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Potential applications of advance functional polymeric nanofibers in biomedical
engineering

Hashmi Motahira
Directed by: Professor Ick Soo Kim

Nanomaterials plays the vital role in the main areas of advance research such as electronic, waste water
treatment, detection and diagnose of various diseases, drug delivery, tissue engineering and nano medicine.
Nanotechnology shows the different picture of materials. This thesis mainly focus on the biomedical
applications like mask, wound dressing and antibacterial properties of nanomaterials using Electrospinning.
For mask application, Copper oxide was selected as antibacterial agent due to its good antimicrobial
properties as well as its production is economical as compared to other metallic nanoparticles which are
being used as antibacterial agents i.e. Copper nanoparticles, gold nanoparticles, and silver nanoparticles.
Presence of copper oxide nanoparticles exhibited excellent morphological, mechanical, structural, surface,
and antimicrobial properties (samples having 1.00% CuO exhibited optimum results). Momordica charantia
MC (bitter gourd) is a natural wound dressing for diabetic patients. Keeping in view valuable and fruitful
properties of MC, we have loaded bitter gourd extract in combination with polyvinyl alcohol (PVA) on
electrospinning and characterized for possible testing. It is expected that prepared composite nanofibers have
potential applications as sustainable antibacterial wound dressings for smooth and speedy recovery of open
wounds. Antibacterial property is very important for biomedical application. For this purpose silver
sulfadiazine (AgSD) was loaded for the first time on electrospinning as well as self-synthesized AgSD on
PAN nanofibers by solution immersion method and then compared the results of both. The antibacterial
properties of PAN nanofibers impregnated with AgSD were determined with both types of bacteria strains
to compare with control one. Excellent antibacterial efficiency was indorsed to samples with AgSD by

immersion method.

Cellulose is one of the most hydrophilic polymers with sufficient water holding capacity but it’s unstable in
aqueous conditions and it swells. Cellulose itself is not suitable for electrospun nanofibers’ formation due to
high swelling, viscosity, and lower conductivity. Carboxymethyl cellulose (CMC) is also super hydrophilic

polymer, however it has same trend for nanofibers formation as that of cellulose. Due to above stated reasons,



applications of CMC are quite limited in nanotechnology. Loading of CMC has been optimized for
electrospun tri-component polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), and carboxymethyl
cellulose (CMC) nanofibers aiming widening its area of applications. It was observed that at weight ratio of

PVP 12 and CMC 3 was as highest as possible loading to produce smooth nanofibers.



Chapter 1

Introduction of nanotechnology

1. Introduction

There are various methods of nanofibers production. One of the most flexible and cost-effective is
electrospinning, allowing formation under the influence of high electrical voltage of long, continuous
fibers with diameter ranging from few nanometers to several micrometers. Electrospun nanofibers are
created from electrically charged jets of polymer solution or polymer melt. A typical electrospinning
scheme is given in Figure 1. Unusual properties of resulting fibers predispose them for plenty of
biomedical applications like tissue engineering, drug delivery, nanomedicine, implantation, antiviral

mask, wound dressing and protective clothing.'=

Collector

Syringe Polymer solution
Spinneret

1

. I
I 13
Fibers

High Voltage l

Figure 1.1 Typical Electrospinning scheme

1.1. Nanofibers as wound dressing

Wound dressings are pieces of fabric which are used to cover a cut or a wound. They can be woven,
knitted or non-woven fabric. With the increasing demand for effective wound care technology, a number
of researchers are carrying out research in the field of wound care systems. Nanofiber mats have been
used as wound dressings for a couple of years. It is stated that about 60% of total nanofiber production
is used for biomedical purposes only. This can be for wound dressings, self-healing features, drug

delivery, or implants.'4-%



1.2. Nanofibers as drug carrier

To achieve a desired therapeutic effect, a drug requires the correct drug-delivery system to assure its
specific release profile. The location, timing, and rate of release of a drug need to be adjusted as closely
as possible to the therapeutic target of the drug. However, this can be a major challenge in the design of
drug-delivery systems. Among the potential drug-delivery systems, nanofibers offer a promising
solution. Nanofibers are solid fibers that have a diameter from a few nanometers to 1000 nm, and unique
functionality and inherent nanoscale characteristics. Thus, they are among the most universal and
promising of drug-delivery systems, and they can be designed for a wide range of drug-release kinetics.
They can be used for a number of routes of administration, including oral, topical, transdermal, and trans
mucosal. In addition, nanofibers can protect a drug from decomposition in the body prior to arrival at

the required target.>!°

1.3. Nanofibers in tissue engineering

Tissue engineering is a multidisciplinary field that provides substitute methods for repairing damaged
tissues by implanting natural, synthetic, and semisynthetic implants, which mimic fully functional
tissues and organs. Today, remunerating nonfunctional tissue into functional forms is the biggest
challenges in the field of tissue engineering. Currently, there are three important methods available for
fabricating nanofibrous scaffolds, phase separation, electrospinning, and self-assembly. Among these
methods, electrospinning is the most widely used technique for tissue engineering applications. The
synthesis of nanofibrous scaffolds by the electrospinning process can be achieved using a variety of
natural and synthetic biomaterials. The development of 3D biodegradable scaffolds provides excellent
support for cell adhesion, proliferation, and differentiation. Therefore, electrospun scaffolds are used for
such distinct tissue engineering as epidermal, vascular, neural, musculoskeletal (including bone,

cartilage, ligament, and skeletal muscle), and corneal applications.

1.4. Nanofibers as mask filter

A facemask is a loose-fitting, disposable device that creates a physical barrier between the mouth and

nose of the wearer and potential contaminants in the immediate environment. They are generally labelled

10



as surgical, isolation, dental or medical procedure masks. A face masks consists entirely or substantially
of filter material or comprises a face piece in which the main filter(s) form an inseparable part of the
device. Nanofibers could be the key elements for filter materials in face masks. They have a very high
surface area per unit mass that enhances capture efficiency and other surface area-dependent phenomena
that may be engineered into the fiber surfaces (such as catalysis or ion exchange). They could enhance
filter performance for capture of naturally occurring nanoparticles such as viruses, as well as micron-

sized particles such as bacteria or man-made particles such as soot from diesel exhaust.!!"!3

1.5. Nanofibers as anti-bacterial agent

In the last two decades, applications of electrospun nanofibers are extended and nanofiber materials with
diversified functionalities are introduced. The electrospun nanofibers incorporated with functional
additives such as antibacterial agents have been fabricated for antimicrobial applications. These
electrospun nanofibers show enhanced antimicrobial performance compared to traditional antimicrobial
materials, and have a wide range of applications in filtration, wound-dressing materials, protective

textiles, tissue scaffolds, and biomedical devices.!:*6.7-14-16
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Chapter 2

Copper Oxide (CuQO) loaded polyacrylonitrile (PAN) nanofiber membranes for
antimicrobial breath mask applications

2 Introduction

Water and air pollution are two main areas of concerns of modern science and technology. Development in
technology especially industrial revolution has changed life style of human being extremely positive but on
other hand it has imparted a few negative impacts too, and one the most effected field is health. Meanwhile
biotechnology is also improved to overcome the lethal diseases but still a lot of work is to be done by
researchers. It is stated in literature that about 60% of total nanofibers production is used for biomedical

purpose only. It can be wound air filtration [1], water purification, drug delivery, tumor therapy, or implants

[2]-(5].

Polyacrylonitrile (PAN) is synthetic polymer having white color, hydrophobicity, and semi-crystalline
structure. The chemical formula of PAN is C3H3N. PAN is among few polymers which synthesized in early
20" century. PAN is thermally stable polymer usually degrades over 300°C [6]. PAN nanofibers fibers of
diameter less than 1 micrometer were prepared early 1970s, study also included the influence of flow rate
on final properties of fibers [7]. PAN and polyaniline both are hydrophobic polymer, so combining the
hydrophobicity of PAN and polyaniline super hydrophobic nonwoven webs were electrospun which were
reversible to hydrophilicity in a short time [8]. AgNPs have been widely used with different polymers for
antibacterial applications. Dependence of size of AgNPs was also studied by adding TiO» in PAN nanofiber
mats [9]. PAN nonwoven webs for hydrolysis of soybean oil were also successfully characterized and it was
concluded that PAN webs are suitable as a membrane for hydrolysis process [10]. Production of biodiesel
from soybean oil was also studied by using PAN membranes immobilized with lipase (similar technique as
for hydrolysis of soybean oil) [11]. PAN is an emerging material for healthcare applications such as skin
care, wound dressing, and others as well. Vitamins (C & E) extracts have been incorporated with PAN
nanofiber mats for skin care using core and shell nanofiber production method [12]. Surface modification of
PAN/PVDF nonwoven webs for water treatment application was also done using plasma treatment (at low
vacuum conditions). [13] PAN nanofibers are not only useful in medical applications but these cover other

fields of science as well. Surface modified PAN nanofibers have been also used as substrate for identification
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of small molecules by Surface Enhanced Raman Scattering (SERS) [14]. PAN nanofibers, incorporation
with antibacterial agents especially metallic nanoparticles,[15], [16] have been useful in a number of
applications like air filters and mask,[17] membranes for water purification, wound care, tissue engineering,
hydrolysis, and others[3], [18]-[24]. Copper nanoparticles have potential for antibacterial applications.
Copper nanoparticles have been used as antimicrobial agent for breath mask and 2" degree burn

management.[15]

Electrospinning is not new technology in nonwoven production system but it is still one of simple and easiest
production technique being used for non-woven textiles. Electrospun nanofibers have major applications in
antibacterial food packaging [25]-[28], biomedical, environmental, and electronics industries [3], [18], [19],

[29]-[32].

Our research is mainly focused on utilization of copper oxide for antibacterial applications. Copper (1) oxide
is one the two stable oxides of copper. It is hydrophilic and has potential applications in magnetic storage.
We have used copper oxide nanoparticles for the first time for antimicrobial breath mask applications. Our
research is unique as we considered all possible parameters which are required for production of copper

oxide nanoparticles loaded nonwoven webs on commercial scale.

2.1 Experimental work

2.1.1 Materials

Polyacrylonitrile in powder form with average molecular weight 150,000 was purchased from the Sigma-
Aldrich Corporation (Saint Louis, MO 63103, USA). N, N-Dimethylformamide (DMF) was purchased
from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Copper (II) Oxide (nanopowder, <50
nm particle size) was purchased from Sigma-Aldrich Corporation (Saint Louis, MO 63103, USA).

Distilled water was used from laboratory.

2.1.2 Method

PAN (8% by weight) was dissolved in DMF. Solution was kept on stirring for 12 hours at room temperature
(2543°C) and copper oxide was added and solution was kept on further stirring for 4 hours. Solution was
then loaded to electrospinning for nanofiber production. Electrospinning conditions were as follows: syringe

capacity 20ml, nozzle diameter 0.5 mm, Voltage was fixed on 13kv, distance between nozzle and collector
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drum was kept on 14cm, and flow rate of solution was 0.5ml/h. Electrospinning conditions were kept same

for all samples.

Table 1 Samples concentrations and codes

Serial No. Weight proportions Sample Codes
S1 PAN 100%, CuO 0% PAN

S2 PAN 99.75%, CuO 0.25% 0.25% CuO
S3 PAN 99.50%, CuO 0.50% 0.50% CuO
S4 PAN 99.25%, CuO 0.75% 0.75% CuO
S5 PAN 99.00%, CuO 1.00% 1.00% CuO

2.2 Characterizations

Disk diffusion method was adopted for assessment of antibacterial activity of prepared samples. E-Coli and
B. Subtilis bacteria stains were associated for gram negative and gram positive bacteria stains respectively.
Round disks of samples having 8mm diameter were placed in cultured plates (for each type of bacteria stains)
and incubated for 12 hours at 37°C temperature. Drug release (Cu release from PAN nanofibers) was
monitored by inductively coupled plasma (ICP) atomic emission spectrometer (SHIMADZU/ICPS,
100001V, Japan). Scanning Electron Microscope (SEM), JSM-5300, JEOL Ltd, Japan, accelerated with
15kV voltage, was used for assessment of morphological properties of neat PAN and PAN/CuO nanofibers.
Diameter of prepared nanofibers was measured by taking of average of 50 random readings using Image J
software. FTIR (ATR Prestige-21, Shimadzu, Japan) was used to assess chemical reactivity between PAN
and CuO. ATR fingerprints were taken from wave number 400 cm™ to 4000 cm!. Crystal structure was
evaluated by Wide angle X-ray diffractions (WAXRD) spectra. XRD spectra were taken at 25°C using
Rotaflex RT300 mA, Rigaku, Osaka, Japan, with angular angle ranging 5 < 20 < 80°, and measurements
were taken by Nickel-filtered Cu. Ka radiation. Thermal degradability of PAN and PAN/CuO nanofibers
was evaluated by using thermo-plus TG 8120, Rigaku Corporation, Osaka, Japan. TGA test was
performed in static mode under air atmosphere and heating rate of 10 °C/min. Temperature range was set
0-500°C using aluminum pans. Hydrophilicity was assessed by water contact angle test using contact

angle analyzer (Digidrop, GBX, Whitestone way, France). Elemental composition was analyzed by X-

17



ray photoelectron spectroscopy (XPS), Shimadzu-Kratos AXIS-ULTRA HAS SV, Shimadzu, Kyoto, Japan.

Mechanical properties of PAN and PAN/CuO nanofibers were evaluated by using Universal Testing

Machine (UTM), Tesilon RTC 250A; A&D Company Ltd., Japan. Five specimens for each model were

prepared were prepared following ISO 13634 standard and test was performed under a crosshead speed of 5

mm/min and room temperature. Mechanical properties i.e. Tensile Stress, Tensile strain, and Young’s

modulus were extracted from UTM data by the following equations (1), (2), and (3) respectively.

£ = % .................... Equation 1
F .

O =" Equation 2
o .

