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ABSTRACT

Electrospinning has a unique ability to produce highly porous and
interconnected nanofibers with very high surface area to volume ratio. Natural and
synthetic polymers can be produced as nanofibers with diameters ranging from
tens to thousands of nanometers with tunable properties. The potential of these
electrospun nanofibers in human health care applications is promising in many
aspects such as tissue/organ regeneration, vehicle to deliver the drugs, wound
healing and dressing materials, etc. Natural polymer nanofibers catch the attention
of bioengineering fields due to their biocompatibility and non-toxicity. However,
fabrication of electrospun natural polymer nanofibers is challenging, due to the
lack of appropriate solvents and requirement of external cross-linking agents. The
solvents and cross-linking agents being employed for natural polymers are harsh
and toxic materials which limit their biological applications. Electrospun gelatin
based nanofibers attract attention of biomedical field because of its excellent
biocompatibility and structural resemblance with native extracellular matrix. The
focus of this thesis is mainly to fabricate electrospun gelatin nanofibers using
benign solvent system and non-toxic and natural cross-linkers for biomedical
applications and the improvement of their properties by modifying the gelatin
nanofibers.

In this work, gelatin nanofibers were fabricated using an innovative
cross-linking approach to minimize cytotoxic effects. The solvent system for
electrospinning was optimized to keep the acetic acid concentration as minimum
as possible. Gelatin was dissolved in water:acetic acid (8:2, v/v) solution and
electrospun to form nanofibers with diameters in the range of 150 £ 30 nm.
Electrospinning was carried out by varying the amount of gelatin until beadless
and smooth fibers were formed at 30 % w/v concentration. In order to improve the
water stability, the gelatin nanofibers were cross-linked with a modified
polysaccharide, namely, dextran aldehyde. Cross-linking with dextran aldehyde
could be achieved without compromising the nanofibrous architecture. Cross-
linking was carried out in ethanol medium in presence of minimum quantity of
aqueous borax solution due to the very low solubility of dextran aldehyde in
ethanol. Dextran aldehyde cross-linked gelatin nanofibers maintained the fibrous
morphology in aqueous medium. These mats exhibited improved tensile strength
(30 + 3.47 MPa) and Young’s modulus (904 + 68 MPa) compared to the as spun
mats (8.29 + 0.53 MPa and 394 + 96 MPa). The cross-linked mats showed gradual
degradation behaviour up to four weeks under physiological conditions. The
nanofibers were evaluated for cytotoxicity, cell adhesion, viability, morphology
and proliferation using L-929 mouse fibroblast cells and MG-63 osteoblast cells.
The results confirmed that dextran aldehyde cross-linked gelatin mats are non-
cytotoxic towards L-929 and MG-63 cells with good cell adhesion, spreading and
proliferation.

The shortcoming associated with cross-linking of gelatin nanofibers
using dextran aldehyde is the insolubility of dextran aldehyde in ethanol medium
leading to low degree of cross-linking. Hence, a disaccharide namely, sucrose was
investigated as another cross-linking agent for gelatin nanofibers. Sucrose was
oxidized by periodate oxidation to introduce aldehyde functionality. Oxidized
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sucrose (sucrose aldehyde) enabled better cross-linking efficiency, since it is
readily soluble in ethanol. Sucrose is cost effective, commercially available in
large scale and is potentially biocompatible. Cross-linking of the nanofiber mat
with oxidized sucrose was achieved without compromising the nanofibrous
architecture. Cross-linked gelatin nanofibers maintained the fibrous morphology
even after keeping in contact with aqueous medium. Sucrose aldehyde cross-
linked gelatin nanofibers also exhibited improved mechanical properties (tensile
strength: 38 + 5.47 MPa and Young’s modulus: 1387 + 90 MPa) with gradual
degradation pattern under physiological conditions. The nanofibrous mats were
also evaluated for cytotoxicity and cell viability using L-929 fibroblast cells and
MG-63 osteoblast cells. The results confirmed that oxidized sucrose cross-linked
gelatin nanofibers are non cytotoxic and promote the growth and proliferation of
L-929 and MG-63 cells.

