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Abstract

GELS AND ELECTROSPUN FIBERS FOR
BIOMEDICAL APPLICATIONS

The objective of the thesis was to design and develop newer novel
biomaterials in the form of gels and electrospun fibers from polysaccharides
which are biocompatible and biodegradable in nature. The polysaccharides
(e.g., celluloses and proteins) which form the basic building blocks of life, are
gaining increased interest in recent times for researchers to develop newer
health care products from renewable bio-polymers which are cheaper and
easily available with different desirable properties. Gels are highly swollen
three dimensional networks of hydrophilic polymers cross-linked by physical
or chemical interactions. The unique property of using the bio-polymeric gels
and fibers is their high swelling ability, they mimic the extra cellular matrix
(ECM) and also closely resemble the living tissues in our body which are most
suited for human health applications. Smart polymeric gels and electrospun
fibers constitute a new generation of biomaterials that are now being
developed at a prolific pace for their use as biosensors, actuators, templates in
biomedical devices, drug delivery, wound healing, scaffolds and implants for
tissue regeneration, pharmaceutical and cosmetic industry. However, the major
drawback of using the bio-polymers used for biomedical applications is the
lack good mechanical properties and since they are biodegradable in nature, it
is important to control the rate of degradation for certain specific applications
which requires long time applications.

In this context, our focus was to design and develop a novel microgel system
which would effectively deliver the anti-cancer drug to the targeted site by
slow and sustained release for longer times. The water soluble
Hydrophobically modified Ethyl Hydroxy Ethyl Cellulose (HM-EHEC)
biopolymer was used in the synthesis of microgels by Michael-type addition
reaction between the primary hydroxyl groups of HM-EHEC and Divinyl
sulphone (DVS) crosslinker using water-in-oil emulsion technique. The

microgels obtained were spherical in shape having flower type morphology



with average size of 5 to 8 um. The anti-cancer drug 5-Flurouracil (5-FU) drug
was successfully incorporated and around 56% of the 5-FU was released in 72
hours with a loading efficiency of 95%. The cell viability (MTT assay) studies
confirmed the cycto-toxicity on the MDA-MB 231 breast cancer cell line.
There was increase in the cell death with increase in the concentration of
microgel containing drug concentration. The HM-EHEC microgels could be
effectively used in the form of a topical cream in the skin and breast cancer for
on-site slow and targeted delivery.

Next, we designed and fabricated novel electrospun nanofiber mats using the
Ethyl Hydroxy Ethyl Cellulose (EHEC) and hydrophobically modified Ethyl
Hydroxy Ethyl Cellulose (HM-EHEC) bio-polymers. We report for the first
time electrospinning of these polymers for biomedical applications. These
speciality polymers are used as rheology modifiers in paint industry and for oil
recovery applications. The morphology of spin-coated films and electrospun
fibers of ethyl hydroxy ethyl cellulose (EHEC), hydrophobically modified
ethyl hydroxy ethyl cellulose (HM-EHEC) and their blends with Poly (vinyl
alcohol) (PVA) were examined by Atomic Force Microscopy (AFM), SEM
and contact angle measurements. These polysaccharides upon blending with
PVA exhibited smooth surface which was evidenced by AFM observation.
The oriented fibers could be obtained using a rotating disc collector. Contact
angles of spin-coated films and electrospun fibers were discussed in terms of
hydrophobicity and wetting characteristics. Further, the nanofibers of
EHEC/PVA were in-situ crosslinked using natural and non-toxic citric acid
and were used for controlled release of Chlorhexidine Digluconate (ChD), an
antibacterial drug. In-vitro studies of cyto-toxicity, cell growth and cell
proliferation were performed using L929 mouse fibroblast cells. These
nanofiber mats show potential in drug delivery and as scaffolds in tissue
engineering applications.

In continuation of the above work, we further studied the EHEC/PVA
electrospun mats by incorporating nano-materials namely Halloysite nanoclay
(HNT) and Silver nanoparticles (AgNPs), to understand their morphology,
effect on the mechanical properties, in-vitro and in-vivo characteristics and

release behaviour of an antibacterial drug for drug delivery and as scaffolds



for tissue regeneration. The Halloysite (HNT) loaded EHEC/PVA nanofiber
mats exhibited very good mechanical properties and proved a potential in
wound healing activity by slow and sustained release of the Gentamicin (GS)
drug. The mechanical properties also increased with the addition of silver
nanoparticles. The AgNPs embedded EHEC/PVA nanofiber mats having
lower concentration of AgNOs (0.5% AgNPs) were found to enhance the
wound healing with no scar formation in the wistar rat studies. The biological
in-vitro and in-vivo studies in both the cases (nanoclay and nanoparticles)
supported the study for making the EHEC based nanofibers an excellent
healing biomaterial in case of severe burns and wounds.

The bio-polymer based electrospun fibers have tremendous applications in
bio-separations. In order to explore further, for the separation of impurities
from blood like uremic toxins and smaller sized molecules, we designed a
novel filter media from gelatin which is a cost effective and biodegradable
resource. The gelatin fibers obtained from electrospinning process were
incorporated with the Halloysite nanoclay (HNT) and crosslinked with
glutaraldehyde for improvement in the mechanical properties. The
morphology was studied by SEM and fiber diameter ranged from 1 to 3 pum.
The porosity and pore size distribution, pressure drop were studied using the
3D-Microtomography experiments. The in-vitro MTT assay for cell viability
of the L929 fibroblast cells showed no toxicity and the same was confirmed by
the haemolysis study which showed that the gelatin filter media could be used
as filtration/purification system. This filter media could possibly find a
replacement for synthetic membranes which are used in the dialysis treatment
for patients with kidney failures and disorders.

Thus, in this thesis we report for the first time the use of bio-polymers namely
EHEC and HM-EHEC polysaccharides for the design and development of
novel polymeric gels and electrospun fibers which have a great potential in
biomedical applications like drug delivery, scaffolds in tissue regeneration for
wound healing and in blood purification applications.
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CHAPTER I: Introduction and Literature Survey

1.1 Biomaterials

The area of Biomaterials is an exciting field of science that has been
significantly and steadily developed over the last fifty years and encompasses
aspects of medicine, biology, chemistry and materials science. In 600 BC,
Indian surgeon “Susruta” in his book has written on repairing the torn ear
lobes from the cheek skin and reconstruction of the nose using the forehead
skin® as shown in fig 1.1(a). Egyptians in much earlier times knew about the
linen sutures. The artificial teeth, ear, nose, eyes were found on the bodies of
the mummies in the Egyptian civilization.? In olden days, apart from glue, wax
materials like gold, zinc, and glass were also used as biomaterials.> Over the
last fifty years there has been considerable understanding in the interactions
between tissues and materials with tremendous improvements in the use of
surgical materials, implants and devices in biomedical applications primarily
in the field of tissue engineering scaffolds, drug delivery and regenerative

medicine.

A5

Figure 1.1(a): Susruta Figure 1.1(b): “Holoclar” contact

performing surgery on the lens made from patient’s stem
patient’s ear.(600 BC) cells.(2015)

Adapted with permission from Springer Nature; Regrowing the body;
Willyard, C. Timeline; 2016. © Macmillan Publishers Limited.

“Holoclar” is a recent development by researchers shown in fig 1.1(b) where
the contact lens is made up of limbal stem cells, which helps in restoring the
eyesight by repairing the cornea after an injury.

“Biomaterial” is therefore, defined as a material which intends to interface
with the biological system in order to evaluate, treat, and replace any
tissue/organ or functions of the body.* They are widely used to improve the
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quality of patient’s life in the form of dental implants, heart valves, vascular
grafts, intraocular lenses, pacemakers and biosensors.

The biomaterials market is projected to reach USD 206.64 billion by 2024 and
expected to increase tremendously in the future. The Journal of Bone and Joint
Surgery, has reported that the demand for knee arthroplasties is estimated
togrow and reach 3.48 million by 2030. The demand for total hip
arthroplasties is anticipated to rise upto 5,72000 people by the year 2030.° The
future of biomaterials is expected to enhance greatly through the development
of newer and advanced functional materials in the medical and other fields of

applications.®

1.2 Classification of Biomaterials
Biomaterials available today are developed either singly or in combination
of the materials. The materials have different atomic arrangement which
present the diversified structural, physical, chemical, and mechanical
properties for various applications in the body. They are bio-inert, bio-
stable, bio-active and bio-degradable in nature and basically classified as
metallic, ceramic, natural, polymeric, and composite materials.’

1.2.1 Metallic: Metals are the most widely for load-bearing implants as
screws and fracture plates. Stainless steel, titanium and its alloys,
cobalt alloys along with nickel, chromium, iron, molybdenum, and
tungsten are also used in maxillofacial surgery, cardiovascular surgery,
and for dental applications.®

1.2.2 Ceramic: They are generally hard, and biodegradable. Alumina,
zirconium, silicone nitrides and carbon are inert bio ceramics. Certain
glass ceramics, hydroxyapatites are semi-inert and calcium phosphates
and calcium aluminates are resorbable ceramics.®

1.2.3 Polymeric: The polymeric biomaterials are very advantageous over
the metal or ceramic materials because they possess desired physical
and mechanical properties and are easily available at low cost. The
polymers poly methyl methacrylate (PMMA), polyethylene, polyester,
polyvinyl chloride, silicone rubber, nylon, poly lactic acid, poly
glycolic acid, and poly (lactide-co-glycolide) are frequently used. &
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1.24

1.25

Composites: Some applications of composites in biomaterial
applications are in dental filling composites, orthopaedic implants with
porous surfaces. Flexible composite bone plates are effective in
promoting healing. The carbon reinforced polymer composites are of
great interest for bone repair and joint replacement because of their low
elastic modulus properties.®

Natural: Biomaterials made from natural polymers are often
advantageous as they do not elicit any toxic or chronic reactions in the
body and are capable of regenerating new tissues. They include
collagen, chitosan, alginate, hyaluronic acid, gelatin, fibrin, silk and

cellulose.®

1.3 Biomaterials in Health care

The medical implants including heart valves, stents, grafts, artificial joints,

hearing loss implants, dental implants, hip implants are biomaterials used to

repair the damaged parts of the human body. One of the most outstanding and

remarkable application of biomaterials in recent times is deep brain

stimulation to treat Parkinson disease where a thin electrode is inserted in the

brain and the other end is connected to the stimulator causing uncontrolled

tremor, rigidity, slowness which gradually disappear thereby improving the

patients health.® The joint replacement orthopaedic surgeryis generally

conducted to relieve arthritis pain and hip fractures.

(b)
Painless hydrogel dressings Thin and flexible wound Stept mgde . of zinc
for burns/wounds . . which 1is dissolvable
dressing with pH sensors, . .
2 and resists corrosion.
thermo-responsive-drug
carrier with a controller

Figure 1.2: Biomaterials in human health.

Adapted from National Institute of Biological Imaging and Bioengineering,
US Department of Health and Human Services, National Institutes of Health.!!
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Nanofiber mask

i N\

Non-woven layers

Figure 1.3: Biomaterial based non-woven nanofiber face masks.
Adapted from website of Azonano, Image credit: Inovenso.®

Researchers are working on to regenerate the ailing heart with a tissue patch
which is pre-seeded with bone marrow cells or mesenchyme stem cells.!® The
painless and responsive hydrogels are being studied as wound dressing
materials and also for on demand drug delivery technologies which will enable
the patient’s having chronic diseases to control the dosage and frequency of
drug as shown in fig 1.2 (a) and (b). The bio-absorbable zinc stent developed
by researchers as seen in fig 1.2 (c), eventually erodes away by itself with time
without causing any chronic risk or damage to the patient’s health.!!
Polymeric micro and nano fibers have gained much popularity as potential
substrates for the immobilization of bio molecules which can have tremendous
applications in cancer diagnostics, theronostics, in air and water filtration and
also as membranes in bio-separations. The porous fibrous membranes of
micro/nano size, work as an artificial kidney dialyzer are developed for the
rapid dialysis.? The nanofiber polymeric face masks are in great demand these
days due to the dreadful covid-19 pandemic. These nanofiber masks are
flexible and comfortable to use, which helps to inhibit the virus/bacteria owing
to their high filtering efficiencies!® as shown in the fig 1.3. Recyclable
disposable face masks offer protection against the deadly corona virus to a
great extent. Nanofiber masks along with antibacterial coatings are also
efficient in filtering air pollutants and particulate matter of 0.3um thereby
protecting against invisible bacteria, viruses, volatile chemicals, dust and

exhaust fumes.
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1.4 Gels

Pierre-Gilles de Gennes in the year 1991 named gels under the broad category
of “soft matter””.!* Polymeric gels are three-dimensional networks which are
swollen by a large amount of solvent. Peppas defined Hydrogels as
“hydrophilic, three-dimensional networks, which are able to imbibe large
amounts of water or biological fluids and resembles a biological tissue.”*® The
first polymeric biomaterial developed in 1960 was in the form of a hydrogel
using Poly hydroxy ethyl methacrylate (PHEMA) as contact lenses for human
use.’® 17 Gels are basically classified as chemical gels and physical gels,
depending on their nature of crosslinking as shown in fig 1.4. In the case of
chemical gels, a three-dimensional network is formed by crosslinking through
covalent bonds. The physical gels are physically connected in form of
aggregates and depending on the nature of the interactions, the junctions may
be hydrogen bonds, crystalline regions, ionic clusters, or phase-separated

(AR @ %X
/\/( E\; /? \x S
O (g D

L

e oy Py
crosslink  Polymer chain Physical crosslink Polymer chain

Figure 1.4: (A) Chemical gels generated by chemical crosslinking
(B) Physical gels via non-covalent interactions in polymer chains.

Gels are also categorized depending on their size as macrogels, microgels, or
nanogels. The microgel particles are in the size range range of 100 nm to 1
pm. The gels are referred to as nanogels, when their overall sizes are below
100 nm. The unique properties of functional microgels/nanogels are mainly
related to their dynamic, permeable, network like architecture, their capability
to swell in different solvents, and their deformability. These gels combine
typical characteristics of macromolecules, colloids, and surfactants.?’ Like
macromolecules, they are soft and respond extremely fast to changes in
solvent quality by changes in their local conformation?! 22 like colloids, they

SP Pune University Page 5



CHAPTER I: Introduction and Literature Survey

can crystallize at high volume fractions?*-%° and as surfactants; they adsorb to

interfaces and reduce the interfacial tension.26 27
1.4.1 Gel Properties

In the design of any gel system, it is important to know the molecular structure
of the gel and how the interactions between the gel phase and the surrounding
liquid phase occur. The most desirable properties of the gel for biomaterial
applications are given below:

1.4.1.1 Biodegradability

Biodegradable materials are most frequently desirable in case of implants into
the human body. After the purpose is served, the gels must be capable of
breaking down into catabolites and should be excreted from the body. The rate
of degradation should be comparable to the rate of tissue regeneration.?®

1.4.1.2 Biocompatibility

Hydrogels are biocompatible in nature and due to their high water content,
they mimic the extra cellular matrix (ECM) of the body and therefore,
demonstrate high tissue compatibility.?® *°

1.4.1.3 Mechanical strength and stability

Gels are soft and fragile materials and are prone to erosion. If the rate of
erosion is too fast then the hydrogel may disappear, before it has successfully
accomplished its desired therapeutic effect. The mechanical strength of the gel
can be tuned depending on the application by varying the chemical structure of
the gel. It is possible to obtain a gel with higher stiffness increasing the

crosslinking degree. 3132
1.4.1.4 Porosity/ porous structure

Porosity is a morphological feature of a material that can be simply described
as the presence of void cavity inside the bulk. Pores may be formed in gels by
phase separation during synthesis, or they may exist as smaller pores within
the network. The interconnected porous structure within the polymeric
hydrogel improves their performance. The accurate design of pore structure in
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hydrogels, in terms of the porosity and pore size distribution, is strongly
required for tissue engineering applications, to allow for the three-dimensional

cell and tissue infiltration.®?

1.4.1.5 Swelling

The volume fraction of the polymers in the swollen state describes how much
fluid can be absorbed and retained. The equilibrium state of the hydrogel
swollen in a fluid is determined by two forces. The thermo dynamical force of
mixing favours the swelling, while the other is the stored energy in the
stretched polymer chains hinders the swelling.3*

1.4.2 Gels/Hydrogels from Natural and Synthetic Polymers

The natural polymers used in preparation of scaffolds/materials for biomedical
applications are either from plant or animal origin. The polymers from animal
origin are chitosan, keratin, silk, collagen, chitin, and elastin, which are
usually derived from animal’s body. The natural polymers which are obtained
from plant origin are cellulose, cellulose derivates, hyaluronic acid,
chondroitin sulfate, starch and pectin.® The polysaccharides based gels have
attracted great deal of attention due to their properties like biodegradable,
biocompatible, non toxic, easy to prepare and easily available at low costs.
The natural polymers are not very stable and often lack the required optimum
mechanical properties for the functioning of the product/device in the medical
field and therefore, the use of synthetic biodegradable polymers is often
blended with natural polymers. Poly hydroxy ethyl methacrylate (PHEMA)
was the first synthetic hydrogel shown for applications in contact lenses, burn
wound dressings, artificial skin, drug delivery and tissue engineering scaffolds
for promoting cell adhesion and in artificial cartilage production for bone
marrow and spinal cord cell regeneration.®®3” Hydrogels based on
polyethylene glycol methacrylate (PEGMA), poly ethylene glycol
dimethacrylate (PEGDMA) and poly ethylene glycol diacrylate (PEGDA)
most widely used for hydrogels in medicine. They possess high
biocompatibility, non-toxic on surrounding tissue which makes them good
candidates for drug delivery system applications.®®=° Polyvinyl Alcohol(PVA)
hydrogels are mostly used in contact lens production, cartilage reconstruction,
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artificial organs regeneration, drugs delivery systems and wound dressings by
providing the skin with a moist environment, favour epithelial cell and tissue
reconstruction for faster wound healing.*°*! PVA based hydrogels are also
used for injectable implants, endoprostheses ,soft tissue fillers in plastic,
reconstructive and aesthetic surgery.*>*® Polyvinylpyrrolidone (PVP) is also
used in drug delivery systems and wound dressings and are usually obtained
with the radiation technique**, an apparently simple, efficient, clean and
environmentally friendly process. They are advantageous due to softness and
elasticity and their ability to store large amounts of liquid while retaining quite
good mechanical properties. Agar, cellulose or PEG are the usual polymers
added to PVP hydrogels.** Wang et al reported that the blending poly vinyl
pyrrolidone (PVP) and carboxy methyl cellulose(CMC) yields a hydrogel with
good mechanical properties, high water uptake, enhanced biodegradability.*®
Polyacrylate (PA) hydrogels, mainly poly acryl amide (PAA), are used mostly
as agricultural gels. They also play an important role in biomedical
applications in lip enhancement, chest deformities aesthetic corrections, as soft
tissue fillers and augmentation materials for breast implants.*” Polyurathene
(PU) hydrogels serve as drug carriers, in drug delivery, wound dressing
manufacture, artificial kidney membranes, catheter coating materials and
contact lenses. 849

1.5 Microgels

“Microgels” are colloidal dispersions of gel particles. Staudinger and
Husemann were the first to prepare microgels in 1935 by suspension
polymerisation of Poly (divinyl benzene) (DVB) using organic solvents.>

Electricfield

Metal Light radiation
\—l\—l Inflammation
Ultrasonic radiation
| ) >

Stimuli action

ure Antibody

Temperat
lonic strength Magnetic field

Unswollen microgel Swollen microgel

Figure 1.5: Stimuli action of Microgel.
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Baker in this publication, “Microgel-A new Macromolecule™ in 1949, used the
word microgel to describe the cross linked poly butadiene latex particles.>
Pelton and Chibante were the first to synthesize the poly N-isopropyl acryl
amide (PNIPAM) based microgels.®® The swelling behaviour of microgels is
governed by the nature of the microgel (hydrophilic/hydrophobic balance),
degree of cross linking, gel-solvent interaction, temperature, pH, magnetic
field, etc. The stimuli like pH, temperature, ionic strength, magnetic field,
electric field etc as shown in the above fig 1.5, influence the volume

transitions in gels.
1.5.1 Microgel Synthesis

Various synthetic strategies for the preparation of microgels can be divided
into three groups: (1) physical self-assembly or cross linking of pre polymers
in homogeneous phase or in micro droplets (2) polymerization of monomers in
homogeneous phase or in micro droplets and (3) photolithographic techniques.
The physical or chemical cross linking of polymers can be realized in both
water and water in- oil (W/O) emulsion systems. In water in-oil, aqueous
droplets of pre polymers are stabilized by oil-soluble surfactants in a
continuous oil phase. Membrane emulsification techniques allow preparation
of highly mono disperse microgel particles. Microgels can be prepared by
hetero phase polymerization (free radical or controlled radical) of monomers
in the presence of a crosslinking agent in aqueous phase. Microgel preparation
by polymerization of monomers can be also realized in aqueous droplets
prepared by use of membrane emulsification or micro fluidic devices.
Alternatively, microgel formation in Water/QOil systems can also be done by
poly addition reactions between reactive multifunctional pre polymers. In this
case, the use of crosslinker is not required.>® The precipitation polymerization
is a versatile technique and offers several advantages for the preparation of
aqueous microgels. The polymerization process can be carried out as a batch,
semi batch, or continuous process. This offers the possibility to optimize
reaction conditions and obtain microgels with desired properties. Microgel
size can be controlled over a broad range (from 100nm to 3um) by the use of
surfactants or co-monomers. Microgel particles with narrow size distribution

can be obtained. Different co-monomers can be integrated into the microgel
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network during the polymerization process. Hybrid colloids can be prepared
by encapsulation of nanoparticles (NPs) during microgel formation.

1.5.2 Microgel Applications

Microgels have a wide variety of applications in cement, paints, ink-jet
printing, oil recovery, molecular separation, biosensors, water purification,
waste water treatment, drug delivery, and enzyme immobilization etc.>
Snowden et al, reported thermo sensitive microgel dispersions of
poly(NIPAM) with cationic or anionic surface charges which absorb/adsorb
good amount of chemical ions like lead, cadmium, ammonium and nitrates
from aqueous solution at room temperature.®® Another application of
microgels is in photonic crystals, which are periodic dielectric materials on a
nano scale. Photonic crystals have applications in many photonic devices due
to their ability to control the flow of light as in the case of chemical sensors
and micro lasers. The colloidal crystals are simple to produce and cost
effective. Furthermore, the colour of the colloidal crystal can be changed
through the microgel swelling by infiltrating the particles with different
organic solvents like methanol, ethanol etc.®®®” Peng and Wu studied the
chemical interactions between metal cations (Hg?*, Cu?*, Ca?" and Na*) and
thermo sensitive poly(N-vinylcaprolactam-co-AA) microgels, which could be
used for the immobilization of proteins and drugs.>® Freemont and Saunders
demonstrated microgel dispersions containing methacrylic acid which were
capable of providing structural support for damaged soft tissue such as inter
vertebral disc and help in the tissue regeneration.>® Gan et al investigated the
potential of poly(NIPAM-co-2-hydroxyethyl methacrylate-co-acrylic acid)
microgels to act as injectable cell scaffolds which demonstrated successful
culture and proliferation of HepG2 cells with a low degree of syneresis.®
Panda et al fabricated large numbers of cell-laden microgel particles using
stop-flow lithography, for drug delivery and tissue engineering.®* Magnetic
fluid hyperthermia where the magnetic nanoparticles are injected into a
tumour and which is subjected to an alternating magnetic field that induces
heat destroying the tumour, shows a promising future in treatment of cancer.®2
Microgels are also used in wound dressings where controlled release of an
antibiotic drug for trans dermal drug delivery has been reported.564

SP Pune University Page 10



CHAPTER I: Introduction and Literature Survey

Microgels may play a role in the development of a viable implantable glucose
sensor to assist in the management of diabetes mellitus, by continuously
monitoring glucose levels. Boronic acid-based optical glucose sensors operate
under physiological conditions and give a reproducible signal in vitro by
utilizing fluorescence as a detection method have been developed.®>%®
Extensive studies have been reported on microgels and their applications in
various fields. However, we have discussed only a few studies relevant to the

biomedical field have been discussed here.
1.6 Nanofibers

The replacement for diseased or damaged tissues, which mimic the
physiological conditions and simultaneously promote cell growth and
regeneration by patients own cells still remains a major challenge in the area
of biomedicine. Recently, nanofibers have attracted a major attention in the
health care systems. It is estimated that the global nanofiber market was worth
around $400 million in 2016, growing to over $1 billion in 2020. This is
owing to the use of relatively low-cost materials and the development of
efficient nanofiber mass production technologies. The cylindrical kind of
structures that originate from polymers, are described as solid fibers that
possess high mechanical properties compared to other forms, made from the
same polymers.5” Nanofibers are interesting class of nanomaterials with the
size of less than 100 nm.%® They can be prepared from polymers of both
synthetic and natural origin, but usually those being biocompatible and
biodegradable are preferred. Nanofibers can be synthesized from natural
polymers like chitosan, collagen, silk, fibronectin, gelatin, and cellulose
derivatives and also from synthetic polymers like poly lactic acid (PLA), poly
glycolic acid (PGA), poly lactic-co-glycolic acid (PLGA), poly &-caprolactone
(PCL), polyurethane (PU), polyvinyl pyrrolidone (PVP), poly vinyl alcohol
(PVA), tyrosine-derived polycarbonates. The polymer selection is of
paramount importance for the production of fibers. Polymeric nanofibers have
attracted attention mainly because of their enormous specific surface area,
high flexibility, large surface-to-volume ratio, high porosity which are suitable

for various applications.
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1.6.1 Fabrication Techniques for Nanofiber Production

Polymeric nanofibers obtained from natural and synthetic polymers can be
synthesized using techniques like drawing, phase separation, template
synthesis, self assembly and electrospinning. The drawing is a process similar
to dry spinning in fiber industry, which can make one-by-one very long single
nanofibers. However, only a visco-elastic material that can undergo strong
deformations while being cohesive enough to support the stresses developed
during pulling can be made into nanofibers through drawing. The template
synthesis uses a nanoporous membrane as a template to make nanofibers of
solid or hollow shape which are in the nanometer range. The phase separation
consists of dissolution, gelation, and extraction using different solvents which
results in nanosize porous foam. The self-assembly process in which the
atomic and molecular aggregates arrange themselves by bonding into stable
and structurally well-defined entities at meso or nano dimensions gives rise to
nanofibers. However, the self-assembly is time-consuming in processing
continuous polymer nanofibers. Thus, the electrospinning process seems to be
the only method which can be further developed for mass production of one-
by-one continuous nanofibers from various polymers. Melt blown method is
based on melt blowing fiber spinning technology. Here, the polymer blend is
extruded though a small orifice in combination with high velocity streams of
heated air. This method yields fibers in the range of 150 to 1000 nm.
Electrospinning is the most acceptable method for preparing nanofiber. The
fibers produced by this process are in the range of nano meters to micrometers.
Nano-spider is another modified electrospinning and commercial method that
has a high productive ability to fabricate polymeric nanofibers in diameter
range of 50 to 300 nm into nonwovens. Airbrush Spray is another low-cost,
fast and easily adaptable technique to manufacture nonwoven
micro/nanofibrous membranes.5®

1.6.1.1 Electrospinning Technique

The electrospinning technique is well known since 1897 and is based on
Rayleigh’s principle.” It is also a cost effective and scalable method/technique
to produce large volumes of nanofibers using different natural and synthetic

polymers. Electrospinning process utilizes the electrostatic forces to draw the
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fibers from the droplet formed at the tip of spinneret. In the fabrication process
the electrical voltage is applied to the polymer solution when it extrudes out
from the needle tip and the fibers are collected on an aluminium plate owing to

the attractive forces that are generated due to oppositely charged polymers.”

_ Pracursor Liquid
Syringe  soluton Needle Jet

po

(=)

Collector

Power supply

Figure 1.6: Electrospinning set-up.

Adapted with permission from Springer Nature, Copyright © 2014, Gupta et
al.; licensee Bio Med Central Ltd."?
As the electric field intensity increases, the hemispherical surface of the fluid
at the tip of the capillary tube elongates to form a conical shape known as the
Taylor cone. Further increasing the electric field, a critical value is attained
with which the repulsive electrostatic force overcomes the surface tension and
the charged jet of the fluid is ejected from the tip of the Taylor cone. The
discharged polymer solution jet undergoes an instability and elongation
process, followed by long and this fiber formation on the collector. One
electrode is placed into the spinning solution/melt and the other attached to the
collector. In most cases, the collector is simply grounded, as indicated in fig
1.6. The formation of nanofibers is mainly grouped in following parameters
which are grouped as solution parameters which includes conductivity, surface
tension and viscosity of solution. The process parameters include applied
voltage, distance between tip to collector, flow rate, and electric field induced

by the collector. The ambient parameters include temperature and humidity.”
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1.6.2 Nanofiber Applications

The electrospun nanofibrous scaffolds based drug delivery systems (DDS)
provide better control on drug dosages when compared to other methods of
drug delivery systems.” The electrospun nanofibrous scaffolds have been
developed for the treatment of Tinea Pedis and other fungal infections and the
drug itraconazole is widely developed and study of release.”* The scaffolds
having electrospun nanofibers with low diameters was found to be more
effective in dual drug delivery.””’" Polysaccharides such as chitosan,
cellulose, and hyaluronic acid (HA) as well as proteins, such as collagen and
silk have been electrospun for localized drug delivery applications.”® Many of
these polymers have specific properties that promote wound healing, chitosan
exhibits both antibacterial and hemostatic activities. To reduce the post-
surgical infections and increase the wound healing rates, two different drugs
are released. The poly(ethylene-co-vinyl alcohol) (EVOH) electrospun
nanofibrous scaffolds loaded with silver (Ag) nanoparticles have been used as
dressing material in skin wound healings to prevent the inflammation.” The
electrospun nanofibers for bone tissue culturing and regeneration utilize a
range of biopolymers with synthetic origin, which include poly(a-hydroxyl
acid) and poly(hydroxyl alkanoate), such as poly(hydroxyl butyrate) (PHB).
The PHB and poly (hydroxyl butyrate-co-hydroxy valerate) (PHBV)
electrospun nanofibers have shown enhanced osteoblastic activity.? The
electrospun nanofibrous scaffolds have also been used successfully in
controlled delivery of genes®!, proteins®®* enzymes.® and also in post-
surgical treatment of Glioma cells.®® These investigations have clearly
indicated that electrospinning could also be used in fabrication of vascular
grafts and scaffolds for biomedical applications. Apart from biomedical field,
nanofibers also find wide applications in lithium ion batteries, air filtration,
bio-sensing, optical sensors, oil-water separations, protective clothing,

cosmetics, textiles.
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1.7 Special Characterization Techniques Used in Thesis
1.7.1 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a high-resolution form of scanning probe
microscopy, also known as scanning force microscopy (SFM). In force
microscopy the probing tip is attached to a cantilever-type spring. In response
to the force between tip and sample, the cantilever also called as lever, is
deflected. Images are taken by scanning the sample relative to the probing tip
and digitizing the deflection of the lever or the z-movement of the piezo as a

function of the lateral position X, .