E = T e Equation 3

Where ¢, 0, and E are strain, stress, and Young’s modulus. Al is change in length, 1 is original length of

specimen, F is applied force, and A is cross sectional area of specimen. Air permeability test was performed

using Air Permeability Tester Kato Tech Co., Ltd. Breathability test was performed using upright cup

method (A-2) for breathability measurement. Samples were prepared following ASTM E96. Surface area

and pore size distribution of prepared nanofiber mats were measured by Brunauer-Emmett-Teller (BET),

(SHIMADZU Tri star II 3020, Japan) using nitrogen adsorption method.

2.3 Results & discussions

2.3.1 Morphological properties

Morphological properties of prepared nanofiber mats were observed by SEM analysis. It can be seen in

figure 2.1that prepared nanofibers are bead-free. All nanofiber mats had uniform morphology as well. It

means that addition of CuO nanoparticles did not cause any beads formation or non-uniformity in PAN

nanofibers.
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Figure 2.1 SEM images of (a) PAN nanofibers, (b) 0.25% CuO, (c) 0.50% CuO, (d) 0.75% CuO, (e) 1.00%
CuO in PAN nanofibers, and (f) CuO nanoparticles

Figure2.1 (f) represents morphology of copper oxide nanoparticles. It was observed that copper nanoparticles
were of spherical shape with an average diameter of 3749 nm. Spherical shape of copper oxide nanoparticles
helps to boost antibacterial activity as it provides higher surface area as compared to that of nano-rods or
other shapes. Dispersion of spherical nanoparticles is uniform which also exhibited a uniform and smooth

release from PAN nanofibers.

2.3.2 Diameter interpretation

Figure 2.2 shows the average diameters of pure PAN nanofibers and PAN nanofibers with varying
concentration of copper oxide. Slight increment in diameters of nanofibers with increasing concentrations
of copper oxide was observed for all samples. It is fact that addition of nanoparticles especially metallic
nanoparticles causes increase in diameter of nanofibers. Average diameter of pure PAN nanofiber was
141nm while PAN nanofibers having 0.25%, 0.50%, 0.75%, 1.00% copper oxide exhibited diameters of
161nm, 169nm, 184nm, 197nm respectively.
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Figure 2.2 Average diameters of PAN/CuO nanofibers

2.3.3 EDX analysis

EDX analysis was done to confirm availability copper oxide encapsulated within PAN nanofibers. It was
observed that Cu and O peaks were prominent in all samples having copper oxide content in nanofiber mats.
In figure 2.3 it can be observed that higher counts were found in specimen having higher concentration of
copper oxide and vice versa. These values are not exact representation of copper oxide added in sample but
these values represented direct relation of copper oxide in the nanofibers. Exact concentrations of CuO

nanoparticles in PAN nanofibers are shown in figure 2.3.
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Figure 2.3 EDX analysis of PAN/CuO nanofibers (composition insight)

2.3.4 X-Ray diffraction (XRD)

XRD was done to confirm crystalline structure of nanofiber mats. Pure PAN nanofibers (4) showed a
sharp peak at 20 = 17°, and a small peak at 20 = 30°.while PAN did not exhibit any peak up to 26 = 80°.
PAN nanofibers showed characteristic peaks of pure PAN. First peak (17°) could be associated with
hexagonal lattice of PAN. It was observed that characteristic peak of PAN was decreased after addition of
copper oxide in to PAN nanofibers which clears that crystallinity of pure PAN was decreased and hexagonal
lattice of PAN was broken meanwhile CuO exhibited its characteristic peaks at 20 = 36° and 20 = 38",
interestingly peaks intensity was increased with increasing copper oxide concentration in PAN nanofibers.
Occurrence of CuO characteristic peaks imparted crystallinity to PAN/CuO nanofiber mats. It was also
observed by tensile test that tensile strength of PAN/CuO nanofibers was increased with increasing amount

of CuO in PAN nanofibers. Tensile strength has direct relation with crystallinity of polymers.
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Figure 2. 4 XRD analysis of PAN/CuO nanofibers
2.3.5 XPS analysis
Elemental analysis was done by X-ray photoelectron spectroscopic study. Presence of copper oxide (CuO)
was observed. As copper oxide consists of two elements copper and oxygen so XPS spectra for Cu 2p, Cu
3p, and O 2s was obtained. Figure 2.5 shows spectra of PAN/CuO nanofibers. It can be observed in Figure
(a) that all samples exhibited O 2s peak at binding energy of 25eV, and intensity of peak was in increasing
trend with increasing concentration of CuO in PAN nanofibers. Figure 2.5 (b) shows Cu 2p characteristic
peaks at binding energies 934eV and 955eV with gap of 21eV, while Cu 3p characteristic peak was found
at binding energy of 75eV. Intensities of Cu characteristic peaks were also in increasing trend with increasing
concentration of CuO in PAN nanofibers. Figure 2.5(d) represents XPS spectra of pure PAN nanofibers.
PAN was characterized for its basic characteristic elements C, N, and O. it can be shown in XPS spectra that
PAN nanofibers exhibited C-1s peak at binding energy 290 eV, N-1s at 400 eV, and O-1s at 550 eV. It can
be also observed that carbon peak is sharp and possess higher intensity as compared to oxygen and nitrogen

peaks, which is clear indication of chemical composition of PAN, as PAN contains about 80% carbon of its

total chemical composition. Atomic composition of PAN was precisely described by Bing Cao et al [33]
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Figure 2.5 XPS analysis of PAN/CuO nanofibers

2.3.6 Mechanical properties

Mechanical properties of PAN/CuO nanofibers was analyzed by universal testing machine. Tensile strength,
elongation at break, and tensile modulus were calculated from stress strain data. It can be observed in 6 that
neat PAN nanofiber mats presented tensile strength of 4.00 MPa. Prominent increment in tensile strength
PAN/CuO nanofibers was observed. Tensile strength of 0.25% CuO, 0.50% CuO, 0.75% CuO, 1.00% CuO
were 5.50 MPa, 6.98 MPa, 7.28 MPa, and 8.43 MPa respectively which is clear indication that addition of
metallic nanoparticles imparted tensile strength to the nanofiber mats. By XPS study it was also concluded
that overall crystallinity of PAN/CuO nanofibers was increased by addition of CuO nanoparticles. Elongation
at break was slightly decreased by addition of copper oxide nanoparticles up to lower concentration (0.75%
CuO), but it was observed that elongation of sample having 1.00% CuO was almost same as that of neat
PAN nanofiber mats. Figure 2.6 represents trend of tensile strength (with standard deviation) by addition of
copper oxide. It can be concluded that tensile strength has direct and linear relationship with copper oxide

concentration in PAN nanofibers.
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2.3.7 Thermal analysis

Behavior of material under thermal circumstances was confirmed by thermal gravimetric analysis. TGA
graph is usually divided in three major zones. 1% zone of graph is limited to 100°C which represents removal
of moisture or low boiling impurities. In Figure 2.8 it can be observed that all specimen exhibited almost
similar trend up to 100°C which shows that there was not any moisture uptake by the samples. 2™ zone
represents thermal degradation zone which is considered significant part of TGA graph. It can be observed
in graph that onset of all specimen is in the range of 290 to 340 degree Celsius. Onset temperatures for
samples having higher concentration of copper oxide was gradually decreased with increasing copper oxide
content. It is fact that PAN is thermally stable polymer (as studied by H. Onishi et al) [34] so it represented
the same trend but addition of copper oxide made it low thermally stable and combustion zone (3™ zone of
graph) for PAN/CuO started over 340°C. Residual content for PAN/CuO nanofiber samples reached lowest
value around 400°C having higher concentration of copper oxide. Evaluating the TGA graph, it can be
concluded that copper oxide lowered thermal stability of PAN nanofibers but still stable enough to be used

for environmental or biomedical engineering.
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Figure 2.8 Thermal degradation analysis (TGA Plot) of PAN and PAN/CuO nanofiber

2.3.8 Air permeability test

Air permeability of prepared nanofiber mats was analyzed to check the effect of CuO loading in PAN
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nanofibers. Figure 2.9 shows the air resistivity which was exhibited by prepared specimen. PAN nanofibers
showed higher resistance to air flow while samples having CuO were less resistant against air flow. Values
of air resistivity (R) of PAN, 0.25% CuO, 0.50% CuO, 0.75% CuO, 1.00% CuO were 24.05, 23.13, 17.69,
14.38, and 10.08 respectively. It may be due to compact and dense structure of neat PAN nanofibers while
presence of copper oxide increased porosity of nanofiber mats that’s why air flow was increased. As our
target application is air filter/ breath mask, lower air resistance is supportive tool for PAN/CuO nanofibers

for such applications.
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Figure 2.9 Air permeability of PAN and PAN/CuO nanofiber mats

2.3.9 BET surface area & pore size distribution

BET surface area and average pore diameter of prepared nanofiber specimen were analyzed by nitrogen
adsorption method. 1 gram of each specimen was filled in a standard bulb with internal diameter of 3/8
inches. All samples were degassed using degasser accessory (Helium gas was used for degassing of samples).
Figure 2.10 represents quantity of nitrogen adsorption with respect to relative pressure. It can be observed
that adsorption of nitrogen increased with increasing concentration of copper oxide nanoparticles in PAN

nanofibers. Figure 3D view, and Figure (2D view) show nitrogen adsorption for neat PAN nanofiber mat,
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0.25% CuO, 0.50% CuO, 0.75% CuO, and 1.00% CuO were 11 cm?/g STP, 44 cm?/g STP, 53 cm?/g STP, 58

cm?/g STP, and 69 cm?/g STP. Table 2 shows surface area of specimen. Surface area of prepared specimen
was found to be directly proportional to the concentration of copper oxide in PAN nanofibers. Usually PAN
nanofibers have low surface area, it also reflected in our test result as neat PAN nanofibers showed 8.09 +

0.012 m?/g. nanofiber mats containing copper oxide presented higher surface areas as compared to that of

neat NBR nanofibers. Specimen 0.25% CuO, 0.50% CuO, 0.75% CuO, and 1.00% CuO had surface areas

of 11.58 = 0.0076 m*/g, 14.05 + 0.0091 m?/g, 17.99 + 0.010 m?/g, and 20.63 + 0.087 m?/g respectively.

Average pore size of neat PAN nanofibers, 0.25% CuO, 0.50% CuO, 0.75% CuO, and 1.00% CuO was 18.44

A, 19.24 A, 17.39 A, 18.02 A, and 17.54 A respectively.
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Figure 2.10 Plot of relative pressure vs quantity of nitrogen gas adsorbed by PAN/CuO nanofibers
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Figure 2.11 BET surface area and porosity study using nitrogen adsorption method

11.58+0.0076

14.05+0.0091 [17.99+£0.010  |20.63+0.087

19.24 17.39 18.02 17.54

Table 2 BET surface area and average pore diameters of PAN and PAN/CuO nanofibers
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2.3.10 Breathability test

Breathability test was performed by upright cup method. Round shaped samples having diamter of 6 cm
were cut for each specimen. Test was performed according to ASTM E96 at 40°C and 50% humidity level.
A cup was filled with warm water (40°C) to a certain level and samples were placed open side of cup and
fixed with bolts. Samples were gripped strongly to avoid any leakage. Weight of all cups (with samples and
water) was noted down, and samples were placed in controlled chamber. Weight change was noted after 24
hours and moisture intake of nanofibers was calculted from values of initial and final weights of samples. It
was observed that water uptake was increased in samples having higher concentrations of copper oxide as
compared to that of neat PAN nanofiber mat. Figure 2.12 represents graphical interpretation of water uptake
values of all specimen. It can be observed that values of water uptake for neat PAN, 0.25% CuO, 0.50%
Cu0, 0.75% CuO, and 1.00% CuO were 4729 gr/m?/day, 5163 gr/m*/day, 5708 gr/m?/day, 6497 gr/m?/day,
and 6839 gr/m?*/day. It was concluded that nanofiber based nonwoven webs presented medium performance,

and breathability was improved with addition of copper oxide nanoparticles.
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Figure 2.12 Breathability performance using upright cup method

2.3.11 Water contact angle

Hydrophilicity of neat PAN and PAN/CuO nanofibers was analyzed by water contact angle measurement.
PAN is hydrophobic in nature but PAN nanofibers vary from hydrophobic to hydrophilic depending upon
the percentage of PAN in electrospinning solution. It can be observed in that water contact angle for neat

PAN nanofiber is 124° which reflected hydrophobic nature of pure PAN, while contact angle became smaller
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as concentration of copper oxide increased in PAN nanofibers. Values of contact angles for 0.25% CuO,
0.50% Cu0, 0.75% CuO, and 1.00% CuO were 78°, 57°, 3°, and 0° respectively. Water contact angle for
samples having 1.00& CuO took less than 3 seconds to reach 0°. It can be concluded that addition of copper

oxide imparted hydrophilicity to PAN nanofiber mats.

l 1240 '78° ' 57°

(a)PAN nanofibers (b) 0.25% CuO (c) 0.50% CuO

| -~ | -

(d) 0.75% CuO (e) 1.00% CuO

Figure 2.13 Analysis of hydrophilicity by water contact angle test

2.3.12 Antibacterial activity test

Antimicrobial properties was investigated using disk diffusion method. As shown in figure 2.14 (A) E-Coli,
(B) B. Subtilis. B. Subtilis and E-Coli bacteria stains were associated for gram-positive bacteria stain and
gram-negative bacteria stain respectively. The effectiveness of Cu released from PAN nanofibers was
determined from the zone inhibition of the bacteria. The zone inhibition by antibacterial activity of both
stains was compared with control. In figure 2.14 it can be observed that inhibition zone was gradually
increased with increasing concentration of CuO in PAN nanofibers. It can be also observed that copper oxide
was effective for both type (gram positive and gram negative) of bacteria which represented excellent

antimicrobial feature of copper oxide. Excellent antibacterial efficacy was observed for samples with 1.00%
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CuO concentration, while sample having lower concentration of CuO also showed consistent results as

compared to that of control for both types of bacteria.

