain [10—12]. Use of photo-catalytic metallic oxides to develop
hydrophilic self-cleaning surfaces is well known. When a photo-catalytic surface is exposed to light of
suitable energy it causes the transition of the electrons from the valence band to the conduction band, leaving
behind a hole that can react with water to produce hydroxyl radical. Both the hole and hydroxyl radical have
very high oxidative power and can destroy organic matters and air pollutants [11].

To develop a nanofiber based photo-catalytic self-cleaning surface nanocomposite is the best option.
Polymeric nanocomposites are unique structures that combine the properties of polymers and filler materials
and provide improved properties compared to virgin materials [13]. TiO, and ZnO photo-catalysts are being
widely used in a number of applications to remove environmental pollutants because of their excellent photo
catalytic efficiency and non-toxicity [14,15]. TiO, coated on carbon nanotubes can be used to remove

environmental pollutants and to kill microorganisms [16]. ZnO nano particles embedded poly (1,4-
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cyclohexanedimethylene isosorbide terephthalate) fibers show excellent self-cleaning property [17]. If two
exciting photo-catalysts, TiO, and ZnO, are embedded in a suitable polymer solution, then the resultant
composite can effectively be used in a number of applications to destroy organic pollutants. In the literature
no work is reported regarding the self-cleaning behavior of ZnO and TiO, embedded electrospun PVA
nanofibers.

Therefore, in this work we have intended to explore the self-cleaning properties of ZnO and TiO, embedded
PVA nanofibers. The use of the economical polymer, PVA, as a base material to develop TiO»-PVA and
ZnO-PVA nano-composites makes them particularly useful for commercial applications. The resultant
nanofibers were characterized by Fourier-Transform Infrared Spectroscope (FT-IR). For the sake of chemical
investigation, scanning electron microscope (SEM) was done to investigate the surface morphology,
transmission electron microscope (TEM) was done to investigate the dispersion of nanoparticles, and photo-

catalytic activity was done to check the self-cleaning properties of the nanofibers.

4. 2. Materials and Methods

4. 2.1. Materials

ZnO and TiO; nanoparticles (NPs) were purchased from the Sigma-Aldrich Corporation (Louis, Missouri,
USA), with a dispersion concentration of 50.1 wt% and the size of particles was 50 nm. Methylene blue
(powder form, soluble 4 mg/4 mL, was purchased from the Sigma-Aldrich Corporation (Louis, Missouri
USA). Poly vinyl alcohol (MW: 85,000—124,000, 87-89% hydrolyzed) was purchased from the Sigma-
Aldrich Corporation (Louis, Missouri, USA). Glutaraldehyde (GA, 50% in aqueous solution) was purchased

from MP Biomedical (Tokyo, Japan).

4.2.2. Method

PVA 10% by weight was dissolved in de-ionized H>O at 60 °C and stirred for 12 h. Glutaraldehyde was
added in the solution at 2.5 wt% for cross-linking of the solution. Nanoaprticle suspensions of ZnO & TiO»
were separately embedded in that PVA solution to fabricate the PVA/ZnO and PVA/Ti0; nanofibers. For
the fabrication of PVA/ZnO nanofibers three different concentrations; 5 wt%, 7 wt% and 9 wt% of ZnO
nanoparticles were blended with PVA solution by stirring for 5 h and similarly to fabricate the PVA/TiO-

nanofibers, TiO, nanoparticles in three different concentrations, 5 wt%, 7 wt%, and 9 wt%, were blended
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with PVA solution by stirring for 5 h. The electrospinning of PVA/ZnO and PVA/TiO> solutions was done
as the solution was loaded in the plastic syringe with an inner diameter of 0.60 mm, in which a Cu electrode
was adjusted. The distance from capillary tip to collector was 15 cm and the supply of voltage was 12 kV.
The PVA, PVA/ZnO, and PV A/Ti0; nanofibers were formed without beads at room temperature and at 45%
humidity. The resultant nanofibers were cross linked to form nanofibers that are water resistant yet can absorb
water but are not soluble in water. The illustration scheme of cross-linking is shown in Figure 4.1. The
hydrochloric acid (HCL) foaming of PVA/ZnO/GA & PVA/TiO2/GA was done at 30 °C for 60 s. In this
reaction, GA and HCI acted as a chemical cross-linking agent and a catalyst, respectively. To enhance the
crystalline structure and for stable cross-linking, the PVA/ZnO nanofibers were kept at =20 °C for 3 h, which
was followed by thawing at 15 °C for 3 h. This process was repeated three times and the resultant nanofibers

were dried at room temperature for 24 h, and then estimated.
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Figure 4.1. lllustration scheme of cross-linking nanofibers.

Figure 4.1. [llustration scheme of cross-linking nanofibers.

4.2.3. Characterizations

The morphology of the PVA, PVA/ZnO, and PVA/TiO, nanofibers was investigated by scan electron

microscopy (SEM) (JSM-5300, JEOL Ltd., Tokyo, Japan) accelerated with voltage of 12 kV and
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transmission electron microscopy (TEM) (JSM-5300, JEOL Ltd., Tokyo, Japan) accelerated with 200 kV.
The chemical interactions were studied by FT-IR (IR Prestige-21 by shinmadzu, Nagano, Japan), Wide angle
X-ray diffractions (WAXD) spectra were performed for the evaluation of the crystal structure at 25 °C with
nanofiber samples using a Rotaflex RT300 mA (Rigaku manufacturer, Osaka, Japan) and Nickel-filtered Cu.
Ka  radiation = was used for  measurements, along  with an  angular  angle
of 5 <2 6 <50°. Photo-catalytic activity was done by a solar simulator (XES-40S3, San-ei Electric, Nagano,
Japan), stress-strain behavior was studied by a tensile strength tester (Universal Testing Machine, Tenilon
RTC 250 A, A &D company Ltd., Tokyo, Japan), water contact angle measurements were done by a contact
angle meter (Digidrop, GBX, Whitestone way, France) and photo-catalytic activity was done by a solar
simulator (XES-40S3, San-ei Electric, Nagano, Japan). The light intensity was 1000 W/m?, the wavelength

range was 350—1100 nm, and the self-cleaning efficiency was calculated as the following Equation (1).

li —Id
Degradation (%) = — X 100 (1)

Thermal degradation of PVA, PVA/ZnO & PVA/TiO was performed by thermogravimetric analysis. This
thermogravimetric analysis was performed on the thermo-plus TG 8120 (Rigaku Corporation, Osaka, Japan).

It was operating in a static mode under air atmosphere at a heating rate of 10 °C/min and a temperature range

of 0-700 °C.
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4. 3. Results and Discussion

4.3.1. Morphology of nanofibers

In order to investigate the surface morphology of nanofibers, SEM images were analyzed as mentioned in
Figure 4.2. All PVA, PVA/ZnO, and PVA/TiO> nanofibers were bead free and PVA/ZnO and PVA/TiO»
nanofibers showed that the blending of the nanoparticles did not affect the surface morphology of the PVA
nanofibers as mentioned in Figure 4.2b—g. It was also analyzed that both ZnO and TiO, nanoparticles did not
change the surface morphology of the PV A nanofibers. Both nanoparticles affected the size of the nanofibers.
When the concentration of nanoparticles was increased, the size of the nanofibers was also increased, as

shown in Figure 4.2b—g.

N g

Figure 4.2. Scanning electron microscope (SEM) images of (a) Neat PV A nanofibers; (b) 5% PVA/ZnO
nanofibers; (¢) 7% PVA/ZnO nanofibers; (d) 9% PVA/ZnO nanofibers; (e) 5% PVA/TiO, nanofibers;
(f) 7% PV A/TiO; nanofibers; (g) 9% PV A/TiO, nanofibers.

In order to investigate the effect of ZnO & TiO; nanoparticles on the average diameter of the PV A nanofibers,
distribution graphs were studied, as shown in Figure 4.3. It was analyzed that the average diameter of
PVA/ZnO and PVA/TiO; was affected by the blending of ZnO & TiO, nanoparticles. The average diameter
of neat PVA nanofibers was 350 = 10 nm but the average diameter of PVA/ZnO nanofibers was increased as
the concentration of ZnO NPs was increased as mentioned in Figure 4.3b—d; 5%, 7% & 9% PVA/ZnO
nanofibers have an average diameter of 380 + 15, 385 + 20, and 410 £ 10 nm, respectively. The average
diameter of PVA/Ti0O, nanofibers was also increased when the concentration of TiO, was increased, as
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mentioned in Figure 4.3e—g; 5%, 7% & 9% PV A/Ti0; nanofibers have an average diameter of 383 + 05, 390
+ 10 and 418 £ 15 nm, respectively. It showed that PVA/Ti0, nanofibers have a greater average diameter
than the PVA & PVA/ZnO nanofibers. It also means that the TiO> NPs have a greater effect on the PVA
nanofibers than ZnO NPs.

In order to investigate the dispersion of the ZnO and TiO; nanoparticles on the PV A nanofibers, TEM images
were analyzed, as shown in Figure 4.4. It was analyzed that there was uniform and well dispersion of both
the ZnO and TiO, nanoparticles on the PVA nanofibers. TEM images also showed that when the
concentrations of nanoparticles were increased, then the diameters of PVA/ZnO and PVA/TiO, were also
increased. When the concentration of NPs was increased the dispersion of NPs on PV A nanofibers also was

increased, as mentioned in Figure 4.4.
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Figure 4.3. Average diameter distributions analysis of (a) Neat PVA nanofibers; (b) 5% PVA/ZnO
nanofibers; (¢) 7% PVA/ZnO nanofibers; (d) 9% PVA/ZnO nanofibers; (e) 5% PVA/TiO; nanofibers;
(f) 7% PV A/TiO; nanofibers; (g) 9% PV A/TiO; nanofibers.
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Figure 4. 4. Transmission electron microscope (TEM) analysis of (a) 5% PVA/ZnO nanofibers; (b) 7%
PVA/ZnO nanofibers; (¢) 9% PVA/ZnO nanofibers; (d) 5% PVA/TiO> nanofibers; (e) 7% PVA/TiO;
nanofibers; (f) 9% PVA/TiO; nanofibers.

4.3.2. Chemical structure analysis

In order to investigate the chemical structure analysis of PVA, PVA/ZnO, and PVA/TiO: nanofibers, ATR-
FTIR spectra were studied, as shown in Figure 4.5. It was analyzed that there were successful chemical
interactions of functional groups between PVA and ZnO & TiO» NPs, as shown in Figure 4.5b—g. The spectra
showed that in the neat PVA nanofibers, the bands at about 3320, 2940, 1437, 1093, and 850 cm ' showed
the vibrations of -OH, —CH,CH, C-C & C-O functional groups of PVA, respectively [18]. The new intense
broad bands at 1100 cm™' to 1000 cm™! and 750 cm™! are assigned to metal oxide of the of Zn & Ti, because
these oxides have a moderate dipole moment. The oxides of Zn & Ti with more than one oxygen atom bound
to a single metal atom usually absorb in the region 1100 to 750 cm™!. In this spectra of PVA/ZnO and
PVA/TiOs, it was shown that O—H bending at 1579 cm™! and O-H stretching at 3320 cm™! occurred, which
was due to the —O bonding of TiO2 & ZnO with the —H of PVA. There was stretching vibration of —O of
TiO2 & ZnO with —C and —O of PVA at 1050 and 850 cm ™', respectively, as shown in Figure 4.5 [19-21].
Therefore, these spectra confirmed that this self cleaning composite was composed with PVA/ZnO and

PVA/TiOs.
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Figure 4.5. Fourier-transform infrared (FTIR) spectra of (a) Neat PVA nanofibers; (b) 5% PVA/ZnO nanofibers; (c) 7% PVA/ZnO
nanofibers; (d) 9% PVA/ZnO nanofibers; (e) 5% PVA/TiO2 nanofibers;

(f) 7% PVA/TiO2 nanofibers; (g) 9% PVA/TiO2 nanofibers.

4.3.3. XRD Study

In order to investigate the crystalline structure of PVA, PVA/ZnO and PVA/TiO; nanofibers XRD spectra
were studied, as shown in Figure 4.6. It was analyzed that the crystallinity of the PV A nanofibers was affected
by blending the nanoparticles of ZnO and TiO», but ZnO NPs had a greater effect than TiO, NPs, as shown
in Figure 4.6. PVA/ZnO nanofibers have a greater crystalline structure than PVA & PVA/TiO; nanofibers.
9% by weight ZnO/PVA nanofibers have a higher crystalline structure than other 7% & 5% by weight
ZnO/PV A nanofibers, which exhibit the peak at 18°,29°, 31° & 34° with high intensity, 7% & 5% by weight
ZnO/PVA nanofibers exhibit the peak at at 18°, 29°, 31° & 34° with low intensity than 9% by weight
ZnO/PVA nanofibers. 9% by weight TiO2/PVA nanofibers exhibit the peak at 18°, 20° and 36° with high
intensity than 5% & 7% by weight of TiO»/PV A nanofibers but 5% by weight of TiO2/PV A nanofibers did
not show the crystalline structure at 36° [15,19]. Therefore, due to cross-linking, the crystalline structure of

PVA/ZnO & PVA/TiO; was increased. This crystalline structure made them water resistant nanofibers.
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Figure 4.6. X-ray diffraction (XRD) spectra of Neat PVA nanofibers and PV A/ZnOnanofibers.

4.3.4. Water contact angle measurements

In order to investigate the wetting behavior of PVA, PVA/ZnO and PVA/TiO; nanofibers, water contact
angle measurements were studied, as shown in Figure 4.7. It was analyzed that when crystallinity of
PVA/ZnO & PV A/TiO; nanofibers was increased, the capacity of water absorbency was reduced. Therefore,
these nanofibers showed more water contact angle values than neat PV A nanofibers, as mentioned in Figure
4.7. 1t was also analyzed that when the concentration of both ZnO and TiO» NPs was increased the water
contact angle’s value was increased, but TiO, NPs has a greater effect than ZnO NPs, as mentioned in Figure

4.7.
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Figure 4.7. Wetting behavior of Neat PVA nanofibers; 5% PVA/ZnO nanofibers; 7% PVA/ZnO
nanofibers; 9% PVA/ZnO nanofibers; 5% PVA/TiO; nanofibers; 7% PVA/TiO, nanofibers; (g) 9%
PV A/TiO; nanofibers.