In order to further improve the physico-chemical and biological
properties of gelatin based nanofibers, modifications were carried out. The
modifications are based on chemical reaction, physical mixing and change in
instrumental set-up. A novel nanofibrous mat using amine functionalized gelatin
was fabricated. Modified gelatin known as cationized gelatin was found to be
soluble in water without forming gel at room temperature unlike gelatin. Hence,
electrospinning of cationized gelatin could be carried out using water as the
solvent. The water stability of cationized gelatin nanofibers was improved by
cross-linking with dextran aldehyde and sucrose aldehyde. The resulting
cationized gelatin nanofibers were evaluated for the adhesion and proliferation of
L-929 and MG-63 cells. The results demonstrated that the electrospun cationized
gelatin nanofibers can be potential scaffold materials for tissue regenerations.

Coaxial electrospinning is an upcoming technology that has emerged
from the conventional electrospinning process in order to realize the production of
nanofibers of less spinnable materials with potential applications. In the present
work, core-shell structured polymer nanofibers of purely natural origin were
produced from chitosan (shell) and gelatin (core) by coaxial electrospinning.
Highly spinnable gelatin is employed as core material and nanofibers were
fabricated with chitosan as shell using aqueous acetic acid as solvent. This method
avoided the usage of synthetic polymers as core template for the fabrication of the
chitosan nanofibers. For maintaining the biocompatibility and structural integrity
of the core-shell nanofibers, cross-linking was carried out using the naturally
occurring cross-linking agents, dextran aldehyde and sucrose aldehyde. The
biological evaluation of the cross-linked core-shell mats was carried out using L-
929 and MG-63 cells. The results showed that the dextran and sucrose aldehyde
cross-linked core-shell nanofibers are excellent matrices for cell adhesion and
proliferation.

In order to further improve the mechanical and biological performance of
gelatin based nanofibers, gelatin was blended with graphene oxide (GO). The
present study examined the possibility of incorporation of GO into electrospun
gelatin nanofibers via co-electrospinning. The interaction between GO and gelatin
in the nanofiber structure was established with spectroscopic evidences. The
reinforcement in mechanical strength of GO loaded gelatin nanofibers was
investigated. The tensile strength was increased from 8.29 + 0.53 MPa to 21 +
2.03 MPa after the incorporation of GO. The composite nanofibers were cross-
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linked with dextran aldehyde and showed further increase in tensile strength up to
56.4 + 2.03 MPa. The cross-linked nanofibers were evaluated for cell adhesion
and proliferation of L-929 cells. The results indicated that the presence of GO not
only acted as reinforcement in mechanical properties, but also encouraged the
adhesion and proliferation of L-929 fibroblast cells. GO incorporated gelatin
nanofibers were evaluated also for antibacterial activity against gram positive
(S.aureus) and gram negative (E.coli) bacteria. However, the interaction between
gelatin and the basal planes of GO rendered the composite nanofibers inactive
against bacteria. Hence, antibacterial activity was induced into the composite
nanofibers by incorporating a broad spectrum antibiotic, gentamicin. The drug
loaded mat exhibited an initial burst release during the first 6 h followed by a
gradual release of gentamicin. The mats showed antibacterial property against S.
aureus and E. coli.
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CHAPTER 1

INTRODUCTION

The aim of this chapter is to provide a foundation for understanding the
versatility of nanofibrous materials and the fabrication methods for the
development of nanofibers, by reviewing and discussing the relevant literature.
Attempt is made to establish the importance of the nanofibrous materials
compared to the bulk materials in different aspects of applications. Basic
terminologies associated with this work are introduced for a better understanding
of the process and evaluation of the properties of different nanofibrous materials
developed in this work. This chapter provides an insight into the objective and

scope of the research work and the organization of the entire thesis.

1.1 Nanofibers

Nanofibers are generally defined as the fibers with diameter ranging from
ten to thousands of nanometers (10 m). The nanofibers come under the category
of one-dimensional nanomaterials similar to nanotubes and nanorods, but with
flexible nature (Huang et al., 2003; Ramakrishna et al., 2005). Nanofibers possess
an extremely high surface area to volume ratio and interconnected porous
structure. These unique characteristics of the nanofibers in conjunction with
enhanced surface functionality and superior mechanical performance make them
an exciting new class of materials for a variety of applications. Because of the
multifaceted properties of the nanofibers, they find applications as components of
electronic and optical devices, energy conversion and storage devices, chemical
and biological sensors and air and water filtration membranes. Applications of
nanofibers in biomedical field are being investigated extensively (Lu et al., 2009b;
Sahay et al., 2012). Conductive nanofibers are used in the fabrication of several

electronic devices such as Schottky junctions, sensors and actuators (Kundu et al.,