E-Coli

B. subtilis

Figure 2.14 Antimicrobial activity test by disk diffusion method (for gram negative and gram positive
stains)

2.3.13 Release properties

Effectiveness of antimicrobial activity was also confirmed by monitoring drug release from PAN nanofibers.
In order to investigate Cu nanoparticles release, 0.02 g of PAN/CuO nanofibers was dissolved in copper
sulphate (CuSO4) as standard samples. 1 gram of each sample was soaked in 50 ml of deionized water for
72 hours. 1 ml of each sample was taken after 30min, 1h, 2h, 4h, 8h, 24h, 48h, and 72h.

Figure 2.15 shows that Cu release from 0.25% CuO, 0.50% CuO, 0.75% CuO, and 1.00% CuO were 5.51
ppm, 12.97 ppm, 21.12 ppm, and 33.98 ppm after 72h. It was also observed that PAN/CuO nanofibers were
not dissolved in water even after 72 hours, and nanofiber structure was retained. Released quantity of Cu

from nanofibers was observed to be directly proportional to the concentration of CuO in PAN nanofibers.
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Figure 2.15 Investigation of drug release using ICP

2.3.14 Toxicity test

Toxicity test was performed to confirm the toxic effect of released CuO on human body in case of direct
inhaling. 15 round specimen of diameter 3mm were cut for each sample and all specimen were sterilized by
washing with 70% ethanol and Phosphate buffered saline (PBS) reagent. Using clean bench, Cells (NIH3T3)
were cultured in trypsin reagent. Sterilized samples were placed in 96 well microplate (microplate was also
sterilized prior to use). 200 uL cell solution was added in each sample’s well and 1 well for each specimen
as a control. Trypsin reagent was added in 1 for each specimen as a medium. Sample assay was incubated at
37°C for 5 days. After 5 days WST-1 was added in each well and incubated for 2 hours. Absorbance was
measured using Thermo Scientific, Multiskan FC instrument. Figure 2.16 represents the results of
absorbance of each sample in comparison with respective control. It was observed that pure PAN nanofibers
exhibited excellent absorption (88% of that of control) and it can be concluded that PAN has good
biocompatibility and less toxicity. While addition of CuO decreased the absorption. Absorption values for
0.25% CuO, 0.50% CuO, 0.75% CuO, and 1.00% CuO were recorded as 77.88%, 74.91%, 67.84%, and
59.38% respectively as compared to their respective control samples. It can be concluded that increasing
amount of CuO in PAN nanofibers are leading towards toxic nature but until addition of 1.00% CuO the

absorption is not lower than 50% of control, so it is in safe limits [35]-[37]. Cell survival rate for all specimen
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were above 50%. But we recommend that no more than 1.00% of copper oxide nanoparticles should be used

for practical applications.

Toxicity Test

Absorbance %

Figure 2.16 Absorbance of each sample in comparison with control

2.4 Conclusion

PAN/CuO nanofibers were successfully electrospun with varying concentrations of CuO in PAN nanofibers.
Addition of copper oxide nanoparticles imparted strength to PAN nanofibers. Tensile strength of PAN/CuO
nanofibers having 1.00% CuO nanoparticles was significantly increased (8.43 MPa). Morphological
properties also exhibited uniformity and smooth production of nanofibers (beads free nanofibers). Prepared
nanofiber mats presented excellent antimicrobial activity and release properties. Breathability test was
performed which also resulted in significant breathability (performance of nanofibers was in medium range).
MTT analysis also represented that more than 50% of total cells were survived after 120 hours of incubation.
Air permeability of nanofiber mats was improved by addition of copper oxide nanoparticles. Analyzing
above mentioned properties which include antimicrobial, drug release behavior, mechanical properties,
thermal properties, breathability, air permeability, surface and structural properties, it can be concluded that
copper oxide nanoparticles have significant potential for antimicrobial and structural applications. We
recommend PAN/CuO nanoparticles for antimicrobial breath mask applications on the basis of above
described results.

33



References

[1]

[5]

(8]

[9]

[10]

X. Zhao et al., “Cleanable Air Filter Transferring Moisture and Effectively Capturing PM2.5,” Small,

vol. 13, no. 11, pp. 1-11, 2017.

D. Kharaghani, Y. Kee Jo, M. Q. Khan, Y. Jeong, H. J. Cha, and L. S. Kim, “Electrospun antibacterial
polyacrylonitrile nanofiber membranes functionalized with silver nanoparticles by a facile wetting

method,” Eur. Polym. J., vol. 108, no. August, pp. 6975, 2018.

M. Q. Khan et al, “The development of nanofiber tubes based on nanocomposites of
polyvinylpyrrolidone incorporated gold nanoparticles as scaffolds for neuroscience application in

axons,” Text. Res. J., p. 004051751880118, 2018.

H. Lee et al., “Electrospun tri-layered zein/PVP-GO/zein nanofiber mats for providing biphasic drug

release profiles,” Int. J. Pharm., vol. 531, no. 1, pp. 101-107, 2017.

U. Dashdorj ef al., “Fabrication and characterization of electrospun zein/Ag nanocomposite mats for

wound dressing applications,” Int. J. Biol. Macromol., vol. 80, pp. 1-7, 2015.

a. K. Gupta, D. K. Paliwal, and P. Bajaj, “Melting behavior of acrylonitrile polymers,” J. Appl.

Polym. Sci., vol. 70, no. 13, pp. 2703-2709, 1998.

T. Subbiah, G. Bhat, R. Tock, S. Parameswaran, and S. Ramkumar, “Electrospinning of nanofibers.,”

J. Appl. Polym. Sci., vol. 96, no. 2, pp. 557-569, 2005.

Y. Zhu, L. Feng, F. Xia, J. Zhai, M. Wan, and L. Jiang, “Chemical dual-responsive wettability of
superhydrophobic PANI-PAN coaxial nanofibers,” Macromol. Rapid Commun., vol. 28, no. 10, pp.

1135-1141, 2007.

S. K. Lim, S. K. Lee, S. H. Hwang, and H. Kim, “Photocatalytic deposition of silver nanoparticles
onto organic/inorganic composite nanofibers,” Macromol. Mater. Eng., vol. 291, no. 10, pp. 1265—

1270, 2006.

S. F. Li and W. T. Wu, “Lipase-immobilized electrospun PAN nanofibrous membranes for soybean

oil hydrolysis,” Biochem. Eng. J., vol. 45, no. 1, pp. 48-53, 2009.

34



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

S.-F. Li, Y.-H. Fan, R.-F. Hu, and W.-T. Wu, “Pseudomonas cepacia lipase immobilized onto the
electrospun PAN nanofibrous membranes for biodiesel production from soybean oil,” J. Mol. Catal.

B Enzym., vol. 72, no. 1-2, pp. 40-45, 2011.

X. M. Wu, C. J. Branford-White, D. G. Yu, N. P. Chatterton, and L. M. Zhu, “Preparation of core-
shell PAN nanofibers encapsulated o-tocopherol acetate and ascorbic acid 2-phosphate for

photoprotection,” Colloids Surfaces B Biointerfaces, vol. 82, no. 1, pp. 247-252, 2011.

F. Yalcinkaya, B. Yalcinkaya, A. Pazourek, J. Mullerova, M. Stuchlik, and J. Maryska, “Surface
Modification of Electrospun PVDF/PAN Nanofibrous Layers by Low Vacuum Plasma Treatment,”

Int. J. Polym. Sci., vol. 2016, 2016.

S. Ren et al., “Electrospun nanofibers made of silver nanoparticles, cellulose nanocrystals, and
polyacrylonitrile as substrates for surface-enhanced raman scattering,” Materials (Basel)., vol. 10,

no. 1, 2017.

D. Kharaghani et al., “Fabrication of electrospun antibacterial PVA/Cs nanofibers loaded with

CuNPs and AgNPs by an in-situ method,” Polym. Test., vol. 72, no. October, pp. 315-321, 2018.

D. Kharaghani, Y. Kee Jo, M. Q. Khan, Y. Jeong, H. J. Cha, and I. S. Kim, “Electrospun antibacterial
polyacrylonitrile nanofiber membranes functionalized with silver nanoparticles by a facile wetting

method,” Eur. Polym. J., vol. 108, no. July, pp. 69-75, 2018.

D. Kharaghani et al., “Preparation and In-Vitro Assessment of Hierarchal Organized Antibacterial
Breath Mask Based on Polyacrylonitrile/Silver (PAN/AgNPs) Nanofiber,” Nanomaterials, vol. 8, no.

7,p. 461, 2018.

M. Q. Khan et al., “In vitro assessment of dual-network electrospun tubes from poly(1,4 cyclohexane
dimethylene isosorbide terephthalate)/PVA hydrogel for blood vessel application,” J. Appl. Polym.

Sci., vol. 47222, p. 47222, 2018.

M. Khan et al., “Self-Cleaning Properties of Electrospun PVA/TiO2 and PVA/ZnO Nanofibers

Composites,” Nanomaterials, vol. 8, no. 9, p. 644, 2018.

35



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

A. Haider, S. Haider, and I. K. Kang, “A comprehensive review summarizing the effect of
electrospinning parameters and potential applications of nanofibers in biomedical and biotechnology,”

Arab. J. Chem., 2015.

R. Khajavi and M. Abbasipour, “Electrospinning as a versatile method for fabricating coreshell,

hollow and porous nanofibers,” Sci. Iran., vol. 19, no. 6, pp. 2029-2034, 2012.

T. Pan and W. Wang, “From cleanroom to desktop: Emerging micro-nanofabrication technology for

biomedical applications,” Ann. Biomed. Eng., vol. 39, no. 2, pp. 600-620, 2011.

J. Gunn and M. Zhang, “Polyblend nanofibers for biomedical applications: Perspectives and

challenges,” Trends Biotechnol., vol. 28, no. 4, pp. 189-197, 2010.

J. Xie, X. Li, and Y. Xia, “Putting electrospun nanofibers to work for biomedical research,”

Macromol. Rapid Commun., vol. 29, no. 22, pp. 1775-1792, 2008.

L. Lin, X. Liao, and H. Cui, “Cold plasma treated thyme essential oil/silk fibroin nanofibers against
Salmonella Typhimurium in poultry meat,” Food Packag. Shelf Life, vol. 21, no. March, p. 100337,

2019.

Y. Zhu, H. Cui, C. Li, and L. Lin, “A novel polyethylene oxide/Dendrobium officinale nanofiber:
Preparation, characterization and application in pork packaging,” Food Packag. Shelf Life, vol. 21,

no. December 2018, p. 100329, 2019.

D. Surendhiran, H. Cui, and L. Lin, “Encapsulation of Phlorotannin in Alginate/PEO blended
nanofibers to preserve chicken meat from Salmonella contaminations,” Food Packag. Shelf Life, vol.

21, no. October 2018, p. 100346, 2019.

H. Cui, J. Wu, C. Li, and L. Lin, “Improving anti-listeria activity of cheese packaging via nanofiber

containing nisin-loaded nanoparticles,” LWT - Food Sci. Technol., vol. 81, pp. 233-242, 2017.

J. Sana Ullah, Motahira Hashmi, Lee and I. S. Kim, “Antibacterial properties of in situ and surface
functionalized impregnation of silver sulfadiazine in polyacrylonitrile nanofiber mats,” pp. 2693—

2703, 2019.

36



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

M. Q. Khan et al., “Fabrication of antibacterial electrospun cellulose acetate/ silver-sulfadiazine
nanofibers composites for wound dressings applications,” Polym. Test., vol. 74, no. December, pp.

39-44,2019.

S. Ullah et al., “Silver sulfadiazine loaded zein nanofiber mats as a novel wound dressing,” RSC Adv.,

vol. 9, no. 1, pp. 268-277, 2019.

M. Q. Khan et al., “The fabrications and characterizations of antibacterial {PVA}/Cu nanofibers
composite membranes by synthesis of Cu nanoparticles from solution reduction, nanofibers

reduction and immersion methods,” Mater. Res. Express, vol. 6, no. 7, p. 75051, Apr. 2019.

J. Wang, P. Jia, K. Pan, and B. Cao, “Functionalization of polyacrylonitrile nanofiber mat via surface-
initiated atom transfer radical polymerization for copper ions removal from aqueous solution,”

Desalin. Water Treat., vol. 54, no. 10, pp. 2856-2867, 2015.

T. H. Cho et al., “Battery performances and thermal stability of polyacrylonitrile nano-fiber-based

nonwoven separators for Li-ion battery,” J. Power Sources, vol. 181, no. 1, pp. 155-160, 2008.

E. O. Erhirhie, C. P. Ihekwereme, and E. E. llodigwe, “Advances in acute toxicity testing: strengths,

weaknesses and regulatory acceptance,” Interdiscip. Toxicol., vol. 11, no. 1, pp. 5-12, 2018.

A. Bahuguna, I. Khan, V. K. Bajpai, and S. C. Kang, “MTT assay to evaluate the cytotoxic potential

of a drug,” Bangladesh J. Pharmacol., vol. 12, no. 2, pp. 115-118, 2017.

G. Manley, “Public Access NIH Public Access,” vol. 71, no. 2, pp. 233-236, 2013.

37



Chapter 3

Electrospun momordica charantia incorporated polyvinyl alcohol (PVA) nanofibers for
antibacterial applications

3. Introduction

Momordica charantia (MC), Cucurbitaceae family, also called bitter melon or bitter gourd, which is a well-
known vegetable found in Africa, Asia and the Caribbean. As a medicinal plant, Momordica charantia (MC)
having medicinal characteristic, is used in the treatment of number of diseases which include viral infections,
diabetes, HIV, inflammation, cancer, and ulcers [1]. Bitter gourd is an emerging material for biomedical
applications. It was also used for green synthesis of sliver nanoparticles for wound care applications [2].
Anti-inflammatory effects in mice were also studied using bitter gourd as an anti-inflammatory material [3].
Natural products have excellent medicinal properties, green chemistry, and biocompatibility which makes
them suitable for many applications in biomedical and environmental engineering. Momordica charantia is
being used for biosynthesis of metallic nanoparticles for improved biocompatibility [4][5]. K. D. Mwambete
studied antibacterial activity of methanolic and petroleum ether crude extracts of MC in 2009. They extracted
crude extracts of MC fruit, analyzed yield percentage, and its antibacterial results by zone inhibition method
[6]. An in-vivo study was also held on anticancer properties of MC extract on Fisher 344 male rats. It was
concluded that MC extract has potential against cancer cells [7]. Leaves, roots, and seeds extract of
momordica charantia fruit was extracted and studied for anti-inflammatory properties by M. Ullah et al [8].
Momordica charantia extract has potential in anti-inflammatory, anti-cancer, diabetes, and other
antimicrobial applications in health care sector [2], [9], [18], [10]-[17]. Electrospinning is simple and one
of the oldest technique to fabricate nano-scaled fibers with smooth and homogenous morphology. These
nanofibers can be electrospun by natural polymers and synthetic polymers as well depending on required
application [19]-[22]. Electrospun nanofibers have potential applications in biomedical, environmental, and
structural applications including wound dressings[23]-[25] [20], [26], tissue engineering, bio implants [27]

[28], bio sensors, air filters [22], water purification, super capacitors and others [29]-[33].