4.3.5. Photo-catalysis study

In order to investigate the self-cleaning efficiency of PVA, PVA/ZnO and PVA/TiO; nanofibers, a photo-
catalysis study was conducted by solar simulator with a light intensity of 1000 W/m? and a wavelength range
of 350-1100 nm. In this activity, the photo-catalyst absorbs the UV light, which convert the H,O into
hydroxyl radical (OH-1), which degrades the contaminants into small molecules and finally into CO and
H>O [17]. The objective of this research was to develop the self-cleaning nanocomposites in two different
ways: PVA/ZnO and PVA/TiO nanofibers. Three different concentrations, 5%, 7% & 9% by weight, of ZnO
and TiO> NPs were separately blended in PVA nanofibers, but the self-cleaning comparison of both was
analyzed at 9% by weight PVA/ZnO and PVA/TiO; nanofibers, as shown in Figure 4.8. Methylene blue
(MB) dye was used for analyzing the self-cleaning properties of these composites. 2 uL MB was dropped on
each sample of PVA, PVA/ZnO & PVA/TiO; nanofibers. It was observed that there was no self-cleaning
property in PVA but PVA/ZnO and PVA/TiO; nanofibers have self-cleaning properties, as mentioned in
Figure 4.8. The comparative study between PVA/ZnO and PVA/TiO; nanofibers was done in two ways; first
by the naked eye, as shown in Figure 4.8A, and second by ATR spectra, in which the intensity of the

methylene blue was measured by using Equation (2).
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Degradation (%) = T
Where 1i is the initial intensity of dyed nanofibers and Id is the degraded intensity of dyed nanofibers.
Therefore, degradation efficiency/percentage was calculated from ATR spectra, which showed that
PVA/ZnO nanofibers have a higher self-cleaning efficiency than PVA/TiO: nanofibers because PVA/ZnO
nanofibers showed a 95% self-cleaning efficiency within three hours but the PVA/TiO2 nanofibers showed

less efficiency than the PVA/ZnO nanofibers, as shown in Figure 4.8b,c.
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Figure 4.8. Photo-catalysis efficiency in 3 h of neat PV A nanofibers, 9% PVA/ZnO nanofibers and 9%
PVA/TiO; nanofibers, (a) photocatalytic activity by solar simulator, (b) Self-cleaning efficiency
calculated by FT-IR(c) profile of self cleaning efficiency of PVA/ZnO & PVA/TiO,.

4.3.6. Thermogravimetric analysis (TGA)

Thermal degradation of PVA, PVA/ZnO & PVA/TiO; was performed by thermogravimetric analysis as
shown in Figure 4.9. This thermogravimetric analysis was performed on the thermo-plus TG 8120 Rigaku
Corporation Japan. It was operating in a static mode under air atmosphere at a heating rate of 10 °C/min and
a temperature range from 30—500 °C. The samples weighing 6 mg were placed in the pans. The TGA curves
of neat PVA, PVA/TiO, and PVA/ZnO nanofibers as shown in Figure 4.9 showed that PVA/TiO; &
PVA/ZnO showed the same thermal stability as neat PVA nanofibers. In this test PVA nanofibers did show
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smaller residual mass than PVA/TiO, & PVA/ZnO nanofibers. The PVA/TiO, & PVA/ZnO nanofibers
showed the residual mass that confirmed the presence of nanoparticles of ZnO and TiO; as shown in the
Figure 4.9. The neat PVA showed 93% degradation at 470 °C, but 5 wt% PVA/ZnO showed 73%, 7 wt%
PVA/ZnO 64%, and 9 wt% PVA/ZnO 61% showed degradation, which confirmed that there was a good
amount of ZnO nanoparticles. Similarly, PVA/TiO, also showed less degradation than PVA, which

confirmed the presence of TiO» nanoparticles in the PVA/TiO; as shown in Figure 4.9B [22, 23].
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Figure 4.9. Results of TGA (a) showed the degradation behavior; (b) content percentage of ZnO and
TiO2 NPs in 6 mg of sample.

4.4, Conclusions

Herein, we successfully developed self-cleaning PVA/ZnO & PVA/TiO, nanofibers by electrospinning in
three different concentrations of ZnO and TiO; NPs. On the basis of the characterization results, it was
concluded that these PVA/ZnO & PVA/TiO; nanofibers have self-cleaning properties, but PVA/ZnO
nanofibers have higher self-cleaning properties than PVA/TiO, nanofibers because 9% by weight PVA/ZnO
nanofibers has 95% self-cleaning properties, which is higher than 9% by weight PVA/TiO; nanofibers. This
innovative research is essential to form intelligent textiles for stain eliminating from non-washable & non-
woven products, such as surgical gown, wound dressings, and home textiles. This research will be fruitful to

fulfill the stated and implied needs of customers.
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Chapter # 05

Preparation and characterizations of multifunctional PVA/ZnO nanofibers composite membranes

for surgical gown application

5.1. Introduction

Healthcare associated infection is one of the world’s largest devastating problems, causing millions of deaths
and billions of dollars in health care each year. Medical textile materials are very susceptible to microbial
growth. Therefore, the antimicrobial treatment of medical textiles such as surgical gowns, bed-sheets,
uniforms, aprons and masks, is essential to reduce the spreading of pathogenic microorganism [1].
Nanofibers are ideally suited to form the multifunctional medical products [2]. The protected products are
needed to reduce occupational exposure for individual involved with the hospital, chemical industry,
emergency response and also military. A number of methods for development of nonwoven and non-
washable medical products like surgical gowns but the use of electrospun nanofibers for the non-washable
protective garments has grown over the past few decades since they are relatively inexpensive, lightweight
and effective protection [3,4]. Electrospinning is a potential technology for use as a platform for
multifunctional and hierarchically organized composites because it allows extensive tenability in the
materials properties and functions through the selection of the polymeric nanofibers and composite
nanofibers [5-7,2, ].

Recently, some researchers worked on the antibacterial surgical gown by different methods such as K
Rajpreek and et al in 2004 used antibacterial finishing on nonwoven fabric [8], W Huang and et al in 2000
used antibacterial and fluorochemical repellent finishing on nonwoven fabric [9], AK Sarkar and et al in
2011 used different antibacterial agents on different types of fabric for medical textiles [10], M Radetic and
et al in 2008 used Ag nanoparticles on the surface of fabric to form the antibacterial medical textiles [11]
and RM Shistaway and et al in 2011 used Ag nanoparticles on the cotton fabric for medical textiles [12]. But
none of them used antibacterial properties on nanofibers based surgical gown. Therefore we attempted to
form the multifunctional surgical gown based on nanofibers by making the composite nanofibers by blending
of ZnO nanoparticles in Poly vinyl alcohol (PVA/ZnO). ZnO nanoparticles can be used for antibacterial, UV
protections and self-cleaning properties [13]. We are first to develop the nanofibers based multifunctional;

antibacterial, UV protection and self-cleaning surgical gown.

49



In this report, we developed the multifunctional nanocomposite by blending of ZnO nanoparticles with PVA
for the surgical gown. The morphology of nanofibers was investigated by SEM and TEM. The chemical
interaction was studied by FT-IR, investigation of crystalline structure was done by XRD, photo-catalytic
activity was done by solar simulator, stress-strain behavior was studied by tensile strength tester, water
contact angles measurements were done by contact angle meter, and UV protection data was obtained by
Ultraviolet transmission analyzer and for antibacterial agar diffusion test was done.

5.2. Experimental:

5.2.1. Materials

Poly vinyl alcohol (PVA) (MW: 85,000-124,000, 87-89% hydrolyzed) was purchased from Sigma-Aldrich
Corporation USA. Glutaraldehyde (GA, 50% in aqueous solution) was purchased from MP Biomedical. ZnO
nanoparticles were purchased from Sigma-Aldrich Corporation USA with a dispersion of concentration of
50.1 wt. %. Methylene blue (powder form soluble 4mg/4ml) was purchased from Sigma-Aldrich Corporation
USA and Water.

5.2.2. Electrospinning

Poly vinyl alcohol (PVA) 10 % by weight was dissolved in water at 70 °C with stirring for five hours and GA
was adding in that solution 2.5% by wt. for cross-linking of the solution. ZnO nanoparticles were embedding
by stirring for 5 hours in three different concentrations 5%, 7% and 9% by weight. The solution was loaded
in the plastic syringe having the diameter of 0.60 mm, in which a Cu electrode was adjusted. The distance
from the capillary tip to the collector was 12 cm and the supply of voltage was 14 kV. The nanofibers were
formed without beads at room temperature and at 45% humidity.

5.2.3. Characterization

The morphology of nanofibers was investigated by SEM (JSM-5300, JEOL Ltd., Japan) accelerated with the
voltage of 12 kV and TEM (JSM-5300, JEOL Ltd., Japan) accelerated with 200 kV. The chemical
interactions were study by FT-IR (IR Prestige-21 by shinmadzu Japan), Wide angle X ray diffractions
(WAXD) were performed for evaluation of crystal structure at room temperature with nanofibers samples
using a Rotaflex RT300 mA and Nickel-filtered Cu K, radiation was used for measurements, along with an

angular angle of 5 <26 < 50°, photo-catalytic activity was done by solar simulator (XES-40S3, San-ei Electric,
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Japan) in which light intensity was 1000 W/m? and wavelength range of 350-1100 nm and the self-cleaning

efficiency was calculated as following equation 1.

Degradation (%) = ? x 100 1
, stress-strain behavior was studied by tensile strength tester (Universal Testing Machine, Tenilon RTC 250A,
A&D company Ltd., Japan), water contact angles measurements were done by contact angle meter (Digidrop,
GBX France), UV protection data was obtained by UV-1000F, Ultraviolet transmission analyzer (Labsphere,
USA) using EN 13758-1-2001and for antibacterial AATCC test was done.
5.3. Results and discussions

5.3.1.  Morphology of nanofibers

The exterior morphology of PVA/ZnO nanofibers was evaluated by SEM in which it was investigated that
nanofibers had the good cohesiveness to each other and beat free nanofibers as shown in Figure 5.1. With
the blending of ZnO nanoparticles in the PVA solution there was no effect of morphology but diameter of
nanofibers was increased as the concentration of ZnO was increased and in order to determine the presence
of ZnO nanoparticles in the PVA/ZnO nanofibers scanning electron microscope images with corresponding
energy dispersive spectrum was recorded as shown in Figure 5.1e. The weight percentage of ZnO in
PVA/ZnO was 9 and uniform distribution over the surface area of the nanofibers as shown in Figure 5.1f,

5.1g.
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Figure 5.1. SEM images of (a) Neat PVA Nanofibers, (b) 5% PVA/ZnO Nanofibers, (c) 7% PVA/ZnO
Nanofibers, (d) 9% PVA/ZnO Nanofibers & (e-g) EDS analysis of ZnO from PVA/ZnO Nanofibers.

In order to investigate the dispersion of ZnO nanoparticles in the PVA/ZnO nanofibers Transmission electron
microscope study was done. As shown in Figure 5.2 ZnO nanoparticles were well embedded in the nanofibers

during electrospinning process but ZnO nanoparticles affected the diameter size of nanofibers, as the

concentration of ZnO was increased the diameter size of the nanofibers was also increased.

Figure 5.2. TEM images of (a) 5% PVA/ZnO Nanofibers, (b) 7% PVA/ZnO Nanofibers, (c) 9% PVA/ZnO
Nanofibers
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5.3.2. FT-IR study of nanofibers

In order to investigate the chemical interaction between PVA and ZnO nanoparticles, Fourier Transform
Infrared spectroscope study was done as shown in Figure 5.3. Spectra showed that in the neat PV A nanofibers
the bands at about 3320 cm™!, 2940 cm™!, 1437 cm’!, 1093 cm™! and 850 cm! are assigned to the vibrations
of ~OH, -CH,CH>, C-C and C-O group of PVA, respectively. The new intense broadbands 1100 cm™ to 1000
cm!' and at 750 cm! are assigned to Zn-O vibrations of ZnO nanoparticles that indicating the nanofibers

composed of PVA and ZnO.
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Figure 5.3. FT-IR spectra analysis of PVA Nanofibers and PVA/ZnO nanofibers

5.3.3. XRD analysis of nanofibers

In order to investigate the crystalline structure of PVA/ZnO nanofibers wide -angle X-ray diffraction
(WAXD) was studied as shown in Figure 5.4. The neat PVA exhibits the peak at 20° but there were more
peaks in PVA/ZnO nanofibers which were exhibited at 18, 28°, 32 °, and 34 °. It means by addition of ZnO
nanoparticles the crystallinity was increased and 9% ZnO by weight in PVA/ZnO nanofibers exhibited the

peaks same at 18, 28, 32 and 34° but with high intensity [15] as shown in Figure 5.4.
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Figure 5.4. XRD Analysis of PVA Nanofibers and PVA/ZnO nanofibers

5.3.4. Tensile strength analysis of nanofibers

The stress-strain behavior of PVA/ZnO nanofibers was investigated by Universal Testing Machine as shown
in Figure 5.5. It was observed that neat PV A nanofibers have the largest elongation at 93% but having a low
capability of bearing load which is 0.25 MPa. The elongation of blended PVA/ZnO nanofibers was decreased
as the concentration of ZnO nanoparticles was increased but capability of bearing load was increased as the
concentration of ZnO nanoparticles was increased. The increasing the strength of PVA/ZnO nanofibers by
blending of ZnO nanoparticles it is due to the effect of metallic nanoparticles because metallic nanoparticles;
always increase the strength of their partner component in the composite [16]. Therefore, 9 wt% PVA/ZnO

nanofibers have highest strength than others 7 wt% & 5 wt% PV A/ZnO nanofibers as shown in Figure 5.5.
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Figure 5.5. Stress-Strain Analysis of PVA Nanofibers and PVA/ZnO nanofibers
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5.3.5. Water contact angle measurements of nanofibers