Deflection sensor

Lever - ]
/ Probe tip Feedback loop

Xyz -Piezo scanner

Figure 1.7: Basic principles of Atomic Force Microscopy.

Adapted with permission from Elsevier, Atomic Force Microscopy, E. Meyer;
Progress in Surface Science, Copyright © 1992 Published by Elsevier B.V.&’

Typical spring constants are between 0.001 to 100 N/m and motions from
microns to =~ 0.1A are measured by the deflection sensor as shown in the fig
1.7. There are two force regimes namely the contact and the non-contact
mode. When the microscope is operated in non-contact mode at tip-sample
separations of 10 to 100nm, forces, such as Vander Waals, electrostatic,
magnetic or capillary forces, can be sensed and give information about surface
topography, distributions of charges, magnetic domain wall structure or liquid
film distribution. At smaller separations of the order of A the probing tip is in
contact with the sample. In this mode, ionic repulsion forces allow the surface

topography to be traced with high resolution.8 8
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1.7.2 Micro-Computed Tomography (u-CT)

Micro-computed tomography (u-CT) is a non-invasive, high resolution X-ray
scanning technique that allows unique possibilities for precise 3-dimentional
imaging. The p-CT units consists of an X-ray source, a specimen that is to be
imaged, an X-ray to — electronic signal — converting imaging array, and a
device that either rotates the specimen or rotates the scanner around the
stationary specimens.®® The method of providing high resolution images falls
into one of the three approaches: (i) cone-beam (ii) optical magnification and
(iii) Bragg’s diffraction.

Sample \

: . Phoshor-dete&
Micro-focus X-ray tube eelmaor Rotating g ccp camera '
Specimen

Figure 1.8: Components of micro-Computed Tomography.

Adapted with permission from Boerckel et al. Micro computed tomography:
approaches and applications in bioengineering; Stem Cell Research &
Therapy. Copyright © licensee BioMed Central. 2014.%

M-CT combines micro-focal spot X-ray projections rotated through multiple
viewing directions to produce 3-D reconstructed images of materials. The
topographic reconstruction can be based on a cone-beam convolution-back
projection algorithm. Combined with 3-D simulations and analyses that are
capable of handling the complexity of microstructures in materials, p-CT has
emerged as a powerful tool that provides clear insights into the link between
materials processing and properties. u-CT can be used to investigate micro-
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structural characterization of wide range of materials which includes cellular
metallic heterogeneous structure, electronic components, dental materials,
polymer scaffolds for tissue engineering and drug delivery, trabecular bone,

bio-ceramics etc.?

1.8 Summary

To summarize, natural polymers due to their unique characteristics of
biocompatibility, biodegradability, non-toxicity, sustainability, resemblance to
the extra cellular matrix (ECM) in the body, are easily available. They find an
array of applications as biomaterials in the form of gels and nanofibers in the
biomedical and pharmaceutical fields. In this thesis, we have made a sincere
attempt to explore the unexplored natural polysaccharides and their modified
derivatives in the synthesis of microgels and fabrication of electrospun nano
and micro fibers which show great promise as future biomaterials in human

health care applications.
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CHAPTER II: Scope and Objectives

Globally several surgical procedures are performed everyday to replace or
repair tissues that have been damaged by diseases, accidents or trauma.
Millions of people would benefit immensely if tissues and organs can be
replaced on demand!. However, the cost and shortage of tissues is hampering
the treatment of patients enormously. In this context, polymeric gels/hydrogels
have become extremely important. Gels/Hydrogels are three dimensionally
crosslinked polymers and due to their hydrophilic nature can absorb large
amount of water?. Gels are soft and resilient and mimic the extra cellular
matrix (ECM) of the body tissues and find wide applications in tissue
engineering as scaffolds, implants, controlled drug delivery and a variety of
other applications®.

Numerous synthetic polymeric gels such as polystyrene, poly-I-lactic acid
(PLLA), poly-glycolic acid (PGA) and poly-I-lactic-co-glycolic acid (PLGA)
have been used to make injectables, scaffolds and implants. Biological
materials such as collagen, proteoglycans, alginate-based substrates and
chitosan have also been looked at in designing of scaffolds for tissue
engineering®. Unlike synthetic polymers, natural polymers are biocompatible,
promote excellent cell adhesion and growth and are also biodegradable which
the most desirable properties for biomedical applications are. Natural
polymers such as silk, wool, deoxyribonucleic acid (DNA), cellulose, collagen
and proteins® have also been used for biomedical applications. Gels, upon
reduction in their size to the colloidal regime, are often referred to as nanogels
(typically < 100 nm) and microgels with the size in the micron range.
Microgels/Nanogels have shown great promise scientifically as well as for
technological developments in biomedical applications.

2.1 Microgels and Nanofibers from Natural Polysaccharides

Polysaccharides based microgels/nanogels have recently attracted a great deal
of interest in tissue engineering and drug delivery applications as they are
renewable, non-toxic, biodegradable and relatively cheap. In addition, they
also possess a large number of functional groups such as hydroxyl, amino, and
carboxylic acid, which can be utilized for cross-linking or further
modification.® The typical examples of naturally occurring polysaccharides
are : Chitosan (CS), Hyaluronan (HA), Dextran (Dex), Cellulose (Cel),
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Pullulan (PuL), Chondroitin Sulfate (ChS), Alginate (Alg) etc. Further, the
nanofibers fabricated from these polysachharides are also gaining lot of
importance in biomedical fields due to their very high surface area,

controllable porosity, appreciable mechanical strength and good flexibility.

Many of these nanofibers are obtained using the electrospinning technique.’
Electro-spinning (ES) is the most commonly used technique to generate ultra
thin nanofibers with controllable diameters, compositions, and orientations.®
This flexibility allows for controlling the shape and arrangement of the fibers
so that different structures (i.e. hollow, flat and ribbon shaped) can be
fabricated depending on intended applications such as tissue
engineering, drug  delivery, cancer diagnosis, lithium-air  battery, optical

sensors, air filtration and bio-separations® etc.

2.2 Rationale and Significance of the study

In this thesis, focus is given on design and synthesis of new microgels and
electrospun nanofibers for biomedical applications. The novelty in this work is
that, the microgels and nanofibers are synthesised and fabricated using the
unexplored polysaccharides which are not reported earlier. There is a great
scope in designing and synthesizing new functional microgels made from
available natural polymers. Similarly, there is a wide scope in designing newer
nanofibers in combination with clays and active pharmaceutical ingredients

(API) for making devices for wound healing applications.

2.3 Objectives of the Thesis

1. To synthesize biodegradable microgels using hydrophobically
modified Ethyl hydroxy ethyl cellulose (HM-EHEC) by emulsion
technique and to study the loading of an anticancer drug and its release
kinetics under physiological conditions.

2. To design and fabricate electrospun nanofibers from Ethyl hydroxyl
ethyl cellulose (EHEC) and Poly vinyl alcohol (PVA) for applications
as scaffolds in tissue engineering and regenerative medicine.

3. To incorporate inorganic fillers like nanoclay and nanoparticles
namely, Halloysite nanotubes and silver nanoparticles in polymer mats

for enhanced wound healing property.
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4. To design and fabricate a porous filter media from Gelatin electrospun
fibers for separation of impurities and uremic toxins from the blood
plasma.
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CHAPTER I11: Synthesis and Characterization of Hydrophobically
Modified Ethyl Hydroxy Ethyl Cellulose (HM-EHEC) Microgels for Drug
Delivery Applications

3.1 Introduction

According to the World Health Organisation (WHO), Cancer is a major cause
of deaths in more than 50% of the countries worldwide and a cure for it is one
of the biggest challenges of the 21% century. It is a disease which involves the
abnormal cells to divide in an uncontrolled manner and destroy the various
tissues of the body. The most common type of cancer, with the highest number
of cases is the lung cancer which is followed by breast, skin, prostate and
colon cancer.! Deaths caused due to cancer are estimated to rise rapidly, with
an estimated number of more than 20 million by the end of 2025.2 The
diagnosis of cancer must be made in the early stages and must be accurate and
requires great healthcare facilities and newer advanced technologies. The
advancement in nanotechnology for cancer treatment offers a versatile
platform for biodegradable and biocompatible systems to deliver conventional
chemotherapeutic drugs by increasing their bioavailability and improving the
release profiles. Chemotherapy, radiation therapy, gene therapy, magnetic
hyperthermia and targeted therapies are more frequently used for the cancer
treatment.  However, these treatments have some limitations.
Chemotherapy has toxic side effects, by developing resistance to the chemical
agents and other forms of treatment are required to be given in combination
with chemotherapy. Researchers also report that the various forms of chemo,
radiation therapy cause early aging at cellular and genetic level, and the cells
start to die sooner than normal. Therefore, in this regard, nanogels, microgels/
micro-particles are more frequently being explored as drug carriers for various

applications right from diagnosis to therapy.®

Microgels/nanogels present exciting opportunities with their peculiar
physicochemical properties being small in size and possessing high surface to
volume ratios. Biopolymer based microgels/nanogels have become an
important field in bio-nanotechnology, tissue engineering, medical implants
and particularly in drug delivery applications.* Microgels are three
dimensional hydrophilic polymeric networks that are capable of absorbing
water and other biological fluids and also help in improving the efficacy of the

therapeutic agents and also minimizing the side effects.® Polysaccharides based
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biopolymers like chitosan, alginates, starch and cellulose are commonly used
for controlled and targeted drug delivery due to the fact that they are
biocompatible, biodegradable, low immunogenicity, also capable of multitude
chemical modifications and therefore biopolymers are a major point of focus
in anti-cancer drug delivery applications for diagnostics and

chemotherapeutics.®

The biopolymer reported in this chapter for the synthesis and characterizations
of microgels is based on hydrophobically modified ethyl hydroxy ethyl
cellulose (HM-EHEC). It is a non-ionic amphiphilic water soluble polymer
with hydrophilic and hydrophobic micro-domains distributed randomly on the
polymer backbone, along with low amount of nonyl phenol groups onto the
backbone. This polymer is of interest due the fact that it is biocompatible and
biodegradable and suitable for biomedical applications like transdermal/topical
drug delivery.

We have made an attempt here to synthesize for the first time the HM-EHEC
based microgels for releasing the anti cancer drug for site specific/targeted

delivery at the tumor site.
3.2 Materials and Methods

Hydrophobically Modified Ethyl Hydroxy Ethyl Cellulose (HM-EHEC, MW
1200KDa, Akzonobel, Sweden under the trade name of Bermocoll (EHM-
500) was used for the preparation of the microgels. Divinyl Sulphone (DVS)
was used as a cross linker having molecular weight of 118.16 g/mol was
purchased from Sigma Aldrich, India. The hydrophilic anti-cancer drug,5-
Flurouracil (5-FU) having a molecular weight of 130.07g/mol was purchased
from Sigma Aldrich with CAS number 51-21-8, and was used in the controlled
release studies in the phosphate buffer saline (PBS) solution. The obtained
HM-EHEC was extracted with acetone for 1 day at room temperature to
remove any organic soluble fat. The polymer was then dried and 1.0 wt%
aqueous solutions was made. These solutions were centrifuged at 8000 rpm for
40 minutes and the supernatant clear liquid was dialyzed against water using a
dialysis bag of 12000 MW cut off (MWCO). The dialysis was carried out for
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24 h by frequently changing the external water. The dialyzed solutions were

freeze dried to get pure polymer of HM-EHEC.
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Figure 3.1: Chemical structure of HM-EHEC.

Toluene, having molecular weight of 92.141 g/mol was the solvent used for
microgel synthesis. All the chemicals used were of analytical grade. The cell
viability studies were done using the MDA MB 231 human breast cancer cell
lines to check the efficacy of 5-FU anti cancer drug on cancer cells. Distilled

water was used throughout the experiment.

3.3 Experimental Section

The hydrophobically modified ethyl hydroxy ethyl cellulose (HM-EHEC)
microgels were synthesized using water in oil (W/O) emulsion polymerization
technique. The HM-EHEC polymer (0.5%) was dissolved in 0.1 M NaOH
solution. The toluene/water mixtures taken were in the ratio of 3:1, i.e. 30 ml
of toluene + 10 ml water. The 10 ml HM-EHEC polymer solution was added
slowly to the three neck jar containing toluene-water mixture connected to a
water bath. The stirring speed was maintained at 1000 rpm. Within a few
minutes of stirring, the toluene water mixture containing polymeric solution

turned milky white in colour.”® The initial temperature of the water bath was
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25 °C. When the bath temperature reached 15 °C, then 30% (w/w) of divinyl
sulphone (DVS) crosslinker was added slowly during the continous stirring.
The Micheal addition reaction of crosslinking takes place between divinyl
sulphone (DVS) and the cellulose polysaccharide is shown in fig 3.2. The
reaction of divinyl sulfone (DVS) with polysaccharides usually lead to cross
linked products due to nucleophilic hydroxyl/amino groups attacking the
electrophilic double bond of DVS by Michael-type addition.® The reaction
mixture was kept for 24 hours for complete polymerization and then the
reaction mixture was cooled at room temperature. A thick white precipitate
was observed. The precipitate was further washed several times with distilled
water and centrifuged and the microgels obtained were kept in vacuum oven
for overnight drying. The microgel particles re-suspended in aqueous media
and were later freeze dried and the obtained microgel powder used for the
further studies.

HO HO
) )
/ HO
( ( }
0 0 P (
( ( e % 0 0
- O} b 0 Toulene - nf ?-I’ 0 FH’ {:3
\ =u= 15% 0 )
0./ U“*‘\‘/q + 5 0 }“‘-\4“0":‘*’”0 m}._‘\!__,\ 0
\T l'.ll_‘,‘u-"‘i;fu 0 ~ 1000 rpm \‘Td m_;.“?.\;“ \D“‘L’;'“d &%ﬂ
0 n over head stirring 0 I\b 0H
\ ) {
J HM-EHEC DVS g )
y ; 0
/ / )
crosslinked HM-EHEC *
_R:G,;-Qsillmrﬁ Phenol microgel

Figure 3.2: Reaction scheme for formation of microgels.

The reaction scheme for the synthesis of HM-EHEC microgels is shown in the
fig 3.2 and the experimental cartoon is shown in fig 3.3. Microgels are
obtained at lower polymer concentration and at higher concentrations we
observe bulk gels or macrogels and not microgels. We observed at higher
polymer concentrations of 1, 1.5 and 2 % (w/v), microgel paticles were in

micron size (micro-beads) and ranged from 20 to 30 pum. Therefore, the
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polymer concentration was fixed at 0.5% (w/v) for the synthesis of microgel
particles as our aim was to obtain f 2 to 10 micron sized particles. The DVS
crosslinking density was fixed at (30% w/w). The effect of different
crosslinking densities on the size of the micro particles were not studied since
it was our first attempt and we focused on the preparation and synthesis of

microgels in the first place.
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Figure 3.3: Water in Oil (W/O) emulsion technique for microgel synthesis.

The increase in the crosslinking density would produce rather hard and rigid
microgels which would not be so effective for our application and moreover
the drug loading and the swelling capacity would be varied. However lower
concentrations of 5, 10 and 20% (w/w) of DVS crosslinker were tried but from
the SEM images we it was clear that there was no uniform formation of the

microgels, rather coagulation and aggregation of the particles was observed.

3.4 Characterization Techniques

3.4.1 Scanning Electron Microscopy (SEM)
The morphology of the nanofibers was studied using Scanning Electron
Microscopy quanta 200 3D dual beam ESEM (FEI, Finland). The electron

source was tungsten (W) filament with thermionic emission at 15 kV in high
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vacuum. Before SEM imaging, the microgels were sputter coated with a thin
layer of gold.

3.4.2 Fourier Transform Infra-red spectrometer (FT-IR)

The IR spectra of the nanofiber mats were recorded on Perkin Elmer
Instruments, Spectrum One, FT-IR spectrometer. The recording was done in a
diffused reflectance mode in the wavelength range of 400 to 4000 cm™. The
samples were mulled with KBr powder and the background scan was done
with pure KBr (Potassium Bromide) disc for recording the spectra.

3.5 Biological Studies

3.5.1 In-Vitro 5-FU Drug Release

The 5-Flurouracil drug release from the microgels was studied in phosphate
buffer saline (PBS). A 15 ml phosphate buffer solution (PBS) was taken, in
test tube which was covered with an aluminium foil and kept in a shaker bath
(Julabo SW 23) with gentle shaking at 37°C. Known quantities of microgel
particles(5mg) containing 5-FU were placed into the test tube. At
predetermined time intervals, 1 ml of PBS was taken and replenished with an
equal volume of fresh PBS into the test tube. The amount of 5-FU released
was determined by UV-Vis spectrometer (UV-160 PC Shimadzu) at a
maximum absorbance wavelength Amax of 266 nm.2° The percentage drug
release was calculated in PBS at 7.4 pH. The release experiments of each
sample were performed in triplicates and the average values were reported.

The encapsulation efficiency was calculated using equation.

mass of maximum drug released

* 100

Encapsulation efficiency (%) =
P y (%) mass of total drug released

3.5.2 In-Vitro cyto-toxicity study

The cyto-toxicity study of the HM-EHEC microgels were performed on the
MD-MBA 231 human breast cancer cell line, using MTT 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. The cancer
cells were obtained from National Centre for Cell Science (NCCS), Pune,

India. The cells (4x10*) were seeded in 24-well, flat bottom culture plate and
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incubated for 24 h. After incubation, the MTT solution (10 mg/ml of stock
solution of which 20ul of MTT solution was added in 100ul of DMEM media)
was added to each well followed by further incubation at 37°C for 4 h. The
formazan crystals formed were dissolved by addition of acidified isopropanol.
After 15 min, the amount of coloured formazan derivative formed was
determined by measuring the optical density (OD) using a microplate reader
(Spectra Max, MS; Molecular Devices, LCC) at 570 nm. Microscopic images
of the well plates were obtained at 0 and 24h as control and treated samples.
All the experiments were done in triplicates. The percentage cell viability was
calculated by the equation as given below:

(0OD)sample-(OD)blank N

(OD)control—-(0D)blank 100

% Cell viability =

3.6 Result and Discussion

3.6.1 Scanning Electron Microscopy (SEM)

The SEM images of the HM-EHEC microgels are shown in fig 3.4. The SEM
micrographs shows that the microgels are spherical in shape having a coarse

surface.

Figure 3.4: SEM images of HM-EHEC microgels.
(a) Scale bar: 50um; magnification 1000 X (b) Scale bar: 20um;
magnification 2200 X (c) Scale bar: 30um; magnification 2000 X.
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The microgels are seen well dispersed and the average diameters of the
microgels are in the range of 5 to 8 um. The images show a spherical flower
like morphology using the HM-EHEC polymer. This morphology was
checked and repeated several times and the same flower like morphology was
obtained each time. The emulsion technique used for microgel synthesis using
the natural water soluble biopolymer namely HM-EHEC connects the
hydroxyl groups in the cellulose by forming a 3D hydrophilic network via a
covalent bond by crosslinking with di vinyl sulphone (DVS) which might have

helped in obtaining flower-like morphology.

3.6.2 Fourier Transform Infra-red Analysis (FT-IR)

The structural changes in the microgels were confirmed by the FT-IR analysis
after the incorporation of 5 FU anti-cancer drug. The prominent peaks of 5-FU
were quite diminished due to the fact that encapsulated drug existed in the
amorphous state into the microgel matrix. The figure 3.5 below shows the
spectra, where a broad band between the 3136 cm™, is attributed to the N-H

stretching vibrations of 5-FU.
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Figure 3.5: FT-IR spectrum of HM-EHEC microgels along with 5-FU.

The peak at 1413 cm was belong to C-F stretching band in the spectrum of 5-
FU. The peak at 1247 cm™ is due to C-N stretching vibrations of 5-FU. The
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peak at 1351 cm refers to vibration of pyrimidine compound confirming 5-
fluorouracil. The peak at 1320 cm-! refers to the stretching vibration of S=O
and which is merged with 1351 cm™ with the 5-FU drug.'t 2

3.6.3 Drug release of 5-Flurouracil (5-FU)

Microgels have been used as drug delivery vehicles for low molecular-weight
to bio-macromolecules. The binding of these drugs is greatly influenced by the
local crosslink density and the functional group distribution within the
microgel.X® The in-vitro release profile of the drug 5-FU is shown below in
figure 3.6. The 5-FU drug release studies were carried out at 37 °C. The
microgel samples (5 mg) were incubated in a PBS solution in an incubator
with a shaking speed of 200+10 rpm. The encapsulation efficiency was found
to be 95% (passive loading). The initial burst release was accounted for 20%
+2 during the first 2 hour of the release study. The total amount of the drug

released in the next 72 hours was found to be around 56%.

Cummulative release(%)

Figure 3.6: Drug release of 5-FU from the HM-EHEC microgels.

In the process of loading the drug into the microgel system, there could have
been some losses and therefore the real encapsulation efficiency could have
been higher than the actual percentage of the drug loaded. Never the less, a

slow and controlled release of 5-FU was observed over the time. The uneven
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distribution of the drug in microgels often results in initial burst effect for few
minutes and then exhibiting slow and sustained release for several days to

weeks. 14

3.6.4 Cell viability studies (MTT Assay)

The cell viability of human breast cancer cell line was studied for the toxicity
effect by the 5-FU drug. The MDA MB 231 cells (4x10*) were seeded into
96-well plate and incubated further at 37°C. These cells were either treated or
untreated with microgels containing the 5-FU for 24 hours. After 24 hours the
cells were incubated with MTT (0.5mg/ml) for 4 hours to form the formazan
crystals. The formazan crystals formed were dissolved in isopropanol and the

absorbance was measured at 570 nm in ELISA reader (Thermo Scientific).

Microgels with 5-FU

thJhM

Cell Viability (%)

0 4

100 200
Microgel concentration (ug/ml) 300 400

Figure 3.7: MTT Assay for HM-EHEC microgels with and without 5-FU.
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Figure 3.8: Confocal Microscopy images of MDA-MB 231 cancer cells.

All the experiments were performed in triplicates, analyzed statistically and
represented graphically in the form of bar chart as shown in the fig 3.7. The
cancer cell line photographs before and after treatment were taken using Image
Pro plus 6.0 software under phase contrast microscope (Nikon) with
magnification 20 X and shown in fig 3.8. The images reveal that before the
treatment, the cells maintained their morphology and after the treatment with
10pg/ml microgels containing 5-FU, the cells lost their elongated spindle
shape morphology and were seen round in shape after 24 hours which
indicates the cell death.'® The cell proliferation was inhibited and cell death
occurred due to the anti-cancer drug. More cell deaths were observed with
increase in time and concentration of the microgel loaded 5-FU.

3.7 Conclusions

In this chapter, we aimed at synthesizing polymeric based microgels for
topical drug delivery of an anti-cancer drug for a site specific application on
the skin. We could successfully synthesize the HM-EHEC microgels by using
water in oil emulsion technique. The average size of the microgles was found
to be in the range of 5 to 8 um. The microgels were spherical in shape and
uniformly distributed with a flower-like morphology. The 5-Flurouracil drug
was incorporated into the microgel matrix which was confirmed by FT-IR
analysis. The anti-cancer drug loading efficiency was 95% for the 5% drug
incorporation. The study revealed the initial burst release for 2 hours where
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20% of the total drug loaded was released and then there was a slow and
controlled release of 56% drug observed upto the next 72 hours. The MTT
assay was done using the MDA-MB 231 breast cancer cell line to check for
the cell viability and cyto-toxicity of 5-FU on the cell lines. The cell death
increased with the microgel concentration and it was observed that 50% cell
death occurred when 100ug/ml of microgel concentration which contained
around 12pg/ml of 5-FU. The microscopic images of the treated and untreated
microgels also exhibited the cell death of the cancer cells.
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4.1 Introduction

Electrospinning (ES) has emerged as an excellent technique to prepare very
fine (in the range of micrometer to nanometer) continuous polymer fibers with
different morphologies by subjecting polymer solutions to an external electric
field. These electrospun nanofibers exhibit high surface to volume ratio, high
porosity compared to conventional fibers, and find wide range of applications
in tissue engineering scaffolds, drug delivery!?, sensors® , nanocomposites* ,
energy storage® etc. Large numbers of synthetic polymers have been
electrospun for the above applications. For the medical applications,
biopolymer based fibers are particularly important due to their inherent nature
of biocompatibility and biodegradability.®”2 In this context, the feasibility of
electrospinning of polysaccharides such as chitosan®, cellulose®, hyaluronic
acid®®, dextran®!, pullulan'?, starch!® etc, have been reported in the literature.
Although electrospinning appears to be a simple and versatile technique, the
parameters such as conductivity, surface tension, and flow rate, concentration
of the polymer solution, applied voltage, distance between syringe tip and the
collector plate play an important role in nanofiber spinning.*4

Non-ionic cellulose ethers namely ethyl hydroxy ethyl cellulose (EHEC) and
hydrophobically modified ethyl hydroxy ethyl cellulose (HM-EHEC) are
important polysaccharides and find wide applications as thickening/rheology
control agents in paints, cosmetics, detergents and oil recovery.!® Extensive
work on rheology of these polymers has been reported.!® They are non-toxic,
biocompatible and biodegradable, and hence also find applications in
biomedical field. These polymers cause neither irritation to the skin nor any
allergic reaction.!” Therefore, they have been used in nasal and ophthalmic
drug delivery systems.!8 Ethyl hydroxy ethyl cellulose (EHEC), based thermo-
responsive hydrogels in combination with lysine surfactants enhance the
biocompatibility of hydrogels.® To the best of our knowledge, there are no
reports on the electrospining of these polysaccharides.

Poly (vinyl alcohol) (PVA) is a highly hydrophilic, non-toxic and
biocompatible semi-crystalline polymer with excellent properties such as
strength, water solubility, gas permeability and thermal characteristics.?® It is a
synthetic polymer with good mechanical properties as well as biomedical
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properties. PVA has good chemical and physical stability?* and has the ability
to form fibers, films and membranes. Further, this polymer can be easily
crosslinked?? 2 to make variety of hydrogels.

In this chapter, we report on the electrospinning of EHEC, HM-EHEC and
their blends with PVA. We have chosen PVA as a co-spinning agent due to its
good spinnability. The spin-coating of aqueous solutions of EHEC, HM-
EHEC and their blends with PVA on silicon wafers was carried out at different
rotation speeds. The surface topography of these spin-coated films and
electrospun fibers were observed by atomic force microscopy (AFM) and
scanning electron microscopy (SEM). Water droplet contact angles were
measured to show the wetting nature. The nanofiber mats were in-situ
crosslinked using citric acid and thermal treatment. The controlled release of a
model drug, Chlorhexidene Digluconate (ChD), from the EHEC nanofiber
mats was investigated. The cell viability, growth and proliferation on these
nanofiber mats were also studied using L929 mouse fibroblast cells.

4.2 Material and Methods

EHEC and HM-EHEC polymers were obtained from Akzo-Nobel Functional
Chemicals AB, Sweden with the trade names of Bermocoll E411 FQ and
EHM-500, respectively. Their molecular weight (MW) was ~ 1200 Kg/mole
with about 7000 anhydro glucose units (AGU). In the HM-EHEC, the
hydrophobic modification (0.6 % of glucose units) was performed with nonyl
phenol groups and this is as reported by the supplier. The chemical structures
of the polymers used are shown below in fig 4.1. PVA was obtained from
Kurary Co., Ltd., Japan with the trade name of PVA-117. The MW and degree
of saponification were 75 Kg/mole and 97-98% respectively. Chlorhexidine
Digluconate (ChD) solution (CAS No. 18472-51-0) was purchased from
Sigma-Aldrich (India) as 20% in water (solubility: >50% in water at 20°C).
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Figure 4.1: Chemical structures of EHEC and PVA.

Citric acid, anhydrous pure with molecular weight 192.12 g/mol were
purchased from Merck Limited, India. EHEC and HM-EHEC were purified
before using and PVA was used as received.

4.3 Experimental Section
4.3.1 Purification of EHEC and HM-EHEC

EHEC and HM-EHEC (dry powders) were extracted with acetone for 1 day at
room temperature to remove any organic soluble fat. The polymers were then
dried and 1.0 wt% aqueous solutions were made. These solutions were
centrifuged at 8000 rpm for 40 minutes and the supernatant clear liquid was
dialyzed against water using a dialysis bag of 12000 MW cut off (MWCO).
The dialysis was carried out for 24 h by frequently changing the external
water. The dialyzed solutions were freeze dried to get pure polymers.?
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4.3.2 Solution preparation

The EHEC and HM-EHEC solutions of 1.0 % (w/v) were prepared in
Tetrahydrofuran (THF) and water mixture in THF/water = 2/1 ratios. Solutions
of EHEC/PVA and HM-EHEC/PVA of 1.0 %( w/v) having 1:1 ratio in
THF/water were also prepared in the same way. For the in-situ crosslinking of
nanofibers, citric acid (20 wt% based on the polymer) was added into the
polymer solutions before electrospinning.

4.3.3 Spin-coating

The spin-coating of aqueous solutions of 1.0 % (w/v) of EHEC, HM-EHEC
and blends of EHEC and HM-EHEC/PVA was performed on silicon wafer of
10 mm x 10 mm square. 80 pL solution was used and spin-coating was carried
out for 90 seconds at a rotation rate of 4500 rpm. The spin-coated films were
dried at 45°C under vacuum for 1 day before taking them for contact angle
measurement and AFM observation.