Polymer can be natural, semi synthetic, or fully synthetic. There are several limitations for polymers
depending on applications. A number of natural and synthetic polymers are used for biomedical applications
due to their extraordinary biocompatibility, drug delivery properties, inherent antibacterial properties,
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biodegradability, and self-healing. Polyvinyl Alcohol (PVA) is one of biocompatible polymers which is
widely used for biomedical and environmental applications including wound dressings, self-cleaning
surgical gowns. Bio-sensors, waste-water treatment [34]-[39]. We have selected momordica charantia (MC)

water soluble extract for its excellent

Momordica Charantia (MC) -

/
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\ H H
= \=|| | -
n
v

e
S

Figure 3.1 Graphical presentation of PVA/MC nanofibers fabrication process

Antibacterial properties, and PVA for its wider range of biomedical applications. Momordica Charantia
(MC) water soluble extract was loaded on electrospinning for the first time, to fabricate a nano-scaled
nonwoven web of fibers. This research is unique due to following reasons; (a) momordica charantia (MC)
extract was loaded on electrospinning for the first time, (b) PVA was selected core material as it is also water
soluble (to obtain a homogeneous solution of PVA, and MC), (c) Antibacterial, surface morphology,
mechanical & thermal characterizations were performed to assess potential of electrospun momordica
charantia extract in combination with PVA nanofibers, (d) utilization of natural extract will lead towards

sustainable and eco-friendly solution in healthcare system.

3.1 Experimental setup

39



3.1.1 Materials & methods

Momordica charantia (MC) water soluble extract was purchased from water soluble proteins, Shanghai,
China. Hydrolyzed (87-89%) polyvinyl alcohol (PVA) polymer, in powder form (molecular weight 80000-
120000), was purchased from Sigma Aldrich Corporation, USA. 25% solution of glutaraldehyde (GA) was
also supplied by Sigma Aldrich (USA). While, Hydrochloric acid (HCL) with (99% purity) was supplied by

Wako chemicals (Japan). Distilled water and other required accessories were used from laboratory.

Neat PVA nanofibers were electrospun as per our recent research work [40]. For all samples containing
different concentrations of MC extract, firstly PVA was dissolved in distilled water (8% W/W) at 60°C for
12 hours. When, PVA was fully dissolved different proportions of momordica charantia (MC) extract was
added in solution and kept for stirring for 2 hours approximately (until homogeneous solution was formed).
Resultant solution was then electrospun at a voltage of 12 kV, distance of 15 cm between tip and collector
and flow rate of 1 ml/h. Nanofiber mats were crosslinked by HCL fume method following traditional

crosslinking technique as done in our previous research [41].

3.3.2 Characterization

Antibacterial activity and cytotoxicity test (WST-1 Assay)

Antibacterial properties of momordica charantia extract were analyzed by disk diffusion method. B. Subtilis
(B-Sub 168 - gram positive) and E. coli (BUU25113 - gram negative) bacteria strains were cultured in
separate plates for each type of bacteria and round disks of 13 mm diameter were placed over the cultured

bacteria stains. Cultured plates with samples were incubated for 24 hours at 37°C temperature.

WST-1 assay was carried out to confirm any toxic effect of MC extract in human body [42]. Fibroblast cells
(NIH3T3) were used for cytotoxicity test. 5 disks of diameter 3 mm (for each specimen and for each day)
were sterilized by washing with 70% ethanol and Phosphate buffered saline (PBS) reagent. NIH3T3 cells
were firstly cultured in trypsin, cells were counted under microscope, and cell dilution was prepared for
adding in sterilized 96 wells microplate. 5000 cells (200 pL cell solution) were added in each well (sample

wells and control as well). Microplate was incubated at 37°C for 1 day, 3 days, 5 days, and 7 days. After 1,
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3,5, and 7 days, 10 pL of WST-1 was added in each well and incubated for 2 hours respectively. Absorbance

was measured using refractometer Thermo Scientific, Multiskan FC instrument.

Scanning electron microscopy (SEM)

PVA and PVA/MC composite nanofibers’ morphology was observed by SEM images taken by using
Scanning Electron Microscopy, JSM-5300, JEOL Ltd, Japan, (accelerated by a voltage of 20 kV). Average
diameter of all nanofiber mats was measured by Image J. software (50 readings were taken from each image

and average is presented in results section).

Fourier transform infrared spectroscopy- Attenuated total refraction (FTIR-ATR)

Possibility of any chemical interaction between PVA and momordica charantia (MC) was observed using
FTIR, “ATR Prestige-21, Shimadzu, Japan”. Different wave number ranges were set for taking FTIR and
FTIR-ATR spectra as follows; wavenumber of 600 cm™ to 4000 cm! for ATR while 400 cm™! to 4000 cm’!

for FTIR (for momordica charantia extract).

X-ray diffraction (XRD)

Crystallinity of PVA and PVA/MC composite nanofibers was observed by XRD spectra which was taken at
25°C by using x-ray diffraction “Rotaflex RT300 mA, Rigaku, Osaka, Japan”, with an angular angle of

5 <26 <£70°, and measurements were taken by Nickel-filtered Cu. Ka radiation.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), “Shimadzu-Kratos AXIS-ULTRA HAS SV, Shimadzu, Kyoto,
Japan” was used to analyze elemental composition of PVA and MC extract in PVA/MC composite

nanofibers. Wide spectra was obtained in set range of 0-1100 eV while narrow spectra were also obtained

for O-1s and C-1s.

Thermogravimetric Analysis (TGA)

Effect of momordica charantia loading on thermal properties of final composite nanofibers was studied
using TGA “Thermo-plus TG 8120, Rigaku Corporation, Osaka, Japan”. Test was conducted under
normal atmosphere (ambient conditions under air), and heating rate of 10°C/min. temperature range for
all specimen were set from 25°C to 500°C.
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Universal Testing Machine (UTM)

Mechanical properties is one of the essential parameters to analyze the performance and practical aspect of
any material. Universal Testing Machine (UTM), “Tensilon RTC 250A; A&D Company Ltd., Japan” was
used to assess mechanical properties of PVA and PVA/MC nanofibers ISO 13634 was followed for specimen
preparation. Crosshead speed was adjusted at 5 mm/min while experiment was performed at room

temperature 25°C + 3°C. Tensile stress and strain were calculated from available data (UTM data).

3.2 Results and discussions

3.2.1 Morphological properties

Figure 3.2 represents SEM images of neat PVA and PVA/MC nanofibers with varying loading of MC extract
up to 50% (w/w). It can be observed that neat PVA nanofibers presented smooth morphology and no bead
can be seen in neat PVA nanofibers (Fig. 2 (a)). While a few beads were observed in PVA/MC (20% MC)
sample, and beads formation was gradually increased with increasing MC quantity in PVA solution. It can
be said that momordica charantia has no tendency to be converted in to nanofibers, that’s the reason that MC
was only encapsulated in PVA nanofibers while some of the MC extract was still electro-sprayed in beads
form. Figure 2(b-e) shows an increasing trend of beads formation but there was almost no effect on PVA

nanofibers’ production as PVA/MC solution was homogenously mixed.

Figure 3.2 (f) represents average diameter of nanofibers. It can be observed that neat PVA nanofibers had
uniform diameter distribution (lower value of standard deviation), while PVA/MC nanofibers exhibited a
wide range of diameters. Diameter range was increased with increasing MC extract but at 50% MC loading,
diameter was drastically decreased. It can be associated with a reason that MC was encapsulated with in the
nanofibers for samples (b-d) while sample e (50% MC), there were separate nanofibers of PVA and MC was
on the surface of PVA nanofibers. Which indicates that 40% loading of MC was optimum to get MC

encapsulated in to PVA nanofibers, increasing quantity to 50% caused a phase separation between PVA and
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MC. That’s why there were only PV A nanofibers in the matrix. Morphological changes in PV A nanofibers

before and after crosslinking were also studied in our recent research [40]

»  Fiber Diameter (nm)

———
-
-

T T T T T T T T T
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WC concentration in PYA

Figure 3.2 SEM images of (a) pure PVA nanofibers, (b) 20% MC, (c) 30% MC, (d) 40% MC, (e) 50% MC
in PVA/MC nanofibers, and (f) Average diameter of nanofibers

3.2.2 FTIR and X-ray photoelectron spectroscopy (XPS)

PVA is hydrophilic polymer because of abundant hydroxyl groups. That’s one of the main reasons that PVA
nanofibers are not stable in water or aqueous mixtures. PVA nanofibers are crosslinked prior to practical
applications where there is any direct contact with water or aqueous mixtures. Crosslinking of PVA
nanofibers by HCL and glutaraldehyde fumes interlocked hydroxyl functional groups of PVA [41]. Figure
3.3 represents FTIR-ATR spectra of neat PVA, MC extract, and PVA/MC nanofibers. Spectra of neat PVA
represents a strong peak in range of 3000 cm™ to 3500 cm! (precisely at 3239 cm™') which is generally
associated with —OH stretching. It is clear indication that there are still hydroxyl groups in main chain of
PVA despite crosslinking. However, crosslinked PVA nanofibers are far better for applications where there

is moisture or water contact. A peak at 2900 cm™! was also observed which referred to (-CH>—) asymmetric
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Figure 3.3 FTIR-ATR spectra of pure PVA nanofibers, pure MC extract, and PVA/MC nanofibers with
varying MC concentration, XPS spectra (wide) of pure PVA nanofibers and PVA/MC nanofibers, and XPS
spectra (Narrow, C-1s, and O-1s) of pure PVA nanofibers and PVA/MC nanofibers

and symmetric band. Momordica charantia mainly contains different components which include triterpenes,
steroids, proteins, and alkaloids along with some of the phenolic compounds. A sharp peak was observed in
the wavenumber range of 1500 cm™! - 1600 cm™ in all spectra of PVA/MC and pure MC extract. It can be
also observed that above mentioned peak was more prominent in samples having higher concentrations of
MC extract. Figure 3.3 also represents XPS spectra (wide and narrow respectively) of neat PVA nanofibers
and PVA/MC nanofibers. Neat PVA nanofibers exhibited C-1s and O-1s peaks at binding energy 282.5 eV
and 531 eV. It can be observed in figure 4 that carbon and oxygen peaks of neat PV A nanofibers are smaller
than that of PVA/MC nanofibers. XPS spectra (wide) clearly shows a sharp peak at binding energy of 400
eV, which is associated with nitrogen. It can be concluded that PVA/MC nanofibers contain nitrogen, oxygen,

and carbon. While PVA/MC also exhibited peaks at binding energy of 100 eV and 150 eV (can be seen in
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XPS wide spectra), which are associated with MC only. As neat PVA nanofibers did not show any of above

mentioned peaks.

3.2.3 Thermal degradation study

TGA was used to carry on investigation of behavior of PVA and PVA/MC composite nanofibers under high

temperature conditions. Figure 3.4 presents TGA plot of PVA, MC, and PVA/MC composite nanofibers.
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Figure 3.4 Thermal degradation study of PVA nanofibers, MC extract, and PVA/MC nanofibers

It can be observed that in temperature range of 25 °C to 100 °C, all samples exhibited almost similar trend
which shows that moisture or high volatile components were present in same amount in all samples [22],
[43], [44]. But onset temperature for MC extract occurred at lower temperature (150 °C) while onset of
PVA/MC composite nanofibers occurred at higher temperature ranges as compared to that of neat MC.
Residual contents also increased as MC concentration increased in PVA/MC composite nanofibers. It can
be observed that neat PV A nanofibers were thermally stable up to 220 °C and exhibited uniform degradation
until 480 °C where it reached combustion stage. Low thermal stability of MC can be associated with its
amorphousness. However, thermal stability of PVA nanofibers is still enough to be used for practical

applications as antibacterial nanofiber mats.
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3.2.4 Crystallinity and mechanical properties

Crystallinity of PVA and PVA/MC nanofibers was assessed XRD. Figure 3.5 represents XRD spectra of
neat PVA nanofibers and PVA with varying concentrations of MC extract. It can be observed that PVA
nanofibers presented a characteristic peak at an angle (26) of 19.6 which is generally associated with
amorphous structure of PVA. Momordica charantia is considered to be amorphous in nature. It can be
observed in XRD spectra that addition of momordica charantia extract in to PVA nanofibers affected
crystalline structure at large. Peak at 20 = 19.6 was drastically decreased with increasing concentration of
momordica charantia. Decreased crystallinity also affects mechanical properties of material. It was
confirmed from UTM results that tensile strength of PVA/MC composite nanofibers was decreased to 1/4%
of tensile strength of neat PV A nanofibers when 40% MC extract was loaded with PVA. Herein, we conclude
that momordica charantia does not act as reinforcement rather it decreases mechanical properties of partner

material.
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Figure 3.5 X-Ray Diffraction of pure PVA, and PVA/MC nanofibers