The wetting behavior of PVA/ZnO nanofibers was investigated by the static angle with a contact angle meter
by drop method. It was analyzed that neat PVA nanofibers are hydrophilic with contact angle 88° as
mentioned in Figure 5.6 but the water contact angle of blended nanofibers was reduced as the concentration

of ZnO nanoparticles was increased. The 9% ZnO/PV A nanofibers has highest hydrophobicity with contact

angle 118°.
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Figure 5.6. Water contact angle measurements of PVA Nanofibers and PVA/ZnO nanofibers

5.3.6. Photo-catalysis activity

The photo-catalysis activity was done by solar simulator in which light intensity was 1000 W/m? and
wavelength range of 350-1100 nm. In this phenomenon, a photo-catalyst absorbs UV light and then converts
H>O into hydroxyl radicals (OH"), which have the ability to degrade the contaminant to small molecules and
finally into CO» and H>O [14,4]. As we done in our previous work [4,15] for the evaluation of self-cleaning
properties 2 micro liters of methylene blue was dropped onto each sample. The photo-catalysis activity was
done between neat PVA and 9 wt% ZnO/PVA nanofibers for three hours as shown in Figure 5.7. It was
observed that there was no self-cleaning property in PVA but PVA/ZnO has self-cleaning properties, as

mentioned in Figure 5.7. The self-cleaning properties were done in two ways; first by the naked eye, as shown



in Figure 5.7A, and second by ATR spectra, in which the intensity of the methylene blue was measured by

using Equation (1).

li—1Id

li

Degradation (%) = X 100

Where 1i is the initial intensity of dyed nanofibers and Id is the degraded intensity of dyed nanofibers.
Therefore, degradation efficiency/percentage was calculated from ATR spectra, which showed that
PVA/ZnO nanofibers have the appreciable self-cleaning efficiency because PVA/ZnO nanofibers showed a

98% self-cleaning efficiency within three hours in Figure 5.7b,c.
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Figure 5.7. The photo-catalysis activity of PVA Nanofibers and 9wt% ZnO, PVA/ZnO nanofibers

Figure 5.7. The photo-catalysis activity of PVA Nanofibers and 9wt% ZnO, PVA/ZnO nanofibers
5.3.7. UV transmission

The ZnO nanoparticles strongly absorb in the UV region, so the PVA/ZnO nanofibers were expected to

exhibit UV shielding properties. The black spectrum in Figure 5.8 shows that neat PVA had a high UV
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transmission but all other PVA/ZnO nanofibers exhibited nearly 0% UV transmission, while transmission in
the visible region showed no significant decline. Absorption by the ZnO nanoparticles was clearly

responsible for the different transmissions in the UV and visible regions.
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Figure 5.8. UV transmission measurements of PVA Nanofibers and PVA/ZnO nanofibers

5.3.8. Antibacterial activity

In order to investigate the antibacterial properties of the PVA/ZnO nanofibers, agar diffusion plate method
was used. In this method, the staphylococcus aurous and Escherichia coli were used as model bacteria. The
bacteria were used on the neat PVA nanofibers and PVA/ZnO nanofibers. The antibacterial results are
shown in Figure 9. The results indicated that the treated nanofibers with ZnO nanoparticles have an
effective antibacterial activity against staphylococcus aurous and Escherichia coli bacteria. When the
concentration of ZnO nanoparticles was increased the killing process of bacteria was increased as shown in
Figure 5.9 & Table 5.1. It was observed that neat PVA have no antibacterial properties but 9% by weight
PV A/ZnO nanofibers membranes has the highest antibacterial properties against staphylococcus aureus as
shown in Figure 5.9 and Table 5.1.

Table 5.1. Antibacterial activity by zone inhibition in mm

Sr. No Sample specifications E. Coli bacterium S. Aureus bacterium
1 Neat PVA membranes Not active Not active
2 5% PVA/ZnO 1 1.3
3 7% PVA/ ZnO 2 4
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Figure 5.9. Antibacterial results of PVA Nanofibers and PVA/ZnO nanofibers

5.4. Conclusions

Herein, we successfully developed the multifunctional nanocomposite for the surgical gown by blending of
PVA/ZnO through electrospinning. The blending of ZnO nanoparticles with PVA was in three different
concentrations; S5wt%, 7wt% & 9wt% and uniformly dispersion on nanofibers was achieved. The resultant
nanofibers have good chemical interactions between PVA & ZnO nanoparticles, crystallinity and strength
of the blended nanofibers were increased as concentration of ZnO nanoparticles was increased. The photo-
catalysis efficiency of the PVA/ZnO nanofibers was increased as the concentration of the ZnO nanoparticles
was increased. The UV transmission of the PVA/ZnO nanofibers was decreased as the concentration of ZnO
nanoparticles was increased. The antibacterial efficiency of PVA/ZnO nanofibers was increased as the
concentration of the ZnO nanoparticles was increased. So this nanocomposite is very beneficial for the

medical surgeon to fulfill the stated and implied needs of the customer.
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Chapter # 06

The development of nanofiber tubes based on nanocomposites of polyvinylpyrrolidone incorporated
gold nanoparticles as scaffolds for neuroscience application in axons
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Figure 6.1: Graphical abstract

6.1. Introduction

Nanofibers have potential for research in various fields of life due to its high surface area, light weight [1]
and having ability of growth for cell culturing in tissue engineering [2]. Tissue engineering is an emerging
research area in the contemporary human health care administration, in which the basic understanding of
cellular biology and the application of bioengineering are harnessed together for developing feasible
substitutes to aid in the clinical treatment associated with human nervous system. More precisely, treatment
of nerve tissue repair arising from the spinal cord injury requires an additional care or new medical therapy,
because axons do not regenerate appreciably in their native environment [3-10].

Since past few years, the nanofibers based tissue engineering has been increasing and progress is obvious in
various fields such as blood vessels [11], artificial cornea [12], retina [13], veins [14], blood filter for kidney
[15] and other implantable artificial vital organs of animals and also for human beings [16]. A huge numbers
of people used nanofibers for this field because nanofibers are fruitful for medical textiles due to its
biodegradable and non biodegradable properties as required for the organs [17-19]. These organs are
damaged due to the accidental situations and the medical treatment required the secondary surgery for

planting the organs. The artificial organs are best option to for replace the damaged organs of human beings
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[20]. One of them is the axon for continues supply of neurosignals in the nerves of human’s body. These
signals need some amount of potential voltage for the information carrying from any point of body to brain.
This potential voltage is not harmful for brain because around the axon there is insulated layer which protect
the nerve [21-24]. We attempted to develop the nanofibers based tubes for implantable axon for continuing
the supply of the neurosignals from damaged place to any other place in axon throughout the nerve from
nanocomposites of PVP/Au by electrospinning. Electrospun nanofibers have a unique 3D scaffold
characteristics and potential for mimic native tissues and organs that favor the tissue engineering [25].
Polyvinylpyrolidone (PVP) is a biodegradable and nontoxic polymer for human health [26] and Au
nanoparticles have the properties of conductivity and antimicrobial [27]. Therefore, PVP was blended with
Au nanoparticles to enhance the capacity of potential voltage in axon. Recently, many attempts were done
for neuro tissues growth, CNS regeneration, nerve guide by Eva Schnell et al in 2007, Vicki M. et al in 2008
and Zeeshan Khatri et al. in 2013 respectively, none of them work on neurosignal transmission in axon [28-
30]. This report describes the development of axon for nerve by PVP/Au via electrospinning. All electrospun
nanofibers were characterized for tensile strength by tensile testing, SEM & TEM for fiber morphology
examinations, FT-IR & Raman for chemical structure changing, XRD was done to investigate the crystalline
structure of the nano-composite, conductivity was measured by Ohm meter and the mechanical properties

were assessed using tensile strength tester.

6.2. Experimental

6.2.1. Material
PVP was purchased from ALDRICH (product of USA) in form of solution (45% in H>O) having molecular

weight 160000. Gold (Au) nanoparticles of 5 nm in size were purchased from ALDRICH (product of USA)
in form of suspension in 0.1 mM PBS having molecular weight 196.97 and ethanol (99.5%) was purchased

from Wako Pure Chemical Industries, Ltd.

6.2.2. Electrospinning
The 20% by weight concentration of PVP was dissolved in ethanol, after 4 hrs stirring, the 2.5% by weight

concentration of Au nanoparticles was blended in the solution of PVP and stirred for 3 hrs, after that
ultrasonically dispersed for 2 hrs at intensity of 38 KHz. The solution PVP/Au nanoparticles was loaded in a
plastic syringe connected with capillary tips having inner diameter of 0.60 mm, in which an electrode of Cu
wire was adjusted. The distance from capillary tip to collector was 15 cm, flow rate was 0.75 ml/hr and the

supply of voltage was 7 kV. The nanotubes for axon were prepared in 5 different sizes having internal
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diameter of 2 mm, 1.5 mm, 1 mm, 0.5 mm and 0.2 mm. The 5 different types of collectors were used for the
development of tubular structure having external diameter of 2 mm, 1.5 mm, 1 mm, 0.5 mm and 0.2 mm.
6.2.3. Characterization

The surface morphology of these nanofibers based tubes was evaluated by SEM (JSM-5300, JEOL Ltd.,
Japan) accelerated with the voltage of 12 kV and TEM (JEM-2100 JEOL Japan) accelerated with 200 kV.
The average diameter of nanofibers was determined from 50 measurements of the random nanofibers using
image analysis software (Image J, version 1.49) and thickness of tube wall was measured by digital
micrometer MCD 130-25 with measuring sensitivity of + 1pum. The chemical interactions between Au &
PVP were studied by Fourier transform infrared (FT-IR) spectra achieved by IR Prestige -21 (Shimadzu,
Japan). The spectra were recorded from 400-4000 cm™! with a resolution of 4 cm™! and the addition of 128
scanning, the tensile strength test was performed to check the mechanical behavior of nanofibers by using
the Universal Testing Machine (Tesilon RTC 250 A, A&D Company Ltd., Japan) based on ISO 13634
methods. The 5 specimen for each tube of different diameter were prepared and the values of stress and strain

were calculated by the following formulas 1 & 2 respectively.

Stress (MPa) = All values of load(N) 1
ress (MPa) = Area (r?) v

Strain (o) — Sange inlength@h oo
rA A = nitial length (1) v

The potential voltage was measured by PCE-DC2 Voltmeter; PCE Instruments UK Ltd, which can detect
AC& DC voltage, AC/DC current and frequency. Its sector and accuracy for AC voltage is 600 VAC +
(1.5% + 8 digits). This voltmeter can detect without contact and it takes power by 2 AAA batteries and
Wide angle X ray diffraction (WAXD) were performed for evaluation of crystal structure of nanofibers
samples at room temperature by using a Rotaflex RT 300 mA and Nickel-filtered Cu K, radiation was used

for measurements, along with an angular angle (0) of 5 <26 < 50°.

6.3. Results and Discussion

6.3.1. Morphology of the nanofibers based tubes
Figure 6.2 shows the SEM images for all nanofibers based tubes having different inner diameter of 0.2, 0.5,

1.0, 1.5 and 2 mm. The PVP/Au nanofibers had relatively good cohesiveness in nanofibers that led the
scaffolds compact with cross section close to a circular shape. The morphology of nanofibers of each

scaffolds surface is shown in Figure 6.2 (a-¢) and 6.2f shows the wall thickness of PVP/Au nanofibers based
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tubes. These nanofibers demonstrated smooth morphologies with no beads that were produced via continuous
electrospinning. The Table 6.1 shows the specifications of the each nanofibers based tube in which inner
diameter of tubes, average diameter of nanofibers in tubes, length of nanofibers based tubes and thickness of
nanofibers tubes are mentioned. The average diameter of nanofibers was determined from 50 measurements
of the random nanofibers using image analysis software (Image J, version 1.49). Diameter of nanofibers was
increased when inner diameter of tubes was increased due to the use of rod like collector for the development
of tubular structure when rod’s external diameter was increased then diameter of nanofibers was increased
because larger diameter has higher surface area than smaller diameter. Therefore high surface area has larger
amount of lied nanofibers which also increased the thickness of tubes. The tube which has 0.2 mm diameter
has thickness of 0.039 mm which smaller than the tube having diameter of 2.0 mm as shown in Table 6.1.
Therefore, when thickness of tubes was increased, the size of nanofibers was also increased. The nanofibers
based tube of 2 mm diameter having the highest average diameter 285430 nm of the nanofibers than other

tubes as mentioned in Table 6.1.

= i

Figure 6.2. SEM images of (a) PVP/Au nanofibers based tube havingxdiameter 0.2 mm, (b) PVP/Au
nanofibers based tube having diameter 0.5 mm, (c) PVP/Au nanofibers based tube having diameter 1.0 mm,
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(d) PVP/Au nanofibers based tube having diameter 1.5 mm, (e¢) PVP/Au nanofibers based tube having

diameter 2.0 mm, (f) Neat PVP nanofibers based tube having diameter 2 mm & wall thickness of nanofibers
based tube.

Table 6.1. Specifications of each nanofibers tube (Axon)
Diameter of Nanofiber based Average Diameter of Thickness of

tubes (mm) nanofibers (nm) tube wall (mm)
0.2 210 +25 0.039

0.5 240+ 10 0.040

1 255+ 15 0.044

1.5 262 +£20 0.046

2 285+ 30 0.050

In order to investigate the dispersion of gold nanoparticles in PVP/Au nanofibers based tubes, Transmission
Electron Microscope study was done. As seen in Figure 6.3, the morphology showed that Au nanoparticles

were well embedded in the nanofibers during electrospinning process.

R
Figure 6.3. TEM image of PVP/Au nanofibers

6.3.2. EDS Analysis

Scanning electron microscope images with corresponding energy dispersive spectrum was recorded as shown

in Figure 6.4 in order to determine the presence of Au nanoparticles in PVP/Au nanofibers. The weight
percentage of Au in PVP/Au nanofibers was 1.33 and showed the uniform distribution over the surface area

of the nanofibers.
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Figure 6.4. Selected area of nanofibers for mapping (a) and EDS spectrum of PVP/Au nanofibers (b).