4.3.4 Electrospinning

Electrospinning of solutions of EHEC, HM-EHEC and their blends with PVA
in THF/water mixture [2/1(v/v)] at the polymer concentration of 1.0 % (w/v)
was carried using a NANON-01A (MECC Co., Ltd., Japan) electrospinning
device. Both plate collector (static) and disc collector (rotating at 1000 rpm)
were used to collect the fibers. The polymer solution was loaded into a syringe
and discharged from the spinneret (0.5mm diameter) at a flow rate of 0.2
ml/hr. The applied voltage was 27 kV and the distance between the spinneret
and the plate collector was 15 cm. All the electrospinning experiments were
performed at ambient temperature. The nanofibers were collected on an
aluminium foil attached to the plate collector. The electrospinning was also
performed using aqueous solutions with high concentrations of EHEC
polymer. The nanofiber mats of EHEC/PVA [10 % (w/v)] prepared using
citric acid, were thermally treated at 90°C for 3 h to induce crosslinking.
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4.4 Characterization Techniques
4.4.1 Scanning Electron Microscopy (SEM)

SEM images of the electrospun fibers of EHEC, HM-EHEC, EHEC/PVA and
HM-EHEC/PVA using 1.0% (w/v) prepared in THF/water, were obtained
using a Real Surface View VE 7800 (Keyence Co., Ltd., Osaka, Japan) with
an applied voltage of 5 kV. A small piece of aluminium foil on which the
electro-spun fibers were collected was cut and mounted on a SEM sample
holder. It was then coated with a thin osmium layer using HPC-1SW Hollow
Cathode Plasma CVD (Shinkuu Device Co., Ltd., Mito, Japan) to prevent
sample from charging. The electrospun fibers of EHEC/PVA using 10 % (w/v)
prepared in aqueous medium were coated with gold layer for the SEM analysis
using Quanta 200 3D (FEI, Finland), dual beam having electron source of

tungsten (W) filament with emission at resolution of 20 kV in high vacuum.

4.4.2 Atomic Force Microscopy (AFM)

AFM images were obtained on a scanning force microscopy (SPA400, Hitachi
High-Tech Science Corporation, Tokyo, Japan) in the intermittent tapping
mode with 20 pum x 20 pm scanner. A back-side aluminium-coated rectangular
cantilever with a force constant of 35-40 N/m and a resonance frequency of
320-400 kHz (SI-DF40, Hitachi High-Tech Science Corporation, Tokyo,
Japan) were used.

4.4.3 Contact Angle measurements (CA)

The static contact angles were measured with a drop-shape analysis system,
Theta T-200 Auto3 (Biolin Scientific, Stockholm, Sweden), equipped with a
video camera. A 2 puL water droplet was placed on the surfaces and the static

contact angles were recorded.

4.4.4 Viscosity, surface tension and conductivity measurements

The zero-shear viscosity of EHEC, HM-EHEC, EHEC/PVA and HM-
EHEC/PVA solutions were measured on Anton Paar MCR-301 rheometer
with a cup-and-bob geometry, CC17, Sr. No. 28342 (cup internal diameter =
18 mm, bob diameter = 16 mm, gap length of bob = 25 mm). In the steady
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state mode, the shear rate was varied from 0.01 to 100 s* at 25 °C. The data

was analyzed using Carrau fit model.

4.4.5 Fourier Transform Infra-Red spectrometer (FT-IR)

The IR spectrum was recorded on Perkin Elmer Instruments, Spectrum One,
FT-IR spectrometer. The recording was done in the wavelength range of 400
to 4000 cm®. The background scan with air was used for recording the spectra.
The pristine EHEC was mixed with KBr and a pellet was prepared. The
EHEC/PVA nanofiber mat was scanned in ATR mode in the same wavelength

range.

4.5 Drug release study

Chlorhexidine Digluconate (ChD) was incorporated in the EHEC/PVA
nanofibers to study the drug release profile in a 7.4 pH phosphate buffered
solution (PBS). EHEC/PVA nanofiber mats with 5, 10 and 15% loading of
ChD were immersed in 15 mL PBS at 37°C in test tubes and covered with
aluminium foils and placed in a shaker bath (Julabo SW 23) with gentle
shaking. At predetermined time intervals, 1 ml of PBS was taken by a
micropipette and replaced with an equal volume of fresh PBS into the test
tubes. The amount of Chlorhexidine Digluconate released in the supernatant
solution was measured by a UV-Vis spectrophotometer (UV-1601 PC,
SHIMADZU) at a wavelength of 256 nm.2® All the UV experiments were done

in triplicates and the average values were taken.

4.6 Biological Studies
4.6.1 Cell Viability study

The nanofiber mats were sterilized for 20 minutes by autoclaving. Samples
were carefully transferred to a sterile untreated 24 well plate. Healthy L929
fibroblast cell lines (passage number 54) were maintained and 40,000 cells
were placed in each well of the 24 well plate. The cells were incubated in 5%
CO; at 37°C for 1, 2, 3 days respectively. On each day to the samples in the
well plate, 100 pl of 600 uM resazurin solution (in complete DMEM media)
was added. It was incubated for 6 hours in 5% CO> at 37°C. From each well
100 ul media was taken out and read in a plate reader (excitation 530 to 560
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nm and emission at 590 nm). The % mitochondrial activity was calculated
using the formula (E570 of cells on mat/E570 of only cells)*100, where E is
the emission and 570 is the wavelength. Data shown are mean tstandard error
of n=3. While calculating the emission, a correction of 100 uM resazurin in

complete DMEM solution was incorporated.
4.6.2 Fluorescence microscopy and SEM Imaging

Healthy murine fibroblasts L929 were maintained using 10% FBS/DMEM.
Nanofiber mats after UV sterilization for 15 minutes inside a biosafety cabinet
were placed in 24 well plates. 50,000 cells were seeded in the each well plate.
After 48 hours incubation in 5% CO; at 37°C, the cells were washed twice
with PBS and fixed with 4% paraformaldehyde. The nanofiber mats were then
treated with 5% Bovine Serum Albumin (BSA) along with 0.1% Triton-X in
PBS for 1h, and further washed with PBS again. Cells were sequentially
treated with DAPI (4', 6-diamidino-2-phenylindole) and 6-Carboxyfluorescein
for 10 minutes in dark at room temperature along with a thorough washing
with PBS after each treatment. The nanofiber mat was then placed ‘face down’
on clean slides with the help of mounting media (Fluoroshield, SigmaAldrich).
Cells were visualized using an epifluorescence microscope from Carl Zeiss,
AX10 Observer Z1, S.No. 3851000678. An objective of 10X was used to
visualize the cells under microscope. Nucleus and cytoplasm were observed
using blue and green filters at 358 nm and 495 nm absorption wavelength

respectively.

For the SEM imaging of the fibroblast L929 cells, another 5x10* cells were
incubated. After 48 hours of incubation at cell culture conditions, the cells
were washed twice with PBS. The mats were incubated with 3%
glutaraldehyde in PBS for overnight at 4°C. The mats were washed with PBS
followed by sequential washing for 10 minutes with different ethanol/water
solutions namely 10/90, 30/70, 50/50, 70/30, 90/10 and 100/0 which was
followed by air-drying overnight at room temperature. The nanofiber mats
were then gold sputtered and taken for imaging.
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4.7 Results and Discussion

4.7.1 Spin-coating of polymer solutions onto silicon wafers

The spin-coating of EHEC, HM-EHEC and EHEC/PVA, HM-EHEC/PVA
solutions 1.0 % (w/v) in THF/ water mixture [2/1(v/v)] was done on silicon
wafers at 3-different rotation speeds (1500, 3000 and 4500 rpm). The
thickness and surface roughness were measured by AFM topographic images
and are shown in table 4.1.

Table 4.1: Thickness and surface roughness of EHEC spin-coated films?.
3 Solution of EHEC in THF/water (2/1 (v/v))
1.0 % (w/v) was spin-coated on silicon wafer substrate.

Parameters Rotation speed (rpm)
1500 3000 4500
Thickness (nm) 83 103 75
Surface roughness 36 58 17
(nm)

Although the thickness was independent on the rotation speeds, the surface
roughness decreased with increasing rotation speed. Therefore, the spin-
coating films prepared at 4500 rpm rotation speed were used in all the
subsequent experiments to get the uniform roughness of the coatings.

4.7.2 Electrospinning of EHEC/PVA solution

Electrospinning of polymer solutions strongly depends on the concentration,
viscosity, conductivity and the surface tension of the polymer solution. These
parameters need to be optimized in order to get stable charged jet and uniform
fiber geometry. Further, the operational conditions such as, applied voltage,
flow rate and the distance between the tip and the collector have to be
carefully adjusted to produce uniform fibers. The mixture of THF and water
(THF/water = 2/1 (v/v)) was used as solvent to balance the surface tension and
solubility, and the optimum operating conditions were explored by figuring
out the fiber geometry through SEM and AFM observations.
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Figure 4.2: SEM images of electrospun nanofibers of EHEC,
HM-EHEC, EHEC/PVA & HM-EHEC/PVA.

SEM images of EHEC, HM-EHEC, EHEC/PVA and HM-EHEC/PVA fibers
are shown in fig 4.2. All the polymers showed the spinnability into fibers.
EHEC showed long, uniform fibers with a diameter in the range of 0.5-1.0
pm. While HM-EHEC produced short, interconnected fibers with a small
number of beads in the fibers. HM-EHEC required a slightly higher voltage
and lower feed rate for the stable electrospinning. Upon blending EHEC and
HM-EHEC with PVA, the spinnability was improved, and a dense fiber
network with fine fibers was produced. However, significant number of beads
were observed in the case of 1.0% (w/v) EHEC/PVA fibers. The solution
properties namely viscosity, conductivity and surface tension of these

solutions were measured and summarized in table 4.2
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Table 4.2: Zero Shear viscosity, Surface tension and Conductivity

measurements of EHEC, HM-EHEC, EHEC/PVA, and HM-EHEC/PVA in

THF/Water.
Sample name Zero shear Surface | Conductivity
viscocity (1m0) Tension (mS/cm)
(Pa.s) (mN/m)
EHEC (1%) 2.43 43.86 0.30
EHEC (1.5%) 13.47 47.98 0.36
HM-EHEC 1% 4.45 38.85 0.34
HM-EHEC (1.5%) 37.46 57.55 0.50
EHEC-PVA (1%) 0.13 34.29 0.21
EHEC/PVA (1.5%) 0.59 36.73 0.30
HMEHEC/PVA (1%) 0.17 33.62 0.21
HMEHEC/PVA (1.5%) 151 39.37 0.32

The viscosity, surface tension and conductivity of the solution play an
important role and can influence the ability to electrospin the nanofibers. From
the above table, the zero shear viscosity for 1% EHEC was 2.43 Pa.s and by
the addition of PVA was decreased to 0.13 Pa.s. In case of 1.5% EHEC the
viscosity recorded was 13.47 Pa.s and later decreased to 0.59 Pa.s when PVA
was added. In case of HM-EHEC, the viscosity was found to be 1.45 Pa.s for
1% and decreased to 0.17 Pa.s by PVA addition. We observed in case of 1.5%
HM-EHEC, the viscosity was 37.46 Pa.s and eventually decreased to 1.51 Pa.s
with PV A addition. The decrease in the viscosities by the addition of PVA was
due to its hydrophilic nature. The surface tension and the conductivities also
decreased with the increase in the concentration of EHEC and HM-EHEC
from 1% to 1.5%.

lower concentration of EHEC and HM-EHEC, the viscosities weren’t enough

From the above data, we could conclude that due to the

to get beadless nanofibers as indicated in the fig 4.2, because a critical solution
viscosity is needed to maintain molecular chain entanglement to form fibers
during the electrospinning process. Although the solution viscosity will

depend on the polymer used for spinning and other factors and typical values
of viscosity are reported in the range of 0.5-2 Pa's. In order to check the
spinnability of EHEC into oriented fibers, we performed electrospinning of
EHEC solution (1.0 wt %) in THF/water mixture [2/1 (v/v)] using rotating disc

collector. SEM images of electrospun fibers obtained using static plate
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collector and rotating disc collector are shown in fig 4.3 (a) and (b). The
electrospun fibers were well aligned in rotational direction to give uniaxially

aligned nanofibers.

Figure 4.3: SEM images of (a) EHEC non-woven electrospun fiber mats on
plate collector at 5000X magnification and scale bar: 2um (b) Oriented fibers
on rotating disc collector, 1500X magnification and scale bar:6.66m.

From the above images and data, it was observed that EHEC and HM-EHEC
polymers were spinnable in THF/water system but with bead formation. To
overcome the beaded structure in the electrospun fibers obtained, we tried to
carry out electrospinning using water as a solvent instead of a mixed solvent of
THF and water [THF/water = 2/1 (v/v)]. The polymer concentration was
increased to 10% (w/v), and the EHEC/PVA ratio was varied. The
optimization of EHEC/PVA for the electrospinning process was done with a
series of experiments as shown in table 4.4. Further, another set of
experiments were conducted to optimize the voltage and flowrate keeping the
distance from spinneret to collector constant which are as shown in the table
4.5. Finally EHEC/PVA ratio was optimized to 4/6 that is total of 10% (wi/v)
and electrospinning parameters like flowrate were optimized to 0.5ml/hr, and
voltage to 25kV. The distance between spinneret to collector plate was kept
constant at 15 cm. The needle diameter was 0.8 mm. The optimized
parameters further exhibited nanofibers without any bead formation.
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Table 4.3: Conductivity, Surface tension and average diameters aqueous
solutions EHEC/PVA electrospun fibers.

EHEC/PVA | Conductivity | Surface Spinnability Average
(wiw) (mS/cm) Tension diameter(nm)
(mN/m)

1/9 1.51 45.35 spinnable/ bead 28315
free

2/8 2.02 45.65 spinnable/ bead 26115
free

3/4 2.51 45.11 Spinnable with 318+10
beads

37 2.83 45.98 spinnable/ bead 25515
free

4/6 3.68 45.84 spinnable/ bead 32148
free

5/5 2.78 45.44 unstable spinning 29416

6/4 - Viscous gel

8/2 - Viscous gel

Table 4.4: Parameters for the electrospinning of EHEC/PVA nanofibers for

optimization.
Flowrate | Voltage | Spinneret | Spinnability | Range of
EHEC/PVA (ml/hr) (kV) | to collector diameter
(wiw) (cm) (nm)
2/4 0.3 30 15 Fibers with 183+15
beads
3/4 0.3 30 15 Fibers with 318+10
beads
3/5 0.3 30 15 Beadless 300+18
fibers
4/5 0.3 30 15 Beadless 467425
fibers
4/6 0.3 25 15 Beadless 32046
fibers
4/6 0.3 30 15 Beadless 450415
fibers
4/6 0.3 35 15 Beadless 220+10
fibers
4/6 0.5 25 15 Beadless 32148
fibers
4/6 0.5 30 15 Beadless 28348
fibers
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4/6 0.5 35 15 Beadless 405410
fibers

4/6 0.8 25 15 Beadless 235410
fibers

4/6 0.8 30 15 Beadless 250+10
fibers

4/6 0.8 35 15 Beadless 3107
fibers

Figure 4.5: SEM images of electrospun fibers with different EHEC/PVA
(2)3/4 (b) 4/6 (c) 3/7 (d) citric acid crosslinked fibers before thermal
treatment, (e) after thermal treatment. [All scale bars: 3um]
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Figure 4.6: Bar graph showing average fiber diameter of EHEC/PVA (4/6)
nanofiber mat by Image J.

Although the surface tension was almost independent of the polymer
composition, the conductivity decreased with increasing PVA composition.
The spinnabilty got better with increasing PVA composition, indicating that
the low conducting solutions are preferable for spinning stabilization. The
electrospun fibers exhibited beads if the PVA composition was insufficient as
shown in fig 4.5(a), whereas the spinnability got improved and the fiber
geometry got uniform without any beads with the increasing PVA composition
are seen in fig 4.5(b) & (c). SEM images of the EHEC/PVA electrospun fibers
prepared from the aqueous solutions including 20% (w/w) citric acid before
and after treatment are shown in fig 4.5(d) & (e). The presence of citric acid in
the polymer solutions enhanced the spinnability of the polymer solutions
probably because of the reduction in the surface tension of the polymer
solution.The in-situ crosslinked electrospun fiber mats were obtained by
thermal treatment of the citric acid incorporated electrospun fiber mats at 90°C
for 3 h. The EHEC/PVA (4/6) fibers with citric acid exhibited the average
diameter of the nanofibers in the range of 250-450 nm as shown in table 4.5
The crosslinked fiber mat showed interconnected structure that the fibers
coalesced at the contact points. The fiber geometry was almost maintained
even after thermal treatment, although the fiber diameter slightly increased as
compared to the uncrosslinked fibers. The uncrosslinked 10 % (w/v) [i.e 4/6] ,
of EHEC/PVA fiber mat was soluble in phosphate buffer (PBS) solution,
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whereas the same when crosslinked with 20 % (w/w) citric acid were insoluble
in the PBS and were used for further drug release and cell viability studies.

4.7.3 Atomic Force Microscopy (AFM) Observations

The high-resolution geometry of the spin-coated films and electrospun fibers
were further elaborated by AFM observation. AFM topographic and phase
images of EHEC, HM-EHEC, EHEC/PVA and HM-EHEC/PVA spin-coated
films are shown in fig 4.7. The blend ratio of EHEC/PVA and HM-
EHEC/PVA is 1:1 (w/w). The surface morphology of the EHEC and HM-
EHEC films are slightly different. The hydrophobic modification of EHEC
induces cohesive aggregation of the polymers in aqueous solutions resulting in
viscosity augmentation at the same polymer concentrations. The aggregation
of the hydrophobic parts of the nonyl phenol groups in the HM-EHEC causes
granular surface geometry. Upon blending with PVA, the surface topography
became smoother in both EHEC and HM-EHEC.

EHEC HM-EHEC

112199 -120.059

HM-EHEC/PVA

_

-119.693

[wn)

Figure 4.7: AFM topographic images of the spin-coated EHEC, HM-EHEC,
EHEC/PVA and HM- EHEC/PVA films.
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Figure 4.8: AFM topographic images (left side) and phase images (right side)
of EHEC, HM- EHEC, EHEC/PVA and HM-EHEC/PVA electrospun fibers.

The PVA would promote the homogeneous dissolution of EHEC and HM-
EHEC to prevent aggregation of hydrophobic parts in the polymers to give
smoothening of the surface geometry. AFM topographic and phase images of
the electrospun fibers are shown in Fig. 4.8. The EHEC produced smooth
fibers, whereas the HM-EHEC exhibited a wrinkled surface geometry with an
uneven texture. Blending of PVA promoted smoothening of the electrospun
fibers, which is consistent with the spin-coated films. The smoothening effect
is attributed to the compatibility of PVVA with the non-ionic cellulose ethers as
well as the stabilization of the spinning.

4.7.4 Contact angles of spin-coated films and electrospun non-woven fiber
mats

The side view of water droplets on spin-coated films and electrospun non-
woven fiber mats are shown in fig 4.9. The contact angles of spin-coated
EHEC and HM-EHEC films are slightly higher than the respective electro-
spun non-woven fiber mats. The water repellency is attributed to the
segregation of hydrophobic groups (nonyl phenol) at the surface.
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Figure 4.9: Contact angles of spin-coated films and electrospun non-woven
fiber mats of EHEC, HM-EHEC, EHEC/PVA and HM EHEC/PVA.

The hydrophobic modification of EHEC is favourable for the segregation of
hydrophobic groups to make the surface more hydrophobic than unmodified
EHEC.The water droplet contact angles on the electrospun fiber mats of 1.0%
(w/v) EHEC and HM-EHEC were lower than the spin-coated films indicating
the surface geometry of non-woven fiber mats promote water wetting. The
contact angle reduction may be due to the Wenzel mode of wetting on the
heterogeneous surface geometry. Blending of PVA into the non-ionic cellulose
ethers reduced the water droplet contact angles on the spin-coated films,
whereas the electrospun fibers of EHEC/PVA and HM-EHEC/PVA [blend
ratio is 1.0% (w/v)] showed significantly higher contact angles compared to
the spin-coated films. Due to more hydrophilic nature of PVA, one would
have expected a decrease in contact angles upon blending with PVA. This was
indeed observed in the spin-coated films. However, the electrospun non-
woven fiber mats after blending with PVA exhibited contact angles higher
than 90° that is much higher than the electrospun fiber mats of EHEC and
HM-EHEC. The wetting characteristics are attributed to both the
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hydrophobicity of the fiber surface and fiber mat geometry. The unusual
observation may be attributable to the fact that the -OH groups of the cellulose
backbone and PVA can strongly interact during the electrospinning process
and cause a favourable segregation of the hydrophobic groups at the surface
since EHEC and HM-EHEC are both amphiphilic polymers. Further, the
electrospun fibers of EHEC/PVA and HM-EHEC/PVA exhibit more rough
surface geometry than those of EHEC and HM-EHEC and result into more
hydrophobic surface with higher contact angles compared to the spin coated
films. The appropriate cavity size and the uniformity and lack of defects would
induce the wetting mode transition from Wenzel mode to Cassie-Baxter mode
as well as the hydrophobicity of fiber surface.

4.7.5 Fourier Transform Infra Red Spectroscopy (FT-IR)

The FT-IR spectra of pristine EHEC and EHEC/PVA nanofiber mat are
shown in fig 4.10. The broad peak at 3358-3428 cm™ is presented by O-H
stretching. Saturated aliphatic C-H group from cellulose chain appears at
2900- 3000 cm™ %8, The band around 1084 cm is due to C-O-C stretching?’.

Pristine EHEC
EHEC-PVA (10% wiv)

% Transmitance

Figure 4.10: The FT-IR of pristine EHEC and EHEC/PVA nanofiber mat.

In the EHEC spectra, the band around 1643 cm™ is related to O-H bond of
cellulose structure. The spectrum of EHEC/PVA also presented characteristic
broad band’s for hydroxyl groups at 3387 cm, for the stretching vibration of
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C-H bonds at 2939 cm™ and the stretching vibration of C-O bonds at 1419 and
1096 cm™(not shown in figure). Other small peak at 770 cm™ are related to the
existence of —CH bending of B 1-4 glycoside bonds confirm crosslink of
cellulose. The chemical reaction with citric acid forms ester bonds and that
was observed at 1736 cm™. According to Azeredo et al, these were described
to C=0 of ester bonds that was formed as a product of the crosslinking
reaction.?®

4.7.6 Release of Chlorhexidine Digluconate (ChD) from EHEC/PVA
nanofiber mats

The antimicrobial drug, Chlorhexidine Digluconate (ChD) was incorporated
into the 10% (w/v) EHEC/PVA nanofiber mat during the electrospinning
process. Different amounts of ChD viz 5, 10, 15 wt% on the basis of
EHEC/PVA was incorporated in the electrospinning solution. Several studies
have been reported that there is no remarkable change in the drug and polymer
in terms of degradation and hydrolysis during the electrospinning process.?
The release studies were carried out in PBS at 7.4 pH and 37 °C. Prior to
release studies, a calibration curve was generated by measuring the absorbance
of ChD solution in PBS at different concentrations of ChD at 256 nm. Least
square linear fitting was performed on the data and the R? =0.9985 was
obtained as shown in fig 4.11.
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Figure 4.11: Calibration curve for Chlorhexidene Digluconate
(Antibacterial drug).
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Figure 4.12: In-vitro drug release of the EHEC-PVA nanofiber mats at
different concentration of Chlorhexidine Digluconate (ChD).
We show in fig 4.11, the in-vitro release profiles of ChD in PBS from
EHEC/PVA nanofiber mat containing different loadings of ChD as a function
of time. It can be readily seen from the figure that in all the cases there was an
initial burst release of ChD for the first 4-5 hours. This could be due to the
surface adsorbed ChD which could diffuse rapidly into the PBS. The burst
release was higher with higher drug loading due to higher amount of drug
associated on the surface and high surface area of the nanofiber mat. However,
after 5 hours the release of ChD was almost constant with time upto the next
60 hours. The swelling of the citric acid crosslinked EHEC/PVA nanofiber
mat in the PBS caused the slow/constant release of ChD into the PBS. The

drug encapsulation efficiency was calculated using the formula,

Encapsulation efficiency (%) =

Final weight of the drug in the nanofiber mat / initial weight loaded in the
blend solution before electrospinning the nanofiber * 100
Encapsulation efficiency is defined as the percentage ofdrugthat is

successfully loaded or entrapped into the nanofiber mat. It depends on the
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process of polymer solution preparation and other physicochemical properties
of drug. The encapsulation efficiencies were found to be 83.3 %, 71.1 % and
53.6 % respectively for 5, 10 and 15% of Chlorhexidine digluconate (ChD).
The cumulative release was 45% for 5% ChD, 56% for 10% ChD and 86% for
15% ChD. There was an increase in the release with increase in the drug
concentration. The cumulative release for initial 2 hours was 30, 35 and 55%
as shown in the inset of fig 4.12. The “n” values were found to be between 0.5
and 0.89 indicating that the mechanism of drug release was non-Fickian

diffusion.

4.7.7 Cell Viability Study (MTT Assay)

The toxicity of 10% (w/v) of EHEC/PVA nanofiber mats was characterized by
an in-vitro cell viability test. The nanofiber mats and control group as a pure
medium without the cells were cultured simultaneously under the same

conditions.
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Figure 4.13: Cyto-toxicity test of EHEC/PVA 10%(w/v) nanofiber mats.

The values for samples cultured for day 1, 2 and 3 are presented in fig.4.13.
The bar chart values reflect the number of viable cells, which are associated to
their survival rate and activity. The cell viability values of L929 cells cultured
for 48 and 72 hours in the cell culture medium with the extract of nanofiber
mats showed no significant difference compared to the control group,
indicating that the nanofiber mats have no toxic effects on the L929 cells. The
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results illustrate that the crosslinked EHEC/PVA nanofiber mats have good
cytocompatibility and no toxicity, which are the most desired properties for
biomedical applications.

4.7.8 Fluorescence and SEM morphology of L929 mouse fibroblast cells

Fig 4.14(a) & (b) shows the fluorescence and the corresponding SEM images
of L929 cells cultured for 48 hours in the EHEC/PVA of 10 % (w/v) nanofiber
mats. The cells exhibited a good growth state (indicated by the marked oval
shape of the nuclei) and an evenly dispersed nuclear chromatin was observed.

Figure 4.14 (a) Fluorescence image (b) SEM image of EHEC/PVA mats used
for L929 cell growth. Scale bar: 50um; 1000X magnification.

The cells showed even distribution and good adhesion to the nanofiber mat.
The fibroblast cells were seen tightly attached to the nanofiber mats because of
the large specific surface area and the three dimensional structure of the
mats.%® This finding thus indicates that the EHEC/PVA nanofiber mats are
suitable for the adhesive growth of biological cells.

4.8 Conclusions

The surface morphology of EHEC and HM-EHEC polymers and their blends
with PVA was studied by Atomic Force Microscopy (AFM), Scanning
Electron Microscopy (SEM) and Contact Angle measurements. The spin
coating at 4500 rpm gave minimum surface roughness at moderate thickness.
In the AFM images, it was observed that the surface roughness of HM-EHEC
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is higher than the EHEC. Upon blending with PVA, the surfaces of both
EHEC and HM-EHEC became much smoother and finer. The contact angles
for the spin coated EHEC and HM-EHEC samples were higher than electro-
spun fibers. Upon blending of these polymers by PVA the electro-spun fibers
showed significantly higher contact angles compared to spin coated samples.
This was attributed to the fact that, upon electrospinning there could be more
interaction between PVA and -OH groups of the cellulose backbone chain
resulting into more bare cellulose on the surface of the fiber which can make
the surface more hydrophobic in nature and exhibit higher contact angles.
Also, the electrospun fibers of EHEC/PVA and HM-EHEC/PVA exhibited
more rough surface geometry and could contribute to the increase in
hydrophobicity and contact angles. Electro-spinning of EHEC solution of 1.0
% (w/v) in THF/water [2/1 (v/v)] gave fine oriented fibers by using the disc
collector. The zero shear viscosities, conductivities and surface tension
decreased when the EHEC solution was blended with PVA. The citric acid
crosslinked nanofiber mats showed good strength in PBS solutions and these
mats were utilized for controlled release of an antimicrobial drug,
Chlorhexidine Digluconate (ChD). Furthermore, the in vitro cytotoxicity tests
against fibroblast cell cultures demonstrated that the nanofiber mats are
biocompatible and non-toxic in nature. These mats successfully attached to the
cells and stimulated cell growth and proliferation. All the above studies reveal
that these polymers could be electro-spun into nanofibers and can have a

potential in drug delivery and tissue engineering applications.
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CHAPTER V (A): Design and Fabrication of EHEC Nanofibers with Nano-
materials for Wound Healing Applications Part A: Halloysite Nanotubes

5A.1 Introduction

Wound healing is a complex multi step process in which the damaged skin and
the tissue at the wound site gets repaired themselves after the injury with their
own pace. The cascade of healing process involves four overlapping phases: i)
Haemostatic (blood clotting) ii) Inflammatory iii) Proliferation iv) Maturation.
Hemostasis, the first phase of healing begins at the onset of the injury with an
objective of stopping the bleeding. The inflammatory phase focuses on
destroying the bacteria and cleaning the debris which is important for the
growth of new tissues. In the proliferative phase, filling of wound followed by
contraction of wound margins and wound covering (epithelialisation) takes
place. Finally, in the maturation phase, the new tissue formed slowly gains the
strength and flexibility.

In order to enhance the wound healing process, fabrication of nanofibrous
mat/wound dressing material with an antibiotic and antibacterial property has
become extremely important. Recently, electrospun biopolymers have
attracted increasing attention as wound dressing materials due to their
excellent biocompatibility, biodegradability and structural resemblance to
natural extra cellular matrix (ECM) which could support fibroblast growth and
repair the damaged tissues.? Electrospinning (ES) has emerged as an important
technique for fabricating polymeric nanofibers. Nanofibrous scaffolds/mats
fabricated using ES holds promising architectural resemblance to the ECM
and provides the most desired characteristics of scaffolds/mats which are the
large surface to volume ratio with interconnected porous network for oxygen
and nutrients permeation/diffusion, tunable mechanical properties, inhibition
to pathogenic micro-organism filtration and absorption of wound exudates.®

Although a variety of polymers/biopolymers such as PVA, PLA, PCL,
Polyurethanes (PU), gelatin, chitosan and the blends of these polymers have
been electrospun and evaluated for wound dressing applications, still there is a
large scope for designing and developing novel, efficient and cost-effective
nanofiber scaffolds/mats loaded with antibacterial and antibiotic moieties for

rapid wound healing applications. It is also known that, incorporation of
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natural inorganic nanofiller into a biodegradable polymer gives a promising
hybrid material for biomedical application.* For example, halloysite clay can
improve the mechanical properties of an electrospun mat for wound healing
applications. Halloysite has been incorporated into poly(lactic-co-
glycolic)[PLGA] nanofibers to enhance the mechanical property and
hemocompatibility of the nanofibers.® Halloysite doped poly
(caprolactone/gelatin electrospun nanofibrous membranes were investigated
for guided tissue regeneration/bone regeneration applications.® Halloysite
comprises of naturally occurring alumino silicate with Al: Si ratio of 1:1 and
having molecular formula AlSi2Os(OH)4:nH2O. Halloysite has a tubular
structure with an external diameter of 30-60 nm, lumen diameter of 12-15 nm,
and a length of around 1 pm. Due to its cytocompatibility and non-toxic
characteristics, it finds wide applications in biomedical area.’