3.2.5 Antibacterial and cytotoxicity assay

Antibacterial activity was measured by disk diffusion method [44]-[46] against gram positive and gram
negative bacteria. Bacillus subtilis (B. subtilis) and Escherichia coli (E. coli) bacteria stains were selected as

gram positive and gram negative bacteria stains. Each bacteria stain were cultured on separated plates and
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samples were placed on disks. Disks having samples were then incubated for 12 hours (overnight) at 37°C
temperature. Pictures were taken and zone of inhibition was measured using Image J. software. It can be
observed in figure 3.6 that neat PV A nanofibers did not show any antibacterial activity against both types of
bacteria stains while PVA/MC composite nanofibers exhibited excellent antibacterial properties.
Antimicrobial properties were prominent when proportion of MC extract was higher as compared to that of
lower loading of MC extract. It was also observed that bioactive components in MC extract were found to
be more effective against gram positive bacteria stain as compared to that of gram negative stain. Inhibited
zone for neat PVA, 20% MC, 30% MC, and 40% MC samples were recorded as Omm, 4.282 mm, 14.036
mm, and 16.811 mm for gram positive (B. Sub) bacteria stains while 0 mm, 4.214 mm, 5.357 mm, and
14.685 mm for gram negative (E. Coli) respectively. PVA is biocompatible polymer which is also a good
carrier of drugs for wound dressings, that can be one of the reasons that PVA/MC extract exhibited excellent
antibacterial properties due to controlled released of MC extract from PVA nanofibers [47]. WST-1 assay
was used to assess cell proliferation and effect of MC extract on cell growth. It was observed that neat PVA
nanofibers exhibited better results as compared to that of PVA/MC composite nanofibers for 1, 3, 5, and 7
days. However, cell growth was also observed on samples having MC extract, and it can be observed in
Figure 3.6 that minimum absorption of WST-1 (day 7) was recorded at 140%, which is clear indication that
cell growth was supported by MC extract. Furthermore it can concluded that MC extract is not toxic to

human body and supports cell proliferation.
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Figure 3.6 Antibacterial activity test (upper), and cytotoxicity analysis (lower) of PVA, and PVA/MC
nanofibers

3.3 Conclusion

Momordica charantia (MC) extract (water soluble) was loaded on electrospinning in combination with PVA
which is well known biocompatible polymer. PVA nanofibers are generally beads-free and more uniform in
morphology. Addition of MC extract in PVA solution caused beads formation, and beads occurrence was
increased with increasing MC concentration in PVA. Maximum of 50% (w/w) MC loading was run on
electrospinning which resulted electro-sprayed PVA/MC nanofibers (less nanofibers, more beads). Samples
having 40% MC was considered better as these samples presented better morphological, antibacterial,
surface, and thermal properties, hence recommended for further production of nanofibers. Satisfactory
results were obtained from toxicity test. But mechanical properties (tensile strength) were suppressed with
increasing MC extract concentration in PVA/MC solution. However, our target application is more focused
on antibacterial and biocompatibility of prepared nanofiber mats which both are satisfactory. It can be
concluded that MC extract is suitable and sustainable replacement of antibacterial drug due to its excellent
antibacterial activity against both gram positive and gram negative bacteria. WST-1 assay also showed that

MC extract is suitable in applications such as wound dressings.
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Chapter 4

Antibacterial properties of in situ and surface functionalize impregnation of
silver sulfadiazine (AgSD) in PAN nanofiber mats

4. Introduction

Advancement in technology has been beneficial for human being, meanwhile it has imparted some negative
impacts on some of the major areas, and health is one of the most affected area among all of them.
Biotechnology is also improving day by day by using advanced machinery as well as emerging materials
which have better antibacterial,'~® biodegradability, and biocompatibility. Nanofiber mats have been used in
biomedical applications since few decades. Nanofibers are important part of biomedical technology as 60%
of total nanofibers production is specifically used in biomedical applications. It can be tumor therapy,’

wound dressing, drug delivery, self-healing of wounds, or implants.®-!!

Silver, incorporation with natural or synthetic polymers, has been used as an effective antibacterial agent
since decades. Silver has potential applications in healthcare especially in nanoparticles form. Silver
Sulfadiazine (AgSD) has been used for treatment of second order burns for the in early 1970’s.!? By that
time, it was considered at lower concentration, sulfadiazine group in AgSD was not effective for antibacterial
activity but it was effective either in combination with silver or at higher concentrations.!? Several studies
were carried out to investigate the effect of cerium salt on inactivation of silver sulfadiazine and it was
observed that addition of cerium salts made inhibition zone closer which was associated to inactivation of
silver sulfadiazine.'* At first, silver nano-particles were not accepted as an effective antimicrobial agent
because of availability of other good due to emerging antibacterial agents which were available in market,
but. The use of AgNPs as antibacterial agent went up due electrospinning method because electrospinning
provides efficient use of metallic nano-particles.'® Nylon/silver based composite membranes were analyzed
for structural applications, and it resulted in improved mechanical properties of composite membranes as
compared to that of nylon membranes.'® Higher antibacterial activity was also observed in electrospun
Polyvinyl Alcohol (PVA) and Chitosan (Cs) incorporation with Sliver nitrate (AgNOs3).!” Silver nano-
particles (AgNPs) impregnation in Nylon 6 by one step direct electrospinning of have also been characterized
for surface, morphological, and antimicrobial activity as well.'®
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AgNPs have broad applications when incorporated with natural or synthetic polymers, i.e., Zein, Poly methyl
methacrylate (PMMA), Chitosan, Polyvinylpyrrolidone (PVP), Polyacrylonitrile (PAN), and other polymers

as well 11,19-21

Polyacrylonitrile (PAN) is a white, semi-crystalline organic synthetic polymer with chemical formula of
CsHsN. PAN was synthesized in 1930 for the first time. It degrades above 300°C.??> PAN fibers having
diameter less than 1 micron were successfully prepared in 1971, and effect of flow rate of polymer on final
properties was studies in detail.?® Effect of loading proportions of Ag nanoparticles (Ag nanoparticles were
embedded by photocatalytic reduction of silver nitrate under UV irradiation) on PAN/TiO, was studied and
it was concluded that Ag nanoparticles (~2nm size) were greatly affected by the amount of TiO» present in
nanofibers.?* PAN-PANI super-hydrophobic nanofibers mats were fabricated by in-situ polymerization
method which had water contact angle of 164.5°. Prepared nanofibers were also reversible to hydrophilic
within a short time.?> PAN nanofiber membrane was successfully prepared and characterized for soybean
oil hydrolysis process. It was done by immobilization of lipase by covalent bonding.?® Similar technique was
also used for biodiesel production from soybean 0il.”” PAN (core & shell) nanofiber mats have been used in
skin care applications incorporation with vitamin C and vitamin E extracts. Concerned application area for
such products is protection against damage by UV rays.?® PAN/PVDF nanofibers were surface modified by
low vacuum plasma treatment for water remediation application.?? PAN nanofibers are not only useful in
medical applications but these cover other fields of science as well. Surface modified PAN nanofibers have
been also used as substrate for identification of small molecules by Surface Enhanced Raman Scattering
(SERS).* Electrospinning is a useful technique to fabricate nanofibers having diameters ranging from tens
of nanometer to microns.?'* Since electrospinning is not new method for fabrication of nanofibers, it was
started from 1931 but proper setup for producing nanofibers from electrospinning became practical and
popular in early 21% century. From then it has been used for production of nanofibers for different
applications including water filtration, wound care, breath masks, and other biomedical applications too.
Natural and synthetic fibers have been electrospun either in single form or blends of different types of

polymers to get desired features.>**° Figure 4. 1 briefly illustrate process of electrospinning.
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Figure 4. 1 Schematic illustration of electrospinning process

Keeping in view of applications of PAN and AgSD in biomedical field, we prepared PAN/AgSD nanofiber
mats for wound dressing. We are first to load AgSD on electrospun nanofiber mats as well as fabrication of
AgSD on nanofiber mats by immersion method. This research will be beneficial for other researchers as well
as industries to produce PAN nanofiber with better antimicrobial properties either by in situ loading of AgSD
or deposition of AgSD on nanofiber mats by immersion method. Combination of mechanical & thermal
properties of PAN nanofibers and antibacterial properties of AgSD would be effective for biomedical

applications.

4.1 Experimental work
4.1.1 Materials

PAN polymer was purchased from the Sigma-Aldrich Corporation (Saint Louis, MO 63103, USA), that

was in powder form and had average molecular weight of 150,000 (typical). Sulfadiazine sodium salt
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(analytical standard, >98%) was purchased from Sigma-Aldrich Corporation (Saint Louis, MO 63103,
USA). Silver Nitrate (AgNO3), with purity 99.8%, was purchased from FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan). N,N-Dimethylformamide (DMF) was purchased from FUJIFILM Wako
Pure Chemical Corporation (Osaka, Japan). Silver (I) sulfadiazine (AgSD) was purchased from Sigma-
Aldrich Corporation (Saint Louis, MO 63103, USA) in powder form with 98% purity. Sodium Hydroxide
(NaOH) (in pallets form) was purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).

Distilled water was used from laboratory.

4.1.2 Methods

Samples were prepared by following 3 methods.

1. Pure PAN nanofiber mats

PAN (8% by weight) was dissolved in DMF. Solution was kept on stirring for 12 hours at room temperature
(2543°C) and solution was then loaded to electrospinning for nanofiber production. Electrospinning
conditions were as follows: syringe capacity 20ml, nozzle diameter 0.5 mm, Voltage was fixed on 15kv,
distance between nozzle and collector drum was kept on 14cm, and flow rate of solution was 0.5ml/h.

Electrospinning conditions remained same for all samples.

2. PAN/AgSD in-situ Electrospun (PAN/AgSD (E.S))

For PAN/AgSD (E.S) samples, firstly PAN (8% by weight) was dissolved in DMF for 12 hours and then
AgSD (0.6% by weight) was added to the PAN/DMEF solution and kept on stirring for 2 hours. Then solution

was loaded to electrospinning on the same parameters as that of for sample 1.

3. Self-synthesized AgSD on PAN nanofibers (PAN/AgSD Immersion)

For PAN/AgSD Immersion samples, in first step pure PAN nanofiber mats were electrospun as per all
parameters of sample 1 and then samples were placed in glass tray which contained aqueous solution of
Sulfadiazine sodium salt (0.2% by weight) and Silver nitrate (0.1% by weight). Tray was placed in controlled
stirring chamber for 24 hours and then samples were removed from solution of SD and AgNO3 and were

placed in (0.1% by weight) aqueous solution of sodium hydroxide (NaOH) for 4 hours for reduction of
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AgNO3. Samples were then dried in vacuum oven at 30°C for 12 hours. Samples were kept in air-tight bags

for further testing.

4.2 Characterizations

Antibacterial properties were determined by disc diffusion method where E.coli (BUU25113) and Bacillus
(B-sub 168) bacteria strains were used as gram negative and gram positive bacteria respectively. The
nanofiber mats were cut in to discs having 8mm diameter and were placed on top of two different plates,
which were cultured with each bacteria strain and incubated overnight for 12h at 37°C. The morphological
properties of prepared nanofiber mats were determined by using Scanning Electron Microscope (SEM)
(JSM-5300, JEOL Ltd, Japan), which was accelerated with the voltage of 10 kV, and TEM (JEM-2100 JEOL
Japan), accelerated with 200 kV and an image analysis software (Image J, version 1.4.3) was used to
calculate the average diameters of nanofibers by taking 50 readings randomly for each sample. Wide angle
X-ray diffractions (WAXRD) was performed for the determination of the crystal structure (at 25°C) of
nanofiber mats using Nickel-filtered Cu. Ka radiation assisted Rotaflex RT300 mA (Rigaku manufacturer,
Osaka, Japan), with an angular angle of 5 < 28 < 80°. The chemical reactivity among PAN and AgSD
functional groups was characterized by using FTIR with an attenuated total reflectance (ATR) Prestige-21
(Shimadzu, Japan) and wavelength for ATR spectra was set in the range of 400cm™! to 4000cm™. Thermal
degradation of PAN, PAN/AgSD (E.S), and PAN/AgSD (Immersion) was studied thermogravimetric
analysis (TGA) using thermo-plus TG 8120 (Rigaku Corporation, Osaka, Japan) which was run under
ambient conditions (room temperature) at heating rate of 10 °C/min and temperature range was set 0—
500°C for all samples. The XPS analysis was performed by using Shimadzu-Kratos AXIS-ULTRA HAS
SV (Shimadzu, Kyoto, Japan). Mechanical properties (tensile strength, strain, and modulus) of PAN and
PAN/AgSD nanofibers was determined by using the Universal Testing Machine (Tesilon RTC 250A; A&D
Company Ltd., Japan). Five specimen for each sample were prepared, according to ISO 13634. Test was run
at room temperature and crosshead speed was kept as 5 mm/min. From UTM data, values of strain, stress,

and Young’s modulus were calculated by the following equations (1), (2), and (3) respectively.

E= — i Equation 4

F .
O =" Equation 5
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E = % .................... Equation 6

Where ¢, 0, and E are strain, stress, and Young’s modulus. Al is change in length, 1 is original length of

specimen, F is applied force, and A is cross sectional area of specimen.

4.3 Results & discussions
4.3.1 Antibacterial activity test

Disc diffusion method was opted to investigate antibacterial properties of prepared nanofiber mats as shown
in Figure 4. (A) E.coli. (B) Bacillus. E.coli. and Bacillus bacteria strain were associated to gram-negative
and gram-positive bacteria respectively. Zone inhibition around the disc was determined to evaluate the
effectiveness of antibacterial property of nanofibers (due to AgSD released from PAN nanofibers). The
antibacterial activity of AgSD loaded PAN nanofiber mats was taken into account for both bacteria strains
compared with control sample. Excellent antibacterial efficiency was observed for both samples while
sample having AgSD by immersion method ((PAN/AgSD (Immersion)) showed consistent results for both
types of bacteria. It was detected that as amount of AgSD In samples was increased, it had a significant
influence on antibacterial property of nanofiber mats. Herein, from the results it was concluded that self-
synthesized AgSD on PAN nanofibers had better antibacterial activity as compared to in situ added AgSD

in PAN nanofibers.