6.3.3. FT-IR study
In order to investigate the chemical interaction between PVP and Au nanoparticles, Fourier Transform

Infrared Spectroscope study was done as shown in Figure 6.5. Spectra showed that in neat PVP nanofibers
there were O-H stretching at 3435 cm™!, C-H asymmetric stretching at 2955 cm!, C=0 stretching at 1661
cm’!, CH; bending at 1424 ¢cm™! and C-N bending at 1291 & 1018 cm™! and in PVP/Au nanofibers there were
Au nanoparticles because in spectrum of PVP/Au there are additional stretching and bending at 2350 & 2095

cm! respectively, which are not present in neat PVP graph [31,32].
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Figure 6.5. FT-IR spectra of PVP & PVP/Au nanofibers

6.3.4. Wide -angle X-ray diffraction (WAXD)
In order to investigate the crystal structure of PVP/Au nanofibers, WAXD patterns were studied. The neat

PVP powder and nanofibers exhibit the peaks at 5 ° and 12° and therefore result might be attributed to
crystallinity of the PVP crystalline domain, but the PVP/Au nanofibers exhibit the typical sharp peaks at 3°,

5°,10° and 12° but low intensity as shown in Figure 6.6 [33]. It means blending of Au nanoparticles in PVP,
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result might be attributed to enhance the crytallinity of the PVP crystalline domains, which was induced by
enhancing the solution conductivity of the PVP/Au solution during electrospinning, because Au nanoparticles
shows different crystallinity levels due to nanoaprticles sizes which have to blend. Valeri. et al in 2005 studied
the diffraction patterns of Au nanoparticles in three different sizes; 3 nm, 15 nm and 30 nm. They showed
that when size of nanoparticles was increased its crystalinity was increased [34]. So, resultant nanofibers

based tubes has the appreciable crystalinity behavior for potential neuroscience applications.

—— PVP Powder
—— PVP Nanofibers
— PVP/Au Nanofibers
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Figure 6.6. WAXD pattern of neat PVP and PVP/Au nanofibers based tubes

6.3.5. Stress-strain analysis
The tensile strength of PVP/Au tubes based on nanofibers, was investigated by the using the Universal

Tensile Testing Machine. The PVP/Au tubes having diameter 0.2 mm has the highest tensile strength and
stress than all other mentioned types of the tubes and when diameter of the tubes is increased, the tensile
strength of the tubes is decreased as shown in the Figure 6.7a & 6.7b. In the S-S curve, when the diameter of
tubes was increased, the tensile strength of tubes was reduced. It is due to two main reasons, one is high
diameter tubes have course/thick nanofibers than smaller diameter tubes. The finer nanofibers have high
elongation & strength than thicker nanofibers. Therefore, tube having 0.2 mm has the highest tensile strength
than tube having 2.0 mm and second is scientific equation which showed that strength is reversible to
diameter; when diameter of tubes is increased then tensile strength of tubes is decreased. Therefore, according
to the equation (1), in the S-S curve, the tube having diameter of 0.2 mm has the highest tensile strength than

other tubes.

load(N)

Stress (Strength) = m
s

€y
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The tensile strength of the PVP/Au tubes based on nanofibers, is 17 MPa, 4 MPa, 1.2 MPa, 0.8 MPa and 0.5
MPa of 0.2 mm, 0.5 mm, 1.0 mm, 1.5 mm and 2.0 mm diameter respectively. The Figure 7b is the magnified
form for the graphs of tubes having diameter of 2 mm, 1.5 mm and 1.0 mm. But the main thing which is
common in all PVP/Au nanofibers based tubes is bending behavior. These all types of tubes having diameter
of 2.0 mm, 1.5 mm, 1.0 mm, 0.5 mm and 0.2 mm showed good bending behavior as shown in Figure 6.8a-¢

respectively.
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Figure 6.7. Stress-strain behavior of PVP/Au tubes of all diameters (a) and the magnified form of graph of
PVP/Au tubes of 2, 1.5 & 1mm diameters (b)

Flgure 6.8. Bending behav1or of PVP/Au tubes based on nanoﬁbers

6.3.6. Efficiency of potential voltage
In order to investigate the capacity for potential of voltage in each nanofibers based tube, volt meter was used.

It was analyzed that capacity of voltage carrying was increased as the diameter of the tubes was increased
because when diameter is increased, the area of tube is also increased as shown in Figure 6.9. In the higher
area there are more collisions of ions which create more voltage as compared to low area and the addition of
Au nanoparticles in the PVP solution also increased the capacity for potential of voltage in the nanofibers

based tubes, as mentioned in Figure 6.9.
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Figure 6.9. The capacity of potential voltage of axon having different diameters

The minimum potential voltage which is suitable for carrying neurosignal in axon must be in the range of -
75 mV to +75 mV. The PVP nanofibers based tubes having very small potential voltage which is not suitable
for axon. Therefore the nanofibers tubes were fabricated from PVP/Au to enhance the capacity of potential
voltage. Obtained data showed that PVP/Au having good potential voltage which is required range for axon
as shown in Figure 6.9, but the nanofibers tube having diameter of 0.2 mm made from PVP/Au is most
suitable tube for the axon application which has the capacity of potential voltage upto 89 mV and good
average diameter of 210 + 25 nm for the nanofibers of the tube and suitable thickness of 0.039 mm for the

tube wall.

6.4. Conclusion
Herein, nanofibers based tubes were successfully fabricated with PVP/Au via electrospinning. All tubes

showed better morphology in terms of structural stability, formability and good dispersion of Au
nanoparticles on the nanofibers. FT-IR spectra revealed that PVP/Au blend nanofibers exhibited the
characteristics peaks of both PVP and Au. WAXD study demonstrated that crystallinity of PVP/Au
nanofibers was increased by blending of Au nanoparticles. The study of stress & strain behavior showed that
when the diameter of tubes was increased, the tensile strength of tubes was reduced. It is due to two main
reasons, one is high diameter tubes have course/thick nanofibers than smaller diameter tubes. The finer
nanofibers have high elongation & strength than thicker nanofibers. Therefore, tube having 0.2 mm has the

highest tensile strength than tube having 2.0 mm and strength is reversible to diameter; when diameter of
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tubes is increased then tensile strength of tubes is decreased. Therefore, according to the equation (1), in the
S-S curve, the tube having diameter of 0.2 mm has the highest tensile strength than other tubes. The values
of capacity for potential voltage of tubes showed that tubes which were made from neat PVP having very
small potential voltage which is not suitable for the potential application of axon but the tubes made from
PVP/Au having good potential voltage which was required range for axon. So, the nanofibers tube having
diameter of 0.2 mm made from PVP/Au is most suitable tube for the axon application which has the capacity
of potential voltage upto 89 mV and good average diameter of 210 + 25 nm for the nanofibers of the tube
and suitable thickness of 0.039 mm for the tube wall, good tensile strength upto 17 MPa and 33% elongation.
On the bases of the characterization of PVP/Au, we conclude that this biomaterial may be a better substrate

for further in vivo or in vitro investigation to make it useful for tissue engineering.

References
1. Ramakrishna, Seeram, et al. Electrospun nanofibers: solving global issues, Materials today 2006; 9.3:

40-50.

2. Davis, Michael E., et al. Local myocardial insulin-like growth factor 1 (IGF-1) delivery with biotinylated
peptide nanofibers improves cell therapy for myocardial infarction, Proceedings of the National
Academy of Sciences 2006; 103.21: 8155-8160.

3. Yoshimoto, H., et al. A biodegradable nanofiber scaffold by electrospinning and its potential for bone
tissue engineering, Biomaterials 2003; 24.12: 2077-2082.

4. Li, Mengyan, et al. Electrospinning polyaniline-contained gelatin nanofibers for tissue engineering
applications, Biomaterials 2006; 27.13: 2705-2715.

5. Silva, Gabriel A., et al. Selective differentiation of neural progenitor cells by high-epitope density
nanofibers, Science 2004; 303.5662: 1352-1355.

6. Pham, Quynh P., Upma Sharma, and Antonios G. Mikos. Electrospinning of polymeric nanofibers for
tissue engineering applications: a review, Tissue engineering 2006; 12.5: 1197-1211.

7. Sill, Travis J., and Horst A. von Recum. Electrospinning: applications in drug delivery and tissue
engineering, Biomaterials 2008; 29.13: 1989-2006.

8. Vasita, Rajesh, and Dhirendra S. Katti. Nanofibers and their applications in tissue

engineering, /nternational J. nanomedicine 2006; 1.1: 15.

70



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Chen, Rui, et al. Preparation and characterization of coaxial -electrospun thermoplastic
polyurethane/collagen compound nanofibers for tissue engineering applications, Colloids and Surfaces
B: Biointerfaces 2010; 79.2: 315-325.

Ji, Yuan, et al. Dual - Syringe Reactive Electrospinning of Cross - Linked Hyaluronic Acid Hydrogel

Nanofibers for Tissue Engineering Applications, Macromolecular bioscience 2006; 6.10: 811-817.

Ma, Zuwei, et al. Surface engineering of electrospun polyethylene terephthalate (PET) nanofibers
towards development of a new material for blood vessel engineering, Biomaterials 2005; 26.15: 2527-
2536.

Bakhshandeh, Haleh, et al. Poly (e-caprolactone) nanofibrous ring surrounding a polyvinyl alcohol
hydrogel for the development of a biocompatible two-part artificial cornea, International J.
nanomedicine 2011; 6: 1509.

Warnke, Patrick H., et al. Primordium of an artificial Bruch’s membrane made of nanofibers for
engineering of retinal pigment epithelium cell monolayers, Acta biomaterialia 2013; 9.12: 9414-9422.
Li, Yumei, et al. Enhanced adhesion and proliferation of human umbilical vein endothelial cells on
conductive PANI-PCL fiber scaffold by electrical stimulation, Materials Science and Engineering:
C2017;72: 106-112.

Namekawa, Koki, et al. Fabrication of zeolite—polymer composite nanofibers for removal of uremic
toxins from kidney failure patients, Biomaterials Science 2014; 2.5: 674-679.

Barnes, Catherine P., et al. Nanofiber technology: designing the next generation of tissue engineering
scaffolds, advanced drug delivery reviews 2007; 59.14: 1413-1433.

Venugopal, J., and S. Ramakrishna. Applications of polymer nanofibers in biomedicine and
biotechnology, Applied biochemistry and biotechnology 2005; 125.3: 147-157.

Ito, Yoshihiro, et al. A composite of hydroxyapatite with electrospun biodegradable nanofibers as a tissue
engineering material, J. Bioscience and Bioengineering 2005; 100.1: 43-49.

Verreck, Geert, et al. Incorporation of drugs in an amorphous state into electrospun nanofibers composed
of a water-insoluble, nonbiodegradable polymer, J.Controlled Release 2003; 92.3: 349-360.

Park, Honghyun, et al. Plasma-treated poly (lactic-co-glycolic acid) nanofibers for tissue

engineering, Macromolecular Research 2007; 15.3: 238-243.

71



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Albreiki, Raed M. Shubair, et al. Coding brain neurons via electrical network models for neuro-signal
synthesis in computational neuroscience, Electronic Devices, Systems and Applications (ICEDSA), 2016
Sth International Conference on. IEEE.

Liedler, A. and Gregor Remmert, Neurostimulation using AC and/or DC stimulation pulses, 2018; U.S.
Patent Application No. 15/647,905.

Yogev, S. and Kang Shen, Establishing Neuronal Polarity with Environmental and Intrinsic Mechanisms,
Neuron 2017; 96.3: 638-650.

Kaurav, H. and Deepak N. Kapoor, Implantable systems for drug delivery to the brain, Therapeutic
delivery 2017, 8.12: 1097-1107.

Sahoo, Sambit, et al. Growth factor delivery through electrospun nanofibers in scaffolds for tissue
engineering applications, J. biomedical materials research Part A 2010; 93.4: 1539-1550.

Pal, Pinki, Jay Prakash Pandey, and Gautam Sen. Synthesis of polyacrylamide grafted polyvinyl
pyrollidone (PVP-g-PAM) and study of its application in algal biomass harvesting, Ecological
Engineering 2017; 100: 19-27.

Cantu, Travis, et al. Conductive polymer-based nanoparticles for laser-mediated photothermal ablation
of cancer: Synthesis, characterization, and in vitro evaluation, International J. nanomedicine 2017; 12:
615.

Schnell, Eva, et al. Guidance of glial cell migration and axonal growth on electrospun nanofibers of poly-
g-caprolactone and a collagen/poly-e-caprolactone blend, Biomaterials 2007; 28.19: 3012-3025.
Tysseling-Mattiace, Vicki M., et al. Self-assembling nanofibers inhibits glial scar formation and
promotes axon elongation after spinal cord injury, J. Neuroscience 2008; 28.14: 3814-3823.

Khatri, Zeeshan, et al. Preparation and characterization of electrospun poly (e-caprolactone)-poly (I-
lactic acid) nanofiber tubes, J. Materials Science 2013; 48.10: 3659-3664.

Abdelrazek, EIMetwally M., et al, Structural, optical, morphological and thermal properties of PEO/PVP
blend containing different concentrations of biosynthesized Au nanoparticles, Journal of Materials
Research and Technology 2017.

Cai, Wen, et al, Gold nanorods@ metal-organic framework core-shell nanostructure as contrast agent for

photoacoustic imaging and its biocompatibility, Journal of Alloys and Compounds 2018.

72



33. Zhang, Xingwang, et al. Physical characterization of lansoprazole/PVP solid dispersion prepared by
fluid-bed coating technique. Powder technology 2008; 182.3: 480-485.
34. Petkov, Valeri, et al. Structure of gold nanoparticles suspended in water studied by x-ray diffraction and

computer simulations. Physical review 2005; B 72.19: 195402.