2011). Nanofibrous membranes with ionic, electric and photoelectric conductivity
can be used for electrostatic dissipation, corrosion protection, and electromagnetic
interference shielding (Huang et al., 2003). Conducting nanofibrous mats with
high porosity can be used as battery separators and electrode materials.
Nanofibers are also reported as high performance filtration membranes. Due to the
very high surface area to volume ratio and resulting high surface cohesion, tiny
particles of the order of < 0.5 mm can be easily trapped in the nanofibrous
membranes (Graham et al., 2002; Huang et al., 2003). Several nanofibrous
membranes are reported as gaseous and liquid filters. Nanofibers can also be used
as effective reinforcement filler for composites in order to improve their structural
and functional properties (Bergshoef and Vancso, 1999; Kim and Reneker, 1999).
During the past few years, nanofibers are attracting enormous research interests in
medical and pharmaceutical fields. As far as the biomedical application is
concerned, the nanofibrous network plays a significant role as tissue engineering
scaffold, drug delivery matrices, wound dressing materials and others (Greiner
and Wendorff, 2007). The following section provides the significance of

nanofibers to be used in various biomedical applications.

1.1.1 Nanofibers in bioengineering

The nanofibers attract wide attention as a potential solution for existing
challenges in bioengineering field such as tissue and organ repair, burn and
wound care, and drug delivery. Nanofibers are attractive in these fields due to
many reasons and the most important is the one-dimensional nanostructure with
very large surface area to volume ratio (Leung and Ko, 2011). This property
enables a better cellular growth, cell-material interaction, adhesion of cells,
proteins and drug molecules, etc. From the biological point of view, almost all of
the human tissues and organs are deposited in nanofibrous structures. All of them
are characterized by well-organized hierarchical fibrous structures in nanometer
scale (Ramakrishna et al., 2005). For tissue engineering and wound dressing,
nanofibers are treated as scaffold materials for cell growth and proliferation. In

drug delivery applications, nanofibers are considered as a potential drug carrier.



1.1.1.1 Tissue engineering

Tissue engineering is an emerging multidisciplinary approach to repair or
replace damaged tissues and organs by comprehending bioengineering, chemistry,
physics, life sciences and clinical sciences. Tissue engineering is an alternative
solution for the problems of donor site morbidity and life-long medication and
potential rejection encountered in traditional clinical therapies (Hutmacher et al.,
2001). Tissue engineering has attracted many scientists and surgeons with
anticipation to treat patients in a minimally invasive and less painful way
(Salehahmadi and Hajiliasgari, 2013). There are three basic elements of tissue
engineering paradigm, they are: scaffold, cells, and growth factors. General
strategy for tissue engineering involves harvesting of a donor tissue from patient’s
body and dissociation into cells using enzymes, the culture of living cells outside
the body, seeding of the populated cells in vitro on a porous construct known as
scaffold and implantation of the cell-scaffold construct into patient’s body.
Eventually, the scaffold degrades and resorbs into the body and the cells produce
their own natural scaffold known as extracellular matrix (ECM) (Freyman et al.,
2001; Ratner, 2004). Thus, tissue engineering is to a large extent dependent on the
scaffolds technology (Dhandayuthapani et al., 2011). Since the major goal of
developing the scaffold is to mimic the structural and functional properties of the
native ECM, a profound knowledge of the ECM may be advantageous for the
design of scaffolds for desired tissue types (Yanzhong, 2006). The ECM is a
collection of macromolecules which serves as the major structural component of
the body. It is known to be a complex three-dimensional nanofibrous network
which is mainly made up of structural proteins (e.g., collagen, elastin, etc.) and
carbohydrates. The ECM provides structural and mechanical support for cell
attachment, migration, proliferation and differentiation (Sell et al., 2010). Figure

1.1 shows the schematic of the general strategy of tissue engineering.
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Figure 1.1: Schematic of tissue engineering approach (Image source:
http://textile.iitd.ac.in/highlights/fol8/01.htm)

A scaffold acts an important constituent for tissue engineering (Chan and
Leong, 2008b). Scaffolds, typically made of polymeric biomaterials, provide the
structural support for cell attachment and subsequent tissue development.
However, researchers often come across huge variety of choices when selecting
scaffolds for tissue engineering (Chan and Leong, 2008a). An ideal scaffold for an
engineered tissue should simulate the ECM of the target tissue with biological and
physical properties matching with the physiological conditions of ECM (Lu et al.,
2009a; Puppi et al., 2010). The major function of the scaffold is to provide a
temporary support to body structures, to allow the stress transfer over-time to
injured sites, and to facilitate tissue regeneration on the scaffold. Materials used
for scaffold construction define the surface properties of the scaffold and
determine the interaction with proteins and cells. They also determine the
mechanical properties of the three-dimensional structure and subsequently that of
the cell-scaffold construct (Cheung et al., 2007). Biodegradable polymers are the

broadest and the most diverse class of biomaterials for scaffold development.