Figure 4.2 Antibacterial activity test (A) E.coli (B) Bacillus
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4.3.2 Morphological properties

Morphological properties of prepared nanofiber mats were determined by SEM. The SEM images in Figure
4. Show that nanofibers of pure PAN were smooth without any bead formation on specified conditions.
Addition of AgSD by in situ method affected smoothness of electrospun fibers as they became slightly rough
and slight increment in diameter was also noted. SEM image of samples having AgSD by immersion method
showed that AgSD got entangled in between PAN nanofibers as well AgSD nanocrystal were also observed
on the surface of nanofibers. Diameter of PAN/AgSD Immersion samples was also slightly greater than both

of the previous samples.

Figure 4.3 SEM images of (a) PAN nanofibers, (b) PAN/AgSD (E.S) nanofibers, (c) PAN/AgSD

(Immersion) nanofibers

Figure 4. shows nanoparticles distribution on the nanofibers. It can be observed that AgSD nanoparticles
were evenly distributed on the surface of nanofibers which were prepared by direct in situ method. While,
AgSD synthesized by immersion method showed nanoparticles in the form of grafts. Surface of nanofibers

was also covered by AgSD grafts.
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Figure 4.4 TEM images of (a) PAN/AgSD (E.S) nanofiber mats, (b) PAN/AgSD (Immersion) nanofiber

mats

4.3.2.1 Nanofiber’s diameter

As we mentioned above that diameter of nanofibers was altered with impregnation of AgSD in to the PAN
either by in situ method or immersion method. Figure 4. shows quantitative explanation of average diameters
of nanofibers. The average of 50 nanofibers from each sample exhibited slight variation in diameters. In
Figure 4., it can be noticed that average diameters of PAN, PAN/AgSD (E.S), PAN/AgSD (Immersion) were
141.94, 145.02, and 146.94 respectively. Although there is slight increment in diameters with addition of
AgSD in PAN nanofibers but these diameters are within the range of standard deviation of all samples. So,

we can conclude that there was slight or no effect of AgSD on the diameter of PAN nanofibers.
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Figure 4.5 Diameter interpretation of PAN and PAN/AgSD nanofibers
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4.3.3 EDX analysis

EDX study was carried out for the quantitative assessment of Sulfur and Ag contents in the nanofibers. It
can be shown in Figure 4. that sample (a) has lower values of Ag and S as compared to that of sample (b). It
was concluded that samples having self-synthesized AgSD by immersion method had higher values of both
Ag as well as S. further it was also proven by antibacterial activity test where self-synthesized AgSD on

PAN nanofibers had shown excellent results.
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Figure 4.6 EDX analysis of PAN/AgSD (E.S) and PAN/AgSD (Immersion) nanofibers

4.3.4 FTIR Interpretation

FTIR spectra of pure PAN and composite nanofibers of PAN/AgSD are shown in Figure 4.. It was observed
that AgSD had shown sharp peaks at 1203 and 1231.6 cm’' which can be associated with the main
functionality of AgSD that is SO, asymmetric stretching. AgSD loaded nanofibers had also represented peaks
on 1561 cm!, 1583 cm™! and 3410 cm! which can be associated with stretching band of amine (NH>) group.
It was interesting to observe that the spectra of pure PAN nanofibers was not affected by impregnation of
AgSD in PAN nanofibers, which leads towards indication that there may be no chemical reaction between
PAN and AgSD 230, PAN showed prominent peaks at 1452 cm™!, 1664 cm!, 2240 ¢cm™!, and 2923cm™.

Peaks at 1664 cm™!, 2240 cm™!, and 2923c¢m™! represent stretching vibrations of —C=N, —-C=N, and ~CH
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groups respectively while peak at 1452 cm! represents bending vibration of -CH2 group. It was observed
that characteristic peak of PAN nanofibers at wavelength of 1664 cm! slightly decreased with in situ addition
of AgSD in PAN while same peak becomes shorter with addition of AgSD by immersion method. It was
also observed that PAN/AgSD (Immersion) samples showed higher intensity and sharper peaks than

PAN/AgSD (E.S) samples.
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Figure 4.7 FTIR-ATR Spectra of PAN and PAN/AgSD nanofiber mats

4.3.5 X-Ray diffraction (XRD)

XRD was studied to check crystalline structure of nanofiber mats. Pure PAN nanofibers (Figure 4.)
showed a sharp peak at 20 = 17°, and a small peak at 26 = 30°.while PAN did not exhibit any peak up to 20
= 80°. PAN nanofibers showed characteristic peaks of pure PAN. First peak (17°) could be associated with
hexagonal lattice of PAN. Impregnation of AgSD in PAN exhibited sharp peaks at 20 =9°,26 = 11°, 20 =
21°, and many shorter peaks from 260 = 30° to 26 = 60°. All other peaks, except from the two peaks (20 =
17°and 20 = 30°), represented the occurrence of AgSD and all those were linked with AgSD. XRD plot also

64



revealed that stability of PAN was altered by the impregnation of AgSD, as intensity of characteristic peak
(20 = 17°) decreased with addition of AgSD. It was observed that PAN/AgSD (Immersion) sample showed

higher intensity peaks than that of PAN/AgSD (E.S) samples. Presence of AgSD in PAN nanofibers were

also confirmed by XPS analysis.
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Figure 4.8 XRD analysis of PAN nanofibers and PAN/AgSD nanofibers

4.3.6 Thermogravimetric analysis (TGA)

TGA was performed to analyze the significance of AgSD on thermal properties of PAN. Also, effect of in
situ added and self-synthesized AgSD on thermal properties of PAN nanofibers was taken under
consideration. TGA curve is generally separated in to three parts. Where 1% part (up to 100°C) declares
moisture removal. 2™ part of curve indicates thermal degradation onset and offset as well, and the last part
indicates combustion zone where residual amount is measured. It can be observed in Figure 4. that 1% part
of TGA curve represented the higher amount of moisture absorbed by PAN/AgSD (Immersion) nanofibers

than that of PAN nanofibers and PAN/AgSD (E.S) nanofiber mats. The 2" part of TGA curve, which
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indicates the onset temperature, showed that onset of pure PAN nanofibers was at 320°C. PAN/AgSD (E.S)
showed onset at 290°C and onset of PAN/AgSD (Immersion) occurred at 190°C. PAN/AgSD (E.S)
nanofibers showed a sharp onset, while PAN/AgSD (Immersion) showed gradual onset. Residual amounts
for PAN nanofibers, PAN/AgSD (E.S), and PAN/AgSD (Immersion) were 58%, 44%, and 32% respectively.
From TGA data it was decided that impregnation of AgSD caused low thermal stability to PAN. As PAN
has excellent thermal stability so addition of AgSD made it degradable which is taken as good characteristic

for biomedical applications.
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Figure 4.9 Thermal degradation analysis of PAN nanofibers and PAN/AgSD nanofiber

4.3.7 X-Ray spectroscopy (XPS)

XPS was performed to confirm the existence of AgSD in nanofiber mats (Figure 4.). As AgSD consists of
Ag (Silver) and S (Sulfur), that’s why XPS spectra for Ag (3d and 3p) and Sulfur (2s and 2p) were attained.
Ag 3p spectra showed two peaks at 574.0 eV (Ag 3ps12) and 606.0 eV (Ag 3p12) with a split of 32eV. Spectra
of Ag 3d showed peaks at 370.0 eV and 376.5 eV with a split of 6.5 eV .Those peaks can be correlated to

metallic Ag present in nanofibers. The standard peaks for Ag 3ps» and Ag 3pi» were noted at 570.0 eV and
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604.0 eV respectively while standard peaks for Ag 3ds» and Ag 3ds» were noted at 368 eV and 374.5 eV.
Spectra of S 2s had showed peak at 234.0 eV and that of S 2p at 169.0 eV. But in case of PAN/AgSD (E.S)
sample, it was observed that S 2s showed one more peak at 239 eV. While standard peaks for S 2s and S 2p
were noted at 231.0 eV and 164.5 eV. It can be seen in Figure 4. that all relevant peaks for Ag and S are
sharper and have higher intensity for PAN/AgSD (Immersion) samples as compared to that of PAN/AgSD

(E.S) samples. XPS spectra provided clear evidence of presence of silver and sulfur in the nanofiber mats.
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Figure 4.10 XPS analysis of PAN/AgSD (E.S) and PAN/AgSD (Immersion); (a) Ag 3d, (b) Ag 3p, (c) S

2p, and (d) S 2s

4.3.8 Mechanical properties

Mechanical properties (Tensile strength, strain, Young’s modulus) of prepared samples were analyzed. Table
4.3 sums up all results obtained from UTM data. It can be also shown in Figure 4. that PAN nanofibers
showed higher tensile strength (3.984 MPa) while in situ addition of AgSD decreased the tensile strength of
PAN. It can be related with weak physical affection between AgSD and PAN. As from FTIR spectra it was
observed that there was no chemical reaction between AgSD and PAN due to retained peaks of PAN in blend
form too. It was interesting to observe that tensile strength of PAN/AgSD (Immersion) sample was increased

(4.163 MPa) which is indication of stronger physical bonding between AgSD and PAN nanofibers. In SEM
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images (Figure 4.) it was observed that PAN/AgSD (Immersion) nanofibers have entangled AgSD in

between the joints of nanofibers as well as on the surface of nanofibers, which gives mechanical stability to

PAN nanofibers.

Table 4.3 Summary of mechanical properties of PAN nanofibers and PAN/AgSD nanofibers

PAN Nanofibers PAN/AgSD (E.S) PAN/AgSD
(Immersion)
Tensile Strength (MPa) | 3.984+0.186 1.728 +0.263 4.163 £0.314
Elongation at break (%) | 11.254 +2.317 14.087 £ 1.971 41.004 +4.035
Young’s Modulus | 35.400 12.613 10.153
(MPa)
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Figure 4.11 Stress-Strain curve of PAN nanofibers and PAN/AgSD nanofibers

As for as elongation at break is concerned, it can be viewed in Figure 4. that elongation at break increased

with addition of AgSD either by in situ method or by immersion method. But PAN/AgSD (Immersion)

nanofiber mats showed higher value of elongation at break than that of PAN/AgSD (E.S) nanofiber mats.
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Figure 4.12 shows bar chart of tensile strength of all samples with standard deviation. Young’s modulus is

also one of the important performance parameters.

Figure 4.13 shows pictorial analysis and Table 4.3 shows quantitative data of Young’s modulus of the

samples. It was observed that value of Young’s modulus was gradually decreased with addition of AgSD by

in situ and immersion methods respectively.
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Figure 4.12 Comparison of tensile strength of PAN nanofibers, PAN/AgSD (E.S), and PAN/AgSD
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Figure 4.13 Comparison of Young's modulus of PAN nanofibers, PAN/AgSD (E.S), and PAN/AgSD
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4.4 Conclusions
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Keeping in mind all the results and discussions of prepared specimen, it is concluded that PAN has retained
its structure and basic characteristics with addition of AgSD. Antibacterial activity test showed excellent
antibacterial results for both PAN/AgSD (E.S) and PAN/AgSD (Immersion) nanofiber mats. From SEM
results it is already discussed above that nanofiber structure was not much disturbed by AgSD. Surface of
nanofiber became slightly rough which is considered to be helpful for antibacterial activity. FTIR spectra
showed characteristic peaks of AgSD and PAN in nanofibers. There was no shift of peak observed so it can
be referred to physical bonding between PAN and AgSD. XPS spectra clearly showed presence of Ag and
S in nanofiber mats. It was observed that for all above mentioned characterizations, PAN/AgSD (Immersion)
nanofibers showed prominent results. XRD analysis showed that crystalline structure of PAN was changes
as peak at 20 = 17°, which was associated with hexagonal lattice of PAN, was decreased with addition of
AgSD which was further observed in TGA study that thermal degradation of PAN/AgSD (E.S) and
PAN/AgSD (Immersion) was lower than PAN nanofibers. Tensile strength and elongation at break was
increased by addition of AgSD by immersion technique, while tensile strength was decreased with in situ
addition of AgSD in PAN nanofibers during electrospinning. From all results it is concluded that PAN/AgSD
(Immersion) nanofiber mats have better structural and antibacterial properties than that of PAN/AgSD (In
situ) nanofiber mats. So, from our point of view, self-synthesized AgSD is recommended for further

production of nanofiber mats for antibacterial applications.
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Chapter 5

Optimized loading of carboxymethyl cellulose (CMC) in tri-component
electrospun nanofibers having uniform morphology

5. Introduction

Advancement in technologies, product, and system design have brought revolution in lifestyle of mankind.
However, continuous development is key to sustain in developing society. Nanotechnology is one of the
most advanced technologies which covers wide range of applications. [1-3] Electrospinning is a technique
to produce the nonwoven mats which offer large surface area to mass ratio. Nanofibers produced by
electrospinning have diameter in the range of some nanometers to sub-micron while length of nanofibers
can be in the range of some microns to sub-millimeter.[4—-10] Due to high surface area, nanofibers from
hydrophilic polymers may have best utilization in water adsorption or absorption. However applications of
electrospun nanofibers are not limited to water treatment/adsorption only, but cover tissue engineering,
biomedical engineering, energy storage, sensors and actuator, food packaging, air filtration, antibacterial,
and antiviral nanofibrous products as well.[11-17] Hydrogels are very good in their water absorption
properties. They have three dimensional macromolecular networks which swell in the presence of water but
do not dissolve in the water. They possess excellent water absorption due to the hydrophilic functional groups

which are attached to their backbone chain.[18,19]

Natural, semi-synthetic, and synthetic polymers have wide range of applications in materials science and
engineering. However, sustainable development is key consideration for modern research. Cellulose is one
of the most useful natural polymers having number of applications in tissue engineering, water treatment,
filters, food and packaging industry, and other areas of science as well.[20-24] However, applications of
cellulose are limited in the nanofibers based products due to high swelling, gel formation, and processing
difficulties. To widen area of applications for cellulose, it is modified in to different semi-synthetics like
cellulose acetate, CMC, hydroxyethyl cellulose, and other sub types of cellulose.[25-28] Carboxymethyl

cellulose CMC is famous due to its versatile applications in different fields like drug delivery, tissue
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engineering, food industry, cosmetics, printing and dying. CMC also gain attention due to its water holding
capacity. It possess good water holding capacity even at low temperature. CMC has good water absorption
properties in all forms but the absorption rate is higher in film than the fiber. It is reported that the 6000% of
water has been absorbed by the CMC film from its initial mass while in fiber form it is 2000%. The water
absorbing property of CMC is due to the presence of hydroxyl groups. Hydroxyl groups work as the bonding
sites for the water through hydrogen bonding.[29,30] CMC is hydrophilic polymer. It can be easily dissolved
in cold water without gel formation. It does not form gel in cold water because unsubstituted sites of
backbone chain are not fully active and do not work. While the gel formation rate increase as the temperature
of water increase because of unsubstituted sites of cellulose along the backbone chain act as temporary cross
linkers between the chains. Viscosity of the CMC increase due to the gel formation and it became very

difficult to electrospun.