73



Chapter # 07

In-vitro assessment of dual-network electrospun tubes from poly (1, 4 cyclohexane dimethylene
isosorbide terephthalate)/PVA hydrogel for blood vessel application

7.1. Introduction

Tissue engineering is defined as the application of engineering fields to maintain and restore existing tissue
structure or to enable tissue growth. The tissue is usually organized into three-dimensional structures as
required for the body that believed to the development of specific biological function in the tissue. When
used to develop the artificial tissue substitutes, the engineering approaches emphasize the importance of the

structural design of the biomaterial employed as scaffolding structure -3,

The development of nanofibers has enhanced the scope for fabricating the scaffolds that can potentially
mimic the architecture of human tissue at stated requirements. The high surface area to volume ratio of the
nanofibers combined with their microporous structure favors the cell adhesion, proliferation, migration, and
differentions are the highly desired properties for the tissue engineering applications. Therefore the current
research in this area was driven towards the fabrication, characterization, and application of nanofibers as
scaffolds for tissue engineering in many fields like ophthalmology, bone regeneration, drug delivery, wound

dressings, neuroscience and vascular transplantation 4],

Large numbers of people suffer from cardiovascular disease and most of them need proper vascular grafts.
Blood vessel tissue engineering has emerged as a promising approach for addressing the shortage of current
therapies. A tissue engineering blood vessel should be biocompatible, having appropriate mechanical
properties and its availability in a variety of size for grafting applications. It is now an actively investigated
field for small diameter vascular graft '], Recently, the vascular transplantation has been commonly used
for the treatment of cardiovascular or vascular diseases by knitted tubular fabrication system ['?] and some
scaffolds fabricated by the electrospinning of synthetic polymers such as polylactide, poly (lactide-co-
glycolide), poly (g- caprolactone), collagen and silk fibroin, but there was no good elongation, breaking
strength and dimensional stability ['31°], Very first time, we attempted to develop the blood vessel by dual
network composite scaffolds. In which electrospun poly (1, 4 cyclohexane dimethylene isosorbide
terephthalate) (PICT) nanofibers were coated with a hydrogel of polyvinyl alcohol (PVA). The hydrogel of

PV A was coated on the PICT nanofibers tubes to form the stable, good elongation, suitable breaking strength,
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and long-lasting blood vessels because the hydrogel can enhance the strength, mechanical properties and
enhance the wetting ability of the composite 29221, The dual network composite enhances retention of cells
viability and mechanical properties [2*2¢]. PVA is a biocompatible and biodegradable polymer ?7-2° and PICT

is new and aromatic semicrystalline co-polyester 3%,

In this report, electrospun PICT nanofibers tubes had an inner diameter of 2.0 mm, were composed by coating
with a hydrogel of PVA at three different concentrations. The morphology of scaffolds was characterized by
SEM, chemical interactions by FT-IR, tensile strength by tensile strength tester, wetting behavior was
analyzed by water contact angle meter by drop method and biocompatibility test was done by MTT test.

7.2. Experimental Section

7.2.1. Materials
Polyvinyl alcohol (PVA) (Mw: 85,000-124,000, 99% hydrolyzed was purchased from Sigma-Aldrich, USA.

Poly (1, 4-cyclohexanedimethylene isosorbide terephthalate) (PICT) was kindly supplied by SK chemicals,
Republic of Korea as pellet type. Trifluoroacetic acid (99.9%) and chloroform (99%) were purchased from

Wako Pure Chemical Industries, Ltd, Japan, and deionized water was used.

7.2.2. Fabrication of nanofibers tubes as scaffolds for blood vessel

10% by weight PICT was dissolved in trifluoroacetic acid and chloroform in 1:3 ratios. The solution was
loaded in a plastic syringe connected with capillary tips having an inner diameter of 0.60 mm, in which an
electrode of Cu wire was adjusted. The distance from capillary tip to the collector was 15 cm and the supply
of voltage was 10 kV. Nanofibers were formed at room temperature and at 45% humidity through
electrospinning machine. A rotating & reciprocating element was used to form the nanofibers tubes as shown
in Figure 7.1. The nanofibers tubes were fabricated in the same diameter of 2 mm. The resultant nanofibers
tubes were immersed in the PVA hydrogel as scaffolds for a blood vessel. The solution of PVA hydrogel was
prepared in three different concentrations of PVA (99% hydrolyzed); 5%, 7.5% and 10% by weight. These
solutions were dissolved in deionized water and stirred at 70°C for 6 hrs. Then PICT nanofibers tubes were
immersed into the resultant PVA hydrogels at 80°C for 12 hrs, frozen at -20°C for 12 hrs and then dried for

characterizations.
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Figure 7.1. Preparation method of nanofibers tubes as scaffolds

7.2.3. Characterizations
The all characterizations of nanofibers based tubes were done according to the standard method of their

testing, as described below;

Scan electron microscopy (SEM):

The surface morphology of the nanofibers tubes was evaluated by SEM (JSM-5300, JEOL Ltd., Japan)
accelerated with the voltage of 12 kV. The average diameter of nanofibers was determined from 20
measurements of the random nanofibers tubes’ using image analysis software (Image J, version 1.49) and
thickness of tube wall was measured by digital micrometer MCD 130-25 with measuring the sensitivity of +

Ipum.

Fourier transform infrared (FT-IR):
The chemical interactions between PICT and PVA hydrogel were studied by Fourier transform infrared (FT-
IR) spectra achieved by IR Prestige -21 (Shimadzu, Japan). The spectra were recorded from 400-4000 cm™!

with a resolution of 4 cm™! and the addition of 128 scans.

Tensile Strength Test (ISO 13634):
The tensile strength test was performed to check the mechanical behavior of nanofibers by using the
Universal Testing Machine (Tesilon RTC 250A, A&D Company Ltd., Japan). According to ISO 13634, the

5 specimens for each sample of different concentrations of PVA hydrogel were prepared under a cross-head
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speed of 1 mm/min at room temperature and the values of stress and strain were calculated by the following

formulas 1 & 2 respectively.

] All values of load(N)
Tensile Strength (MPa) = > @Y
Area (mtr?)
- tion (%) = change in length(Al) < 100 )
OnEAton L70) = T itial length (1) @)

Water contact angle meter:
In order to investigate the wetting behavior of nanofibers tubes, static angle with a contact angle meter by

drop method (Kyowa Interface Science, Japan), was used.

MTT study:

In order to investigate the cells attachment behavior of resultant scaffolds, MTT study was done for 72 hrs
in line L929 with two-time repeat in triplicate for each sample and cell line. After sterilization, the samples
were cultured for 72 hrs in DMEM/F12 with 10% FBS for L929. The cell viability was measured in the
percentage of negative control. After 72 hrs, 15% of medium culture which containing Thiazolyl Blue
Tetrazolium Bromide (MTT; Smg/ml) was added to each wall and incubated in 37°C with 5% CO; for 5 hrs.
After this, the medium was removed and samples were washed with PBS. Formosan crystals were dissolved
in 400 ul DMSO. The amount of 200 pl of each solution transferred into the new 96 wells and the absorbance
was measured at 570 nm. To measure the dye absorption by the scaffolds, all samples without any cells were
immersed in a medium culture with the addition of MTT, then washed with DMSO and absorbance was read
at 570 nm. For the estimation of the number of cells adhering to the scaffolds, the absorbance of scaffolds

was subtracted from the absorbance in the presence of cell line L.929.

7.3. Results and discussion

7.3.1. Morphology Analysis

In order to investigate the surface morphology of the nanofibers tubes as scaffolds for a blood vessel, scan
electron microscopy was studied as shown in Figure 7.2. It was analyzed that PICT nanofibers tubes and
PICT/PV A nanofibers tubes have the good and dimensional stable morphology. PICT/PV A nanofibers tubes
showed the relatively good cohesiveness in nanofibers that led the scaffolds compact with cross section close

to a circular shape. The neat PICT nanofibers tubes were fixed and its nanofibers were entangled &

overlapped to each other but PICT/PVA nanofibers tubes showed the elongated and flexible structure. This
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study also showed that there was a great effect of coating the PVA hydrogel on the morphology and structure
of PICT/PVA nanofibers tubes. Because when neat PICT nanofibers tubes were immersed in the PVA
hydrogel at 80°C for 12 hrs, the PICT/PVA nanofibers tubes elongated and their thickness reduced. It is due

to the extraction of nanofibers whcih converted into elongated structure and width of nanofibers tubes also

decreased as shown in Figure 7.2 & Table 7.1.

Figure 7.2. SEM images of nanofibers tube having a diameter of 2.0 mm (a) neat PICT nanofibers tube, (b) 5% wt. PVA hydrogel
in PICT/PVA nanofibers tube, (c) 7.5% wt. PVA hydrogel in PICT/PVA nanofibers tube, (d) 10% wt. PVA hydrogel in PICT/PVA
nanofibers tube.Figure 7.2. SEM images of nanofibers tube having a diameter of 2.0 mm (a) neat PICT
nanofibers tube, (b) 5% wt. PVA hydrogel in PICT/PVA nanofibers tube, (c) 7.5% wt. PVA hydrogel in
PICT/PVA nanofibers tube, (d) 10% wt. PVA hydrogel in PICT/PVA nanofibers tube.

Table 7.1. Specifications of nanofibers tubes

The diameter of nanofiber | The thickness of
Sr. # Materials
tubes, (mm) tube wall (mm)
1 2.0 0.045+£0.010 Neat PICT
2 2.0 0.042+0.013 5% PVA/PICT
3 2.0 0.040 + 0.009 7.5% PVA/PICT
4 2.0 0.038 £0.011 10% PVA/PICT
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7.3.2. Chemical Interactions Analysis

In order to investigate the chemical interactions analysis of neat PICT, PICT/PVA nanofibers tubes, FT-IR
spectra were analyzed as shown in Figure 7.3.
interactions between PICT and hydrogel of PVA as shown in Figure 7.3 & Table 7.2. FT-IR spectra showed
that there was strong stretching of CH in CH and CH> groups in neat PVA, 5% PVA/PICT, 7.5% PVA/PICT
and 10 % PVA/PICT nanofibers tubes at 2922 c¢cm!, also there was CH bending in CH and CH> groups in
neat PICT B1321) 5% PVA/PICT, 7.5% PVA/PICT and 10 % PVA/PICT nanofibers tubes at 1455 cm™'. The
stretching of C-O group in neat PICT, 5% PVA/PICT, 7.5% PVA/PICT and 10 % PVA/PICT nanofibers

tubes at 1050 cm™! [*3also showed the successful chemical interaction between PICT and PVA hydrogel.

Table 7.2. FT-IR Spectra details

It was analyzed that there were successful chemical

Functional ,
Absorption(s)(cm ) Notes
Group
CH, 2922 CH stretching in CH and CH2 groups (a)
C=0 1666 Stretching (a)
CH 1456 CH blending (a)
C=C 1580 Stretching (b)
Aromatic 1600 Strong stretching (b)
Cc=0 1641 Stretching (b)
CH 1455 CH blending (b)
Cc-0 1050 Stretching (b), (c), (d) and (e)
CH stretching in CH and CH2 groups (c),
CH, 2922
(d) and (e)
OH 3200 Stretching (a), (c), (d) and (e)
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Figure 7.3. FT-IR spectra of nanofibers tube having a diameter of 2.0 mm (a) neat PVA, (b) neat PICT nanofibers tube (c) 5%
wt. PVA hydrogel in PICT/PVA nanofibers tube, (d) 7.5% wt. PVA hydrogel in PICT/PVA nanofibers tube, (e) 10% wt. PVA
hydrogel in PICT/PVA nanofibers tube.

7.3.3. Water contact angle analysis

In order to investigate the wetting behavior of PICT and PICT/PVA nanofibers tubes, static angle with a
contact angle meter by drop method was used as shown in Figure 7.4. It was analyzed that neat PICT
nanofibers are water resistant nanofibers and showed contact angle at 130 +5, but the PICT/PV A nanofibers
tubes having 5% PVA hydrogel, 7.5% PV A hydrogel and 10% PV A hydrogel have contact angles at 108+2,
9743 & 8312, respectively as shown in Figure 7.4. It means water absorbency was increased as PVA hydrogel
was coated/blended into PICT nanofibers because there were chemical interactions between PVA and PICT,
OH group of PVA increased the hydrophilicity of PICT. Therefore when more PVA was coated, as more OH
group was interacted into PICT/PVA nanofibers tubes, which made them hydrophilic [34]. It means this

wetting behavior is appreciable for scaffolds as a blood vessel.
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Figure 7.4. Wetting behavior of nanofibers tubes.

7.3.4. Tensile strength analysis (ISO 13634)

The stress-strain behavior of PICT and PICT/PVA nanofibers tubes was investigated by Universal Testing
Machine and results were shown in Figure 5. It was observed that neat PICT nanofibers tubes have high
capacity for bearing the stress up to 8§ MPa and elongation up to 7%, but 5% PICT/PVA, 7.5% PICT/PVA
and 10% PICT/PVA nanofibers tubes have the ability to bear the stress up to 3 MPa, 1.6 MPa & 0.75 MPa
and elongation up to 13%, 38% & 47.5%, respectively. So, PICT/PVA nanofibers tubes have low stress but
high elongation than neat PICT, but high stress and low elongation than neat PVA as shown in Figure 7.5. It
also showed that when the concentration of PVA hydrogel was increased, the elongation of nanofibers tubes
was increased but stress bearing ability was reduced. It is due to immersing of PICT into PVA hydrogel at
80°C, which elongated its dimensions. So, these properties about stress-strain behavior may good for

scaffolds because for a blood vessel, elongation is necessary.
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Figure 7.5. Stress-Strain Behavior of nanofibers tubes

7.3.5. In-vitro analysis

The in-vitro study was done to investigate the cytotoxicity with respect to the cell attachments of scaffolds
by MTT assessment. The MTT assessment was done by using cell line L929 for 72 hrs. The resultant data
was reported as a percentage of negative control as shown in Figure 6. It was analyzed that .929 cells attached
to PICT/PVA scaffolds and cells attached in greatest numbers to scaffolds. Each sample showed well
attachment of cells and no toxicity but 5% by weight PVA/PICT showed great potential for cells attachment
than other samples as shown in Figure 7.6. The increasing concentration of PVA hydrogel in the scaffolds
reduced the attachment of cells due to the blocking of pores in the scaffolds by overlapping the surface of the
scaffolds, but the positive and negative controls showed the expected results against the cytotoxicity. The
positive control showed that there was 99.9 % cell death (Figure 7.6¢) but negative control showed no toxicity.
It showed response with a few malformed cells due to physical damage raised from the overlying scaffolds
as shown in Figure 7.6. It also showed that this composite is nontoxic due to the good performance of PVA

in the PICT/PV A nanofibers composites. So, the resultant scaffolds are nontoxic to the human blood vessel.