Ethyl hydroxy ethyl cellulose (EHEC) is non-ionic cellulose ether which is
non-toxic, biocompatible and biodegradable, also finds applications in
biomedical field such as ophthalmic and nasal drug delivery.® The
electrospinning of EHEC solution alone was challenging since it shows a
complex solution behaviour with the inherent property of temperature induced
phase separation. Therefore, to overcome this limitation, PVA was used as a
co-spinning agent in the electrospinning process. PVA is also biodegradable,
biocompatible, non-toxic polymer with good mechanical and swelling
properties which makes it suitable for wound dressing materials.®

In this work, we report on the fabrication and characterization of electro-spun
EHEC-PVA nanofiber mat loaded with halloysite and gentamicin sulphate for
enhanced wound healing applications. We demonstrate that halloysite clay and
gentamicin sulphate, both provide antibacterial and antibiotic properties which
result in the rapid wound healing process. The structure and morphology of the
nanofibers were examined by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD) and
Fourier transform infra red spectroscopy (FT-IR). Halloysite incorporated

nanofibers were evaluated for mechanical properties, biological tests such as
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cytotoxicity, hemocompatibility, cell growth and proliferation and finally, the

in-vivo wound healing studies were undertaken using wistar rats.
5A.2 Material and Methods

Ethyl hydroxyl ethyl cellulose (EHEC) was obtained from Akzo-Nobel
Functional Chemicals AB, Sweden with trade name as Bermocoll E411FQ.
The molecular weight was 1200Kg/mol with about 7000 anhydro glucose
units (AGU). Polyvinyl alcohol (PVA) with degree of hydrolysis of 89% was
obtained from S.D Fine Chemicals, Boisar, India. Halloysite nanotubes
(HNTs) were purchased from Sigma Aldrich with CAS No: 1332-58-7.
Gentamicin sulphate (GS), CAS No. 37636(074810) [1405-41-0] was
purchased from Sisco Research Laboratories Pvt. Ltd, India. Citric acid was
purchased from Merck Limited, India. Distilled water was used throughout the

experiments.

5A.3 Experimental Section
5A.3.1 Solution preparation

To prepare the electrospinning solution, pure EHEC was taken. The aqueous
solution of EHEC and PVA was prepared in the ratio of 4:6 wt% and the total
polymer concentration was kept at 10% (w/v). In order to post crosslink the
nanofiber mats, citric acid (20 wt% of the total polymer) was added to the
above solution. To incorporate the drug gentamicin sulphate (GS) and
halloysite nanotubes into the polymer nanofiber mat, the drug (10% of
polymer weight) was first mixed with HNTs (3% of the polymer weight) in a
glass vial and sonicated for 15 minutes. This mixture (drug and HNTs) was
subjected to vacuum for 10 minutes (for three times) to remove the air
entrapped in the lumen of HNTs which can otherwise affect the efficient
loading of the GS in the HNTSs. This drug-HNTs mixture was then mixed with
the EHEC-PVA solution containing citric acid and taken for electrospinning.
5A.3.2 Electrospinning of EHEC/PVA with Halloysite

Electrospinning of EHEC/PVA solution containing HNTs and GS was carried
out on ESPIN NANO, Model No: V2C, S.No: 01062015, India. The polymer

solution was loaded into a syringe and discharged from the spinneret (0.8 mm
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dia) at a flow rate of 0.5 ml/h. The applied voltage was 25 kV and the distance
between the spinneret and the collector plate was 15 cm. All the experiments
were performed at ambient temperature. The nanofibers were collected on an
aluminium foil attached to the plate collector. The aluminium foils were then
removed and kept in a desiccator for drying. The nanofiber mats were peeled
off from the aluminium foil and further heated at 90°C for 3 h to induce
crosslinking by citric acid. The nanofiber mats prepared, were denoted as
EHEC/PVA as E1, EHEC/PVA/3HNTSs (3wt%HNT) as E2, EHEC/PVA/10GS
(10 wt% GS) as E3 and EHEC/PVA/3HNT/10GS as EA4.

5A.4 Characterization Techniques
5A.4.1 Conductivity measurements

The electrical conductivities were measured using a conductometer, Toshniwal
Instruments Mfg. Pvt Ltd, Ajmer, SR No: 10J694. Conductivity cell: Type:
TCC-1, K=0.98. All measurements were done at 25°C in triplicates and
average values reported.

5A.4.2 Viscosity measurements

The viscosity measurements were done on Anton Paar Germany Gmbh,
Physica MCR 301 rheometer using a cup and bob geometry. All experiments
were done at 25 °C in triplicates and mean values reported.

5A.4.3 Surface Tension measurements

Surface tension of the electrospinning solutions was carried out on the optical
contact angle measurement system, Carl Zeiss, Jena, Japan. All experiments
were done at 25 °C in triplicates and mean values reported.

5A.4.4 Contact Angle measurements

Contact angle measurements were performed by using an automated optical
contact angle goniometer (OCA) equipped with a video streaming system
having a high-resolution CCD camera and a high-performance digitizing
adapter. The nanofiber mats were fixed on top of a plane solid support and
kept flat. The data was analyzed using SCA 20 (Data Physics Instruments,
GmbH) software. The water droplet volume was 5.0(+ 0.3) uL. Images were

collected 25 times per second starting from the deposition of the drop to 40 s.
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Five measurements were carried out on each nanofiber mat sample and
average values reported.

5A.4.5 Scanning Electron Microscopy (SEM)

The morphology of the nanofibers was studied using Scanning Electron
Microscopy quanta 200 3D dual beam ESEM FEI, Finland. The electron
source was tungsten (W) filament with thermionic emission at 15 kV in high
vacuum. The size and distribution of the electrospun fibers were analyzed
using Image J analysis software (Image J, National Institutes of Health, USA).
For each electrospun mat, 100 fibers were randomly selected from different
regions of the SEM image and size of the fibers was reported as an average
diameter.

5A.4.6 Transmission Electron Microscopy (TEM)

The size of HNTs in the nanofibers was determined using TEM FEI,
TECNAIG2 F30 instrument operated at an accelerated voltage of 200 kV. The
electrospun nanofibers were directly mounted on the copper grids and
examined under TEM.

5A.4.7 Fourier Transform Infra-red spectrometer (FT-IR)

The IR spectra of the nanofiber mats were recorded on Perkin Elmer
Instruments, Spectrum One, FT-IR spectrometer. The recording was done in
the ATR mode in the wavelength range of 400 to 4000 cm™. The background
scan with air was used for recording the spectra.

5A. 4.8 X-Ray Diffraction (XRD)

The X-ray diffraction measurements were performed on HNT incorporated
nanofiber mats using a Bruker-D8 Advance Diffractometer operating with Cu
Ka radiation (A=0.15406 nm, Ni filter) generated at 40 kV and 30 mA. A small
piece of fiber mat was inserted into circular hole of the aluminium plate and
XRD spectra were recorded in the 26 angle scale range 10°to 60° at a rate of

2%/min.

5A.4.9 Brunauer-Emmett-Teller (BET) Analysis
The surface area, average pore diameter (mesopore) and cumulative pore
volume of the electrospun EHEC/PVA and EHEC/PVA/HNT nanofibers were
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examined using Brunauer-Emmett-Teller (BET) surface area analyser
(Quantachrome, 1Q-C model) with low-temperature (77 K). Nitrogen
adsorption isotherms measured over a wide range of relative pressures from
0.01 to 1.00. The surface area of the samples was determined with multipoint
BET method. On the other hand, density functional theory (DFT) was used to
determine cumulative pore volume.

5A.4.10 Thermogravimetric Analysis (TGA)

Thermal analysis was performed using Thermal Analyzer, STA-6000 (Perkin-
Elmer, USA) in the temperature range from 30° to 600° C at a controlled
heating rate of 10° C min™ with the nitrogen flushed at 30 ml/min.

5A.4.11 Mechanical Properties

The mechanical strength of the nanofiber mats was measured using a dynamic
mechanical strain analyzer, RSA-3 (TA Instruments, USA). The samples were
cut into dumble shaped strips with dimensions of 2 cm (length) x 0.5cm
(width) and then mounted onto the tensile grips. The rate of pulling was
10mm/min and gauge length of 15 cm at 10 Hz was subjected to tensile force
at 25°C. Each sample was repeated five times to authenticate its normal stress—
strain curves. The material thickness (um) was determined at five different

places using a screw gauge and average values were taken for calculation.
5A.5 Swelling Studies

The nanofiber mats of 5 mg each of E1, E2, E3 and E4 were dipped in the
phosphate buffer saline (PBS) solution (pH 7.4) at 37°C. Excess surface water
was blotted out with filter paper before weighing the samples and weights
were taken at various time intervals starting from 30 minutes to 30 h. All the
experiments were done in triplicates and average value was taken. The percent
degree of swelling was calculated from the formulal® :

Degree of Swelling (%) = [(Mw-Ma)/ Mg] %100, where My and Mg are mass of
wet and dry samples respectively.

5A.6 In-Vitro Drug Release Studies

To evaluate the drug release from the electro spun nanofiber mats, the cut
piece(1 cm x 1 cm) of nanofiber mat was immersed in 15 ml phosphate buffer

solution(PBS) taken in a covered test tube and kept in a shaker bath (Julabo
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SW 23) with gentle shaking at 37°C. At predetermined time intervals, 1 ml of
PBS was taken and replenished with an equal volume of fresh PBS into the
test tube. The amount of gentamicin sulphate (GS) released was determined by
UV-Vis spectrometer (UV-160 PC Shimadzu) at a Amax Of 280 nm. The
percentage drug release was calculated using the calibration curve of the drug
in PBS at 7.4 pH. The release experiment of each sample was performed in
triplicates and the average value is reported. The encapsulation efficiency was
calculated as follows:

mass of maximum drug released

Encapsulation efficiency (%) = * 100

mass of total drug released

5A.7 Antibacterial Studies

The antibacterial studies were performed on the nanofiber mats loaded HNTS,
GS and combination of HNT and GS using the Kirby Bauer disk diffusion
method. The gram-positive, Staphylococcus aureus (S. aureus) is a round-
shaped bacterium which is a member of the microbiota of the body and is
often found in the upper respiratory tract and on the skin. S. aureus. The gram
negative bacteria Escherichia coli (E.coli), is a type of bacteria which is
mostly found in the intestines. Both these bacteria’s were inoculated in 10 ml
nutrient broth in culture tubes and kept at 37 °C in an incubator. The nutrient
agar petriplates were prepared. After overnight incubation of nutrient broth,
100ul from each (E. coli and S. aureus) were inoculated on the petriplates in
triplets. The cultured broth (100ul) was spread on the nutrient agar plates by
sterile spreader. The nanofiber mats E1, E2, E3 and E4 were cut into circular
shape of equal size and placed on the agar plates along with positive control
(antibiotic discs of kanamycin and tetracycline) at 37 °C in the incubator. After
overnight incubation, the zones of inhibition measured and photographs were

recorded.
5A.8 Biological Studies
5A.8.1 Cell Viability Studies (MTT Assay)

The cytotoxicity of nanofiber mats was investigated using MTT assay. The
L929 mouse fibroblast cell line used was obtained from National Centre for
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Cell Science (NCCS), Pune, India. The cells were cultured in DMEM medium,
supplemented with 10% fetal bovine serum, streptomycin (10 g/ml) and
penicillin (100 units/ml) and were maintained in a humidified atmosphere at
37°C under 5% CO..1* Cells (1x10%) were seeded per well in 24-well, flat
bottom culture plate and incubated for 24 h, followed by the treatment using
nanofiber mats E1, E2, E3 and E4 were treated for 1, 3 and 5 days. After
incubation, the MTT solution (5 mg/ml of stock solution of which 20ul of
MTT solution was added in 200ul of DMEM media) was added to each well
followed by further incubation in darkness at 37°C for 4 h. The formazan
crystals formed were dissolved by addition of acidified isopropanol. After 15
min, the amount of colored formazan derivative formed was determined by
measuring the optical density (OD) using a microplate reader (Spectra Max,
MS; Molecular Devices, LCC) at 570 nm. All the experiments were done in
triplicates. The percentage cell viability was calculated as:

. (OD)sample-(OD)blank
% cell viability =
o cell viability (OD)control—-(0D)blank

* 100

5A.8.2 In-vitro Wound Migration Assay

Motility of L929 fibroblast mouse cells in the presence of nanofiber mats E1,
E2, E3 and E4 was determined by wound migration/scratch assay using a 24-
well, flat bottom plate. Briefly, L929 cells were grown in monolayer and
synchronized in serum depleted medium. A sterile tip was used for scrape-
wounding to create a denuded zone (gap) of constant width. Cellular debris
was removed with sterile PBS followed by addition of various test samples
which were then incubated at 37°C for 24 h. The migration of L929 fibroblast
cells to the wounded region was observed by phase contrast microscope
(Nikon) and photographed (10X magnification) at t = 0 h and t =24 h.*? The
wound migration was measured by Image-Pro plus software and estimated by

the following equation®®:
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Wound migration % = [1-(wound area at T/wound area at To) %X 100], where Tt
is the time after wounding (24 h) and To is the time immediately after
wounding (O h).

5A.8.3 Hemocompatibility Assay

Hemolysis study of electrospun mats namely E1, E2, E3 and E4 was
performed using method of indirect contact according to the requirements of
ISO 10993.% About 3ml of rat blood was collected in EDTA coated vials and
was diluted to 3 times in physiological saline. 1 ml of diluted blood was then
centrifuged at 2000 rpm for 15 minutes at 4°C. 200ul of this diluted blood was
taken in an eppendorf tube and made upto 1 ml. The nanofiber mats were
immersed into the diluted blood and incubated for 1 h at 37°C and then
centrifuged at 2000 rpm for 15 minutes. After centrifugation, the supernatant
liquid was collected and absorbance was recorded at 540 nm. Triton-X (0.1%)
was used as positive control and saline as negative control for the study. All
the experiments were done in triplicates and average value was reported. The
percent hemolysis was calculated using the following formula:

Sample (OD)- Negative control (OD)
Positive control(OD)—Negative control(OD)

5A.8.4 Cell growth and Proliferation

% Hemolysis= * 100

The nanofiber mats were sterilized for 15 minutes inside a biosafety cabinet
and placed in 24 sized flat bottom well plates. Approximately 4 x 10* of L929
fibroblast cells were seeded equal number in each well plate. After 48 h
incubation in 5% CO, at 37 °C, the cells were washed using PBS and fixed
with 4% paraformaldehyde. The nanofiber mats were treated with 5% Bovine
Serum Albumin (BSA) along with 0.1% Triton-X in PBS for 1 h, and further
washed with PBS. The cells were treated with DAPI (4', 6-diamidino-2-
phenylindole) for 10 minutes and further the nanofiber mats were placed ‘face
down’ on clean slides with the help of mounting media (Fluoroshield, Sigma
Aldrich). Cells were then visualized using an epifluorescence microscope from
Carl Zeiss, AX10 Observer Z1, and S.No. 3851000678. An objective of 10X
was used to visualize the cells under microscope, the nucleus of the cells was

observed using a blue filter at 358 nm. After 48 h of incubation, the cells were
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washed using PBS. The mats were then incubated with 3% glutaraldehyde in
PBS for overnight at 4°C. The mats were again washed for 10 minutes using
PBS and followed by ethanol at room temperature followed by gold sputtering
for obtaining SEM images.

5A.8.5 In-vivo Wound healing Assay

All the animal experiments were performed in accordance with the guidelines
for Institutional Animal Care and Use Committee (IACUC) at National Centre
for Cell Science (NCCS), Pune, India, and approved by the Animal Ethics
Committee of NCCS with approval number IEAF/2018/B-339, dated 13-03-
2018, which follows the guidelines of the committee for the purpose of control
and supervision of experimentation on animals (CPCSE, Govt. of India).
Female rats (Wistar 200-250 g) were anesthetized by intraperitoneal injection
of ketamine and xylazine hydrochloride (4:1).The dorsal hairs of the rats were
shaved, depilated on their backs. A surgical wound of 2.5 cm (dia) was created
using a surgical scissor there-by removing the skin and subcutaneous tissue.
The wounds were then washed with saline water. Six groups with three rats in
each group (n=3) were used for the experiments. In group I, the wound was
left open without applying any medication on the rats (control). In group I,
the wounds were treated with a marketed ointment (povidone iodine). In group
111, the nanofiber mats E1 (3cmx3cm) were applied on the wound of the rat
and covered with a surgical adhesive tape. Similarly, in group 1V, the
nanofiber mats E2 (3cmx3cm) were applied and covered. In group V the
nanofiber mat E3 and group VI the nanofiber mat E4 were applied and
covered using the tape. These nanofibers mats were changed once in two days
interval and the reduction in wound size was monitored and measured using a
scale. The images of the healing area were taken using a digital camera. The
whole experiment was conducted for a period of 21 days and then the rats
were euthanized. The wounded area on the 21% day was cut using a scissor and
stored in 10% neutral formalin solution for histopathology study. The %
wound closure was calculated using the formula®®:

AO0- At

Wound closure (%)= * 100, whereAoand Atare the wound sizes at day

0 and day t respectively.
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5A.8.6 Histopathology Study

The blood samples of the wistar rats were collected in tubes coated with
EDTA anticoagulant. All the blood samples were analyzed by Beckman
Coulter veterinary hematology analyzer. Formalin fixed skin tissue samples
were trimmed and processed routinely. Tissue processing was done to
dehydrate in ascending grades of alcohol, clearing in xylene and embedded in
paraffin wax. Paraffin wax embedded tissue blocks were sectioned at 3 to 4
pm thickness with the Rotary Microtome. Slides of skin were stained with
Hematoxylin and Eosin (H & E) and Masson’s Trichrome stains for
morphological observations and collagen fibers.!® Gomori’s reticulin staining
technique was used for demonstration of reticulin fibers and Verhoeff’s Van
Gieson(EVG) test for elastin fibers.t”!® The prepared slides were examined
under microscope to note histopathological lesions if any. Severity of the
observed lesions were recorded as 0= No abnormality detected, +1=Minimal
(<1%),+2=Mild (1-25%), +3=Moderate (26-50%), +4=Marked/Moderately
Severe (51-75%), +5= Severe (76-100%)and distribution was recorded as
focal, multifocal and diffuse.

5A.8.7 Statistical Analysis

All the experiments were carried out for n = 3 samples, the data was analyzed
using statistical software OriginPro 8 (Origin lab Corporation, USA). The in-
vitro, in-vivo experiments are represented in the form of bar graphs
respectively using Sigma Plot 10.0 software. The histological observations
were done using Nikon E100 microscope along with Olyumpus DC 5 camera

and software.

5A.9 Results and Discussion

5A.9.1 Conductivity, Viscosity, and Surface Tension measurements

The conductivity, viscosity and surface tension experiments were done for
EHEC/PVA (10% wi/v) polymer solution containing 1, 3 and 5 % (w/w)
Halloysite nanotubes (HNT).and 10% Gentamicin drug (GS).
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Table 5A.1: Conductivity, Viscosity, and Surface Tension of EHEC/PVA
with HNT and GS.

Sample Name Viscosity | Conductivity Surface

(Pa.s) (mS/cm) Tension

(mN/m)
EHEC/PVA/0%HNT 177 4.80 46.22
EHEC/PVA/1%HNT 195 5.18 45.36
EHEC/PVA/3%HNT 199 4.85 52.93
EHEC/PVA/5%HNT 76.5 5.05 44.51
EHEC/PVA/10%GS 184 4.92 48.10
EHEC/PVA/3%HNT/10%GS 208 5.23 53.45

The solution parameters, namely surface tension, viscosity, conductivity of the
polymer solution are important parameters for successful electrospinning.
When there is a balance between surface tension and repulsive electrostatic
forces, there is formation of submicron range fibers. Solution viscosity plays a
major role in electrospinning. There are bead formations when the solution
viscosity reaches a lower range because the Taylor cone shape oscillates and
becomes asymmetrical. However when the polymer concentration exceeds a certain
limit, the viscosity of the solution becomes exceedingly high, thereby
disrupting the flow of the polymer solution through the capillary.X® In our
study, the viscosity increased from 171 to 199 Pa.s with the increase in HNT
clay but decreased for 5%HNT and this may be due to the excess HNT
aggregation. The viscosity was 184 Pa.s when 10% Gentamicin (GS) drug was
added and was 208 Pa.s when 10% GS was incorporated into 3% HNT.
Distilled water is most favourable solvent when nanofibers are required to be
used for biomedical applications. It was observed that the conductivity ranged
from 4.8 to 5.23 mS/cm as shown in table 5A.1. Surface tension is the
measure of the cohesive forces between the molecules in solution and depends
on the polymer solution and solvent. Surface tension plays an important role in
the electrospinning process and it should be in the range of 35 to 55 mN/m for
effective spinning of the polymer solution.?’ The surface tension measured in
our study was found to be in the range of 44 to 53 mN/m.
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5A.9.2 Contact Angle measurements

The surface wettability of a material is important for many applications, and
the wettability is usually determined using the contact angle method. The
contact angle is related to the surface roughness and the chemical composition.

76° ' 62°

Figure 5A.1 : Contact angle of (a) EHEC/PVA nanofiber mat (b) EHEC/PVA
nanofiber mat with 3%HNT (c) EHEC/PVA nanofiber mat with 10% GS (d)
EHEC/PVA nanofiber mat with 3%HNT/10%GS.

In case of hydrophilic surface, the contact angle between the surface and the
water droplet is less than 90°, as a result when the water droplet falls in the
surface of material it will be adsorbed on the smooth surface of the nanofiber
mat instead of rolling off.?* The HNTSs are also basically hydrophilic in nature
and its addition of the nanofibers, we observed decrease in the contact angle
from 76° for EHEC/PVA nanofiber mat to 40 © in case of 3%HNT10%GS as
shown in the fig 5A.1. This can be attributed to the formation of strong
hydrogen bonds between EHEC/PVA matrix and the nanoclay.

5A.9.3 Morphology of Nanofibers by SEM and TEM

Fig 5A.2 A shows typical SEM micrographs along with the histograms of size
distribution of EHEC/PVA neat nanofibers and HNT and GS. It can be clearly
seen that nanofibers exhibited a smooth and bead free surface morphology
having a diameter distribution in the range of 250-350 nm with an average
diameter of 325 + 30 nm.
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Figure 5A.2: A) SEM images of mats of E1 (a), E2 (b), E3 (c), E4 (d)
(All scale bars are 3um) B) TEM image of E2 mat.
Scale bars: 0.5um and 200 nm)
These fibrous structure results in large surface area to volume ratio and
interconnected porosity which are essential for transport of oxygen and
nutrients to the cell. The incorporation of HNTs into EHEC/PVA slightly
increased the average diameter from 290 nm to 300 nm. This could be
attributed to the fact that the negatively charged HNTSs incorporated into the
electrospinning solution would decrease of surface density of the spinning jet

and increase in electrical conductivity and viscosity leading to the formation of
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nanofibres with larger diameters.???® The obtained nanofiber mats were
opaque with good flexibility and having 10+0.5um thickness. The thickness of
the mat could be adjusted by varying the electrospinning time. The
incorporation of HNT’s into the nanofiber mat was examined by TEM. Fig
5A.2B shows the TEM micrographs of EHEC/PVA nanofiber mat with 3% wt
HNTs. The tubular morphology distribution and alignment of HNTSs in the
nanofiber matrix can be readily seen from the figure. The images show the
orientation of HNT’s along the fiber axis.

5A.9.4 Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR spectra of nanofiber mats E1, E2, E3, E4 are shown in fig 5A.2.
The EHEC-PVA (E1) mat exhibit C-H stretching bands of CH> groups in the
range of 2920-2930 cm™. The bands in the region 1350-1450 cm™ are due to
the symmetrical deformations of CH, and COH groups. The bands due to
primary alcohol (-CH,OH-) groups stretching at 1073-1104 cm?and CH:
twisting vibrations appear in the region of 916-952 cm™. The weak bands
around 599-669 are due to the ring stretching and ring deformation of a-D-(1-
4) and o-D-(1-6) linkages.?* The gentamicin peaks at 1104 cm™ was due to the
HSO4 groups and the peaks at 536-599 cm™ was due to SOz bond.?® The peak
at 1104 cm™ was not prominently observed in E4 as it has merged with the Si-
OH group present in HNT. The peaks observed between 3352-3347 cm™ were
due to the -OH groups. The C=0 carbonyl sharp peaks are observed around
1721-1729 cm™ in all the graphs which confirms the presence of PVA (86%
hydrolysed). The HNT shows characteristic peaks at 3687-3690 cm™ which is
prominent in the graphs of E2 and E4 attributing to the stretching of the inner
surface of the hydroxyl groups.?® The Al-OH and Si-OH bending was observed
at 916-922 and 611-614 cm'™,
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Figure 5A.3: FT-IR spectra of E1, E2, E3 and E4 nanofiber mats.

The Si-OH stretching vibration was observed at around 1073-1076 cm™. All
the peaks of GS and HNT are observed in the E4 graph which reveals that the

drug and nanotubes are successfully incorporated into the nanofibers.

5A.9.5 X-Ray Diffraction (XRD)

Fig 5A.3 shows the XRD patterns of neat EHEC, PVA and HNT and
compared with the different diffactograms of nanofiber mats (b). The neat
EHEC showed peaks at 2(1 of 22.2° 33.1° 46.8°. The neat PVA showed a
broad peak at 19.7° indicating the semi-crystalline nature. The neat HNT
showed three distinct peaks at 11.9° 20.3°, and 25.1° with d-spacing values of
7.53, 4.4 and 3.5 A respectively.?” The nanofiber mats showed broad, smooth
and similar XRD patterns with distinct peak at 201 =19.6° indicating an
inherent semi-crystalline nature of PVA present in the nanofiber mats. The
distinct peaks of HNT’s disappeared in all the nanofiber mats which reveal
that the crystalline structure of HNT’s could be potentially destroyed resulting
into sheet like shapes.
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Figure 5A.4: XRD spectra of neat EHEC, PVA and HNT (a) Nanofiber mats
of E1, E2, E3 and E4 (b).

The nanofiber mat E4 with the content of both HNT and GS showed very
broad hump where the characteristic diffraction peak of PVA also disappeared.
This clearly indicates that the incorporation of GS reduces the semi-crystalline

nature of PVA significantly.

5A.9.6 Brunauer—-Emmett—Teller (BET) Analysis

The Nz adsorption and desorption isotherms of the EHEC/PVA and
EHEC/PVA containing HNT and GS electrospun nanofibers were degassed at
150 °C for atleast 12 hours and experiments were conducted at 77 K. The
specific surface areas of the nanofibers were calculated using the
Braunauer—Emmett—Teller (BET) method and the pore size distribution by
Barrett—Joyner— Halenda (BJH) and Density Function Theory (DFT) method.
The average pore radius was 1.89 nm for 0%HNT , 1.93 nm for 1%HNT, 1.91
nm for 3%HNT and 2.99 nm for 5%HNT and 9.75 nm for pristine HNT (data
not shown in the table ). The multi point BET specific surface area increased
from 94.28 m?/g for EHEC/PVA(0%HNT) nanofiber mat to 187.15 m?/g for
1%HNT. The multi point surface area decreased to 83.56 m?/g for 3%HNT
and 40.16 m?/g for 5%HNT as shown in table 5A.2.
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Table 5A.2 Multi point Surface area (BET) and pore size distribution (BJH &
DFT) methods of EHEC/PVA nanofiber mats with different loadings of HNT.

BJH method DFT method
poresize distribution poresize distribution
Sample | Surface Pore Pore | Surface Pore Half

Multipoint
BET

area volume | radms area volume pore Surface

@) | o) | ) | @y | ey | T | Heay)

A)
O%HNT | 46.97 0.082 16.30 31.01 0.072 15.85 94.22
1%HNT | 4971 0.081 15.67 32.09 0.069 25.99 187.15
3%HNT | 4946 0.076 16.56 3131 0.067 23.76 83.56

5%HNT | 2952 0.052 15.65 21.52 0.049 15.84 40.16
Puare 91.05 036 18.57 5569 025 17999 73.83

The surface area for pure HNT was 73.83 m?/g. The pore size distribution was
calculated using BJH and DFT methods. The surface area, pore radius and
pore volume values were recorded as shown in table. The half pore width of
pristine HNT was highest having 179.99 A as shown in fig 5A.5. The half pore
width and BET multi point surface area decreased with increase in the HNT
concentration. This may be due to the formation of aggregates with increase in
HNT. The fig. 5A.6 shows the typical nitrogen sorption isotherms of nanofiber
mats with pristine HNT and fig 5A.7 showing isotherms with varying HNT
concentrations. They show typical adsorption behaviours for the 1V type, with
an H3 type hysteresis loop according to the IUPAC classification which is a
characteristic of mesoporous structure and indicates the existence of narrow

slit-like pores.
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Figure 5A.5: DFT method for pore volume Vs pore width of EHEC/PVA
nanofiber mats containing different HNT concentrations and Pristine HNT.
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Figure 5A.6: Nitrogen sorption isotherms of Pristine HNT.
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Figure 5A.7: Nitrogen sorption isotherms of nanofiber mats with HNT.

It can be seen that electrospun EHEC/PVA mat containing 5% HNT has the
lower volume adsorbed and widest desorption branch. This is attributed to
increase in content of mesopores of fibers due to incorporation of HNT.
Furthermore, during the adsorption and desorption process, existence of pores
with complex shapes might trap the meniscus, leading to slower desorption

process and wider desorption branch.?®

5A.9.7 Thermal stability of nanofiber mats (TGA)

The thermal stability of the nanofiber mats (E1, E2, E3 and E4) was examined
by TGA and the results are as shown in fig 5A.8. The thermo grams show the
decomposition of neat EHEC around 294 °C (not shown here). The
decomposition temperature of neat PVA is known to be around 85-97 °C,
depending on the molecular weight. Due to the low decomposition
temperature of PVA, the nanofiber mat of EHEC/PVA (E1) showed the
decomposition temperature at 250 °C. However, with the incorporation of
HNT into EHEC/PVA, the decomposition temperature increased to 270 °C,
which was due to to the release of water adsorbed on the surface of the
nanotubes. Further, the increase in HNT loading from 1 to 3% showed only
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marginal change in the decomposition temperature (data not shown in fig).
The increased stability could be attributed to enhanced intermolecular
interactions between the HNT’s and the polymer matrices.
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Figure 5A.8: Thermo grams of E1, E2, E3 and E4 nanofiber mats.