PVA is a polymer having decreasing trend of viscosity as the temperature increase. The presence of hydroxyl
groups on PVA create inter and intra molecular hydrogen bonding. Hydrogen bonding is the reason of the
strong interaction between CMC and PV A. The mechanical properties of the blend is also very good. Blend
possess smooth morphology with no bead formation. But there is bead formation as the concentration of
CMC increase above 5%. Absorption rate of CMC may decrease by adding the PVA. To maintain the good
absorption level it is necessary to introduce the strong hydrophilic polymer to the blend.[31-33] PVP is very
good hydrophilic polymer with good biocompatibility, excellent film forming properties, non-toxicity, bio
degradability and low surface tension.[34,35] PVP also possess electrical conductivity as its intrinsic
characteristic and charge storage capacity.[36,37] PVP make strong interaction with both CMC and PVA.
Carbonyl groups are present on the backbone chain of the PVP which make inter-chain hydrogen bond with

the hydroxyl groups present on the PVA chain.

In this research, PVP and PVA were selected as carriers for CMC. Main objective of this research was to
obtain smooth nanofibers with continuous electrospinning. Addition of CMC can enhance some of the
characteristic properties of nanofibers which further widened the area of applications for PVA and PVP.
CMC having excellent water holding capacity, biocompatibility, biodegradability, and other characteristics
can be used in a number of applications such as food packaging (nanofibers based), biomedical and

environmental engineering applications. This is a novel idea to load maximum possible amount of CMC on
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electrospinning to get uniform nanofibers which can be utilized in practical applications. In future, authors
have plan to carry on this idea to further characterize tri-component nanofibers consisting optimized ratios
of PVA, PVP, and CMC for mechanical, biodegradability, and water holding capacity to specify application

area for betterment of society.

5.1 Materials and methods

Polyvinylpyrrolidone (PVP) with an average molecular weight of 40,000 was purchased from Sigma-Aldrich
(USA), Polyvinyl alcohol (PVA) with an average molecular of 85000-124000 and 87-89% hydrolyzed was
purchased from Sigma-Aldrich, and sodium carboxymethyl cellulose (Na-CMC) with an average molecular
weight of 250,000 and degree of substitution of 1.2 was also purchased from Sigma-Aldrich chemicals
(USA). All materials were used as received without chemical or physical modification.

Concentration of PVA in spinning solution was kept constant (6% w/w) while weight percentage of PVP
and CMC were varied. PVP was added from 10 weight percent to 14 weight percent while CMC was added
as lowest from 1 percent to 3 weight percent as shown in Table . Distilled water was used as solvent for
PVA, CMC, and PVP. Stated quantities of polymers were blended and stirred for 8 hours at 60°C to get
homogenous solution. Viscosity of each spinning solution (3 samples for each solution) was measured by a
viscometer using 63 number cylinder. Electrospinning was carried out a voltage of 20 kV, distance from tip
to collector (cooking sheet was wrapped on collecting drum to get nanofibrous mats) was kept at 18 cm, and
flow rate of spinning solution was set to 1.0 ml/h. All samples were prepared following same procedure and
conditions. After electrospinning all each sample was kept in air tight plastic bag at room temperature for

further characterization.

Table 5.1 Ratio of polymers (w/w) in tri-component composite nanofibrous mats and
viscosities of spinning solutions with standard deviation

Polymers' composition Viscosity
Sample Code Remarks

PVA PVP CMC cps
PVA/CMC-1 6 0 1 181+7 Nanofiber formation
PVA/CMC-2 6 0 2 238+5 No nanofiber observed
PVA/PVP 6 12 0 157+4 Nanofiber formation
C1P10 6 10 1 14145 Nanofiber formation
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CIP11 6 11 1 161+4 Nanofiber formation
C1P12 6 12 1 18746 Nanofiber formation
C1P13 6 13 1 20147 Nanofiber formation
C1P14 6 14 1 21843 Nanofiber formation
C2P10 6 10 2 197+5 Nanofiber formation
C2P11 6 11 2 204+5 Nanofiber formation
C2P12 6 12 2 21544 Nanofiber formation
C2P13 6 13 2 23746 Nanofiber formation
C2P14 6 14 2 24948 Nanofiber formation
C3P10 6 10 3 236+6 Nanofiber formation
C3P11 6 11 3 24744 Nanofiber formation
C3P12 6 12 3 25243 Nanofiber formation
C3P13 6 13 3 27745 No nanofiber observed
C3P14 6 14 3 28646 No nanofiber observed

5.2 Characterization

To investigate the chemical reaction between CMC, PVP and PVA, FTIR with an ATR prestige-21
(Shimadzu, Japan) was used. Fingerprints of ATR were recorded from 600 cm™' to 4000 cm™!. Scanning
electron microscope (SEM) (JSM-5300, JEOL Ltd, Japan) was used to check the surface properties of
nanofiber mats at the voltage of 10 kV. Average diameter was calculated by image analysis software (Image
J, version 1.4.3) from 50 readings of random nanofibers of each samples. Water contact angle was
investigated by using contact angle analyzer (Digidrop, GBX, Whitestone way, France). Thermal analysis
of PVA/CMC, PVA/PVP, and PVA/PVP/CMC composite nanofibers was examined by thermogravimetric
analyzer “Thermo-plus TG 8120, Rigaku Corporation, Osaka, Japan”. TGA test was performed under
ambient (air) atmosphere in static mode and heating rate was set to 10 °C/min and 25°C—-500°C temperature

range for all specimen. Water contact angle (WCA) was measured using contact angle analyzer (Digidrop,
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GBX, Whitestone way, France). Volume of water droplet was set to 2 pL. while pictures were captured after

1 second (1000 milli seconds).

5.3 Results & discussions

5.3.1 Fourier transform infrared spectroscopy (FTIR)

All of the three polymers used in this study are highly hydrophilic in nature, and reason behind hydrophilicity
is presence of abundant hydroxyl groups in main chains of polymeric structures. FTIR-ATR spectra in Figure
5.1 show the presence of hydroxyl groups (-OH peaks) was found in spectra of PVA, PVA/PVP, PVA/CMC,
and PVA/PVP/CMC nanofiber mats. In case of PVA/CMC-1 and PVA/PVP the hydroxyl peak (-OH) was
found to be broader as compared to that of composite nanofibers containing all three polymers. In Figure 5.1
, a broader peak was observed at wavenumber of 3150 cm™! — 3450 cm™! which was associated with presence
of hydroxyl groups in PVA and PVP main chains, however, same peak was become sharper when
concentration of PVP and CMC was increased in composite nanofibers, i.e. a sharp peak was observed at
3402 cm! which is generic peak of hydroxyl group. Further in results of water contact angle it was also
confirmed that increasing percentage of CMC in composite nanofibers imparted super-hydrophilicity to the
nanofibrous mats. Characteristic peaks of PVA were observed at 3200 cm™ to 3500 cm™! which indicates
presence of hydroxyl group (~OH stretching) in PVA chains. A peak at 2900 cm™' was also observed which
referred to (-CH,—) asymmetric and symmetric band.[19] In case of PVP, peak around 1650 cm™!' can be
associated to stretching vibration of the C=0 in the pyrrolidone group, while CH stretching can be assigned
to absorption peaks around 2850 cm™! to 2980 cm!. CH deformation bands can be associated to bands at
1430 cm™! and 1370 cm! (difference in peaks in red and black in given spectra). C-N bending vibration of
pyrrolidone can be associated with the band at 1279 cm’!, however, PVP did not show any significance peak
at 3400 cm!' -3500 cm! which are usually associated with presence of amines.[38] It is highly expected that
PVA, PVP, and CMC could form hydrogen bonding among their chains as it helped in uniform processing

and homogenous mixing of tri-component blend of three different polymers.
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Figure 5.1 FTIR-ATR spectra of PVA/PVP/CMC composite nanofibers with varying weight ratios of PVP
and CMC

5.3.2 Morphological properties

Morphological properties like surface structure and nanofibers’ diameter were observed by the scanning
electron microscope (SEM). As it was also stated in introduction section that CMC cannot be electrospun
due to high viscosity and low conductivity. However, PVA 1is easily electrospun even at varying
concentration (6% to 10% is most suitable for smoother nanofibers). PVP is also very difficult to electrospun
at lower concentrations due to lower viscosity. Addition of PVP lowers the viscosity of CMC solution as
well as imparts conductivity to the spinning solution and makes it electrospunable with good nanofiber
formation. Figure 5. (a & b) represents SEM images of PVA/PVP, PVA/CMC, and PVA/PVP/CMC
composite nanofibers with varying concentrations of CMC (1-3 weight ratio) and PVP (10-14 weight ratio).
In figure-a it can be observed that PVA/CMC-1 (PVA:CMC = 6:1) exhibited smoother nanofibers while not
a single nanofiber was observed by increasing CMC concentration to 6:2 (w/w). PVA/PVP nanofibers were
also found to be smoother and finer. Addition of PVP in spinning solution provided with support of
conductivity and viscosity, which resulted smoother nanofibers in case of C1P10, C1P11, C1P12, and even
C1P14. However, addition of further CMC (weight ratio of 2) did not show the same trend as that of CMCI.

Samples C2P10 and C2P11 nanofibers were not uniform and have some beads on the surface, while C2P13
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and C2P14 nanofibers had uniform morphology. Ratio of CMC was further increased to weight ratio of 3 to
confirm the maximum loading capacity of CMC for smoother nanofibers. It was observed that for CMC-3
only C3P12 sample exhibited smoother morphology while C3P10 and C3P11 samples had beads on the
nanofibers’ surface, on the other hand, not a single nanofiber was observed in case of C3P13 and C3P14. In
conclusion of morphological characterization, it can be stated that maximum and optimum loading capacity
for CMC is up to 3 weight ratio with respect to PVA and PVP. While best suitable concentration for smoother

and continuous nanofibers production without beads formation is PVA:PVP:CMC = 6:12:3.
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Figure 5.2 (a & b) SEM images of PVA/PVP, PVA/CMC, and PVA/PVP/CMC composite nanofibers:
Effect of variation of concentration of PVP and CMC on morphology of nanofibrous mats

5.3.3 Diameter distribution of nanofibers
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Diameters of nanofibers were measured by Image J. software by taking 50 random readings of nanofibers

for each sample. Figure 5.3 (a & b) represents diameter distribution trend as shown in histogram of each

sample (here samples represent only that polymer compositions that were easily converted to nanofibers on

electrospinning). It can be shown that PVA/CMC-1 samples exhibited uniform nanofibers of diameter range

80 nm to 180 nm having an average diameter of 120 nm which indicates successful conversion of polymers

in to nanofibers.
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Figure 5.3 (a & b) Diameter distribution plots (histogram) of PVA/CMC, PVA/PVP, and tri-component

composite nanofibers of PVA, PVP, and CMC

6:2) did not show any sign of nanofiber formation. Addition

However, PVA/CMC-2 (having PVA:CMC

of further CMC and PVP in PVA solution caused a bit diversity in diameter distribution of nanofibers.
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However, it was observed that samples containing 12% PVP exhibited nanofibers of finer and uniform
diameter range. It may be because of compatibility or formation of bonding among three polymers on this
specific composition. However, this claim further needs confirmation after performing relevant test. As it
can be observed in Figure 5. and Figure 5. that samples having 12% PVP and varying concentration of CMC

exhibited uniform nanofibers without beads formation, as well as uniform diameter distribution.

5.3.4 Water contact angle (WCA)

Water holding capacity of any substance is generally dependent on hydrophilic or hydrophobic nature [18].
Hydrophilicity can be assessed by measuring water contact angle (WCA). WCA of PVA/CMC,
PVA/PVP/CMC, and PVA/PVP was measured to evaluate hydrophilic capacity of electrospun nanofibers.
Uncrosslinked PVA nanofibers generally have hydrophilic nature while crosslinked nanofibers exhibit
hydrophobicity depending upon degree and type of crosslinking [19]. CMC and PVP are also highly
hydrophilic polymers. Selection of hydrophilic polymers for a Tricomponent blend for enhanced adsorption
and absorption properties was also one of the objectives of this research (however further testing will be
carried out in future research regarding adsorption and absorption characteristics to evaluate usability of
prepared blends for such applications commercially). Figure 5. represents WCA for composite nanofibrous
mats. It can be seen that water contact angles for all of the nanofibrous mats are in the range of hydrophilic,
however, samples a-d exhibited contact angle ranging from approx.15° to 20° while WCA values for samples
e-o was found to be at 0° (except samples I and J, but average for these two samples were also well below
1°). It was observed that increasing PVP content did not bring any significant changes in water contact angles
of composite nanofibers while increasing CMC content significantly decreased WCA values for composite
nanofibers. Which indicates that CMC has more tendency towards water due to containing abundant
hydroxyl groups in main chain as compared to that of PVA or PVP. Addition of optimum content of CMC
will impart hydrophilicity to the composites. It is suggested that CMC should be added with hydrophobic
polymers to increase their tendency towards hydrophilic nature. However compatibility of polymers should

be properly examined before blending with CMC.
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Figure 5.4 Water Contact Angles (WCA) for PVA/PVP, PVA/CMC, and PVA/PVP/CMC nanofibers:
Effect of variation in weight ratios of PVP and CMC on water affinity of nanofibrous mats

5.3.5 Thermogravimetric analysis (TGA)

CMC is generally unstable above 280°C, while PVA and PVP are thermally stable well above 300°C. Figure
5.55 represents TGA curves of PVA/CMC, PVA/PVP, and PVA/PVP/CMC (with varying ratios of PVP and
CMC). TGA plots in (a-c) have been divided in 3 groups due to overlapping of results. generally, a TGA
curve is divided in 3 parts on the basis of temperature zones [39], first temperature zone is up to 100°C which
indicates evaporation of high volatile components including impurities and vapors. Second zone starts from
onset temperature and ends at offset temperature of substance. Second zone describes thermal stability of
substance. While third and the last temperature zone starts from offset temperature of substance which shows
burning or degradation of substance. For substances/polymers which are not thermally stable, the last zone
is usually flatter as compared to that of thermally stable. It can be observed that onset temperatures for
PVA/PVP nanofibrous mats was well above 300°C while onset temperature of nanofibers containing CMC
was dropped to 220-250°C which indicated that addition of CMC in tri-component nanofibrous mats caused
decrement in thermal stability of polymers. However, considering practical applications such as food
packaging, water absorption/adsorption, the thermal stability of nanofibers is still enough to be used as it is.