82



—_
o
(=]

=]
(=]

(=i
(=1

=
=

cell viability (as % of control)

ﬂ e —

5%PVA 7.5%PVA 109%PVA  Postive Negetive
control  control

Figure 7.6. MITT analysis of PICT/PVA scaffolds. (a) 5% PICT/PVA nanofibers tubes, (b) 7.5% PICT/PVA nanofibers tubes, (c)
10% PICT/PVA nanofibers tubes, (d) Negative control and (e) Positive control

7.4. Conclusions

Herein, tubular scaffolds for blood vessel were fabricated successfully by coating poly (1, 4 cyclohexane
dimethylene isosorbide terephthalate) electrospun nanofibers with PVA hydrogel. The scaffolds possessed
dual network polymers may increase the main requirements to preparing artificial blood vessels as well as
high tensile strength with excellent biocompatibility. All investigated characterization results showed that
the resultant scaffolds are appropriate candidates for blood vessel tissue engineering due to its dual network
performance, where PVA performed for biocompatibility and excelent elongation and PICT performed for
approperiate tensile strength and dimensional stability for blood vessel. Therefore this research is fruitfull to

fulfill the stated and implied needs of society.
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Chapter # 08

The fabrications and characterizations of antibacterial PVA/Cu nanofibers composite membranes by
synthesis of Cu nanoparticles from solution reduction, nanofibers reduction and immersion methods.
8.1. Introduction

Over the past decade, nano-sized metal materials have attracted much technological and scientific attention
as a result of their interesting size dependent chemical and physical properties and wide applications in
biotechnology, electronics, magnetism, and optics. Among all metals, copper (Cu) is the most commonly
used metal because of its antibacterial and high electrical conductivity. A number of methods have been
developed to fabricate the uniform and controllable dimensions of Cu nanoparticles, such as reduction of Cu
compounds, vacuum vapor deposition, vapor-solid reaction growth and electrochemical deposition [1-5].
However, the main concern with utilizing Cu NPs is their tendency to aggregate when they blended with a
polymer matrix, which results in low efficiency and resulting composites that have non uniform
characteristics but eco-friendly issues associated with the tendency of Cu nano composites to release Cu.
This is concern that the presences of CuNPs in aquatic environment could potentially cause adverse impacts
on ecosystem and human health. So, preventing the release of CuNPs from composite materials is essential
if it has to be used as commercial products [6]. The composites materials which made from electrospun
nanofibers have several advantages due to the high surface area, high area to volume ratio and high porosity
which make it promising materials for use as separation filters, protective clothing, sensors, wound dressings

and tissue scaffolds [7-11].

The biomedical field is one of the important application areas of the electrospun nanofibers. electrospinning
has attracted great interest among researchers because it is very simple, low cost and with effective
technology to produce polymer nanofibers [12,13]. By utilizing electrospinning technique, the biomedical
field can be enriched widely due to synthesis methods used to produce metal composite nanofibers [14].
Typically, Cu NPs are embedded with a polymer matrix to prepare the electrospinning solution because it is
the simplest way to fabricate the Cu loaded nanofibers. Another method is the immersion/dipping method in
which nanofibers are immersed/dipped in the solution that contains Cu particles or Cu” ions, resulting in the
Cu species absorbed by the electrospun nanofibers. In addition, the reduction of Cu* ion is an important step
in the preparation of Cu loaded PVA nanofibers[15-20]. However, in these methods, there was no

investigation regarding to determine the best method of synthesis of Cu nanoparticles for the promising

86



nanofibers composites which have the strong attractions between Cu and desired or stated polymers for
providing disparity to produce huge amount of Cu nanoparticles on the surface of nanofibers and also no
antibacterial study was done. Therefore we attempted to synthesize the Cu nanoparticles for loading on the
cross linked PVA nanofibers in three different ways to make the antibacterial nanofibers membranes. The
objective was to investigate and optimize methods for preventing the release of Cu nanoparticles from the
PV A nanofibers in order to provide the high amount of Cu nanoparticles on the nanofibers for antibacterial

properties.

In this report, we developed the antibacterial PVA/Cu nanofibers membranes through different fabrication
methods of effective loading of Cu nanoparticles on the PV A nanofibers. We fabricated the Cu nanoparticles
in three different methods; a) Nanofibers Reduction method, b) Solution Reduction method & c¢) Immersion
method. The resultant membranes were characterized by SEM & TEM for morphology of nanofibers, FTIR
for chemical interactions between PVA and Cu, XPS for presence of Cu element, Tensile test for the stress-
strain behavior, ICP for release behavior, water contact angle for suitable absorbency and antibacterial

activity was done to analyze the efficiency of the membranes for bacteria resistance.

8.2. Experimental

8.2.1. Materials

All of the chemical materials were analytical grade which was used in the experiment. Copper sulfate (CuSOs,
purity of 99.8%), sodium hydroxide (NaOH, purity of 97.0%) and hydrochloric acid (HCI, 35.0-37.0%) were
purchased from Wako Pure Chemical Industries, Ltd. Poly vinyle alcohol (PVA, MW: 85,000-124,000, 87-
89% hydrolyzed) was purchased from Sigma Aldrich Chemicals, and glutaraldehyde (GA, 50% in aqueous

solution) was purchased from MP Biomedical. The deionized water was used in the experiment.

8.2.2. Preparations of PVA/Cu nanofibers membranes

The aqueous solution of PVA (10 wt%) was prepared by stirring the solution vigorously at 70 °C for 5 hrs
and 0.024 wt% of Ga was blended with PV A solution at room temperature. The copper wire connected as a
+ve electrode. The distance from plastic tip to the collector was 13 cm and 12 kV voltages were supplied for
electrospinning. In all methods, the prepared solutions were loaded in the plastic syringe with capillary tips

having an inner diameter of 0.60 mm. Every method is described below.
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Nanofiber reduction method: CuSO4 (0.1 wt% to PVA/Ga solution) was added in the prepared PVA/Ga
solution and followed by stirring 1 hr. The Cu*/PVA/Ga solution was prepared and loaded in the plastic
syringe for electrospinning to fabricate the Cu*-loaded PV A nanofibers. After drying the resultant nanofibers
were exposed to HCI vapor in desiccators at 40 °C for 60 seconds, and then the nanofibers mat was immersed

in a 0.1 wt% NaOH solution for 24 hrs to reduce the Cu* ions to Cu nanoparticles on the nanofibers.

Solution reduction method: CuSOj4 (0.1 wt% to PVA/Ga solution) was added in the prepared PVA/Ga
solution and followed by stirring 1 hr. Then NaOH (1:1 ratio with Cu®) was added to the solution to reduce
the Cu” ions to Cu nanoparticles. During stirring, the color of the solution changed to dark brown due to the
reduction of Cu’ to Cu nanoparticles. The solution of Cu nanoparticles and PVA was loaded for
electrospinning to fabricate the PVA/Cu nanofibers. The resultant nanofibers mat was dried at ambient
conditions to remove the residual solvent and nanofibers mat was exposed to HCl vapor in desiccators at 40
°C for 60 seconds. HCI & Ga reacted to generate the 3D network structure in the PVA nanofibers which

enhanced the water resistance of the nanofibers.

Immersion method: The prepared PVA/Ga solution was loaded for electrospinning to fabricate the
nanofibers. The resultant nanofibers were placed in HCI atmosphere to generate the cross-linked nanofibers
for the resistance of water. The crosslinked PVA nanofibers mat was immersed for 24 hrs in 0.1 wt% CuSO4
solution and then these resultant nanofibers mat was again immersed in 0.1 wt% NaOH solution for 24 hrs

to reduce the Cu* to Cu nanoparticles.

All of the resultant nanofibers membranes were washed with deionoized water for the removal of any
excessive HCI or NaOH from the nanofibers. The nanofibers mat was immersed in deionized water for 30
minutes and water was changed in every 10 minutes. The PVA/Cu nanofibers were dried at ambient

conditions for 24 hrs to remove any residual solvent.

8.2.3. Characterizations

The morphology of PVA nanofibers and PVA/Cu nanofibers was investigated by scanning electron
microscopy (SEM)(S-3000N, Hitachi Co., Japan) at 12 kV accelerating voltage. For the analysis of Cu
nanoparticles dispersion on the PVA nanofibers, transmission electron microscopy (2010 Fas TEM, JEOL

Japan) was used at 200 kV accelerating voltage. The average diameter of the PVA & PVA/Cu nanofibers
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was determined by analyzing the SEM images using the image J software. Fourier transform infrared (FT-
IR) spectra were recorded between the wavelengths of 400-4000 cm™! using an IR Prestige-21 (Shimadzu
Co., Ltd) and studied for the chemical interactions between PVA & Cu nanoparticles. For the confirmation
of the presence of Cu nanoparticles in the PVA/Cu nanofibers, X-ray photoelectron spectroscopy (XPS) was
used. XPS was conducted on a Shimadzu-Kratos AXIS-ULTRA HAS SV (Shimadzu Co., Ltd) using an Al
X-ray source, set at 10 kV and 15 mA. The release behavior of the Cu from the PVA/Cu nanofibers was
examined by an inductively coupled plasma (ICP) atomic emission spectrometer (SHIMADZU/ICPS,
100001V, Japan) over a period of 72 hrs by immersing the nanofibers in deionized water and stirring very

slowly at room temperature.

8.3. Results and discussions

8.3.1. Morphology analysis

In order to investigate the surface morphology of the PVA & PVA/Cu nanofibers, scanning electron
microscope was used. It was analyzed that surface morphology was changed as Cu nanoparticles were
embedded in or synthesized on the PVA nanofibers as shown in Figure 8.1. The surface morphology was
clearly changed in nanofibers reduction method as shown in Figure 8.1b and nanofiber’s diameter size was
also changed due to the blending of Cu nanoparticles into the PVA nanofibers as shown in Figure 8.1. The
diameter size of neat PV A nanofibers is smaller than others method. The highest diameter size is in PVA/Cu

nanofibers which were obtained from the immersion method as shown in Figure 8.1c.
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Figure 8.1. SEM results of (a) neat PVA nanofibers, (b) PVA/Cu nanofibers by nanofibers reduction, (c) PVA/Cu nanofibers
by solution reduction, (d) PVA/Cu nanofibers by immersion method. TEM results of (e) nanofibers reduction, (f) solution
reduction, (g) immersion method.

In order to further investigation of the morphology of PVA/Cu nanofibers and dispersion of Cu nanoparticles
on the surface of PVA/Cu nanofibers, transmission electron microscopy was studied. It was observed that in
all methods of synthesis of Cu nanoparticles in the PVA nanofibers, the dispersion of Cu nanoparticles was
uniform and appreciable dispersion which is good for wound dressings effect as shown in Figure 8.1e, 8.1f
& 8.1g and the amount Cu nanoparticles was differently loaded on PVA/Cu nanofibers in all methods, but
the amount of Cu nanoparticles loaded by immersion method was highest than all other methods as shown
in Figure 8.1g due to good dispersion and absorption on the high surface of nanofibers because in immersion
method Cu” ions on the surface of nanofibers were reduced by immersing the nanofibers in NaOH solution.
Therefore Figure 8.1g showed a relatively large amount of Cu nanoparticles in PVA nanofibers as compared
to other methods. The amount of Cu nanoparticles was highest in the immersion method which was 28
NPs/um?. In other two methods, there were 22 NPs/um? and 20 NPs/um? in nanofibers reduction method and

solution reduction method respectively.

8.3.2. FR-IR study
In order to investigate the chemical interactions between PVA & Cu nanoparticles, FT-IR spectra were
studied as shown in Figure 8.2a. It was observed that the extensive band at 3350 cm™! for PVA nanofibers

was related to the stretching vibrations of OH functional group and the band at 2920 cm™! was assigned to
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the stretching vibrations of CH,. The PVA/Cu nanofibers prepared by nanofibers reduction & immersion
method showed different spectra than the spectra of neat PVA and PV A/Cu nanofibers by solution reduction
method. The difference between the synthesis methods was at the point where reduction happened. In both
nanofibers reduction method and immersion method Ag® ions to nucleate the Ag nanoparticles after
generating a chemical interaction between Ag" ions and OH group in PVA nanofibers but in the solution
reduction method Ag” ions reduced in the PVA solution. In solution reduction method the peak intensity at
1730 cm™! showed the carbonyl group of Ga and its intensity was decreased in other methods as shown in
Figure 8.2a due to interaction of carbonyl group of Ga with Ag" ions and Ag nanoparticles, similarly the peak
intensity of C-O stretching of PVA at 1247 cm!' was also decreased in nanofibers reduction and immersion
methods than neat PVA and PVA/Cu nanofibers by solution reduction method. So it is concluded that there

were successful chemical interactions between PVA and Cu nanoparticles through all methods.
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Figure 8.2. Chemical interactions of (a) FT-IR Spectra of neat PVA nanofibers, PVA/Cu nanofibers by nanofibers reduction,
PVA/Cu nanofibers by solution reduction, and PVA/Cu nanofibers by immersion method. (b) XPS study of PVA/Cu nanofibers
by nanofibers reduction, solution reduction, and immersion method.

8.3.3. XPS study

In order to investigate the presence of the Cu in the PVA/Cu nanofibers, XPS spectra were studied as shown
in Figure 8.2b. It was analyzed that Cu was successfully synthesized through all methods. Cu 2p peaks of all
PVA/Cu nanofibers were presented in two peaks, one at 942 .5 eV and other at 952 eV. The binding energy
peaks of 942 .5 eV and 952 eV were assigned to 2p3,, and 2pi2, respectively. Typically, the area of the peak

represents the amount of Cu nanoparticles and these spectra also strongly implied that immersion method has

91



the largest amount of Cu nanoparticles in the PVA/Cu nanofibers as shown in the Figure 8.2b. The ratios of
the peak areas for three different methods were 8:3:2.8. It showed that Cu naoparticles were successfully
synthesized by all methods for wound dressings.