The thermo grams of HNT nanofibers showed a second decomposition step at
435-440°C indicating two step decomposition behaviour which is attributed to
the loss of intercalated water molecules in the interlayer space.?® This
observation indicates that HNT contributes to the thermal stability of
EHEC/PVA nanofiber mats. The decomposition of GS incorporated
nanofibers (E3) was observed at around 150°C and the thermal stability
slightly increased to 200°C for E4 followed by again two step degradation
around 400°C due to the presence of HNT. The nanofiber mats E4 exhibits
good thermal stability in the range of 200-250°C.

5A.9.8 Mechanical Studies

Fig 5A.9 shows the typical stress-strain curves for EHEC/PVA nanofiber mats
with different loadings of HNTSs. The results are given in table 5A.3.

It can be readily seen from the table that, the incorporation of HNT’s into
EHEC/PVA nanofibers significantly improved the mechanical properties. The
nanofiber mats without HNTs showed the tensile strength of 5.1MPa. Upon
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adding of 1 and 3 % HNTSs, the tensile strength increased to 7.6 and 18.6 MPa
respectively. The improved mechanical strength is due to the efficient transfer
of load from polymer matrices to the HNTs. However, with further increase of
HNT content to 5 wt%, the tensile strength decreased to 12.5 MPa.

2.5x10’

2.0x10" 4
3% HNT

1.5x10" 4

1.0x10"

Stress (Pa)

1% HNT

)
5.0x10° 0% HNT
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Figure 5A.9: Tensile stress-strain curve with different halloysite loading in
the EHEC/PVA nanofibers.

Table: 5A.3: The tensile strength, elongation at break and Modulus of
nanofiber mats.

Sample Name | Modulus from | Elongation at Tensile
slope (MPa) break (EB) % Strength
(MPa)
EHEC/PVA
0%HNT 0.052 83.28 5.1
EHEC/PVA
1%HNT 0.191 S57.74 7.6
EHEC/PVA
3%HNT 1.928 27.98 18.6
EHEC/PVA
5%HNT 0.338 39.44 12.5

It can be due to the fact that, at high HNT content, the interfacial adhesion

between the fiber and clay might decrease leading to slippage and the loss of
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load transfer resulting to lower tensile strength.>® The nanofiber mats showed
decreased elongation at break with the incorporation of HNT’s which is
expected since the nanofibers become more rigid in the presence of HNT’s.
The tensile strength of nanofiber mats did not vary much by the addition of the
drug GS and hence not discussed here.

5A.9.9 Swelling Studies

The most predominant criteria of wound healing involves not only attachment
of the scaffold to the wound bed, but also uptake of wound exudates, support
new tissue formation and also transports nutrients in the scaffold during in
vitro cell culture®' and therefore the swelling of the nanofiber mats is critical.
The equilibrium swelling of the nanofiber mats was measured in PBS buffer at
25°C. All the mats showed equilibrium swelling in the range of 1000-1200%
as shown in fig 5A.10. The swelling increased with time and the mats attained

the equilibrium swelling in ~ 24 h.
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Figure 5A.10: Equilibrium swelling (%) of E1, E2, E3 and E4 nanofiber mats.

The presence of HNT in the nanofiber mats increased the hydrophilicity of the
mats and showed the higher swelling property and degree of crosslinking is
kept constant for all the nanofiber mats. All the equilibrium swollen nanofiber
mats E1,E2, E3 and E4 were dried in a vacuum oven at room temperature and

SEM images were taken (not shown here) to know if the morphology of the
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fibers is affected by swelling in PBS. The nanofiber mats did not show any
change and were found to be stable in PBS solution.

5A.9.10 Drug release from halloysite loaded gentamicin nanofiber mats

In vitro drug release study as shown in fig 5A.11 was performed to understand
the loading and release performance of GS from the HNT nanotubes and
nanofiber loaded HNT and GS. Gentamicin sulphate (GS) was taken as the
model drug for the release study in both pure form and embedded within the
HNT into the nanofibers. The factors such as presence of HNT, method of
loading the drug into the HNT does play an important role in the release. In
our study, the entrapment effeciency for EHEC/PVA/10GS nanofibers was
found to be 90.21% and that for EHEC/PVA nanofibers, with 10%GS
incorporated in 3% HNT was found to be 87.33%. The entrapment efficiency
of only 10% GS in 3% HNT was found to be 8.69%.
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Figure 5A.11: Drug release from the nanofiber mats E3 and E4 and HNT
containing GS.

The 10%GS entrapped into the lumen and on the surface of 3% HNT was
completely released in PBS within 30 hours. In the nanofiber mats of
EHEC/PVA/10GS (E3), burst release was observed initially for a period of

two hours releasing 25% of the drug and then the release reached to 98.21%
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for a period of 6 days. There was complete and slow release observed from the
nanofiber mats containing the 3%HNT loaded 10%GS (E4) which was in a
controlled and sustained manner for a period of 18 days and hence would help
to prevent any bacterial infections in the wounds. HNT’s are ideal candidates
of biomaterials especially for controlled release of drugs. The gentamicin
sulphate (GS) drug incorporated in the HNT is released slowly because it
diffuses through the narrow lumen to reach the open ends of the nanotube.
Halloysite retards the release rate up to several weeks, allowing protection
against bacterial infection throughout the treatment. However, uneven
distribution of the drug in nanofibers often results in initial burst effect for few
minutes and then exhibiting slow and sustained release for several weeks to
even months. %2

5A.9.11 Cell Viability, growth and proliferation

The biocompatibility of nanofiber mats was examined by MTT assay using
L929 cells over a period of 5 days. The toxicity of the halloysite nanotubes
(HNT) and Gentamicin sulphate drug (GS) on the fibroblast cells was
evaluated. Fig 5A.12 shows the cell viability (%) of all the nanofiber mats
along with the control. It can be seen from the figure, that the cells in the
control group were 100% viable. The cells in E1, E2, E3 and E4 showed more
than 100% cell viability over 5 days. These observations confirm that, HNTs
and GS are non-toxic and having good cell viability.
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Figure 5A.12: MTT assay of E1, E2, E3 and E4 nanofiber mats.
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Figure 5A.13: Fluorescence image of E4 mat showing (a)nuclei of L929 cells
by DAPI ; Scale bar : 200um (b) SEM image of cell attachment and
elongation; Scale bar :100pum.

The increased cell viability also suggests the good cyto-compatibility and
promotes cell attachment, spreading and growth on the nanofibers. It can be
seen that cells are attached to both the scaffold surface and the inner pores
which suggests the cell growth and proliferation after 3 days of incubation.
The results demonstrate that these nanofibers are biocompatible and have
potential applications in tissue engineering. The spindle shaped L929
fibroblast cell growth and proliferation in the nanofiber mat (E4) was
examined under fluorescence microscopy, where the blue colour indicates the
nucleus of the cells as shown in fig. 5A.13 (a) and the SEM image was taken
after 3 days of culture which confirms the cells are attached on the nanofiber
mat are shown in fig 5A.13 (b).

5A.9.12 In -vitro Wound Migration Assay

The wound migration assay is a simple and economical method to study cell
migration in- vitro. One of the major advantages of this method is that it
mimics to some extent migration of cells in-vivo. In our study, the assay was
performed using L929 cell lines having control (only cells), E1, E2, E3, and
E4.
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Figure 5A.14: Confocal microscopy images of L929 fibroblast cells of E1,
E2, E3 and E4 nanofiber mats.

120 -

100 -

(o]
o
1

[o2]
o
1

Wound Migration (%)
8

[
o
1

Control El E2 E3

Figure 5A.15: Graphical representation of wound migration (%).

The cells having HNT showed good migration as compared to control and 0%
HNT. The highest % of migration was seen in mats containing both HNT and
GS which was almost 100% cell migration and confirmed cell viability as seen
in fig 5A.15.

5A.9.13 Hemocompatibility Assay

Hemolysis is regarded as a significant screening test to perform its
measurement of red blood cells in contact with materials and devices. In our
study, we performed hemocompatibility test on four samples of nanofiber mats
El, E2, E3, and E4. It is known and reported that, if the hemolysis rate is
below 5% then the medical materials are considered as non-hemolysis

according to national biological safety protocol®®*  Hemolysis study
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undertaken here showed the stability of red blood cells when in contact with
the nanofiber mats and also HNT showed no toxicity effects.
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Figure 5A.16: Hemolysis assay of nanofiber mats (E1, E2, E3, and E4).

In fig 5A.16 the results of all samples were less than 5%, conforming to the
national biological material hemolysis rate security specified requirements.

5A.9.14 Antibacterial Studies

The antibacterial studies were done by Kirby Bauer disk diffusion method.3*
The zone of inhibition was observed for both gram positive and gram-negative
bacteria are shown in fig 5A.17. There was no zone of inhibition for the
negative control, i.e. the EHEC/PVA nanofiber mat (E1).

. SA
50/ | ECol
—
£
9
5 151
2
2
L
£ 10
1%
V]
5 05 4
N
Control
00 T
E1 E2 E3 E4

Figure 5A.17: Kirby Bauer disk diffusion method for gram-positive and
gram-negative bacteria.
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The zone of inhibition for EHEC/PVA/HNT (E2) was recorded as 1.5 cm for
S.aureus and 2.1 cm for E.coli. The zones of inhibition for EHEC/PVA/GS
(E3) and EHEC/PVA/GS/HNT (E4) was recorded as 1.8 and 1.9 cm for S.
aureus and 2.1 and 2.2 cm for E. coli bacteria. In these experiments, we
observed that the Halloysite nanoclay itself has an antibacterial property
which was significantly observed. The zone of inhibition for the positive
control antibiotic kanamycin and tetracycline were also observed and labelled

as Kand T respectively.

5A.9.15 In-vivo Wound closure Assay

The table 5A.4 given below mentions the various groups which were used in
the rat studies. Each group had three rats (n=3). The weight of the wistar rats
used in the experiments was around 200-250 gm. The in-vivo studies were
done using the nanofiber mats as per the code mentioned in table 5A.4, E1 to
E4 and with a popular well known antibiotic ointment named povidone iodine.
From the fig 5A.18, it was observed that there was not much significant
difference in wound closure rate between the open wound (control) and with

the marketed ointment (Povidone iodine).

Table 5A.4: The various groups used for in-vivo rat model studies.

Group No. Specifications Code
I Open wound (Control) E
] Marketed ointment (Povidone iodine) EO
Il EHEC/PVA nanofiber mat El
v EHEC/PVA/3HNT nanofiber mat E2
\Y EHEC/PVA/10GS nanofiber mat E3
Vi EHEC/PVA/3HNT/10GS nanofiber mat E4
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Figure 5A.18: Photographs of Wound healing of wistar rats and wound

closure (%) from O to 21 days.
The closure rate of wounds for the control (open wound) and marketed
ointment were 82% and 84%, and 90%, 95% for E1 and E2 mat on 14" day.
The results demonstrated the ability of HNT loaded EHEC/PVA nanofiber mat
to enhance the wound closure rate. The rats treated with E4 nanofiber mats
showed more significant wound reduction compared to the rats treated with E3
nanofiber mat. The closure rates of wound treated with E3 and E4 nanofiber
mats were 95% and 100% on the 14" day. A new layer of the skin with almost
no scar was observed in E4 mats. Another notable observation was the results
for HNT loaded nanofiber mats and the GS loaded nanofiber mats showed
almost the same results.
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Figure 5A.19: Bar graph for Wound closure (%) from 0 to 21 days.

This implies that HNT alone could be used as a wound healing material and
these results also are consistent with the antibacterial studies, scratch assay
and cell attachment test. This indicates that the addition of HNT into GS-
loaded EHEC/PVA nanofibers (E4) can not only improve the wound healing
process but can also improve cell adhesion and proliferation of fibroblast cells.
HNT also being hydrophilic in nature provide an adequate level of moisture to
build up the exudates on the wound area for enhanced wound healing without
scar formation.®

5A.9.16 Histopathology Study

The structural and functional regeneration of the skin depends mostly on the
regulation of the extra cellular matrix(ECM) deposition.*® We show in fig
5A.20 the microscopic images of skin tissues of open wounds of rats (group
E) for Hematoxylin and Eosin staining. It can be observed that there is no
epidermal layer (Ep) formation (arrow shown). The small arrows in the figure
indicate the mild to moderate ulceration (Ul), inflammation (In) and focal
point (F). There is a focal minimal epidermal hyperplasia with epithelisation,
minimal to mild collagen deposition and multifocal mild angiogenesis at

dermis. Skin tissues of EO and all the treated groups (E1 to E4) showed focal
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mild to moderate epidermal hyperplasia with epithelisation, moderate collagen
deposition and multifocal mild to moderate angiogenesis at dermis. In the
group (E4 to E6), a thick and prominent epidermal layer and fibroblast cells
were observed. In Masson’s trichrome staining of the open wound (E) there
was no deposition of collagen(Co) and angiogenesis(Ag) as shown in fig
5A.20.
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Figure 5A.20: Hematoxylin and Eosin staining.
Scale bar: 200um and 400X magnification.

Figure5A.21: Masson’s Trichrome for collagen staining.
Scale bar: 200um and 400X magnification.
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Figure 5A.22: Gomori’s staining for reticular fibers.
Scale bar: 100um and 400X magnification.

Figure 5A.23: Verhoeff’s Van Gieson staining for elastin fibers.
Scale bar: 100um and 400X magnification.

The formation of collagen is another remarkable signature of tissue generation
which is essential for a healthy skin and normal functioning.>” The groups E2
to E4, showed denser granulation tissue deposition and better collagen bundles
indicated by dark blue staining along with significantly accelerated
angiogenesis in full thickness dermal wounds as shown in fig 5A.21. Whereas
E, EO and E1 groups had poorly developed shattered collagen bundles.®
Special stains are required for staining reticular and elastin fibers. Gomori’s
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staining technique of argyrophilic type using silver impregnation demonstrate
the rectic fibers which are fine delicate fibers connected to coarser and
stronger collagen fibers (type 1) that provide framework to organs like skin,
spleen, lymph etc. We observe in fig 5A.22, the reticulin fibers (black in
colour) are found along with the fibroblastic and collagenous stroma, just
below the epidermal layer. There was less number of reticulin fibers in case of
open wound as the wounds were not completely re-reepithelialised, where as
dense and mature reticular fibers were seen in all the groups at the end of 21
days.®® The elastin fibers appeared brown in colour, thick, robust, mature and
seen distributed all over the dermal tissue healed by nanofiber mats as shown
in fig 5A.23. The elastin secretion was abundant in the dermal region of
wounds treated with clay and gentamicin when compared with open wound
due to faster wound healing. The overall healing progression in the open
wound (control) and marketed ointment was slow as compared with group
containing clay, gentamicin and combination of both. The treatment of
nanofiber mat in combination with HNT and GS enhanced the recovery of
wounded skin by increasing epithelisation, fibrous tissue proliferation,
increased collagen deposition and angiogenesis. The results indicate that HNT
accelerates skin wound healing by enhancing myofibroblast level and
increasing wound contraction during the re-modeling phase of the wound
healing process. Fibroblasts are responsible for new ECM formation and
collagen deposition in the wound area.

5A.10 Conclusions

In conclusion, we have demonstrated the fabrication of electrospun nanofiber
mats based on the natural polymer, EHEC and a biocompatible polymer PVA
for wound healing applications. The solution properties like viscosity,
conductivity and surface tension were studied to obtain good elctrospun fibers.
The addition of HNT increased the mechanical strength to more than three
folds from 5MPa to 19MPa. A mineral clay halloysite and an antibiotic drug,
gentamicin were incorporated in the naonofiber mats for enhancing the
mechanical strength and rapid wound healing process. In-vitro studies
indicated that nanofiber mats were non-toxic and promoted rapid cell growth
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and proliferation. The antibacterial studies also revealed that the halloysite
nanoclay has antibacterial properties and helps to inhibit the gram positive and
gram negative bacteria. There was no hemolysis observed for any of the mats,
confirming the cytotoxicity. The in- vivo wound healing studies of mats on
wistar rats for 21 days showed faster tissue regeneration in terms of re-
epithelialisation and enhanced collagen deposition with almost no scar
formation at the end of 21 days. These nanofiber mats show great potential in

wound dressing materials.
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5B.1 Introduction

Nanomaterials exhibit outstanding physical and chemical properties, which
include nanoparticles, quantum dots, nanowhiskers, nanorods, nanowires,
nanofibers, nanosheets and nanotubes.! The nanomaterials have great potential
in nano medicine, engineering, electronics, health care, energy generation,
storage, filtration, environmental and in different biomedical applications.
Nanofibers particularly, are the ones which stand out among the rest of the
nanomaterials due to their unique physicochemical properties and
characteristics in nanometer size range. They are highly porous in nature with
high surface area to volume ratios and are also capable of forming
interconnectivity between the pores. Electrospinning technique is the best
choice for large scale production of nanofibers. Electrospun nanofibers are
easy and cost effective in production, easily stretchable and capable of surface
modifications and therefore find variety of applications. The silver
nanoparticles are of great interest these days due to their antibacterial,
antimicrobial and antifungal properties against a wide range of fungi, bacteria
and viruses.?

Silver Nanoparticles (AgNPs) are one of the most vital and fascinating
nanomaterials among several other metallic nanoparticles that are used for
biomedical applications. AgNPs play an important role, particularly in
nanomedicine.® Ag-NPs have distinctive physico-chemical properties, with a
high electrical and thermal conductivity, surface-enhanced Raman scattering,
chemical stability, catalytic activity and non linear optical behaviour.* The Ag-
NPs also exhibit broad spectrum bactericidal and fungicidal activity® which
makes them popular in various consumer products, including food, soaps,
pastes and textiles.’

5B.2 Antimicrobial Wound Dressings

A wound is defined as any disruption to the physiological of life and overall
well-being. The number of patients suffering from all forms of chronic
arrangement of the skin cells and a disturbance to its function in connecting
and protecting the underlying tissues and organs in the human body.
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Figure 5B.1: Types of Wound care dressings.

[Adapted from: Advanced wound care marlfet forecast for the year 2016-2026]
Www.visiongain.com
The pie chart in fig 5B.1 shows the percentage of different types of wound
dressing materials available in the market and their demand. Antimicrobial
wound dressings account for 32.4% of all the other wound dressings.
Antimicrobial wound dressings play an important part in wound care
prevention and management of infection. They also help to maintain a moist
environment in the wound which helps in proliferation and migration of
fibroblasts and keratinocytes.2 The moist environment in the wound serves as
a transporter for enzymes, growth factors, and hormones, which helps to
induce cell growth and moist wound dressings promote collagen synthesis and
decrease scar formation® which help wounds to heal faster!?, Modern moist
wound dressings can be classified depending on their materials (synthetic and
natural polymers) and physical forms (hydrogels, hydrocolloids, films and

foams).
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5B.2.1 Properties of an Ideal Antimicrobial dressing

« Broad spectrum of activity against micro-organisms, including
resistant strains of bacteria.

+«+ Bactericidal not just bacteriostatic

+ Rapid but sustained activity

+«»+ Suitable for use on broken skin/mucus membrane

+ Non-irritant and non-toxic to tissue/environment

¢+ Easily soluble in a non-toxic carrier

+« Not inhibited by body fluids, wound exudates or biofilms

+ Stable, easy to use and store

« Assists in wound bed preparation, e.g. debridement/ moisture
management

+» Cost-effective

+* Reduces malodors

+»+ Conforms to site and shape of the wound

+«»+ Patient satisfaction and clinician expectations. (Vowden &Cooper,
2006)**

5B.2.2 Bacterial Cell Death by Silver Nanoparticles (AgNPs)

Antimicrobial activity of silver dressings depends on the amount and rate of
silver release and its toxicity to bacterial, fungal, and algal cells. Silver works
by interacting with thiol groups present in the bacterial cells by stopping their
respiration process. Silver nanoparticles prevent phosphate uptake and
catalysation of disulfide bonds with silver tending to change the nature of
protein structure in E. coli. The degenerative changes in cytosolic protein
causes cell death.'>* Feng et al reported antibacterial mechanism of action of
silver ions on gram positive S. aureus and gram negative E. coli bacteria
showed that silver ions penetrate into bacterial cells and condense DNA
molecules which inhibit their replication capabilities leading to cell death.™
Silver nanoparticles show the most efficient antimicrobial activity amongst all
forms of silver. The bactericidal effects of AgNPs depend on the size, shape,

surface characteristics, and their dose.
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Figure 5B.2: Silver nanoparticles attack on mitochondria of bacterial cell.

It has also been reported that, nanoparticles having particle size ~ 1-10 nm
have higher affinity of attaching to the surface of the cell membrane as
compared to larger nanoparticles. The nanoparticles can attach to the larger
surface area of bacterial cell membrane and cause cell death.®

5B.2.3 Nanofibers with Silver Nanoparticles (Ag-NPs)

The broad spectrum bactericidal efficacy of silver ions on microorganisms has
long been recognised and utilised in the treatment of infected wounds. To
protect the dressing material from oxidation and decolouration, and also have
a steady and prolonged release of silver ions from the dressing materials, silver
nanoparticles loaded nanofibers have been reported. In a research article by
Damm et al 2007, the silver nanoparticles, embedded in a hydrophilic
polymer, have long-term silver ion release behaviour.!” One of the methods
for synthesis of silver nanoparticles is that the silver salt like silver nitrate is
mixed with a polymer solution and electropun into nanofibrous wound
dressing mat and then expose to UV radiation to reduce the silver ions to silver
nanoparticles in situ.*® The synthetic polymers like polycaprolactone (PCL)™
poly(vinyl alcohol)®®, polyacrylonitrile?!, poly(I-lactide)??, poly(lactide-co-
glycolide)?® and polyvinyl pyrrolidone?*? and natural polymers such as
gelatin?®, cellulose acetate?’-? etc have been reported using this method in the

literature.
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5B.3 Material and Methods

Ethyl hydroxy ethyl cellulose (EHEC) was obtained from Akzo-Nobel
Functional Chemicals AB, Sweden with trade name as Bermocoll E411 FQ.
The molecular weight (MW) was 1200Kg/mol with about 7000 anhydro
glucose units (AGU). Polyvinyl alcohol (PVA), molecular weight 1, 25000
g/mol, cold water soluble with degree of polymerization is 0.6 and 89%
hydrolyzed was obtained from S.D Fine Chemicals, Boisar, India. Silver
nitrate crystals, AR grade, molecular weight 169.87 g/mol, CAS No: 7761-88-
8 was purchased from Thomas Baker Chemicals, Pvt Limited, India. Citric
acid, anhydrous pure with mol wt 192.12 g/mol was purchased from Merck
Limited, India. EHEC was purified as given in the procedure by Gupta et al 2
in 2015. Other materials were used directly without further purification.
Distilled water was used throughout the experiments.

5B.4 Experimental Section

5B.4.1 Solution Preparation

The aqueous solution of EHEC and PV A was prepared in the ratio of 4:6 and
the total polymer concentration was kept at 10 % (w/v). In order to post
crosslink the nanofiber mats, citric acid (20 wt% of the total polymer) was
added to the above solution. The silver nitrate (AgNO3) salt was taken in 0.5, 1
and 2 wt% (w/w) with respect to the weight of EHEC/PVA blend.

5B.4.2 Electrospun EHEC/PVA Nanofiber mat embedded silver
nanoparticles (Ag-NPs)

The antimicrobial EHEC/PVA nanofibrous mats were prepared by adding
silver nitrate (AgNOz3) to an aqueous solution. The AgNOz salt was mixed
with the polymer solution and subjected to UV radiation lamp at 25W/m? for a
period of 10 minutes.*® The milky white colour of the polymer solution turns
light yellow to blackish brown in colour with increase in silver salt
concentration from 0.5 to 2% and the size of nanopaticles® as shown in the fig
5B.3.
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Figure 5B.3: [A](1) EHEC/PVA solution (2) EHEC/PVA with 0.5, 1, 2%
AgNO3z salt after exposure to UV radiation (3) Electrospinning unit, (4)
Nanofiber mat with 0.5% AgNPs, (5) SEM image of nanofiber mat containing
0.5% AgNPs. [B] AgNPs reduction from Ag*to Ag°® using UV radiation is
shown on right side.

The colour change of the polymer solution from white to blackish indicates the
reduction of the AgNOs salt from Ag* ions to elemental silver Ag®, which
gives the primary confirmation for the formation of silver nanoparticles. The
particles were uniformly dispersed on the fiber surface with the particle size
ranging from 10 to 25 nm. The fibers containing silver nanoparticles showed
very strong antimicrobial activity against gram positive and gram negative
bacteria namely, S. aureus and E. coli.

5B.5 Characterization Techniques

The morphology of the nanofibers was studied using Scanning Electron
Microscopy (SEM) quanta 200 3D dual beam ESEM FEI, Finland. The
electron source was tungsten (W) filament with thermionic emission at 15 kV
in high vacuum. The size and distribution of the electrospun fibers were
analyzed using Image J analysis software (Image J, National Institutes of
Health, USA). For each electrospun mat, 100 fibers were randomly selected
from different regions of the SEM image and size of the fibers are reported as
the average diameter. The size of the Ag-NPs was determined using TEM FEl,
TECNAIG2 F30 instrument operated at an accelerated voltage of 200 kV.
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The viscosity measurements were done on MCR 301, rheometer using cup and
bob geometry. The electrical conductivities were measured using a
conductometer, Toshniwal Instruments Mfg Pvt Ltd, Ajmer, SR No: 10J694.
Conductivity cell: Type: TCC-1, K=0.98. All measurements were done at
room temperature (2742 °C) in triplicates and the average values reported.
Surface tension of the electrospinning solutions was carried out on the optical
contact angle measurement system, Carl Zeiss, Jena, Japan.

Contact angle measurements were performed by using an optical contact angle
apparatus (OCA 20, Data Physics Instruments, and Germany) equipped with a
video measuring system having a high-resolution CCD camera and a high-
performance digitizing adapter. SCA 20 software (Data Physics Instruments)
was used for data acquisition. The fiber mats were fixed on top of a plane solid
support and kept flat. The contact angle of water in air was measured by the
sessile drop method. The water droplet volume was 6.0 + 0.5 pL. Temperature
was set at 25.0 + 0.1 °C for the support and the injecting syringe as well.
Images were collected 25 times per second, starting from the deposition of the
drop to 40 s. From the data analysis, the contact angle, the volume, and the
contact area of the drop were calculated. Five measurements at least were
carried out on each fiber mat sample.

X-ray diffraction (XRD) measurements were performed on the Ag-NPs
embedded nanofiber mats using a Philips X’pert pro powder X-ray
diffractometer operating with CuKa radiation (A=0.15406 nm, Ni filter)
generated at 40 kV and 30 mA X-ray diffractometer.

The UV-Visible spectrometer UV-1601 PC Shimadzu, was used for the
experimental analysis. The silver nanoparticles were scanned in the range
200-800 nm. The EDAX analysis was done on SEM-EDX machine, quanta
200 3D dual beam ESEM FEI, Finland.

The mechanical strength of the nano-matrices was measured using a dynamic
mechanical analyzer (RSA3, TA Instruments, USA). The mat samples were
cut into strips with dimensions of 20 cm x 0.5 cm and then mounted onto the

tensile grips. The strain rate and gauge length were 10 mm min* and 15 cm,

SP Pune University Page 111



CHAPTER V(B): Design and Fabrication of EHEC Nanofibers with
Nanomaterials for Wound Healing Applications PART B: Silver
Nanoparticles

respectively. The mats were subjected to tensile force. Each sample was tested
five times to authenticate its normal stress—strain curves.
The nitrogen adsorption desorption isotherm measurements were performed
on a Quantachrome surface area analyser, the specific surface areas and pore
size distribution of the samples were obtained by Brunauer-Emmett-Teller
(BET) technique. The samples were weighed, dried in vacuum for 24 hours at
the temperature of 30°C to remove moisture. Pressure within the range of 0.01
to 1 P/PO; where P is relative pressure and PO is saturation pressure and at
temperature of 77 K was assumed for adsorption and desorption. Nitrogen
with the purity of 5.0 was used as measuring gas.
Thermal analysis was performed in the temperature range from 30 to 900 °C at
a controlled heating rate of 10 °C min™! with the nitrogen flushed at 50 mL
min~* on the Thermal Analyzer (STA) 6000 (Perkin-Elmer, USA). The weight
loss of various phases in the thermogram was correlated with the degradation
of specific components of the AgNPs loaded nanofibers. The samples were
analyzed in perforated and covered aluminium pans under nitrogen-purging
conditions.
5B.6 Swelling Studies
The nanofiber mats weighting 5 mg each containing 0.0 0.5, 1, and 2% AgNPs
were dipped in the phosphate buffer saline (PBS) solution (pH 7.4) at 37°C.
Excess surface water was blotted out with filter paper before weighing the
samples and weights were taken at various time intervals starting from 30
minutes to 30 h. All the experiments were done in triplicates and average
value was taken. The percent degree of swelling was calculated from the
formula®?:

Degree of Swelling (%) = [(Mw-Mg)/ Mq] x100

Where the My and Mg are weights of wet and dry samples respectively.

5B.7 Release study of Silver ions in Phosphate Buffer Saline
(PBS)

To evaluate the silver ions release from the electro spun nanofiber mats, the
cut piece(1 cm x 1 cm) of nanofiber mat was immersed in 15 ml phosphate
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buffer solution(PBS) taken in a covered test tube and kept in a shaker bath
(Julabo SW 23) with gentle shaking at 37°C. At predetermined time intervals,
1 ml of PBS was taken and replenished with an equal volume of fresh PBS
into the test tube. The amount of silver released was determined by UV-Vis
spectrometer (UV-160 PC Shimadzu) at a Amax Of 354 nm (obtained from the
experimental calibration curve for silver). The percentage silver release was
calculated using the calibration curve of silver in PBS at 7.4 pH. The release
experiment of each sample was performed in triplicates and the average value
is reported. The encapsulation efficiency was calculated as follows:

mass of maximum drug released

* 100

Encapsulation efficiency (%) = mass of total drug released

5B.8 Antibacterial Studies

The antibacterial studies were performed on the bare EHEC/PVA nanofiber
mats with 0%AgNPs and nanofibers containing 0.5, 1 and 2 %AgNPs using
the Kirby Bauer disk diffusion method. The gram-positive and gram-negative
bacteria, S. aureus and E. coli were inoculated in 10 ml nutrient broth in
culture tubes and kept at 37 °C in an incubator. The nutrient agar petri plates
were prepared. After overnight incubation of nutrient broth, 100ul from each
(E. coli and S. aureus) were inoculated on the petriplates in triplets. The
cultured broth (100ul) was spread on the nutrient agar plates by sterile
spreader. All the nanofiber mats were cut into circular shape of equal size and
placed on the agar plates along with negative control (antibiotic discs of
kanamycin and tetracycline) at 37 °C in the incubator. After overnight
incubation, the zones of inhibition were measured and photographs taken.
5B.9 Biological Studies

5B.9.1 Cell Viability Study

The cytotoxicity of nanofiber mats was investigated using MTT assay. The
L929 mouse fibroblast cell line used was obtained from National Centre for
Cell Science (NCCS), Pune, India. The cells were cultured in DMEM medium,
supplemented with 10% fetal bovine serum, streptomycin (10 g/ml) and
penicillin (100 units/ml) and were maintained in a humidified atmosphere at
37°C under 5% CO,.2® Cells (1x10% were seeded per well in 24-well, flat
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bottom culture plate and incubated for 24 h, followed by the treatment using
nanofiber mats 0, 0.5, 1 and 2 % AgNPs were kept for 1, 3 and 5 days. After
incubation, the MTT solution (5 mg/ml of stock solution of which 20ul of
MTT solution was added in 200ul of DMEM media) was added to each well
followed by further incubation in darkness at 37°C for 4 h. The formazan
crystals formed were dissolved by addition of acidified isopropanol. After 15
min, the amount of colored formazan derivative formed was determined by
measuring the optical density (OD) using a microplate reader (Spectra Max,
MS; Molecular Devices, LCC) at 570 nm. All the experiments were done in
triplicate. The percentage cell viability was calculated as:

(0OD)sample-(OD)blank .