It was also observed that at lower weight ratios of CMC and PVP the 3™ onset was not so clearly visible
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while increasing content of PVP and CMC, 3™ onset (curve) is clearly visible in TGA plot. Increasing CMC

content also caused decrease in residue.
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Figure 5.5 Thermogravimetric analysis (TGA) plot of PVA/PVP, PVA/CMC, and PVA/PVP/CMC
nanofibers: Effect of variation in weight ratios of PVP and CMC on thermal properties of nanofibrous mats

5.4 Conclusions

Considering results and discussions of experimental section, it can be concluded that CMC is not suitable
for electrospinning as a single component, however it can be processed by forming blends/composites with
compatible polymers like PVA and PVP. It was observed that at specific concentrations of CMC and PVP
formed highly uniformed nanofibers without any beads formation. Processability was also observed to be

smoother specifically for samples containing 12 wt.% PVP. There was no significance on thermal
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degradation due to addition of CMC. Water contact angle was further decreased to 0° with addition of CMC
in tri-component nanofibers. Nanofibers having smoother morphology will have potential applications in the

field of biomedical, agriculture, and environmental engineering.
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Chapter 6

Conclusion

PAN/CuO nanofibers were successfully electrospun with varying concentrations of CuO in PAN nanofibers.
Addition of copper oxide nanoparticles imparted strength to PAN nanofibers. Tensile strength of PAN/CuO
nanofibers having 1.00% CuO nanoparticles was significantly increased (8.43 MPa). Morphological
properties also exhibited uniformity and smooth production of nanofibers (beads free nanofibers). Prepared
nanofiber mats presented excellent antimicrobial activity and release properties. Breathability test was
performed which also resulted in significant breathability (performance of nanofibers was in medium range).
MTT analysis also represented that more than 50% of total cells were survived after 120 hours of incubation.
Air permeability of nanofiber mats was improved by addition of copper oxide nanoparticles. Analyzing
above mentioned properties which include antimicrobial, drug release behavior, mechanical properties,
thermal properties, breathability, air permeability, surface and structural properties, it can be concluded that
copper oxide nanoparticles have significant potential for antimicrobial and structural applications. We
recommend PAN/CuO nanoparticles for antimicrobial breath mask applications on the basis of above
described results.

Momordica charantia (MC) extract (water soluble) was loaded on electrospinning in combination with PVA
which is well known biocompatible polymer. PVA nanofibers are generally beads-free and more uniform in
morphology. Addition of MC extract in PVA solution caused beads formation, and beads occurrence was
increased with increasing MC concentration in PVA. Maximum of 50% (w/w) MC loading was run on
electrospinning which resulted electro-sprayed PVA/MC nanofibers (less nanofibers, more beads). Samples
having 40% MC was considered better as these samples presented better morphological, antibacterial,
surface, and thermal properties, hence recommended for further production of nanofibers. Satisfactory
results were obtained from toxicity test. But mechanical properties (tensile strength) were suppressed with
increasing MC extract concentration in PVA/MC solution. However, our target application is more focused
on antibacterial and biocompatibility of prepared nanofiber mats which both are satisfactory. It can be
concluded that MC extract is suitable and sustainable replacement of antibacterial drug due to its excellent
antibacterial activity against both gram positive and gram negative bacteria. WST-1 assay also showed that

MC extract is suitable in applications such as wound dressings.
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Keeping in mind all the results and discussions of prepared specimen, it is concluded that PAN has retained
its structure and basic characteristics with addition of AgSD. Antibacterial activity test showed excellent
antibacterial results for both PAN/AgSD (E.S) and PAN/AgSD (Immersion) nanofiber mats. From SEM
results it is already discussed above that nanofiber structure was not much disturbed by AgSD. Surface of
nanofiber became slightly rough which is considered to be helpful for antibacterial activity. FTIR spectra
showed characteristic peaks of AgSD and PAN in nanofibers. There was no shift of peak observed so it can
be referred to physical bonding between PAN and AgSD. XPS spectra clearly showed presence of Ag and
S in nanofiber mats. It was observed that for all above mentioned characterizations, PAN/AgSD (Immersion)
nanofibers showed prominent results. XRD analysis showed that crystalline structure of PAN was changes
as peak at 20 = 17°, which was associated with hexagonal lattice of PAN, was decreased with addition of
AgSD which was further observed in TGA study that thermal degradation of PAN/AgSD (E.S) and
PAN/AgSD (Immersion) was lower than PAN nanofibers. Tensile strength and elongation at break was
increased by addition of AgSD by immersion technique, while tensile strength was decreased with in situ
addition of AgSD in PAN nanofibers during electrospinning. From all results it is concluded that PAN/AgSD
(Immersion) nanofiber mats have better structural and antibacterial properties than that of PAN/AgSD (In
situ) nanofiber mats. So, from our point of view, self-synthesized AgSD is recommended for further

production of nanofiber mats for antibacterial applications.

Considering results and discussions of experimental section, it can be concluded that CMC is not suitable
for electrospinning as a single component, however it can be processed by forming blends/composites with
compatible polymers like PVA and PVP. It was observed that at specific concentrations of CMC and PVP
formed highly uniformed nanofibers without any beads formation. Processability was also observed to be
smoother specifically for samples containing 12 wt.% PVP. There was no significance on thermal
degradation due to addition of CMC. Water contact angle was further decreased to 0° with addition of CMC
in tri-component nanofibers. Nanofibers having smoother morphology will have potential applications in the

field of biomedical, agriculture, and environmental engineering.

95



Chapter 7

Accomplishments

1. Hashmi, M.; Ullah, S.; Kim, I. S. Copper Oxide (CuO) Loaded Polyacrylonitrile (PAN) Nanofiber
Membranes for Antimicrobial Breath Mask Applications. Curr. Res. Biotechnol. 2019, 1, 1-10.
https://doi.org/10.1016/j.crbiot.2019.07.001.

2. Hashmi, M.; Ullah, S.; Kim, 1. S. Electrospun Momordica Charantia Incorporated Polyvinyl Alcohol
(PVA) Nanofibers for Antibacterial Applications. Mater. Today Commun. 2020, 101161.
https://doi.org/https://doi.org/10.1016/j.mtcomm.2020.101161.

3. Hashmi, M.; Ullah, S.; Ullah, A.; Khan, M. Q.; Hussain, N.; Khatri, M.; Bie, X.; Lee, J.; Kim, I. S. An
Optimistic Approach “from Hydrophobic to Super Hydrophilic Nanofibers” for Enhanced Absorption
Properties. Polym. Test. 2020, 90 (June), 106683. https://doi.org/10.1016/j.polymertesting.2020.106683.

4. Hashmi, M.; Ullah, S.; Kim, I. S. Optimized loading of carboxymethyl cellulose (CMC) in tri-component
electrospun nanofibers having uniform morphology, Polymers, 2020

5. Ullah, S.; Ullah, A.; Lee, J.; Jeong, Y.; Hashmi, M.; Zhu, C.; Joo, K. Il; Cha, H. J.; Kim, I. S. Reusability
Comparison of Melt-Blown vs Nanofiber Face Mask Filters for Use in the Coronavirus Pandemic. ACS
Appl. Nano Mater. 2020, 3 (7), 7231-7241. https://doi.org/10.1021/acsanm.0c01562.

6. Ullah, S.; Hashmi, M*.; Khan, M. Q.; Kharaghani, D.; Saito, Y.; Yamamoto, T.; Kim, I. S. Silver
Sulfadiazine Loaded Zein Nanofiber Mats as a Novel Wound Dressing. RSC Adv. 2019, 9 (1), 268-277.
https://doi.org/10.1039/C8RA09082C.

7. Ullah, S.; Hashmi, M*.; Kharaghani, D.; Khan, M. Q.; Saito, Y.; Yamamoto, T.; Lee, J.; Kim, L. S.
Antibacterial Properties of in Situ and Surface Functionalized Impregnation of Silver Sulfadiazine in
Polyacrylonitrile =~ Nanofiber =~ Mats. Int. J.  Nanomedicine 2019, 14, 2693-2703.
https://doi.org/10.2147/IJN.S197665.

8. Umar, M.; Ullah, A.; Nawaz, H.; Areeb, T.; Hashmi, M.; Kharaghani, D.; Kim, I. S. Wet-spun bi-
component alginate based hydrogelfibers: Developmentandin-vitroevaluation as a potential moist wound
care dressing. Int. J. Biol. Macromol. 168 (2021) 601-610.https://doi.org/10.1016/].ijbiomac.2020.12.088

9. Ullah, A.; Ullah, S.; Khan, M. Q.; Hashmi, M.; Nam, P. D.; Kato, Y.; Tamada, Y.; Kim, I. S. Manuka
Honey Incorporated Cellulose Acetate Nanofibrous Mats: Fabrication and In Vitro Evaluation as a Potential
Wound Dressing. Int. J. Biol. Macromol. 2020.
https://doi.org/https://doi.org/10.1016/j.ijbiomac.2020.03.237.

10. Kharaghani, D.; Khan, M. Q.; Tamada, Y.; Ogasawara, H.; Inoue, Y.; Saito, Y.; Hashmi, M.; Kim, [. S.
Fabrication of Electrospun Antibacterial PVA/Cs Nanofibers Loaded with CuNPs and AgNPs by an in-Situ
Method. Polym. Test. 2018, 72 (October), 315-321. https://doi.org/10.1016/j.polymertesting.2018.10.029.

11. Ullah, S.; Hashmi, M".; Hussain, N.; Ullah, A.; Sarwar, M. N.; Saito, Y.; Kim, S. H.; Kim, 1. S.
Stabilized Nanofibers of Polyvinyl Alcohol (PVA) Crosslinked by Unique Method for Efficient Removal of
Heavy Metal Ions. J. Water Process Eng. 2020, 33 (December 2019), 101111.
https://doi.org/10.1016/j.jwpe.2019.101111.

12. Hussain, N.; Ullah,S; Sarwar, M. N.; Hashmi, M.; Khatri, M.; Yamaguchi, T.; Khatri, Z.; Kim, 1. S.
Fabrication and characterization of novel antibacterial ultrafine Nylon-6 nanofibers impregnated by garlic
sour. Fibers & Polymers (Accepted)

96


https://doi.org/10.1016/j.crbiot.2019.07.001
https://doi.org/https:/doi.org/10.1016/j.mtcomm.2020.101161
https://doi.org/10.1016/j.polymertesting.2020.106683
https://doi.org/10.1021/acsanm.0c01562
https://doi.org/10.1039/C8RA09082C
https://doi.org/10.2147/IJN.S197665
https://doi.org/10.1016/j.ijbiomac.2020.12.088
https://doi.org/https:/doi.org/10.1016/j.ijbiomac.2020.03.237
https://doi.org/10.1016/j.polymertesting.2018.10.029
https://doi.org/10.1016/j.jwpe.2019.101111

13. Irfan, M. S.; Gill, Y. Q.; Ullah, S.; Naeem, M. T.; Saeed, F.; Hashmi, M. Polyaniline-NBR Blends by
in Situ Polymerization: Application as Stretchable Strain Sensors. Smart Mater. Struct. 2019, 28 (9).

https://doi.org/10.1088/1361-665X/ab1df3.

14. Irfan, M. S.; Gill, Y. Q.; Hashmi, M.; Ullah, S.; Saeed, F.; Qaiser, A. A. Long-Term Stress Relaxation
Behavior of Polyaniline-EPDM Blends Using the Time-Temperature-Strain Superposition Method. Mater.
Res. Express 2018, 6 (2), 025318. https://doi.org/10.1088/2053-1591/aaf06a.

97


https://doi.org/10.1088/1361-665X/ab1df3
https://doi.org/10.1088/2053-1591/aaf06a

Chapter 8

Acknowledgment

I would love to express my gratitude to the Allah Almighty for his countless blessings. I would like to thank
my advisor Prof. Kim Ick Soo for the support in my Ph.D studies and research, for his patience, motivation

and knowledge. He helped me all time in research and writing this thesis.

I also want to thank all my lab mates Specially Mr. Azeem ullah, Mr. Nadir Hussain, Mr. Numan Sarwar
and Mr. Muzammil for their support and motivation. My special thanks goes to administrative staff Ms.
Yukari Katayam, Ms. Sumika Sano, Ms. Saito, Mrs. Akiko Kabuta and Japanese students Mr. Saito Yuske,
Mr. Wada, Mr. Yamamoto, Ms. Mikoto for their immense support, without their support it was almost

impossible to survive in japan.

I specially want to show my respect and love towards my family. My parents supported me with their advices

and prayers. They made me what I am today.

I could never thank enough to my husband Mr. Sanaullah for his support in this journey. I could not have

imagined having a best friend, soulmate and mentor like him in my life.

Last but not the least, all my love goes to my daughter Waniya Zarnish. She is my strength. Her cute smile

made me the strongest woman in the world. She gave me the courage to vanquish the world for her.

98