8.3.4. EDS spectra

In order to investigate the element contribution in PVA & PVA/Cu nanofibers, EDS spectra were studied as
shown in Figure 8.3. It was observed that in neat PVA there are no Cu nanoparticles as shown in Figure 8.3a
but Figure 8.3b, Figure 8.3c, and Figure 8.3d showed that Cu nanoparticles were well embedded in PVA/Cu
nanofibers by nanofibers reduction, solution reduction and immersion methods. There were well weight
percentages of Cu nanoparticles in PVA/Cu nanofibers through each method. There was 1.03, 0.91 and 0.45
weight percentage of Cu nanoparticles in the PVA/Cu nanofibers by immersion method, solution reduction

and nanofibers reduction methods, respectively as shown in Figure 8.3.
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Figure 8.3. EDS spectra of (a) neat PVA nanofibers, (b) PVA/Cu nanofibers by nanofibers reduction, (c) PVA/Cu nanofibers by
solution reduction, (d) PVA/Cu nanofibers by immersion method.

8.3.5. Water contact angle
In order to investigate the wetting behavior of PVA & PV A/Cu nanofibers, static angle with a contact angle
meter by drop method was used as shown in Figure 8.4. It was analyzed that neat PV A nanofibers are water

absorbent nanofibers at contact angle 78 +5. But the PVA/Cu nanofibers having absorbency at contact angle
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55+5, 48+5 & 57+5 for nanofibers reduction method, solution reduction method and immersion method
respectively as shown in Figure 8.4. It means water absorbency was increased as Cu nanoparticles were

blended into PV A nanofibers.
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Figure 8.4. Water contact angle results of (a) neat PVA nanofibers, (b) PVA/Cu nanofibers by nanofibers reduction, (c) PVA/Cu
nanofibers by solution reduction, and (d) PVA/Cu nanofibers by immersion method.

8.3.6. Stress-strain behavior

The stress-strain behavior of PVA & PVA/Cu nanofibers was investigated by Universal Testing Machine
and results were shown in Figure 8.5a. It was observed that neat PVA nanofibers have low strength and
elongation as compared to PVA/Cu nanofibers. The PVA nanofibers have 0.037 MPa stress and 15%
elongation but PVA/Cu nanofibers where Cu nanoparticles were synthesized by nanofibers reduction method
has stress 0.078 MPa and elongation 70%, PV A/Cu nanofibers where Cu nanoparticles were synthesized by
solution reduction method has stress 0.108 MPa and elongation 68% and PVA/Cu nanofibers where Cu
nanoparticles were synthesized by immersion method has stress 0.110 MPa and elongation 78%. It means
immersion method to load the Cu nanoparticles on PV A nanofibers is the good method because it has good
strength and also elongation efficiency than other methods as shown in Figure 8.5a.

8.3.7. ICP study

In order to investigate the release behavior of Cu nanoparticles from the PVA/Cu nanofibers, inductively
coupled plasma (ICP) study was done as shown in Figure 8.5b. In this study, 0.02 grams amount of PVA/Cu
nanofibers was solved in 5ml of H>SO4 to calculate the amount of Cu nanoparticles and for the analysis of
the Cu release the 1 g of PVA/Cu nanofibers were dissolved in deionized water and measured during 72 hrs.

It was observed that samples leached Cu into the deionized water 4, 9 & 16 ppm for nanofibers reduction
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method, solution reduction method and immersion method, respectively. The resultant graphs showed that in
the immersion method the highest amount of Cu nanoparticles were released as shown in the Figure 8.5b.
The ICP study confirmed that PV A/Cu nanofibers membranes are the significant and appreciable efficiency

of antibacterial properties.
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Figure 8.5. (a) Stress-strain behavior of neat PVA nanofibers, PVA/Cu nanofibers by nanofibers reduction, PVA/Cu nanofibers
by solution reduction, PVA/Cu nanofibers by immersion method and (b) Release behavior of PVA/Cu nanofibers by nanofibers
reduction, PVA/Cu nanofibers by solution reduction, PVA/Cu nanofibers by immersion method.

8.3.8. Antibacterial activity

In order to investigate the antibacterial properties of PVA & PV A/Cu nanofibers membranes, disc diffusion
method was used. In this method, the selected bacteria stain such as; Gram-negative Escherichia coli and
Gram-positive Staphylococcus aurous were used to observe the antibacterial potential of PVA & PVA/Cu
nanofibers. For the disc diffusion assay nutrient, agar was prepared. Agar media was transferred in 6 inches.
The wick paper sheet was used to prepare discs for standards. PVA & PVA/Cu nanofibers membranes were
made 6 mm in size. The discs 6 mm size were impregnated with 100 pL standard samples. The Rifampicin
was used as standard for the bacteria at the concentration of 1000 png/mL. The respective solvent of extracts
and fractions were used as negative control. The discs were placed in the incubated plates. After the
incubation period, Petri dishes were incubated for 24 hrs at 37°C bacteria strains respectively. The zone of
discs was measured in mm by Image J software.

The resultant antibacterial properties are shown in Figure 8.6 and Table 8.1. It was observed that neat PVA
nanofibers membranes have no antibacterial properties but PVA/Cu nanofibers membranes have good

potential for antibacterial properties. The PVA/Cu nanofibers membranes prepared by immersion method of
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synthesis of Cu nanoparticles have the highest potential of antibacterial properties against Escherichia coli
and Staphylococcus aurous bacteria than solution reduction method and nanofibers reduction method as

shown in Figure 8.6 and Table 8.1.

Table 8.1. Antibacterial activity by zone of inhibition in millimeter (mm)

Sr. Sample E.Coli S. Aureus

No specifications bacterium bacterium

1 Neat PVA Not active 5
membranes

2 PVA/Cu (Nanofiber 12 10
reduction)

3 PVA/Cu  (Solution 10 12
reduction)

4 PVA/Cu (Immersion 17 15
method)

Rifampicin (+ve standard) 26 24

Figure 8.6: Results of antibacterial properties against (a) Escherichia coli bacterium and (b) Staphylooccus aureus bacterium.
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8.4.

Conclusion

Herein, we successfully fabricated the antibacterial PVA/Cu nanofibers membranes by synthesized and

loaded the Cu nanoparticles in different methods. The resultant antibacterial membranes showed appreciable

results in all characterizations. It was concluded that PVA/Cu nanofibers membranes having great potential

for antibacterial properties but the membranes in which Cu nanoparticles were loaded by immersion method

have the highest potential than other nanofiber reduction and solution reduction methods because these

PVA/Cu nanofibers membranes have 17 & 15 inhibition zone against Gram-negative Escherichia coli and

Gram—positive Staphylococcus aurous bacteria which is near to Rifampicin (+ve standard) 26 & 24

respectively. So the PVA/Cu antibacterial membranes prepared by immersion method can fulfill the stated

and implied needs of customers.
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Chapter # 09

Fabrication of novel antibacterial electrospun cellulose acetate/ silver-sulfadiazine nanofibers
composites for wound dressings applications

9.1. Introduction

Silver sulfadiazine (SSD) is the most effective and ambient applicator for antibacterial factor to save the
skin of human beings from bacterial infections and exterior contaminations. SSD is a leading agent for
controlling the microbial infections in the second class burn wounds. SSD is the silver (Ag) salt of
sulfadiazine (SD) and a molecule of polymeric type, in which Ag ions are tertracoordinated and surrounded
with three different deprotonated molecules of SD, where each SD molecule bounded with three Ag ions
(Agnes et al. 2014). The Agion is the active part of SSD and SD is the supportive factor for achieving more
antibacterial properties than sodium alginate, bacterial cellulose and metallic nanoparticles (Wei et al 2015).
Recently, the considerable research has been attracted to fabricate the high performance scaffolds due to
recent emphasis on environmentally sustainable materials and technology. Therefore, there has been a lot of
interest in the fabrication of bio-composites based on cellulose polymers (Ali. Et al., 2015). Cellulose is a
regenerated fibers which also known as a natural polysaccharide (A. Ashori et al., 2015). It is one of the
highest naturally abundant and extensively used renewable materials due to its multi characteristic like
excellent thermal stability, chemical resistance, biodegradability and biocompatibility (Lee et al., 2018). In
the same way, regenerated cellulose fibers of one nano/micro scale dimensions are attractive for various
applications such as scaffolds, biosensor, packaging films, filter and chemo sensor (Cho, et al. 2007). Nano-
scale cellulose fibers which are fabricated by electrospinning have significant scientific and technological
attractions due to its proportionally larger surface area and consequently more surface atoms than its micro
scale (Jordon et al. 2005).

In the current research authors attempted to develop the antibacterial wound dressings by using the blended
cellulose acetate/ silver-sulfadiazine nanofibers via electrospinning. The doping of silver-sulfadiazine (SSD)
into spinning solution for electrospinning, is first time attempted for wound dressing of burn infections. Many
researchers attempted to fabricate the antibacterial assessment with CA nanofibers by using metals such as
silver nanoparticles with low antibacterial efficiency and also side effects (Chen et al., 2016), A. Ashori et

al., analyzed the efficiency of antibacterial on the cellulose/polylactic acid composites coated with ethanolic
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materials in 2017, R. Liu et al., also examine the antibacterial activity of cellulose nanofibers with hydrogels

in 2018, but none of them examine the antibacterial efficiency of SSD on the CA nanofibers with SSD.

9.2. Materials and methods

9.2.1. Materials

Cellulose acetate (CA) (MW = 30000 gmol-1) and silver (1) sulfadiazine (SSD) (98%, powder form, MW =
357.14 g/mol) were provided by Sigma-Aldrich Co., Ltd. (Louis, Missouri, USA). Acetone (99.5%), Sodium
hydroxide (NaOH, Purity of 97.0%) and dimethylformamide 98% (DMF) were provided by Wako Pure

Chemical Industries, Ltd. (Osaka, Japan)

9.2.2. Method

CA with 24 wt% was dissolved in DMF/acetone (6:4). The solution was prepared with constant stirring for
6 hrs at room temperature, then SSD was dissolved in that CA solution with constant stirring for 4 hrs in four
different concentrations such as 0.125 wt%, 0.25 wt%, and 0.37 wt 5 and 0.5 wt %. The resultant solution of
CA/SSD of each concentration was loaded in the plastic syringe of Sml with a capillary tip of 0.6 mm internal
diameter. This capillary tip was used to inject the solution on the collector by the supplied voltage. The
distance between capillary tip to collector was 15 cm and supplied voltage was 12 kV. The electrospinning
used for this purpose has the capacity of voltage up to 80 kV and provide by Har-100* 12, Matsusada
Co.,Tokyo Japan. The resultant CA & CA/SSD nanofibers were de-acetalized by NaOH for 3 hrs. The

illustration scheme of fabrication of CA/SSD nanofibers was shown in the Figure 1.
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l =.\ CA/SSD Nanofibers

Figure 9.1: Illustration scheme of fabrication of CA/SSD nanofibers.

9.2.3. Characterizations

The morphology of CA nanofibers and CA/SSD nanofibers were investigated by scanning electron
microscopy (SEM)(S-3000N, Hitachi Co., Japan) at 12 kV accelerating voltage. For the analysis of SSD
particles dispersion on the CA nanofibers, transmission electron microscopy (2010 Fas TEM, JEOL Japan)
was used at 200 kV accelerating voltage. The average diameter of the CA & CA/SSD nanofibers was
determined by analyzing the SEM images using the image J software. Fourier transform infrared (FT-IR)
spectra were recorded between the wavelengths of 400-4000 cm-1 using an IR Prestige-21 (Shimadzu Co.,
Ltd) and studied for the chemical interactions between CA & SSD. In order to investigate the wetting
behavior of CA & CA/SSD nanofibers, static angle with a contact angle meter by drop method was used. X-
ray diffraction (XRD) was performed at room temperature using a rotaflex RTP300 (Rigaku Co., Japan and
operating at 50 kV and 200mA. The antibacterial analysis of the CA nanofibers & CA/SSD nanofibers against
Escherichia coli and B. Subtilis bacteria was determined by using agar diffusion test. The nanofibers of 12
mm diameter were placed for examination on agar plates seeded in log phase with bacterial cells and
incubated at 37 °C overnight. This test was repeated three times on different samples. The diameter of
inhibition zone was examined in triplicate using ImageJ. Thermal degradation of CA & CA/SSD nanofibers
and confirmation of SSD in the CA/SSD nanofibers were performed by thermo-gravimetric analysis (TGA).
It was performed on the thermo- plus TG-8120 (Rigaku Corporation, Osaka, Japan). It was operated in a

static mode under air temperature at heating rate of 100C/min with temperature range of 0-6000C.
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9.3. Results and discussion

9.3.1. Morphology of nanofibers

In order to investigate the surface morphology of cellulose acetate and cellulose acetate/SSD nanofibers,
SEM images were studied as shown in Figure 9.2. It was observed that addition of SSD in the cellulose
acetate nanofibers, the morphology and diameter of nanofibers wad not affected. The diameter of neat
cellulose acetate was 290 + 50 but the diameter of 0.125 wt% CA/SSD, 0.25 wt% CA/SSD, 0.37 wt%
CA/SSD and 0.5 wt% CA/SSD was 292 + 20, 287 + 44, 293 + 30 and 286 + 60, respectively as shown in

Figure 9.2f.

.Nanoﬁbers diameter.(nm)

0.000 0.125 0250 0.375 0.500
Concentration of S50 (%)

Figure 9.2: SEM images of (a) neat cellulose acetate, (b) 0.125 wt% CA/SSD nanofibers, (c) 0.25 wt% CA/SSD nanofibers, (d)
0.37 wt% CA/SSD nanofibers and (e) 0.5 wt% CA/SSD nanofibers and (f) Nanofibers diameter distributions graph.
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In order to further investigation of morphology with respect to the particles distribution on the surface of
nanofibers, TEM images were studied as shown in Figure 9.3. It was observed that particles of SSD were
uniformly distributed throughout the nanofibers. When the concentration of SSD was increased the visibility
of particles was increased as shown in Figure 9.3d. TEM images also confirmed that addition of SSD in the

cellulose acetate solution did not affect the surface and diameter of nanofibers also didn’t affected.