(OD)control—(0D)blank 100

% Cell viability =

5B.9.2 Hemolysis Study

Hemolysis study of electrospun mats containing 0%, 0.5%, 1% and 2%
AgNPs were performed using method of indirect contact according to the
requirements of 1SO 10993.3* About 3ml of rat blood was collected in EDTA
coated vials and was diluted to 3 times in physiological saline. 1 ml of diluted
blood was then centrifuged at 2000 rpm for 15 minutes at 4°C. 200pl of this
diluted blood was taken in an eppendorf tube and made upto 1 ml. The
nanofiber mats were immersed into the diluted blood and incubated for 1 h at
37°C and then centrifuged at 2000 rpm for 15 minutes. After centrifugation,
the supernatant liquid was collected and absorbance was recorded at 540 nm.
Triton-X (0.1%) was used as positive control and saline as negative control for
the study. All the experiments were done in triplicates and average value was
reported. The percent haemolysis was calculated using the following formula:

Sample (OD)- Negative control (OD)
Positive control(OD)—Negative control(OD)

* 100

% Hemolysis=

5B.9.3 In-vitro Cell growth and Proliferation
The nanofiber mat with 0.5% AgNPs was sterilized for 15 min inside a
biosafety cabinet and placed in 24 sized flat bottom well plates.

Approximately 4 x 10* of L929 fibroblast cells were seeded with equal

SP Pune University Page 114



CHAPTER V(B): Design and Fabrication of EHEC Nanofibers with
Nanomaterials for Wound Healing Applications PART B: Silver
Nanoparticles

number in each well plate. After 48 h incubation in 5% CO. at 37 °C, the cells
were washed using PBS and fixed with 4% paraformaldehyde. The nanofiber
mat was treated with 5% Bovine Serum Albumin (BSA) along with 0.1%
Triton-X in PBS for 1 h, and further washed with PBS. The mats were then
incubated with 3% glutaraldehyde in PBS for overnight at 4°C. The mat was
again washed for 10 min using PBS and followed by ethanol at room
temperature followed by gold sputtering for obtaining SEM images.

5B.9.4 In-vivo Wound Healing Assay

The macroscopic investigations of the treated and untreated groups were
carried out for 21 days.The animal (wistar rats) experiments were performed
in accordance with the guidelines for Institutional Animal Care and Use
Committee (IACUC) at National Centre for Cell Science (NCCS), Pune, India,
and approved by the Animal Ethics Committee of NCCS with approval
number IEAF/2018/B-339, dated 13-03-2018, which follows the guidelines of
the committee for the purpose of control and supervision of experimentation
on animals (CPCSE, Govt. of India). Female white Wistar rats weighing
around 200-250 g were anesthetized by intraperitoneal injection of ketamine
and xylazine hydrochloride in the ratio(4:1).The dorsal hairs of the rats were
shaved, depilated on their backs. A surgical wound of 2.5 cm diameter was
created using a surgical scissor there-by removing the skin and subcutaneous
tissue. The wounds were then washed with saline water. Five sets with three
rats in each set (n=3) were used for the experiments. In set I, (SO) the wound
was left open without applying any medication on the rats(control). In set 11,
(S1) marketed ointment povidine iodine was used. In set 111 (S2), the nanofiber
mats with 0%AgNPs (3cmx3cm) were applied on the wound of the rat and
covered with a surgical adhesive tape. Similarly, in set IV (S3), the nanofiber
mats containing 0.5% AgNPs (3cmx3cm) were applied and covered. In set V
(S4), the nanofiber mats containing 1% AgNPs were applied and covered
using the tape. These nanofibers mats were changed every once in two days
and the reduction in wound size was monitored and measured using a scale.
The images of the healing area were taken using a digital camera. The whole
experiment was conducted for a period of 21 days and then the rats were
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euthanized. The wounded area on the 21% day was cut using a scissor and
stored in 10% neutral formalin solution for histopathology study. The percent
wound closure was calculated using the formula®:

A0- At
A0

Wound closure (%)= * 100

Where Aoand A:are the wound sizes at day 0 and day t respectively.
5B.9.5 Histopathology Study
The blood samples of the wistar rats were collected in tubes coated with
EDTA anticoagulant. All the blood samples were analyzed by Beckman
Coulter veterinary hematology analyzer. Formalin fixed skin tissue samples
were trimmed and processed routinely. Tissue processing was done to
dehydrate in ascending grades of alcohol, clearing in xylene and embedded in
paraffin wax. Paraffin wax embedded tissue blocks were sectioned at 3 to 4
pm thickness with the Rotary Microtome. Slides of skin were stained with
Hematoxylin and Eosin (H & E) and Masson Trichrome stains for
morphological observations and collagen fibers.®® The prepared slides were
examined under microscope to note histopathological lesions if any. Severity
of the observed lesions were recorded as 0= No abnormality detected,
+1=Minimal  (<1%),+2=Mild  (1-25%), +3=Moderate  (26-50%),
+4=Marked/Moderately Severe (51-75%), +5= Severe (76-100%)and
distribution was recorded as focal, multifocal and diffuse.
5B.9.6 Statistical Analysis
All the experiments were carried out for n = 3 samples, the data was analyzed
using statistical software Origin Pro 8 (Origin lab Corporation, USA). The in-
vitro, in-vivo experiments are represented in the form of bar and line graph
respectively using Sigma Plot 10.0 software. The histological observations
were done using Nikon E100 microscope along with Olympus DC-5 camera
and software.
5B.10 Results and Discussion
5B.10.1 Scanning Electron Microscopy (SEM)
The SEM micrographs of electrospun nanofibers are shown in fig 5B.4.
Morphology reveals the homogenous and uniform formation of nanofibers

without any bead formation in all the cases. The fiber diameter is affected by
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the viscosity and conductivity of the polymeric solution. The polymer
solutions having high viscosity could prevent the fracturing of the ejected
solution during the spinning process.

Mean : 347.77
SD: 89.96

L I|II

Mean: 312.34
SD: 113.26

[]
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SD: 115.90

°
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Figure 5B.4: SEM images of 0, 0.5,1 and2% AgNPs in the fiber matrix.
All scale bars at 3um and all magnification at 15000X.
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The presence of longer stress relaxation time, increases the diameter of the
nanofibers to a certain extent.®” Here, due to high charge density, the high
elongation forces are imposed on the fiber diameter which results in the
decrease of the fiber diameter with increase in the concentration of AgNPs
from 0 % to 1%. The synergic effect of viscosity and conductivity were
responsible for decrease in the fiber diameters from 347 nm (0%AgNPs) to
312 nm for 0.5 % AgNPs and 295 nm for 1 % AgNPs respectively. However
the diameter of the fibers increased to 366 nm for 2% AgNPs and this could be
because of the formation of aggregates due to excess amount of AgNPs added
in to the fiber matrix. The thickness of the nanofiber mat was measured using

a screw gauge and reported as 11+1 pm.

5B.10.2 Tunnelling Electron Microscopy (TEM)
The fig 5B.5 shows TEM micrographs of the AgNPs embedded into the

EHEC/PVA nanofibers with different concentration of silver nanoparticles.

Figure 5B.5: 0.5, 1 and 2 % AgNPs in EHEC/PVA nanofibers.
All scale bars at 0.2um.

The AgNPs are observed on the surface of the nanofibers which are spherical
in shape having even distribution with average size of the particles in the range
of 10 to 25 nm. The density of the particles was more with the increase of the
nanoparticles from 0.5 to 1 %. Some large size particles in the size range of 35
to 45 nm were observed on the nanofiber surfaces in the case of mat
containing 2% AgNPs This could be attributed to the increased incidence of

coalescence of silver atoms with the high concentration of silver content.®
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5B.10.3 Solution properties and Nanofiber properties

The solution properties play an important role in the electrospinning process.
The properties like viscosity, conductivity ad surface tension are essential
parameters to get nanofibers and the polymer solution should have a
minimum viscosity to form nanofibers without any bead formation®*4° When
the viscosity is low, the number of solvent molecules are higher with very few
chain entanglements which show the tendency for bead formation along the
nanofibers. With increase in viscosity there is gradual change in the shape of
the beads from spherical to spindle like and with further increase in viscosity,
the bead disappears and a fine fiber is obtained.*

It can be seen from the results in table 5B.1, that the viscosity of neat
EHEC/PVA polymer solution gradually increased with the addition of the
silver nanoparticles from 171 Pa.s for mats containing 0.5% AgNPs to 227
Pa.s for mats containing 2% AgNPs.

Table 5B.1 Solution properties of the EHEC/PV A with silver nanoparticles.

Sample Name Solution Properties
4/6 (wiw) Conductivity | Surface Tension Viscosity
(mS/cm) (mN/m) (Pa-s)

EHEC/PVA 3.68 45.84 166
0% AgNPs

EHEC/PVA 5.00 47.00 171

0.5% AgNPs

EHEC/PVA 5.42 49.27 185
1%AgNPs

EHEC/PVA 5.95 48.72 227
2% AgNPs

The conductivity of pure EHEC/PVA polymer solution was determined to be
3.68 mS/cm. The neat polymer solution without any silver nanoparticles
contains very few free ions, and show lower conductivity. The addition of
silver increases the conductivity of solution to 5.00 mS/cm for 0.5%AgNPs
and 5.95 mS/cm for 2 %AgNPs. At high conductivity, more charges can be
carried by the electrospinning solution which is expected to form bead free
fiber deposition on the collector plate. The surface tension of the solution was
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in the range of 45.84 mN/m to 48.72 mN/m and was in the optimum range 35 -
55 mnN/m for electrospinning.*?

5B.10.4 Contact Angle (CA) measurements

The surface wettability of the material is an important parameter while
designing materials for biomedical applications.** Water contact angle
measurements provide hydrophilic or hydrophobic nature of the scaffold
surface and further determines the wettability of the surface. The literature
reports reveals that a nanofiber mat with good hydrophilicity and high porosity
facilitates considerable wound healing in the early wound healing stage.** In
this study, the bare EHEC/PVA polymeric nanofibers, and the EHEC/PVA
embedded silver nanoparticles with various concentrations of AgNPs (0.5, 1,
and 2, wt %) were studied to explore and understand the effect of the
nanoparticles on the fiber wettability through contact angle measurements.
The fig 5B.6 reveals the contact angles of the plain nanofibers and AgNPs
loaded nanofibers.

0% AgNps 0.5% AgNps 1% AgNps 2% AgNps

Figure 5B.6 Contact angle measurements of nanofiber mats containing
AgNPs.

From fig 5B.6, it can be seen that the contact angles measured in static mode,
for EHEC/PVA samples were 60° , and the addition of the AgNPs decreased
the contact angle to 52, 48 and 45° in case of 0.5,1 and 2% AgNPs
respectively. This indicates that AgNPs were capable of significantly
enhancing the surface hydrophilicity of the nanofiber mats. However, there
was no significant decrease in the contact angle of mats containing 1 to 2%
AgNPs which could be due to high chances of aggregation of AgNPs on the
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nanofiber mats with the increase in concentration of AgNPs.*> A recent report
by Li et al, “® explains the probable improvement in the hydrophilicity of the
nanofiber mats due to the presence of Ag+ ions released by the oxidation
process which adsorbs on the surface of nanoparticles thereby increasing the
hydrophilicity.

5B.10.5 Wide Angle X-ray Diffraction

The XRD diffractograms of neat EHEC-PVA nanofibers along with silver
nanoparticles embedded EHEC-PVA nanofibers are shown in fig. 5B.7. A
number of Bragg reflections corresponding to the (111), (200), (101) sets of
lattice planes were observed.*’

2500

EHEC-PVA 10 % (wlv)

EHECPVA10% + 05% gNPs
1%

2000 - (101} EHECPVA10% + 2%AgNPs

Intenslity {a.u)

500

Figure 5B.7: XRD peaks of silver nanoparticles in EHEC/PVA nanofibers.

These characteristic peaks are matched with the face centered cubic (fcc)
structure of silver. The neat EHEC/PVA nanofiber mat showed no peaks while
the other nanofiber mats containing different concentration of AgNPs namely
0.5, 1, and 2 % AgNPs , showed prominent peaks at (111), (200) and (101)
indicating the fcc structure of silver. The diffraction profiles of heat-treated
silver are obviously broadened, as compared with bulk silver, revealing the

formation of silver nanoparticles. The XRD patterns confirmed that the
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polymeric blend was semicrystalline in nature and also confirmed the presence
of Ag as AgNPs in the composite nanofibers, where the crystal structure of Ag
was a surface cubic crystal structure.*8

5B.10.6 UV-Visible Spectroscopy

The formation of AgNPs in electrospinning EHEC/PVA polymer solution can
be detected by UV-visible spectrophotometer. The UV-visible spectra of the
polymeric solution with different concentrations of AgNOz namely 0.5, 1 and
2 %(w/w) are shown in the fig 5B.8. The EHEC/PVA polymer solution
without AgNPs was milky white in colour. The increase of AgNPs from 0.5 to
2%, the colour of the solution changed from light yellow to blackish brown in

colour.
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Figure 5B.8: UV-visible spectrum for 0.5, 1 & 2 % AgNPs.

The UV-visible spectrum exhibited an absorption band at around 390-400 nm,
which is a typical surface plasmon absorption of AgNPs.*® Furthermore,
Polyvinyl Alcohol (PVA) stabilizes the silver nanoparticles due to its long pair
electrons on the hydroxyl oxygen.®® It is observed that a small amount of
AgNPs could be formed during the preparation of EHEC/PVA/AgNOs
electrospinning polymer solutions. This could be attributed to the reducing
property of the EHEC.

SP Pune University Page 122



CHAPTER V(B): Design and Fabrication of EHEC Nanofibers with
Nanomaterials for Wound Healing Applications PART B: Silver
Nanoparticles

5B.10.7 Energy Dispersive X-Ray Analysis (EDX)

EDX analysis was performed on the neat and AgNPs incorporated nanofiber
mats to confirm the inclusion of Ag nanoparticles. The elemental energy
dispersive x-ray analysis was done on the SEM-EDX instrument. The spectra
are shown in fig. 5B.9 which distinctly demonstrate the presence of Ag as the

elemental component in the fiber matrix.

(a) Ag:0.32% (b) Ag:0.83%

(c) Ag:1.78%

Figure 5B.9: Elemental EDX analysis for (a) 0.5%AgNPs (b) 1% AgNPs
(c) 2%AgNPs.

The Ag percentage present in the fiber matrix was 0.32% for 0.5%AgNPs,
0.83% for 1%AgNPs and 1.78% for the 2%AgNPs, which is shown in the
figure by arrow mark. The other peaks belonging to carbon, oxygen, nitrogen
are generated from the biopolymer Ethyl hydroxy ethyl cellulose and the
aluminium which is are generated from the aluminium foil which was used
for collecting the fibers from the electrospinning process. Therefore, it was
confirmed from the EDX studies that the AgNPs are embedded into the fiber
matrix and loaded without any chemical or structural modifications to form the

composite matrix.
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5B.10.8 Mechanical Properties

The effect of silver nanoparticles (AgNPs) on the mechanical properties of the
EHEC/PVA nanofiber mats was investigated using the tensile stress-strain
curves as shown in fig 5B.10. The mechanical properties of the non-woven
mats depends on the geometrical structures of the fibers.®® The EHEC/PVA
nanofiber mats electrospun with AgNPs exhibited higher tensile strength and
Young’s modulus. The results are summarized in the table 5B.2. The tensile
strength increased from 6.63MPa for 0%AgNPs to 11.3 MPa for 1%AgNPs.

Table 5B.2: Tensile strength, modulus and elongation at break for
EHEC/PVA nanofibers with AgNPs.

EHEC/PVA Tensile Young's Elongation
Strength Modulus at Break
(MPa) (MPa) (%)
0 % AgNPs 6.63 0.11 105.00
0.5 % AgNPs 8.71 0.16 108.00
1 % AgNPs 11.3 0.19 151.95
2 % AgNPs 10.89 0.23 119.86
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Figure 5B.10: Stress-Strain curves for the EHEC/PVA nanofiber mats with
silver nanoparticles.

However, there was a slight decrease in the tensile strength to 10.89 MPa for
2% AgNPs and this may be due to the aggregation of the nanoparticles which
causes the decrease in the tensile strength.>> The increase in the Young’s
modulus can be attributed to the fact that nano sized AgNPs possessed higher
modulus than the bulk silver.>®%* Further, the packing density of the nanofibers
contribute to the enhancement in the modulus. This observation is in line with
the reports of Kwon et al *°, where it is shown that the electrospun poly (L-
lactide-co-e-caprolactone) fibers exhibited high tensile modulus due to the
smaller diameter fiber and better packing density.

5B.10.9 Braunauer—Emmett—Teller (BET) Analysis

The EHEC/PVA and EHEC/PVA/AgNPs electrospun nanofibers were
degassed at 150 °C for at least 12 h prior to surface area analysis and the
experiments were done at 77 K. The specific surface areas of the nanofibers
were calculated using the Braunauer—Emmett—Teller (BET) method and the
pore size distribution was determined by Barrett—Joyner— Halenda (BJH) and
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Density Function Theory (DFT) method. The results are summarised in table
5B.3. The average pore radius increased from 1.89 nm for 0%AgNPs to 1.93
nm for 2%AgNPs (data not shown in the table). The multi point BET specific
surface area increased from 94.28 m?/g for bare EHEC/PVA nanofiber mat to
200.23 m?/g for 2%AgNPs.

Table 5B.3 Multi point Surface area (BET) and pore size distribution (BJH &
DFT) methods of EHEC/PVA nanofiber mats with AgNPs.

BJH method DFT method Multipoint
poresize distribution poresize distribution
AgNPs | Surface Pore Pore | Surface Pore Half

BET

area volume | radius area volume pore Surface

@ | o) | A | @) | ey | T | ea@y)

A)
0% 46.97 0.082 16.30 31.01 0.072 15.85 9422
0.5% 18.72 0.037 1565 13.72 0.031 13.85 2401

1% 4943 0.082 14.85 31.02 0.065 15.85 114.87
2% 104.13 0.072 15.70 70.80 0.064 15.85 200.23

The surface area increased with the increase in the silver nanoparticle
concentration. There was an increase in the pore volume and pore radius by
both methods for mats containing 0.5 % to 1% AgNPs, but gradually
decreased when the silver nanoparticle concentration increased to mats

containing 2% AgNPs.
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Figure 5B.11 Graph from DFT method for pore volume Vs pore width of
nanofiber mats with AgNPs.
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Figure 5B.12 Nitrogen sorption isotherms of nanofiber mats with AgNPs.

This may be due to the excess of nanoparticles in the nanofiber mat leading to
aggregation of particles and reduction in the pore size and volume. The fig
5B.12 shows the nitrogen sorption isotherms of Ag nanoparticles embedded in
the EHEC/PVA nanofiber mats. The experimental isotherms of the
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investigated materials show typical adsorption behaviours for the IV type, with
an H3 type hysteresis loop according to the IUPAC classification which is a
characteristic of mesoporous structure and indicates the existence of narrow
slit-like pores.® > It can be seen that electrospun EHEC/PVA mat containing
2% AgNPs has the highest volume adsorbed and widest desorption branch.
This is attributed to increase in content of mesopores of fibers due to
incorporation of AgNPs. Furthermore, during the adsorption and desorption
process, existence of pores with complex shapes might trap the meniscus,
leading to slower desorption process and wider desorption branch.®®

5B.10.10 Thermogravimetric Analysis (TGA)

The TGA was done on the EHEC/PVA nanofibers and on the nanofibers
loaded with different concentration of AgNPs (namely 1% and 2 %) The
results shown in the fig 5B.13 reveal that there is no weight loss up to 180 C.
The weight loss is mainly occurred in the temperature range from 180° to 270
oC with a negligible change at temperatures higher than 320° C.

——9% (0% AgNPs)
——9% (1% AgNPs)
——% (2% AgNPs)

Weight loss(%)

T 50 200 750

Temperature (C)

W 350 AW

Figure 5B.13 TGA of EHEC/PVA nanofiber mats with AgNPs.
The weight loss is attributed to the combustion of the organic EHEC/PVA in
the matrix. The results of a sample containing 0.5% AgNPs are not shown in

the above figure since there was negligible difference in the samples
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containing 0.5% and 1% AgNPs. The TGA results also indicate that the
degradation temperature of the composite nanofibers decreased and the weight
loss is increased in the presence of AgNPs. This indicates that the thermal
stability of the nanofibers decreased due tothe presence of AgNPs in the
nanofibers which can be due to the high thermal conductivity of AgNPs
compared to the polymeric nanofibers.*

5B.10.11 Swelling Studies

An ideal wound dressing material should be permeable and maintain a moist
environment and help to prevent dehydration.®® Therefore, the nanofiber mats
should have high permeability, a high degree of swelling with lower weight
loss. The results of the swelling studies on the EHEC-PVA nanofiber mats
containing AgNPs are shown in fig 5B.14. It can be seen from the figure that,
the water up take increased with the addition of the silver nanoparticles as
compared to the neat nanofiber mats.

1 —u— (0% AgNPs)
—e— (0.5% AgNPs)
—a— (1% AgNPs)
1 —v¥— (2% AgNPs)

Swelling (%)

(1] 5 10 15 20 25 30 35
Time (h)

Figure 5B.14: Swelling studies of the EHEC/PVA nanofibers loaded silver
nanoparticles.

The swelling percentage in case of EHEC/PVA nanofiber mats containing
0%AgNPs reached to 968% at the end of 24 hours and no increase in water up
take was observed. In the case of say EHEC/PVA nano fiber containing
0.5%AgNPs the maximum water uptake reached to 1148% at the end of 28
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hours and no more increase was seen. In case of EHEC/PVA nanofiber mats
containing 1% AgNPs and 2% AgNPs the swelling percentage increased to
1245% and 1235% respectively. A slight decrease in swelling was observed
for EHEC/PVA with 2% AgNPs in the swelling percentage. The silver
nanoparticles loaded nanofiber mats exhibited good swelling thereby
confirming the hydrophilicity of the mats and hence an ideal material for
wound healing applications.

5B.10.12 Release of Silver ions from the nanofiber mats

The Ag ion release from the nanofiber mats is influenced by the dissolution
and swelling behaviour of the matrix polymer.®* The in-vitro cumulative
percentage silver ions released from the nanofibers as a function of time in the
phosphate buffer solution (PBS) is shown in fig 5B.15. The silver ions release
was studied for a period of 11 days. It can be seen from the figure that, there is
an initial burst release of 10% and 8% for the 0.5% and 1.0% AgNPs loaded
mats respectively. Then the slow and continuous release was observed for the
next 10 days. On the 10" day (240 hours) ~ 16.0% and 20% release were
observed for the mats containing 0.5% and 1.0% AgNPs.

N
)

—a— 0.5% AgNPs
—e— 1% AgNPs

- e =k w = N

Cumulative release(%)

Time (h)

Figure 5B.15: Cumulative release (%) of silver ions in PBS.

The initial burst release of AgNPs was possibly due to the diffusion of AgNPs
that were adsorbed at the surface of the polymeric nanofibers. However, the
sustained release of Ag NPs in subsequent stages is due to the diffusion of
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encapsulated AgNPs from the core region of the polymeric nanofibers or can
be due to possible degradation of EHEC/PVA polymeric matrix. The results
obtained were in agreement with Wu et al ®2which indicated that these
nanofibers have a potential for sustained delivery of AgNPs with efficient and
constant antimicrobial activity at the wound site for a longer period of time.
5B.11 Biological Studies

5B.11.1 Antibacterial Studies

Silver nanoparticles, due to their high ratio of surface area to volume and their
unique chemical and physical properties have emerged as novel antimicrobial
agents. They have high thermal stability, low volatility and low toxicity to
human cells and therefore are used frequently in pharmaceuticals and
medicine.%® The antibacterial studies of EHEC/PVA nanofiber mats containing
silver nanoparticles were done using the gram positive bacteria,
Staphylococcus aureus (S. aureus) and gram negative bacteria, Escherichia
coli (E. coli) procured from National Centre for Industrial Microorganism,
NCL Pune having numbers (NCIM) No: 2079; and NCIM No: 2065. The
positive control used here was Tetracycline antibiotic tablet. The antibacterial
properties were measured using Kirby Bauer test, known as the disk diffusion
method by calculating the zone of inhibition as shown in the images of fig
5B.16 (A). The results are summarised in the table 5B.4

Table 5B.4 The zone of inhibition for S. auerus and E. coli bacteria.

Zone of Inhibition in (cm)

S. aureus E. coli
EHEC/PVA/0.5% AgNPs 1.25 1.30
EHEC/PVA/1% AgNPs 1.30 1.50
EHEC/PVA/2% AgNPs 1.35 1.56
Positive control 2.6 3.1
Tetracycline
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Figure 5B.16 (A) Photograph showing antibacterial activity of S. auerus and
E. coli bacteria. (B) Bar graph showing the zone of inhibition of S. auerus and
E. coli bacteria.

There was no zone of inhibition observed for bare EHEC/PVA nanofiber mats,
which were used as negative control. The markings in the images were as
follows. C indicated negative control that is the bare EHEC/PVA nanofiber
mats, the numbers 1, 2 and 3 indicated EHEC/PVA nanofiber mats containing
0.5%, 1% and 2%AgNPs. The tetracycline tablet was used as positive control
and was placed at the centre of the disc. The AgNPs embedded in the
EHEC/PVA nanofiber mats demonstrated excellent bactericidal efficiency
toward both gram positive and gram negative microorganisms. The presence
of silver in the nanofiber mats, leads to death of the microorganism around the

mats, which results in formation of clear circular zone. As the quantity of
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AgNPs in the mats increased, the zone of inhibition was seen expanded. The
larger surface area of the AgNPs provides a larger area for bacterial
interactions, and therefore enhancing their antibacterial effect.®*% The zone of
inhibition also increased in case of E. coli as compared to S. aureus which
reveals that the AgNPs are more effective in case of the gram negative bacteria
i.e. E. coli. It is evident that diameter of the inhibited area is a measure of the
effectiveness or resistance of the bacteria toward organic antimicrobial
agent.%®

5B.11.2 Cell Viability Studies (MTT Assay)

The cell viability assay was done to measure the cytotoxicity of the silver
containing EHEC/PVA nanofiber mats using the L929 fibroblast cell lines.
The cell lines were procured from National centre for cell science, (NCCS)
Pune. The in-vitro cytotoxicity studies were studied by the MTT (3-(4,5-
dimethylthiazol-2-yl)- 2,5- diphenyl tetrazolium bromide) assay.
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Figure 5B.17: Cell viability of L929 fibroblast cells by MTT assay.
The results of the assay are shown in fig 5B.17. The L929 fibroblast cells were

cultured in a 96 well plate (positive control) and we observed that there was

100% cell growth from day 1 to day 5. The cells without any silver
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nanoparticles (0%AgNPs, negative control) also showed good cell viability
and was seen more that 100% on day 5.
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Figure 5B.18: Confocal images of the L929 fibroblast cells with different
AgNPs concentration.

The cells were attached and growing. In case of EHEC/PVA nanofiber mats
with 0.5% AgNPs, the cell viability increased from 75% to 95% from day 1 to
day 3 and 75% on day 5 was observed. In case of EHEC/PVA nanofiber mats
with 1%AgNPs, the cell viability was 75% on day 1 but slightly decreased to
65 % on day 3 and day 5. The cell viability drastically decreased in case of
EHEC/PVA nanofiber mats with 2% AgNPs from 55% on day 1 to 20% on
day 3 and day 5. This study revealed that EHEC/PVA nanofiber mats with 2%
AgNPs possess toxic behaviour towards L929 fibroblast cells. The confocal
images of the L929 fibroblast cells were as shown in the fig 5B.18, where the
cell density in case of control was highest and in case was EHEC/PVA
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nanofiber mats with 2% AgNPs, the cells were round in shape confirming the
cell death.

5B.11.3 Cell growth and Proliferation

The cell viability results confirmed the cell growth of the L929 fibroblast cell
lines. The L929 cells were evenly distributed over the nanofiber matrix and the
morphological appearance of cells attached on nanofiber mats were
investigated after 5 days of culturing the fibroblasts cells and is shown in the
SEM image in fig 5B.19.

Figure 5B.19: SEM image showing L929 cell growth on the EHEC/PVA
nanofiber mat containing 0.5% AgNPs.
Scale bar: 100um; magnification: 350X.

The image reveals that the spindle shaped elongated cells attached on the fiber
matrix with cell growth, spreading and proliferation which co-relates to the
cell viability results. Further, cytotoxicity provides an accurate data for the use

of the prepared nanofibers in various bio-medical applications.

5B.11.4 Hemolysis Study

The blood compatibility studies were undertaken on the EHEC/PVA nanofiber
mats loaded with 0, 0.5 1, 2 % AgNPs. The wound dressings come in direct
contact with the blood and therefore the evaluation of blood compatibility is
very important.