Figure 9.3. TEM images of (a) 0.125 wt% CA/SSD nanofibers, (b) 0.25 wt% CA/SSD nanofibers, (c) 0.37 wt% CA/SSD nanofibers
and (d) 0.5 wt% CA/SSD nanofibers.

9.3.2. Chemical interactions analysis

In order to investigate the chemical interactions between cellulose acetate and SSD, FT-IR spectra were
studied as shown in Figure 9.4.1t was observed that there was successful chemical interactions between SSD
and CA. in the CA/SSD nanofibers there were intense and well defined characteristic peaks asymetric of SO2
at 1250 cm-1 and there were also characteristics peaks of NH bending of SSD at 1594 cm-1 (Boating et al.
2015, Augozi et al. 2014) and NH stretching at 3300 cm-1 (Wei et al. 2014). The characteristics peaks of
C=0, C-CH3 and C-O-C of cellulose acetate at 1775, 1370 and 1100 cm-1,(Khatri et al. 2012) respectively

were shifted in CA/SSD nanofibers at 3100, 2300 and 1775 cm-1, respectively as shown in Figure 9.4.
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Figure 9.4: FTIR spectra of CA nanofibers and CA/SSD nanofibers.

9.3.3. XRD analysis

In order to investigate the crystalline structure of CA nanofibers and CA/SSD nanofibers, XRD spectra were
studied as shown in Figure 9.5. It was observed that crystalline structure of CA/SSD was increased by
addition of SSD in the CA nanofibers. It was due to polymeric nature of SSD which has hydrophilic behavior.
The characteristics peaks of SSD/CA were at 8o, 8.50 and 180 in all types of CA/SSD nanofibers as shown
in the Figure 9.5, but the intensity of these peaks was increased as the content of SSD was increased in the
CA nanofibers. Aguzzi et al. in 2013 studied XRD spectra of SSD/chitosan composite and confirmed that
SSD showed characteristic peaks at 8o and 100. Wen et al. in 2015 studied that SSD had great effect on the
crystallinity of the partner materials as like CA nanofibers and showed the characteristics peaks at 8o and
180.S0, our proposed XRD results confirmed that SSD has blended in the CA nanofibers which affected the

crystalline structure of CA/SSD nanofibers as shown in Figure 9.5.
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Figure9.5: XRD spectra of CA nanofibers and CA/SSD nanofibers.

9.3.4. Water contact angle analysis

In order to investigate the wetting behavior of CA & CA/SSD,Water contact angle analysis was done as
shown in Figure 9.6. It was observed that both CA nanofibers and CA/SSD nanofibers showed the
hydrophilic behavior which is appreciable for wound dressing to recover the wound, but the water absorbing
property of CA/SSD was reduced as the concentration of SSD was increased as shown in the Figure 9.6. 0.5
wt % CA/SSD nanofibers showed the lowest water absorbency than CA nanofibers and CA/SSD nanofibers.
Neat CA nanofibers showed the water content at 28° but 0.125 wt% CA/SSD, 0.25 wt% CA/SSD, 0.37%
CA/SSD and 0.5 wt % CA/SSD nanofibers showed 30°, 37°, 40° and 50°, respectively. It is due to the addition
of SSD with CA nanofibers which increases the crystalline structure of the CA/SSD nanofibers as shown in

the XRD spectra. So, when crystalline structure was increased water absorbency was decreased.
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Figure 9.6: water contact angle measurements of CA and CA/SSD nanofibers.

9.3.5. Thermo-gravimetric analysis (TGA)

Thermal degradation of CA & CA/SSD nanofibers and confirmation of SSD in the CA/SSD nanofibers were
performed by thermo-gravimetric analysis (TGA). It was performed on the thermo- plus TG-8120 (Rigaku
Corporation, Osaka, Japan). It was operated in a static mode under air temperature at heating rate of 10°C/min
with temperature range of 0-600°C. It was observed that the thermal degradation of CA/SSD nanofibers was
increased by addition of SSD in the CA/SSD nanofibers as shown in Figure 9.7A. TGA spectra also
confirmed the presence of SSD in the CA/SSD nanofibers as shown in the Figure 9.7. TGA spectra showed
that 0.5 wt % CA/SSD nanofibers have more than 16% SSD in the 6 mg of CA/SSD nanofibers which is
higher concentration of SSD than others samples as confirmed by Figure 9.7B. The TGA spectra also showed
that when concentration of SSD was increased the thermal stability of CA/SSD nanofibers was increased and

content of SSD also increased.
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Figure 9.7: TGA spectra of (A) CA & CA/SSD nanofibers (B) weight content of SSD in CA/SSD nanofibers.

9.3.6. Antibacterial analysis

In order to investigate the antibacterial activity, agar disk diffusion method was employed as shown in the
Figure 9.8. In this activity, Gram negative E.Coli and Gram positive B. Subtilis were studied. Bare CA
nanofibers were used as a negative control during the antibacterial activity. The CA/SSD nanofibers showed
the appreciable activity against both types of bacteria strains and exhibit the inhibition zone. It was observed
that with low amount of SSD in cellulose acetate nanofibers, CA/SSD nanofibers have very appreciable
potential of antibacterial activity. In contrast, there no activity by CA nanofibers was noticed but 0.125 wt%
CA/SSD nanofibers were started initiation to antibacterial zone and it was measured around 2 mm for Gram
negative E. coli bacteria and 1 mm for Gram positive B. Subtilis bacteria. The CA/SSD nanofibers have great
potential of antibacterial activity against Gram negative E. coli bacteria than Gram positive B. Subtilis
bacteria as shown in Figure 8a, b & ¢, which might be attributed to the difference in the cell wall structures
of Gram positive and Gram negative bacteria. It has been accepted that Gram negative bacteria are more
difficult to kill than Gram positive bacteria since the cell walls of Gram negative bacteria contain a complex
and highly asymmetric biological barrier composed of phospholipids and lip polysaccharides as an outer
membrane, in addition to a thin peptidoglycan layer adjacent to the cytoplasm membrane, making them much
less permeable to most antibacterial agents than Gram positive bacteria (Zhang et al. 2011), but SSD has
great potential to bind more Ag and S with Gram negative bacteria than Gram positive (Beveridge et al.

1985), therefore, CA/SSD showed great effect against Gram negative bacteria than Gram positive bacteria
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Figure 9.8: Antibacterial activity (A) of CA CA/SSD nanofibers (B) inhibition zone against E. Coli (C) inhibition zone against B.
Subtilis.

9.4. Conclusion

Herein, we successfully fabricated the electrospun CA/SSD nanofibers for wound dressings of burn
infections. SEM & TEM images revealed that CA/SSD nanofibers have suitable morphology with uniform
distributions of SSD particles in the CA/SSD nanofibers. FT-IR spectra and TGA analysis revealed that
CA/SSD nanofibers having strong chemical interactions between SSD and CA. The XRD spectra and water
contact angle test also showed that CA/SSD nanofibers revealed the suitable water absorbency as required
for scaffoldings. The resultant CA/SSD nanofibers exhibited the appreciable antimicrobial activity against
Gram-negative Escherichia Coli and Gram-positive Bacillus Subtilis bacteria with considerable sustainability
for repetitive use. In addition, CA/SSD nanofibers revealed the appreciable biocompatibility. So, CA/SSD
nanofibers can be used as a promising & distinguish product for wound dressings applications and it can be

fulfill the stated and implied needs of customers.
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Chapter # 10
Conclusion

Herein, we have shown that electrospun anofibers have appericiable properties to fabricate biomedical
products and functional textiles. PICT/honey nanofibers were successfully fabricated by electrospinning for
potential of antibacterial applications. Polymer solution containing 20% of the honey was maximum
percentage of honey concentration to obtain bead free PICT/honey nanofibers. The release of honey was
complete in 15 minutes and the maximum release of honey was 72 mg/L in 10 minutes. Therefore,
PICT/honey nanofibers containing 15% of honey are more suitable for good elastic behavior and tensile
strength as compared to other concentrations of honey used in the polymer solution. We successfully
developed the multifunctional nanocomposite for the surgical gown by blending of PVA/ZnO through
electrospinning. The blending of ZnO nanoparticles with PVA was in three different concentrations; Swt%,
Twt% & 9wt% and uniformly dispersion on nanofibers was achieved. The resultant nanofibers have good
chemical interactions between PVA & ZnO nanoparticles, crystallinity and strength of the blended nanofibers
were increased as concentration of ZnO nanoparticles was increased. The photo-catalysis efficiency of the
PVA/ZnO nanofibers was increased as the concentration of the ZnO nanoparticles was increased. The UV
transmission of the PVA/ZnO nanofibers was decreased as the concentration of ZnO nanoparticles was
increased. The antibacterial efficiency of PVA/ZnO nanofibers was increased as the concentration of the ZnO
nanoparticles was increased. So this nanocomposite is very beneficial for the medical surgeon to fulfill the
stated and implied needs of the customer.

Furthermore, we successfully fabricated the antibacterial PV A/Cu nanofibers membranes by synthesized and
loaded the Cu nanoparticles in different methods. The resultant antibacterial membranes showed appreciable
results in all characterizations. It was concluded that PVA/Cu nanofibers membranes having great potential
for antibacterial properties but the membranes in which Cu nanoparticles were loaded by immersion method
have the highest potential than other nanofiber reduction and solution reduction methods because these
PVA/Cu nanofibers membranes have 17 & 15 inhibition zone against Gram-negative Escherichia coli and
Gram—positive Staphylococcus aurous bacteria which is near to Rifampicin (+ve standard) 26 & 24
respectively. So the PVA/Cu antibacterial membranes prepared by immersion method can fulfill the stated

and implied needs of customers.
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We also have successfully fabricated the electrospun CA/SSD nanofibers for wound dressings of burn
infections. SEM & TEM images revealed that CA/SSD nanofibers have suitable morphology with uniform
distributions of SSD particles in the CA/SSD nanofibers. FT-IR spectra and TGA analysis revealed that
CA/SSD nanofibers having strong chemical interactions between SSD and CA. The XRD spectra and water
contact angle test also showed that CA/SSD nanofibers revealed the suitable water absorbency as required
for scaffoldings. The resultant CA/SSD nanofibers exhibited the appreciable antimicrobial activity against
Gram-negative Escherichia Coli and Gram-positive Bacillus Subtilis bacteria with considerable sustainability
for repetitive use. In addition, CA/SSD nanofibers revealed the appreciable biocompatibility. So, CA/SSD
nanofibers can be used as a promising & distinguish product for wound dressings applications and it can be
fulfill the stated and implied needs of customers.

Herein, we successfully developed self-cleaning PVA/ZnO & PV A/Ti0O; nanofibers by electrospinning in
three different concentrations of ZnO and TiO; NPs. On the basis of the characterization results, it was
concluded that these PVA/ZnO & PVA/TiO; nanofibers have self-cleaning properties, but PVA/ZnO
nanofibers have higher self-cleaning properties than PVA/TiO, nanofibers because 9% by weight PVA/ZnO
nanofibers has 95% self-cleaning properties, which is higher than 9% by weight PVA/TiO; nanofibers. This
innovative research is essential to form intelligent textiles for stain eliminating from non-washable & non-
woven products, such as surgical gown, wound dressings, and home textiles. This research will be fruitful to

fulfill the stated and implied needs of customers.

Nanofibers based tubes were successfully fabricated with PVP/Au via electrospinning. All tubes showed
better morphology in terms of structural stability, formability and good dispersion of Au nanoparticles on the
nanofibers. Therefore, tube having 0.2 mm has the highest tensile strength than tube having 2.0 mm and
strength is reversible to diameter; when diameter of tubes is increased then tensile strength of tubes is
decreased. Therefore, according to the equation (1), in the S-S curve, the tube having diameter of 0.2 mm has
the highest tensile strength than other tubes. The values of capacity for potential voltage of tubes showed that
tubes which were made from neat PVP having very small potential voltage which is not suitable for the
potential application of axon but the tubes made from PVP/Au having good potential voltage which was
required range for axon. So, the nanofibers tube having diameter of 0.2 mm made from PVP/Au is most

suitable tube for the axon application which has the capacity of potential voltage upto 89 mV and good
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average diameter of 210 = 25 nm for the nanofibers of the tube and suitable thickness of 0.039 mm for the
tube wall, good tensile strength upto 17 MPa and 33% elongation. On the bases of the characterization of
PVP/Au, we conclude that this biomaterial may be a better substrate for further in vivo or in vitro
investigation to make it useful for tissue engineering.

Furthermore, tubular scaffolds for blood vessel were fabricated successfully by coating poly (1, 4
cyclohexane dimethylene isosorbide terephthalate) electrospun nanofibers with PV A hydrogel. The scaffolds
possessed dual network polymers may increase the main requirements to preparing artificial blood vessels as
well as high tensile strength with excellent biocompatibility. All investigated characterization results showed
that the resultant scaffolds were appropriate candidates for blood vessel tissue engineering due to its dual
network performance, where PVA performed for biocompatibility and excelent elongation and PICT
performed for approperiate tensile strength and dimensional stability for blood vessel. Therefore this research

is fruitfull to fulfill the stated and implied needs of society.

We successfully fabricated ZnO/PICT nanofibers by the electrospinning technique. The electrospun
nanofibers demonstrated efficient self-cleaning activity. The TEM results clearly showed that the uniformity
in the dispersion of the ZnO nanoparticles on the PICT nanofibers was increased as the concentration
increased. The photo-catalytic activity of 9 wt% ZnO/PICT nanofibers had about 50% efficiency within 1 hr,
and it increased gradually to around 99% within 3 hrs, while, at 3 wt%, the ZnO/PICT had 40% self-cleaning
efficiency in the same time. Based on these results, it was apparent that the higher concentration of ZnO
provided a more effective self-cleaning performance, and the contamination was fully degraded and removed
within3 hrs. The results of this innovative research should be very useful in developing intelligent textile
products that self-eliminate stains. These results should be helpful in academic and industrial applications in

that they can help textile researchers and manufacturers to meet the stated and implied needs of customers.
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