SP Pune University Page 135



CHAPTER V(B): Design and Fabrication of EHEC Nanofibers with
Nanomaterials for Wound Healing Applications PART B: Silver
Nanoparticles

40

INegative '

control

304

20 4

%Haemolysis

| M

N ‘
o%AgNRSH 0.s%RgNPs  %AQNPs  2%AgN 101

S1 S2 S3 s4

Figure 5B.20: (A) photographs of the haemolysis using RBC’s; (B)
%Hemolysis Vs concentration of the AgNPs. [S1= Nanofiber mats with
0%AgNPs, S2= Nanofiber mats with 0.5%aAgNPs, S3= Nanofiber mats with
1%AgNPs, S4= Nanofiber mats with 2%AgNPs]

Along with the development of AgNPs with potential use in the biomedical
applications, the possible toxicity need to be examined. In our study, as shown
in the fig 5B.20(A), and haemolysis graph in fig 5B.20(B), nanofiber mats
containing 0%, and 0.5% AgNPs, the percentage haemolysis was 0.5 % and
1.2% and for nanofiber mats containing 1% and 2% AgNPs, the haemolysis %
increased to 10.4 and 20%. From the data, we can say that as the
concentration of nanoparticles increased, the red blood cells concentration
decreased leading to higher percent of haemolysis. It is known and reported
that, if the haemolysis rate is below 5% then the medical materials are
considered as non-haemolysis according to national biological safety
protocol.®’

5B.11.5 In-vivo Wound Healing Experiments

The in-vivo wound healing assay was done for a period of 21 days and
monitored and the nanofiber mats were changed every two days. The images
were taken every week and the wound closure was measured using a scale and
are as shown in the fig 5B.21. It was observed at the end of 21 days, that the
average wound closure rate in case of open wound (S0) was 86% and the
commercially used ointment (S1) was around 89%. The EHEC/PVA nanofiber
mats (S2) also showed considerable closure of 91%.
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Figure 5B. 21: The 21 day wound healing assay for EHEC/PVA nanofiber
mats.
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Figure 5B. 22: Bar graph of Wound closure (%) of rat skin after wound
healing.
S0= open wound, S1= marketed ointment, S2= EHEC/PVA nanofiber mats
S3= EHEC/PVA/0.5% AgNPs nanofiber mats, S4= EHEC/PVA/1% AgNPs
nanofiber mats.
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In case of EHEC/PVA with 0.5% AgNPs (S3) and EHEC/PVA with 1%
AgNPs(S4), the wound closure rates increased to 98 and 99% respectively
showing complete closure of the wounds with any infection and complete
closure of the area with new hair growth as shown in the images. The
nanofiber mats containing 0.5 and 1% are suitable for wound healing
applications was found from the wound healing assay experiments.

5B.11.6 Histopathology Studies

Microscopic examination of skin tissues of rats of open wound group revealed
focal marked ulceration, multifocal mild epidermal hyperplasia with
epithelisation, multifocal moderate dermal inflammation, focal minimal fibrous
tissue proliferation, minimal collagen deposition and multifocal mild
angiogenesis at dermis. The commercially used ointment showed focal

ulceration, epidermis. Moderate multifocal hyperplasia, with epidermis and

epithelisation and moderate multifocal inflammation.
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Figure 5B. 23: Hematoxylin and eosin(H&E) staining for the rat skin from SO
to S4. Yellow arrows showing the epidermis (Ep), Inflammation (In), Focal
ulceration (F).All scale bars: 200um.

The skin tissues of rats treated with 0% Silver nanoparticles showed focal mild
ulceration, multifocal mild epidermal hyperplasia with epithelisation,

multifocal mild dermal inflammation, focal mild fibrous tissue proliferation,
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mild collagen deposition and multifocal minimal angiogenesis at the dermis.
Skin tissues of rats treated with mats containing 0.5% silver nanoparticles
revealed multifocal mild epidermal hyperplasia with epithelisation, multifocal
mild dermal inflammation, multifocal mild fibrous tissue proliferation, moderate
collagen deposition and multifocal mild angiogenesis at dermis. Microscopic
examination of skin of rats treated with mats containing 1 % silver
nanoparticles revealed multifocal mild epidermal hyperplasia with
epithelisation, dermal inflammation, multifocal mild fibrous tissue proliferation,

moderate collagen deposition and multifocal moderate angiogenesis at dermis.

Figure 5B. 24: Masson's Trichrome (MT) staining for the rat skin from SO to
S4.Yellow arrows indicate Collagen deposition (Co), Angiogenisis (AQ).
All scale bars: 200um.

Patho-morphological observation of skin, in present report suggests that
recovery of wounded skin is noted in all the groups including non-treated
group. Treatment EHEC/PVA nanofibers with 0.5% silver nanoparticles and
1% silver nanoparticles enhance the recovery of wounded skin by increasing
epithelisation, fibrous tissue proliferation, increased collagen deposition and
angiogenesis.

5B.12 Conclusions

In this study, a novel and unique antibacterial wound dressing material with
biodegradable and biocompatible Ethyl hydroxy ethyl cellulose polymer
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incorporating silver nanoparticles was designed and developed using an
electrospinning technique. The various physcio-chemical characterisations,
revealed the size of the nanofibers and the nanoparticles. The average fiber
diameter was in the range of 347 nm for neat EHEC/PVA nanofibers and
increased to 366 nm for mat containing 2%AgNPs. The TEM images showed
the nanoparticles are in the range of 10 to 25 nm. The polymer solution
viscosities increased from166 Pa.s for mats with 0% AgNPs to 227 Pa.s for
mats with 2%AgNPs. The solution conductivities increased from 3.68 to 5.95
mS/cm and surface tension increased 45.84 to 48.2 mN/m with increase in
concentration of silver nanoparticles. This was in agreement with the
electrospinning parameters for preparation of nanofibers. The contact angles
decreased with addition of silver nanoparticles revealing the hydrophilic
nature of the nanofiber mats. The XRD data significantly showed the crystal
structure of silver as surface cubic. The UV-Visible spectroscopy data
revealed the surface plasmon region by formation of silver nanoparticles in the
region of 390-400 nm. The EDX data also proved the presence of silver in the
nanofiber mats. The tensile strength increased from 6.63 MPa to 10.89 MPa
for mat containing 2% AgNPs.The Young’s modulus also increased from 0.11
to 0.23 MPa from nanofiber mats containing 0 to 2% AgNPs but the
elongation increased initially from 105% to 152% for EHEC/PVA nanofiber
mats with 1% AgNPs but gradually decreased to 120% for EHEC/PVA
nanofiber mats with 2 % AgNPs. This was due to the excess silver
nanoparticle aggregation. The BET isotherms revealed the adsorption
behaviour of type IV with hysteresis loop. The thermo-gravimetric studies
explain the thermal degradation temperature decreased from 250 to 180° C by
the addition of silver nanoparticles. The swelling characteristics revealed the
nanofiber mats are hydrophilic in nature and the percent swelling in case of
EHEC/PVA nanofiber mats containing 1% and 2% AgNPs was observed to be
around 1245 and 1235 %. The silver ions were released in the phosphate
buffer saline and we observed there was a slow and sustained release of 16%
in case of EHEC/PVA nanofiber mats containing 0.5% AgNPs and 20% in
case of EHEC/PVA nanofiber mats containing 1% AgNPs. The antibacterial
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study revealed that these nanofiber mats showed good zone of inhibition done
by the disk diffusion method and the circular zones increased with the increase
in silver content. The zone of inhibition slightly increased for E.coli bacteria
compared to the S.auerus bacteria. The MTT assay was done to check the cell
viability and we observed the cell growth was more than 80% in case of
EHEC/PVA nanofiber mats containing 0 and 0.5% AgNPs for a period of 5
days. In case of EHEC/PVA nanofiber mats containing 1% AgNPs and
EHEC/PVA nanofiber mats containing 2% AgNPs they decreased to 55% and
20% for day 3 and day 5. In the SEM images of EHEC/PVA nanofiber mats
containing 0.5% AgNPs, cell growth was observed with elongated spindle
shaped L929 fibroblast cells attached on the surface of the nanofiber mats. The
haemolysis study showed no toxicity in case of EHEC/PVA nanofiber mats
containing 0 and 0.5% AgNPs, where as there was more RBC death observed
in case of EHEC/PVA nanofiber mats containing 1 and 2% AgNPs loaded
nanofiber mats. The in-vivo wound healing studies showed that there was
around 98 to 99 % wound closure in case of EHEC/PVA nanofiber mats
containing 0.5 and 1 % AgNPs as compared to marketed ointment and open
wound which was around 91 and 86% closure rates. There was good
epidermal layer growth and angiogenesis observed in the histopatological
studies in case of the EHEC/PVA nanofiber mats containing 0.5 and 1 %
AgNPs. The experiments for mats containing 2% AgNPs were not conducted
due to the toxicity effects. All the above experimental data provides a good
insight into the ethyl hydroxy ethyl cellulose nanofibers embedded silver
nanoparticles for its use in wound dressings and as scaffolds in tissue

regeneration applications.
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6.1 Introduction

The number of kidney disease patients are increasing by 6-7% globally with
an estimated of 600 million suffering from chronic and acute kidney problems.
The excess uremic toxin in the blood leads to severe side effects and thereby
subjecting the patients to use of dialysis to prolong their life. The hemodialysis
membrane market is steadily increasing annually to US$ one billion and is not
cost effective and affordable treatment facility to many people.! Membrane
based technologies have gained tremendous attention and popularity in recent
years because there is a need to develop versatile and economic separation
processes.? Researchers are trying to develop newer and affordable membrane
based filter mediums using polymeric nanofiber technology. Specific
nanofillers like nanoclays are incorporated to enhance the mechanical stability,
decrease in pressure drop, increase the permeability and porosity of in the
electrospun micro fibrous non-woven hybrid membranes. Therefore these
electrospun fibers not only have biomedical applications, but also find
applications in filtration, air and water purification, bio-separation of
biological molecules and other waste products and uremic toxic molecules
from the blood streams.®

Hemodialysis is often used for the treatment of kidney diseases where the
synthetic commercial hollow fiber membranes are utilized for the blood
purification. In haemodialysis, the unwanted low and medium molecular
weight uremic toxins, uric acid, etc are removed by a membrane where the
blood flows from a higher solute concentration to a lower solute concentration.
Moreover it is a costly process and not affordable by common man. An
alternative method to the commercial hollow fiber synthetic membranes could
be utilizing the micro/nanofiber membrane systems for separating the
unwanted uremic toxins from the blood. However, cost effective and
environmental friendly filter media with less solvents and hazardous chemicals
are required for bio-separation applications. Electrospinning based nano/micro
fibrous membranes have high filtering efficiencies and therefore, find great

demand in the separation based technologies.
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There are reports where nanofibers are utilised in the bio-separation of small
protein molecules like Bovine Serum Albumin (BSA) and bilirubin from urine
from regenerated cellulose due to its compatibility and non toxicity features*
Koki Namekawa et al °, in 2014 reported a simple efficient and cost effective
filter mesh to separate the uremic toxins for blood purification using poly
(ethylene co-vinyl alcohol) along with zeolites which would adsorb the uremic
toxins selectively as shown in fig 6.1

Figure 6.1: Nanofiber filter media for separation of uremic toxins from blood.

Adapted with permission from, Koki Namekawa et al ; Biomater. Sci., 2014.°
© The Royal Society of Chemistry, 2014.

Gelatin is a natural biopolymer derived from partial hydrolysis of native
collagen. It has also been reported that gelatin contains many integrin binding
sites for cell adhesion, migration, and differentiation, which are found in
natural collagen and other extracellular matrix proteins® It is a cheap water
soluble, biocompatible and biodegradable polymer. The polymer gelatin alone
or a blend with other synthetic polymers are used in the fabrication of fibrous
membranes for tissue regeneration, medical health care devices, wound
healing and other biomedical applications.” Halloysite is an aluminosilicate
clay mineral mined universally in many countries across the globe.? It is an
elongated tubular shaped particle which varies from hundreds of nanometer to
few micrometer in length. The rolled tubular structure contains varying
number of alternative octahedral alumina and tetrahedral silica layers in the
1:1 ratio.® The literature on halloysite reveals its use in the traditional Chinese

medicines for different ailments and healing the wounds.° It is also often used

SP Pune University Page 149



CHAPTER VI: Design and Fabrication of Gelatin based Electrospun Filter
Media for Bio-separation Applications

in ceramic and pottery.!* The halloysite nanoclay has also been studied

extensively for drug delivery and nano bio-medicine in the recent times.1214

In this work, the objective was to develop a simple cost effective
biocompatible, biodegradable filter media, or a fiber mesh fabricated from
natural polysaccharide namely gelatin for the effective separation of the
uremic toxins like urea, phosphates, creatinine, virus, bacteria, and other
smaller low molecular weight toxic biological molecules to aid in blood
purification. The hydrophilic, non-toxic biocompatible Halloysite nanoclay
was chosen as it would enhance the mechanical stability of the gelatine filter
media and due to its long cylindrical tubular structure would further help to

trap the small molecular weight uremic toxins within the layered cavities.

6.2 Material and Methods

Gelatin was obtained from Sigma-Aldrich, porcine skin having gel strength
300, Type A, G2500-100G, with CAS no: 9000-70-8 having water solubility
50mg/ml. Halloysite nanotubes (HNTSs) were purchased from Sigma Aldrich,
India with CAS No: 1332-58-7. The solvent 2, 2, 2 Trifluoroethanol (TFE)
having molecular mass of 100.04g/mol was purchased from Loba Chemie,
India, with CAS No: 75-89-8. The laboratory grade of 25% aqueous
glutaraldehyde, CAS no 111-30-8, was purchased from S.D. Fine Chemicals
Ltd, India and used as crosslinking agent. The L929 human fibroblast cell
lines were procured from National Centre for Cell Science (NCCS) Pune. The

hemolysis study was carried out using the rat’s blood at NCCS, Pune.

6.3 Experimental Section
6.3.1 Solution preparation

The gelatin of type A, porcine skin was dissolved in the solvent 2,2,2 Tri fluro
ethanol(TFE) at room temperature by stirring it for 1 hour to make transparent
gelatin polymer solution. The gelatine polymer solution concentration was
fixed at 20% (w/v) throughout the experiments. ie 1 gm of gelatine was
dissolved in 5 ml of TFE solvent. The polymer and the solvent were used as

provided and without any purification. Halloysite nanotubes (HNT) were
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initially mixed with TFE solvent by sonication for 5 minutes and later the
gelatin powder was added to the TFE solvent. The concentration of the
nanotubes varied from 5 to 15 % (w/w) for the electrospinning process.

6.3.2 Electrospinning of Gelatin fibers

Even though gelatin is water soluble, it becomes difficult to electrospin into
the required fiber dimensions due to its polyelectrolyte characteristics and
strong hydrogen bond which results in a 3D macromolecular gel like network
thereby reducing the mobility of the polymer molecules. The organic solvents
are therefore used to improve the electrospinning of the solution. The
fluorinated alcohols such as Tri fluoro ethanol (TFE) and hexa fluoro
isopropanol (HFIP) are good solvents for polypeptide biopolymers such as
gelatin and collagen . Collagen nanofibers were successfully electrospun using
HFIP solvent by Matthews et al ® The gelatin polymer is a denatured
collagen, therefore fluorinated solvents would be more suitable in
electrospinning process. The solvent 2,2,2 Tri fluro ethanol was selected for
the experiments. Electrospinning was carried out on ESPIN NANO, Model
No: V2C, S.No: 01062015, India. All the experiments were performed at

ambient temperature.

Figure 6.2: (A) Electrospinning set up showing Gelatin fiber deposition (B)
Gelatin filter media.

The experimental setup for electrospinning is shown in fig 6.2(A). It consists
of an adjustable DC power supply, a syringe pump on which a 5 ml plastic
syringe was connected to a stainless steel needle having a diameter of 1.2 mm.
The power supply was adjusted to 10 kV, and the polymer solution was

ejected from the tip of the needle thus resulting in a non-woven fiber mesh
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deposited on the collector plate covered with an aluminium foil, was
connected to the ground (a negative polarity). A constant mass flow rate of 0.5
ml/h was maintained for all the experiments. The distance between the needle
tip and the collector plate was kept at 10 cm. The aluminium foils were then
removed and kept in desiccator for drying. The fiber mats after drying for two
days were then crosslinked by 25% aqueous glutaraldehyde vapours for a
period of 3 hours to ensure complete crosslinking. The obtained gelatin fiber
mesh is shown in fig 6.2(B).

6.4 Characterization Techniques

6.4.1 Viscosity measurements

The viscosity measurements were done on Anton Paar, Germany Gmbh,
Physica MCR 301, rheometer using cup and bob geometry. All experiments
were done at 25° C in triplicates and the average values reported.

6.4.2 Surface Tension measurements

Surface tension of the electrospinning solutions was carried out on the optical
contact angle measurement system, Carl Zeiss, Jena, Japan.

6.4.3 Conductivity measurements

The electrical conductivities of the gelatin sample and gelatine containing
halloysite nanotubes were measured using a conductometer, Toshniwal
Instruments Mfg. Pvt Ltd, Ajmer, SR No: 10J694. Conductivity cell: Type:
TCC-1, K=0.98. All measurements were done at 25°C in triplicates and
average values reported.

6.4.4 Scanning Electron Microscopy (SEM)

The morphology of the microfibers was studied using Scanning Electron
Microscopy quanta 200 3D dual beam ESEM FEI, Finland. The electron
source was tungsten (W) filament with thermionic emission at 15 kV in high
vacuum.

6.4.5 Transmission Electron Microscopy (TEM)

The size of HNTs in the gelain fiber mesh was determined using TEM FEI,
TECNAIG2 F30 instrument operated at an accelerated voltage of 200 kV. The
fibers were directly mounted on the copper grids during electrospinning, dried

at room temperature and later examined under TEM.
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6.4.6 Mechanical Properties

The mechanical strength of the gelatin fiber mesh was measured using a
dynamic mechanical strain analyzer, RSA-3 (TA Instruments, USA). The
samples were cut into dumble shaped strips with dimensions of 2 cm (length)
x 0.5cm (width) and then mounted onto the tensile grips. The rate of pulling
was 10mm/min and gauge length of 15 cm at 10 Hz was subjected to tensile
force at 25°C. Each sample was repeated five times to authenticate its normal
stress—strain curves. The material thickness (um) was determined at five
different places using a screw gauge and average values were taken for

calculation.

6.4.7 3D X-ray micro-tomography

Gelatin filter media (GFM) were imaged using X-ray micro-tomography
(Zeiss Xradia510Versa, Carl Zeiss, Pleasanton, USA) to study their micro-
structure, morphology, pore-characteristics and permeability. GFMs were
loaded on to the sample holder and kept in between the X-ray source and
detector assembly. Detector assembly consisted of a scintillator, objective lens
and a CCD camera. X-ray source was ramped up to 60 kV. The tomographic
image acquisitions were completed by acquiring 3601 projections over 360° of
rotation with a pixel size of approx 4 microns, for a sample size of 4 x 4 mm.
In addition, projections without the samples in the beam (reference images)
were also collected and averaged. Filtered back-projection algorithm was used
for the reconstruction of the projections to generate two-dimensional (2D)
virtual cross-sections of the specimens. Image processing software, Dragonfly
Pro (Version 3.1) was used to generate volume-rendered three-dimensional
(3D) images of specimens. Segmentation and further processing were
performed using basic GeoDict software package (GeoDict2018,
Math2Market GmBH, Germany). 2D images were trimmed down to a sub-
volume (1.3 x 1.0 x 0.9 mm), filtered to remove noise and segmented after
manual threshold selection based on local minima from the greyscale
histogram. Resultant 3D reconstructed model was used to estimate the pore
characteristics and the simulation of permeability using PoroDict and

FlowDict software packages, respectively.

SP Pune University Page 153



CHAPTER VI: Design and Fabrication of Gelatin based Electrospun Filter
Media for Bio-separation Applications

6.5 Biological studies
6.5.1 Cell viability studies (MTT Assay)

The cyto toxicity of gelatin filter media (GFM) was investigated using MTT
assay. The L929 mouse fibroblast cell lines were obtained from National
Centre for Cell Science (NCCS), Pune, India. The cells were cultured in
DMEM medium, supplemented with 10% fetal bovine serum, streptomycin
(10 g/ml) and penicillin (100 units/ml) and were maintained in a humidified
atmosphere at 37°C under 5% CO,. Cells (1x10%) were seeded per well in 24-
well, flat bottom culture plate and incubated for 24 h, followed by the
treatment using gelatine filter mats for a time period of 24 hours. After
incubation, the MTT solution (5 mg/ml of stock solution of which 20ul of
MTT solution was added in 200ul of DMEM media) was added to each well
followed by further incubation in darkness at 37°C for 4 h. The formazan
crystals formed were dissolved by addition of acidified isopropanol. After 15
min, the amount of coloured formazan derivative formed was determined by
measuring the optical density (OD) using a microplate reader (Spectra Max,
MS; Molecular Devices, LCC) at 570 nm. All the experiments were done in

triplicate. The percentage cell viability was calculated as:

- (OD)sample-(OD)blank
0 =
% Cell viability (0D)control—(OD)blank * 100

6.5.2 Hemocompatibilty Assay

Hemolysis study of the gelatin loaded HNTs were performed using method of
indirect contact according to the requirements of 1SO 10993.1” About 3ml of
rat blood was collected in EDTA coated vials and was diluted to 3 times in
physiological saline. 1 ml of diluted blood was then centrifuged at 2000 rpm
for 15 minutes at 4°C. 200l of this diluted blood was taken in an eppendorf
tube and made upto 1 ml. The nanofiber mats were immersed into the diluted
blood and incubated for 1 h at 37°C and then centrifuged at 2000 rpm for 15
minutes. After centrifugation, the supernatant liquid was collected and
absorbance was recorded at 540 nm. Triton-X (0.1%) was used as positive

control and saline as negative control for the study. All the experiments were
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done in triplicates and average value was reported. The percent hemolysis was

calculated using the following formula:

Sample (OD)- Negative control (OD)
Positive control(OD)—Negative control(OD)

% Hemolysis= * 100

6.6 Results and Discussion
6.6.1 Solution Properties of Gelatin polymer solution

The effect of viscosity and charged density of the electrospinning solution
contribute to the change of diameter of electrospun nanofibers.'® In this study,
its observed that the incorporation of the HNT increases the viscosity of the
gelatin polymer solution from 0.176 Pa.s (neat 20%Gelatin) to 0.268 Pa.s
(20%Gelatin/10%HNT) but the viscosity lowered gradually to 0.202 Pa.s in
case of (20%Gelatin/15%HNT).

Table 6.1: Properties of the Gelatin polymer solutions containing HNTs

Parameter Viscosity Conductivity Surface
(Pa.s) (us/cm) Tension
(MmN/m)
Gelatin_20% 0.176 4.03 42.31
+ 0 _HNT
Gelatin_20% 0.238 4.18 43.65
+5 HNT
Gelatin_20% 0.268 4.24 45.37
+10_HNT
Gelatin_20% 0.202 4.35 47.14
+ 15 HNT

The viscosity, conductivity and the surface tension of the polymer solution are
summarised in table 6.1. The higher the viscosity, the liquid gets stretched and
electrospun fibers are obtained with increased diameters.’® The electrical
conductivity showed an increasing trend with the increase in HNT
concentration. The conductivity increased from 4.03 puS/cm for
20%Gelatin/0%HNT to 4.35 uS/cm for 20%Gelatin/15%HNT. This increase

is due to the presence of negatively charged HNTs which increases the charge
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density of the electrospinning solution thereby increasing the conductivity.
The lower surface tension of the polymer solution determines bead free
formation of the fibers by electrospinning. The surface tension data for the
gelatin solution and gelatin/HNT solution values are in the range of
42.31mN/m to 47.14 mN/m and fall in the optimum range for electrospinning
of polymer solutions.?°

6.6.2 Scanning Electron Microscopy (SEM)

The characterization of gelatin fibers was done using the SEM analysis to
know the surface morphology of the fibers and the halloysite nanotubes. The
SEM images reveal that the fibers are in micron size range i.e in the range of 1
to 3um. The fibers are non-woven and uniformly distributed throughout.

Figure 6.3: SEM images of Gelatin fibers with different loading of HNTs.
Scale bars: 10um for (a) and (b); 20um for (c) and (d)
5000X magnification for (a) and (b); 2500X magnification for (c) and (d).

The halloysite nanotubes (HNT) are also uniformly distributed throughout the
fiber matrix. The HNTs possess tubular structure having length of 0.5 to
1.2um and diameter of 50 to 100 nm. The fibers formed were having a smooth
surface with no bead formation. The smooth surface was also seen at lower
content of HNT. The fibers containing 10 and 15% HNT however
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demonstrated rough surface.?! The size of the fibers having HNT was slightly
larger (few nanometres) than the fibres without HNT. In the images, it is
clearly observed that the fibers with 5 and 10% HNT showed small hump
which confirms the presence of halloysite within the matrix. In case of 15%
HNT, the fibers appear darker due to excess HNT and the fiber diameter is
also increased. The increasing concentration of HNT was also confirmed by
Energy-dispersive X-ray spectroscopy, SEM-(EDX).

6.6.3 Transmission Electron Microscopy (TEM)

The pristine HNT nanotubes are bound together by Wander walls forces and
therefore ultrasonication is done for 15 minutes for the Gelatin-TFE polymer
solution for effective distribution of the HNT before the electrospinning
process. The distribution of HNT was observed from the TEM images.

5% HNT 10% HNT 15% HNT

Figure 6.4: TEM images Gelatin fibers with different loading of HNTs
Scale bars: 5um for (a) and (c); 2 um for (b).

It was observed that the Halloysite nanotubes (HNT) were uniformly dispersed
and distributed throughout the fiber matrix. There were small protrusions
within the matrix as seen in fig 6.4. As the concentration of the HNTSs
increased (10 % HNT) the gelatin fibers were seen agglomerated in the form
of small lumps and protruded outside the fibers. For the higher content of
HNT (15%HNT), the agglomeration becomes evident.

6.6.4 Mechanical Properties

The mechanical properties of the electrospun gelatin/HNT fiber mesh were

investigated using the tensile studies. The obtained stress —strain curves are
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shown in fig 6.5, and the tensile strength, Young’s modulus and the elongation

at break are measured and summarized in table 6.2.

Table 6.2: Mechanical properties of the Gelatin loaded HNT fibers.

Parameter Tensile | Young’s | Elongation
Strength | Modulus | at break
(MPa) (MPa) (%)
Gelatin_0%HNT 3.8 2.46 2.53
Gelatin_5%HNT 9.6 3.85 2.79
Gelatin_10%HNT 13.2 5.73 4.34
Gelatin_15%HNT 5.8 2.57 3.89
14 4 Gelatin_0%HNT
Gelatin_5%HNT
124 Gelatin_10%HNT

Gelatin_15%HNT
10 4

Stress(MPa)

Strain(%)

Figure 6.5: The stress-strain graph for Gelatin loaded HNT fibers.

The tensile strength and Young’s modulus increased to 13.2 MPa (247%) and
5.73 MPa (132%) respectively with the addition of 10 wt% HNT. The gelatin
filter media becomes stronger and stiffer. However, the extra addition of HNT
(15wt %) no longer show any enhanced effects. The tensile strength and
Young’s modulus decreases with the increase in HNT from 10 to 15 wt%, as
reported in table 6.2. The percent elongation at break increased from 2.53 to
4.34 % for 10%HNT. This may be due to the elastic nature of the gelatin fibers
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but gradually decreased when the HNT concentration increased to 15%. The
mechanical properties show strong interactions between the nanotubes and the
fiber matrix which are due to hydrogen bonding between the nanotubes and
gelatin matrix.?2

6.6.5 In- silico Studies on Permeability of Gelatin Filter Media (GFM)

Computer-aided simulation experiments (in-silico) has attracted much
attention in these decades, mostly due to the valuable insights it can provide,
in understanding various underlying phenomena, across all subject disciplines
and research. Direct numerical simulations on real 3D micro-structures of
materials are one of the major approaches which has the potential to overcome
various bottle necks related to hazardous and complex laboratory experiments.

In this study, the permeability characteristics of GFM, in filtering the uremic
toxins were studied by performing direct numerical simulations on the real 3D
micro-structure of GFM. Initially 3D micro-structure of GFM was
reconstructed by 3D imaging of GFM by high-resolution X-ray micro-
tomography. The pore-characteristics of the structure were estimated by
segmentation of the reconstructed images using PoroDict image processing
software. Segmented 3D model of GFM was further subjected to numerical
simulations using FlowDict image processing software, to calculate the
permeability of spherical particles through the tortuous path inside its micro-

structure.

GeoDict is a software package which is a complete solution for 3D image
processing (PoroDict module), modeling of materials visualization, material
property characterization, simulation based material development (FlowDict)
and process optimization. It helps to improve and design various filters for

various applications such as air filtration, blood filtration, oil filtration etc.
6.6.5.1 3D imaging of non-woven GFM

X-ray projection images of GFM were reconstructed using back-projection
algorithm to generate 2D virtual cross-sectional images, which were then later

segmented to construct 3D images of GFM as shown in fig 6.6.
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Figure 6.6: Segmented 3D images of non-woven GFM with various loading
of HNTs. Scale bars: 100 microns in all images.

From fig 6.6, we observe that with increase in HNT loading, the fibers are
seemed to be tightly packed. Therefore tortuosity of the media varies with

HNT loading and may regulate its pore-characteristics.

6.6.5.2 Pore characteristics of non-woven GFM

From the segmented datasets the pore space is differentiated by the image
processing software by identifying the respective pixels in the image. Pixels in
the 3D space are represented as voxels and the volume-based representation of
pores aids in the accurate estimation of porosity in these media. 3D images of
the colour-coded visualization of pores are shown in fig 6.7. As visualized in
fig 6.7, with increase in the HNT loading, the pore diameter also increases.
Increase in pore diameter can alter the porosity of these filters. Pore diameters
were calculated by fitting spheres into the pore throat and thereafter
calculating the diameter of the fitted spheres. Subsequently the number pores

and their diameter can be calculated after the fitting process.
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A o Geoie:

Figure 6.7: Colour-coded pore-size visualization in the 3D images of non-
woven GFM with various loading of HNTS.
Scale bars: 100 microns in all images.
Red colour in the diameter scale denotes pores with larger diameter and blue
denotes those with smaller diameter
The histogram of pore volume as a function of pore diameter is shown in fig
6.8.With increase in HNT loading the pore diameter range is increasing, as
shown in fig 6.8 Average pore diameters were 6, 10, 12 and 16 microns for 0,
5, 10 and 15 wt % HNT loading, respectively (fig 6.9 b). This increase in
porosity with HNT loading (fig 6.9 a) may be resulting from the repulsive
forces between HNT particles during the electro-spinning process or re-
arrangement of HNT particles during the electro-spinning process by virtue of

its high-aspect ratio.
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Vol fraction %

Pore diameter(micron)

Figure 6.8: Histogram of pore diameter distribution as a function of pore
volume in GFM with varying HNT loading.

Porosity of GFM are 78, 83, 87 and 95 % respectively for 0, 5, 10 and 15 wt %
HNT loading (fig 6.9 a). At higher HNT loading pore diameter increases with
relative reduction of pore volume. It shows the role of HNT enhancing the

porosity of filter media.
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Figure 6.9: Histogram of (a) porosity and (b) average pore diameter as a
function of HNT loading in GFM

6.6.5.3 Simulating velocity profiles through the micro-structure of non-
woven GFM

Velocity in the movement of solutes through filter membranes depends on the
porosity and average pore diameter of the membrane for a given pressure drop.
Figure 6.10 shows the color-coded velocity profile of water inside the micro-
structure of GFM with 0, 5, 10 and 15 wt % HNT. In contrast with the

SP Pune University Page 162




CHAPTER VI: Design and Fabrication of Gelatin based Electrospun Filter
Media for Bio-separation Applications

increasing rate of porosity and pore size with HNT loading, the velocity
profile of GFM shows a different result. GFM 15 wt % HNT loading shows
lower average flow velocity than 10 wt % loading. This observation may be
due to the presence of bead-like structures inside the micro-structure of GFM
with 15 wt % HNT. Bead-like structures are reported in the electrospun

membranes with higher filler loading.
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Figure 6.10: Colour-coded flow velocity visualization in the 3D images of
non-woven GFM with various loading of HNTSs.
Scale bars: 100 microns in all images.
Red colour in the velocity scale denotes flow domains with higher velocity
and blue denotes those with lower velocity.

The color-coded velocity profiles of 0, 5 and 10 wt % HNT loading shows a
homogeneous distribution of domains, whereas GFM with 15 wt % HNT
exhibits velocity profile scattered in-homogeneously throughout the volume.
Such distinct behaviour is observed in the mechanical behaviour of GFM
(table 6.2 and fig 6.5). Correlation of porosity and average flow velocity
profiles are essential to understand the effect of HNT loading in GFM
histogram (fig 6.11) shows the plot of both porosity and velocity profile as a
function of HNT loading in GFM. It is evident that a drastic difference is
observed in the velocity profile of GFM with 15 wt % HNT, whereas the
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porosity of GFM with the same HNT loading does not exhibit similar

behaviour.
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Figure 6.11: Histogram of porosity and average flow velocity as a function of
HNT loading in GFM.

6.6.5.4 Simulation of permeability studies on non-woven GFM in-silico
model

Numerical simulations studies are done to predict the diameter of spheres that
can permeate through the tortuous paths inside the micro-structure of GFM’s

with various HNT loading ends up in a trajectory profile shown in fig 6.12.
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Figure 6.12: Histogram of predicted sphere diameters permeated in GFM with
different HNT loading.
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The trajectory paths for 0 and 10% HNT were in a same direction and
followed a straight path as seen in the figure. There path of trajectory for 5 and
15% HNT loaded gelatine filter media were in slightly curved initially and
later followed a straight line.

In the fig 6.13 a schematic representation of small and middle molecule
uremic toxins and excess water are separated/filtered through the gelatin filter
media thereby purifying the blood in our body.

Gelatin Filter media &

| | &
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&b Middle molecule uremic toxins

Proteins 7“  Small molecule uremic toxins

Figure 6.13: Schematic representation for separation of uremic toxins from
blood using gelatin filer media.

Table 6.3: Sizes of biological materials

Material Size( microns)
Chloride ion 9.9x10°
Urea 1.6x10%
Glucose 8.6x10*
Insulin 4x10°3
Human serum albumin 7.2x10°
Dextran 1x1073 to 15x 103
Immunoglobulin G 11.1 x10°
Virus particle 0.004t0 0.1
Bacteria 0.2t02.0
Yeast cells 2to0 30
Mammalian cell in culture 2-10

Source: Principles of Bio-separations; Raja Ghosh ;
World Scientific Publishing Company,2006. %

This cheap handy gelatin based filter media would serve its purpose and also

save lot of time and heavy costly instruments required in the hospitals during
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the blood purification. Spheres with diameter of 5, 8, 13 and 15 microns can
permeate through the micro-structure of GFM’s with 0, 5, 10 and 15 wt% of
HNT loading respectively. Such information about the size distribution of
spheres can aid in the differentiation of these membrane filters for the
partitioning or separation of bio-molecules such as creatine, RBC, proteins, etc
(fig 6.13). Thus GFM with tunable micro-structure may be employed for the
bio-separation process such as artificial dialysis, oxygen enrichment unit, etc
(table 6. 3).

6.6.6 Cytocompatibility Studies

The MTT assay is a standard colorimetric assay which measures the activity of
enzymes that reduces the MTT to formazan, giving a purple color. The yellow
MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide, a
tetrazole) is reduced to purple formazan in the mitochondria of living cells.?*
The cytocompatibilty test of the gelatine/HNT fiber mats were evaluated using
the L929 human fibroblast cells by the MTT Assay. The bar graph results
suggest that the gelatin/5% HNT fiber mesh showed more than 100% cell
growth and proliferation which only means that the halloysite nanotubes are

favouring the cell attachment , proliferation and growth.
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Figure 6.14: Cell Viability of HNT loaded Gelatin filter media using L929
fibroblast cell line.
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The increase in the halloysite concentration also favours good cell adhesion
and cell growth seen was around 95 to 98% in gelatin loaded 10% and 15%
HNTs. The experimental study was carried out for 24 hours. The experiment
confirms the non-toxicicity of the nalloysite nanotubes to the L929 fibroblast
cells.

6.6.7 Hemocompatibility Study

The blood compatibility study plays a significant role in deciding the
application of developed implants for their use in biomedical applications.
When the blood comes in contact with an implant, the plasma proteins tend to
get adsorbed by enhancing the platelet surface interaction, leading to thrombus
formation and thereby resulting in the failure of an implant.?® Hemolysis was
performed to investigate the safety of red blood cells on the electrospun
gelatine/HNT fiber mats. The fig 6.15 shows the % hemolysis of the gelatin
fiber mat was 0.5, and the gelatin fiber mats with 5, 10 and 15% HNT were
1.2, 1.7 and 1.9 respectively.

29

Hemolysis(%)

5 10 15
HNT Concentration(%)

Figure 6.15: Bar graph showing Hemolysis(%) for Gelatin filter media with
different loading of HNTSs.
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The reports from literature reveal, that if the percentage of hemolysis is less
than 5%, then the material is non-hemolytic.?® Huang et al in 2003 reported
that that the blood compatibility is influenced by several factors such as
surface area, surface tension, surface roughness, surface energy, fiber diameter
and wettability characteristics.?” Manikandan et al reported hydrophilic
Polyurathene blended with murivennai oil for tissue engineering applications
which exhibited god surface wettability.?® In this study, the gelatine being
hydrophilic and when blended with hydrophilic halloysite nanotubes increases
the surface wettability for the gelatin/HNT fibers and hence might have
attributes to enhanced blood compatibility. The results obtained in our studies
reveal that the hemolysis percentage is less than 2 percent and therefore our
filter media from gelatine fibers are most suitable for bio-separation of small

uremic toxins and also other smaller toxic molecules from the blood.

6.7 Conclusions

Polymeric fibrous membranes fabricated through electrospinning technique
have great potential due to the high surface area to volume ratios, high
porosity, and interconnected porous structures and find variety of
applications in oil/water separations, distillation, bio-separations micro, ultra
and nano filtration technologies. In this study, we designed and fabricated a
new electrospun filter media using gelatin and halloysite nanoclay which
could be useful for separation of smaller bio molecules like urea, uric acid,
creatinine, uremic toxins having sizes in the range of 0.5 -20 KDa. The
gelatin and clay solution concentration was optimised and the solution
properties like viscosity, conductivity and surface tension were determined
and were in the optimum range of the electrspinning. The fiber morphology
revealed bead free non woven fibers with average fiber diameter of 1 to 2
microns. In the TEM images, the halloysite nanoclay was seen as small
humps in case of 15%HNTs. The addition of nanoclay enhanced the
mechanical properties of the gelatin filter media upto 10% wt of HNT, but
gradually decreased with excess of HNT addition. This was attributed to the
formation of aggregates which reduces the strength of the gelatin fibers. The

in-silico permeation studies, pore size, porosity and flow velocity studies
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were done using micro-tomography experiments. The average pore size and
porosity increased with the increase in HNT concentration. The flow velocity
decreased with the increase in the HNT concentration and this may be due to
the beaded structure because of excess HNT deposition within the gelatin
fibers. The biological studies were done to know the material compatibility
with blood cells. The MTT assay showed good cell adhesion, growth of
L929 fibroblast cells and the gelatin loaded halloysite filter media was not
showing any toxicity. The hemolysis study also confirmed that the
percentage hemolysis was within the acceptable range (<5%) and no RBC
death observed. The fabricated filter media would serve as a bio-separation
device to remove the toxic uremic toxins and other smaller mad lower
molecular weight molecules from the blood and help in purification with an
affordable cost. This preliminary study will help to carry forward the
research to develop a sustainable and cost effective bio-separating membrane

in future.
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Summary and Conclusions

This is not the end, it is not even the beginning of the end, But it is the end of the beginning.

Winston Churchill




CHAPTER VII: Summary and Conclusions

The thesis comprises of two parts namely polymeric gels and electrospun
fibers for applications in the biomedical area. The objective of the thesis was
to develop and synthesize newer microgels for drug delivery applications and
also to design and fabricate electrospun fibers from the least explored
polysaccharides for human health care applications. Polysaccharides are non-
toxic, stable, biodegradable and biocompatible in nature. These
polysaccharides can be easily modified by various chemical routes due to their
reactive functional groups present on their backbone and therefore they find
applications in food, cosmetic, pharmaceutical and biomedical industry. The
polysaccharides selected in this work, were the non-ionic cellulose ethers
namely Ethyl hydroxy ethyl cellulose (EHEC), and hydrophobically modified
Ethyl hydroxy ethyl cellulose (HM-EHEC) and Gelatin for the study.

In the first introduction chapter, the broad area of biomaterials, its
classification and their use in human health care are discussed. The polymeric
gels, properties, their source are further discussed. More emphasize was given
on microgels, their importance, synthesis routes and applications are
discussed. Then the electrospun fibers, their fabrication techniques with
electrospinning, along with their applications in biomedical field are
discussed. Apart from some standard characterization techniques like SEM,
TEM, FTIR, XRD, EDX, and UV used in the thesis, some special
characterization techniques like AFM and micro-computed tomography are

discussed.
In second chapter, the scope and objectives of the thesis are discussed.

In third chapter, reports on the synthesis of microgels using hydrophobically
modified ethyl hydroxy ethyl cellulose (HM-EHEC) by emulsion
polymerization technique using Divinyl sulphone (DVS) as crosslinking agent.
The synthesized microgels were characterised using SEM which revealed
spherical flower like morphology of the microgels in the size range of 5 to
8um. The FTIR analysis confirmed the presence of the anti-cancer drug into
the microgel particles. The release studies of 5-Flurouracil were done in PBS
for a period of 72 hours and it was observed 56% of 5-Flurouracil (5-FU) was

released in slow and sustained manner upto 72 hours. The cell viability was
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done using human breast cancer cell lines MDA MB -231 also confirmed the
cell death with increase in the concentration of the microgel particles

containing 5-FU.

In the fourth chapter, the high molecular weight, Ethyl hydroxy ethyl cellulose
(EHEC) polymer was blended using Poly vinyl alcohol (PVA) for the
fabrication of electrospun nanofibers. The solution properties namely
viscosity, conductivity and surface tension of the polymer solutions were
measured before electrospinning. The characterizations were done using SEM,
AFM, FTIR and contact angles. The average fiber diameter sizes of the
nanofibers were in the range of 250-325 nm. The contact angles revealed that
the mats are hydrophilic in nature. The slow and sustained release of
Chlorhexidene Digluconate (ChD) from the nanofiber mats were 45, 56 and
86% for 5, 10 and 15% ChD for a period of 60 hours. The cell viability (MTT
assay), the cell growth and proliferation also showed that the EHEC nanofiber

mats have great potential as scaffolds in tissue engineering applications.

The fifth chapter is divided into two parts. In the first part, Halloysite
nanoclay, (HNT), (tubular form) was incorporated to study its effects on
mechanical properties and their activity as a wound dressing material. The
SEM morphology of halloysite incorporated EHEC/PVA nanofibers, showed
smooth and bead free surface with an average fiber diameters in the range of
325 +30 nm. The FTIR and XRD studies also confirmed the presence of
halloysite and gentamicin, an antibacterial drug within the nanofibers. The
BET isotherms revealed the pore size distribution of the nanofibers and
showed typical adsorption behaviours for the IV type, with an H3 type
hysteresis loop. The mechanical properties improved with an increase of HNT
concentration in the nanofiber mats. With excess HNT above 3%, the tensile
strength decreased and that could be due to the aggregation of halloysite
nanotubes within the nanofibers. The nanofiber mats showed good thermal
stability in the range of 200-250°C. The swelling studies for all the mats
showed equilibrium swelling in the range of 1000-1200%, which confirmed
the hydrophilic nature of the mats. There was a controlled and sustained
release observed from the nanofiber mats containing the HNT and gentamicin

drug for a period of 18 days. The cell viability and wound migration studies
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showed that the halloysite nanoclay was non-toxic in nature and the L929
fibroblast cells showed good cell adhesion o the nanofiber mats. The
hemolysis study also confirmed that the nanoclay did not harm the RBCs and
was compatible with blood. The antibacterial studies were done using the
Kirby disk diffusion method on the gram positive, S.aureus and gram
negative, E.coli bacteria’s which showed zone of inhibition which confirmed
the bacterial death by the nanofiber mats. Finally, the in-vivo wound healing
was done using wistar rats and was observed that the nanofiber mat containing
halloysite and gentamicin drug showed faster wound healing with deposition
of collagen fibers and angiogenesis without any scar formation. The results
demonstrated that these nanofiber mats show a potential as wound dressing

material for acute and chronic wounds.

In the second part reports on the incorporation of the silver nanoparticles
(AgNPs) into the EHEC/PVA nanofibers and their characterization. The fiber
dia was in the range of ~345-370 nm. The Ag nanoparticles were in the range
of 10 to 45 nm. The size increased with the in case of silver nanoparticles. The
mechanical properties also improved with addition of silver nanoparticles and
gradually decreased with increase in silver. The FT-IR, XRD, UV experiments
confirmed the presence of silver into the nanofibers. The BET isotherms also
were done to study the pore size distribution and specific surface area. The
surface area increased with increase in nanoparticles. The antibacterial studies
was done on the gram positive and gram negative bacteria and the results
showed there was bacterial inhibition due to the nanoparticles. The cell
viability studies showed good cell growth and proliferation but as the silver
nanoparticles increased, the cell viability reduced and the death of L929
fibroblast cells were confirmed using confocal microscopy which revealed the
rounded shape of the dead cells. The hemolysis study showed there was less
than 2% lysis for EHEC/PVA mats containing 0.5%AgNPs but there was cell
lysis (cell death) observed for 1 and 2% AgNPs containing nanofiber mats.
The wound healing assay was done only for nanofiber mats containing 0.5 and
1%AgNPs. In both the cases the wound healing was 98 to 99 % at the end of
21 days. The collagen deposition was observed on the epidermal layer with no

scar formation and with angiogenesis. Both HNT and AgNPs incorporated
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EHEC/PVA nanofiber mats showed great potential as wound dressing

materials.

The sixth chapter reports on the design and fabrication of a cost effective filter
media from natural polysaccharide for the separation of uremic toxins present
in the blood. The biodegradable gelatin polysaccharide was used along with
the nanofiller, halloysite to enhance the porosity and mechanical properties.
The gelatine solution was prepared using tri fluro ethanol and further cross
linked the electrospun fibers using glutaraldehyde vapours. The simulation
studies using micro tomography were conducted and the pore size and porosity
were measured. The average pore size and porosity increased with an increase
in halloysite concentration. The cyto-toxicity and hemocompatibilty studies
were done using L9292 fibroblast cells and no toxic effects were observed.
The percent hemolysis was also very negligible and showed no toxic effect on
the RBCs.

To conclude, the thesis was designed into 1) Gels-microgels 2) Electrospun
fibers for their use in biomedical area. Here, three natural polysaccharides
such as Ethyl hydroxy ethyl cellulose (EHEC), hydrophobically modified
ethyl hydroxy ethyl cellulose (HM-EHEC) and Gelatin were utilized. The
biocompatible synthetic polymer, polyvinyl alcohol (PVA) was used to blend
the EHEC polymer to improve the spinnability of electrospun nanofibers. The
EHEC/PVA nanofiber mats fabricated by utilizing the nanomaterials were
found to be effective wound dressing materials for acute and chronic burns
and also helpful for diabetic patients for faster healing of the wounds. These
unexplored polysaccharides have a great potential as future biomaterials in

human health care applications.

SP Pune University Page 175



l. List of Publications

Ashwini Wali, Mahadeo Gorain, Satish Inamdar,Gopal Kundu, Manohar V. Badiger,
In-vivo wound healing performance of Halloysite clay and Gentamicin incorporated
Cellulose ether-PVA electro-spun nanofiber mats™. ACS Applied Biomaterials, 2019,
DOI: 10.1021/acsabm.9b00589

Ashwini Wali, Yucheng Zhang, Poulomi Sengupta, Yuji Higaki, Atsushi Takahara,
Manohar V. Badiger,“Electrospinning of non-ionic cellulose ethers/polyvinyl alcohol
nanofibers: Characterization and applications”, Carbohydrate Polymers 181, 2018,
175-182. DOI: 0rg/10.1016/j.carbpol.2017.10.070

1. List of Publications under Preparation

Ashwini Wali, Mahadeo Gorain, Satish Inamdar, Gopal Kundu, Manohar V. Badiger,
“Fabrication of cellulose ether nanofiber membranes with silver nanoparticles”,

(Acta Biomaterlia, Elsevier)

Ashwini Wali, Arun Torris A T, Manohar V. Badiger, “Gelatin based filter media for

Bio-separation of uremic toxins”, (Material Science and Engineering C, Elsevier)

Ashwini Wali, Satish R. Inamdar, Manohar V. Badiger, “HM-EHEC microgels for
topical delivery of 5-Flurouracil”, (International Journal of Biological
Macromolecules, Elsevier)

I11. List of Conference Proceedings

1. Ashwini Wali, Mahadeo Gorain, Satish Inamdar, Gopal Kundu, Manohar V.

Badiger, “Electro-spinning of Cellulose Ether based nanofiber mats for wound
healing Applications™, International Carbohydrate Conference on Emerging Trends
in Carbohydrate Chemistry and Glycobiology, (CARBOXXXIV), 5-7" December



2019, University of Lucknow, INDIA.

. Ashwini Wali, Mahadeo Gorain, Satish Inamdar, Gopal Kundu, Manohar V.
Badiger, ““Fabrication and characterization of electrospun cellulose ether-PVA
nanofiber mat loaded with halloysite nanotubes and antibiotics for enhanced wound
healing applications™, International Conference on Advances in Polymeric materials
and Health care, (APA), 16-18" October 2019, Goa, INDIA.

. Ashwini Wali, Satish Inamdar, Manohar V. Badiger, “Silver Nanoparticles
(AgNPs) in Cellulose Ether Nanofibers: An effective wound dressing material”. 15"
International Conference on Polymer Science and Technology, (SPSI MACRO), 19-
22" December 2018, 11ISER Pune, INDIA.

. Ashwini Wali, Satish Inamdar, Manohar V. Badiger, *““Electrospinning of Non-
lonic Cellulose ether Nanofibers with Silver nanoparticles having antibacterial
Activity”, 4" International Conference on Biomedical Polymers and Polymeric
Biomaterials, (ISBPPB), 15 -18t July 2018, Krakow, POLAND.

. Ashwini Wali, Yucheng Zhang, Yugi Higaki, Atsushi Takahara, Manohar V.
Badiger, ““Electro-spinning of Non-ionic Cellulose Ethers for Biomedical
Applications™, International Conference on Advances in Polymer Science and
Technology, (APA), 23-25" December 2017, New- Delhi, INDIA.

. Ashwini Wali, Yucheng Zhang, Yugi Higaki, Atsushi Takahara, Manohar V.
Badiger “Electro-spinning of Non-ionic Cellulose Ethers and Characterization by
Atomic Force Microscopy, Scanning Electron Microscopy and Contact Angle
Measurements”, 14" International Conference on Polymer Science and Technology,
(SPSI MACRO), 8-11" January 2017, Kerala, INDIA.

. Ashwini Wali, Manohar V. Badiger ““Synthesis and Characterization of Modified
and Unmodified EHEC Microgels”, International Conference on Polymeric
Biomaterials, Bio-engineering and Bio-diagnostics, (APA), 27-30" October 2014,
New Delhi, INDIA.
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Professional Summary

e Strong academic background with over 6 years of teaching and 8 years of
research experience on polysaccharides, polymeric gels and electrospun
nanofibers for drug delivery and tissue engineering applications.

e Hands on experience on Electrospinning Techniques.

e Extensive experience on nanofiber membrane modification techniques and
their characterization using SEM, TEM, TGA, DSC, FT-IR, XRD, DLS and pore-
size analysis.

e Author of peer-reviewed manuscripts, various internal technical documents.

e Experienced with timely documentation of research, and compilation of
progress reports.

e Gained modest knowledge in design of experiments and setting-up
equipment’s for research labs.

e Strong verbal and written communication skills. Effective working in
interdisciplinary groups and individual settings.

Education

» PhD: Chemical Engineering, Pune University, India.
Dissertation: “Gels and Electro spun fibers for Bio-medical Applications”

2017-2020
» M.Tech: Chemical Engineering, National Institute of Technology, Surathkal,
Karnataka, India. 2005-2007

» B.E: Chemical Engineering, Visvesvaraya Technological University, Karnataka,
India. 1999-2003

Research Experience

e Senior Research Fellow: CSIR- National Chemical Laboratory, Pune, India.

2013 -2017
o Research Fellow: Center for Excellence in Polymer Science, Karnataka
University, Dharwad, India. 2004-2005

1]Page



ASHWINI WALI

Teaching Experience

e Assistant Professor: K.L.E College of Engineering and Technology, Belgaum,
Karnataka, India. 2007-2010

e Assistant Professor: B.M.S College of Engineering, Bangalore,Karnataka, India.
2010-2013

Subjects Handled: Industrial Waste Water Treatment, Environmental Science,
Pollution Prevention and Control, Solid Waste Management, Biochemical
Engineering, Transport Phenomena, Process Equipment Drawing, Energy
Technology, Chemical Technology, Food Technology, Instrumental Methods of
Analysis, Chemical Plant Utility and Safety, Process Equipment Design.

Laboratory Courses Handled: Heat Transfer, Instrumental Methods of Analysis.

Number of Projects Handled (UG): 06

Other Duties: Counseling and Mentoring of Undergraduate students. Classes
taken for MBA students on Presentation and Communication skills.

List of Publications E

e Ashwini Wali, Mahadeo Gorain, Satish Inamdar,Gopal Kundu, Manohar V.
Badiger, In-vivo wound healing performance of Halloysite clay and Gentamicin
incorporated Cellulose ether-PVA electro-spun nanofiber mats”. ACS Applied
Biomaterials, 2019, 2, 10, 4324-4334. DOI: 10.1021/acsabm.9b00589

e Ashwini Wali, Yucheng Zhang, Poulomi Sengupta, Yuji Higaki, Atsushi
Takahara, Manohar V. Badiger,“Electrospinning of non-ionic cellulose
ethers/polyvinyl alcohol nanofibers: Characterization and applications”,
Carbohydrate Polymers 181, 2018, 175-182. DOI:
org/10.1016/j.carbpol.2017.10.070

o Ashwini Wali, M.B.Saidutta, “Defluoridation of fresh water using the process
of Electro-coagulation combined with Adsorption”, International Journal of
Earth Science and Engineering, Vol 6,Issue 4, 122-131 , 2013. ISSN 0974-5904.

¢ Venkatesh Mutalik, Lata S. Manjeshwar, Ashwini Wali, Malladi Sairam, Bojja
Sreedhar, K. V. S. N. Raju, Tejraj M. Aminabhavi, “Aqueous-Solution and Solid-
Film properties of Poly(vinyl alcohol), Poly(vinyl pyrrolidone), Gelatin, Starch,
and Carboxy methyl cellulose Polymers”, Journal of Applied Polymer Science,
Vol. 106, 765-774, 2007. DOI 10.1002/app.25427

e Venkatesh Mutalik , Lata S. Manjeshwar , Ashwini Wali , Malladi Sairam
K.V.S.N. Raju , Tejraj M. Aminabhavi, “Thermodyanamics, Hydrodynamics of
agueous polymer solutions and mechanical characterization of solid films of
chitosan, sodium alginate, guar gum, hydroxyl ethyl cellulose and
hydroxypropyl methyl cellulose at different temperatures”, Carbohydrate
Polymers, Vol 65, Issue 1, 9-21, 2006. DOI:10.1016/j.carbpol.2005.11.018
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B. Vijaya Kumar Naidu, S. D. Bhat, M. Sairam, A. C. Wali, D. P. Sawant, S. B.
Halligudi,N. N. Mallikarjuna, T. M. Aminabhavi, “ Comparison of the
Pervaporation separation of water Acetonitrile mixture with zeolite filled
sodium alginate and poly aniline semi-interpenetrating polymer network
membranes”, Journal of Applied Polymer Science, Vol. 96, 1968-1978, 2005.
DOI10.1002/app.21653

A.C. Wali, B. Vijaya Kumar Naidu, N. N. Mallikarjuna, S. R. Sainkar, S. B.
Halligudi,T. M. Aminabhavi,“Miscibility of chitosan, hydroxyethyl cellulose
blends in a aqueous acid solutions at 35 °C”, Journal of Applied Polymer
Science, Vol. 96, 1996-1998, 2005. DOI 10.1002/app.21421

In preparation - Publications

Ashwini Wali, Manohar V. Badiger,“Hydrophobically modified HM-EHEC
Microgels for release of anti-cancer drug 5-Flurouracil”,(International Journal
of Biological Macromolecules, Elsevier)

Ashwini Wali, Mahadeo Gorain, Satish Inamdar, Gopal Kundu, Manohar V.
Badiger, “Fabrication of cellulose ether nanofiber membranes with silver
nanoparticles” (Acta Biomaterlia, Elsevier)

Ashwini Wali, Arun Torris A T, Manohar V. Badiger, “Gelatin based filter media
for Bio-separation of uremic toxins” (Material Science and Engineering C,
Elsevier)

{
Selected Presentations g

“Electro-spinning of Cellulose Ether based nanofiber mats for wound healing
Applications”.(CARBOXXXIV) International Carbohydrate Conference on
Emerging Trends in Carbohydrate Chemistry and Glycobiology, 5-7th
December 2019, University of Lucknow, INDIA. (ORAL AND POSTER)

“Fabrication and characterization of electrospun cellulose ether-PVA
nanofiber mat loaded with halloysite nanotubes and antibiotics for
enhanced wound healing applications”. International Conference on
Advances in Polymeric materials and Health care, 16-18™" October 2019,
Goa, INDIA. (ORAL)

“Silver Nanoparticles (AgNPs) in Cellulose Ether Nanofibers: An effective
wound dressing material”. 15" International Conference on Polymer Science
and Technology, SPSI MACRO, 19-22" December 2018, IISER Pune, INDIA.
(POSTER)

“Electrospinning of Non-lonic Cellulose ether Nanofibers with Silver
nanoparticles having antibacterial Activity”, 4™ International Conference on
Biomedical Polymers and Polymeric Biomaterials, ISBPPB, 15 -18™ July 2018,
Krakow, POLAND. (ORAL)
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“Electro-spinning of Non-ionic Cellulose Ethers for Biomedical Applications”,
International Conference on Advances in Polymer Science and Technology,
APA, 23-25" December 2017, New- Delhi,INDIA. (POSTER)

“Electro-spinning of Non-ionic Cellulose Ethers and Characterization by
Atomic Force Microscopy, Scanning Electron Microscopy and Contact Angle
Measurements”. 14" International Conference on Polymer Science and
Technology, SPSI MACRO, 8-11'" January 2017, Kerala, INDIA. (POSTER)

“Synthesis and Characterization of Modified and Unmodified EHEC
Microgels”. International Conference on Polymeric Biomaterials, Bio-
engineering and Bio-diagnostics, 27-30"" October 2014, New Delhi, INDIA.
(POSTER)

“Defluoridation of fresh water using the process of Electro-coagulation
combined with Adsorption”.3" International Engineering Symposium, 4-6"
March 2013, Kumamoto University, JAPAN. (ORAL)

Selected Workshops/Seminars

Attended one week exclusive “Induction Training for Fresh Teachers in
Technical Institutions” held at NITK, Surathkal, June 9-15™" 2008.

Workshop “Women in Science Administration Management” at IISER Pune,
February 15-17t" 2017.

Preparatory course for Patent Agent Examination: (Patent Act, Procedure
and Drafting) at IPFACE Venture center, Pune, February 17 to March 1%
2014.

Training program on “Safety & Health Issues in Industrial Environment” at
BMS College of Engineering, Bangalore, April 17- 22" 2013.

Faculty development program on “Advances in Chemical Engineering”
Maharashtra Academy of Engineering, Pune, December 3-5™" 2012.

Staff Development Programme on “Research Scenario in Nanotechnology”,
at NIT Surat, January 18- 22" 2010.

Workshop on “Emerging Trends in Environmental Biotechnology”, Dept. of
Chemical Engineering, NITK Surathkal, January 12-14™ 2009.

Leadership Skills

Mentored undergraduate, graduate students and research trainees,
assistants.

Organized technical events, guest lectures, and industrial visits for
undergraduate students.

Organized Staff day for the college staff and faculty in 2010 at KLE
Engineering College and at BMS Engineering College in 2012,
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e Compeered various technical and non-technical events/programmes in
different languages in colleges.

Awards and Affiliations

e Best Poster Award at CARBOXXXIV, International Conference on
Carbohydrate Chemistry and Glycobiology, University of Lucknow, India,
2019.

e Travel grant from DST- SERB (Govt of India) to attend International
conference at AGH University of science and technology, Krakow, Poland,
2018.

o Best Safety video award at NCL Pune, 2017.

e Sports women of the year at Research Scholars Meet at NCL Pune, 2016.

e CSIR-Senior Research Fellowship by MHRDG (Govt of India) 2013.

e Indian Institute of Chemical Engineers (Life Member), Membership No:
46904.

e Member of American Chemical Society, (Regular Member), Membership No:
31425334,

e Member of Society of Polymer Science, Pune chapter, (Life Member)
Membership No: 588.

e Member of Organization for Women in Science for the Developing World.
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