1.1.1.2 Wound dressing

Wound dressing is a treatment to repair the damaged skin by injury from

surgical and accidental lacerations, burns, pressure ulcers, etc (Chen et al., 2009).



Wound repair is a key application of tissue engineered products and it provides
significant advance in wound repair (Metcalfe and Ferguson, 2007). The first
tissue engineered product is artificial skin which is still in use today. The first
commercially available engineered skin substitute is known by the name Integra®
(Bello et al., 2001; Chen et al., 2009). It consists of a matrix of cross-linked
collagen and chondroitin sulfate copolymer to form the dermal matrix. One side
of the matrix is attached with a silicon sheet that functions as a temporary
epidermal layer. Integra® is predominantly used for the treatment of deep-burn
wounds, which are prone to form undesirable scars. The matrix undergoes
biodegradation while the cells invade and proliferate within the matrix, thus
promoting skin regeneration while inhibiting wound contraction, leading to a
better function and appearance of the healed wound (Stiefel et al., 2010). The goal
of wound dressing is the development of an ideal structure which provides higher
porosity with good barrier property towards microbes, appropriate porosity in
order to help the fluid drainage and good oxygen permeability (Ramakrishna et
al., 2005). The matrices for wound dressing must be selected cautiously to have

these properties.

1.1.1.3. Drug delivery

Drug delivery is the method of administering a pharmaceutical ingredient
to achieve the therapeutic effect in humans or animals towards certain diseases.
Wide varieties of drug delivery systems are investigated to improve the
therapeutic effect and to reduce the toxicity of conventional dosage forms
(Ramakrishna et al., 2005). In conventional method, the patients suffering from
diseases take drugs orally. Even though the drug is delivered to the affected site,
the amount of delivered drug against the initial drug dose is less as the drugs also
spread to other healthy parts of the body. As a result, the patient needs to take
excess amount of drugs and occasionally that leads to undesirable side effects.
These factors stimulate the interest in the development of novel drug loading
devices, concepts, and techniques which can reduce these difficulties. An ideal

drug delivery matrix must deliver the required amount of drug specifically at the



disease site. Several drug delivery systems based on polymeric materials in
nanoscale formulations such as liposomes, polymeric micelles, complexes, and

nanofibers attract special attention in recent times (Hu et al., 2014a).

1.1.1.4 Advantages of nanofibrous morphology in bioengineering

The architecture of scaffolds used for tissue regeneration and drug delivery
is of critical importance. An ideal scaffold should have several chemical and
structural features: (1) a three-dimensional architecture with desired shape,
volume and appropriate mechanical strength, (2) an interconnected pore structure
and high porosity to ensure cellular penetration and adequate diffusion of
nutrients to cells within the construct and (3) the scaffold degradation products
should be able to exit the body without any toxic effect for other organs and
surrounding tissues (Papenburg, 2009). Figure 1.2 exhibits different scaffold
architectures that are being employed for tissue regeneration. Among these,
nanofibers play a critical role in forming neo-tissues, healing of wounds and

delivering of active pharmaceutical ingredients.

Nanofiber mesh Microsphere

Figure 1.2: Different forms of polymeric scaffolds for tissue engineering and drug
delivery: (a) a typical 3-D porous matrix in the form of a solid foam, (b) a nanofibrous
matrix, (c) a thermosensitive sol-gel transition hydrogel, and (d) porous microsphere
(Chung and Park, 2007)



The ECM of human tissue consists of large number of fibrous components
that are made up of protein fibers such as collagens, elastin, keratin, laminins,
fibronectin, and vitronectin. These ECM fibers provide structural support and
mechanical integrity to tissues as well as locations for cell adhesion and regulation
of cell functions such as proliferation, shape, migration, and differentiation
(Beachley, 2011). Due to these reasons, human cells can attach and organize
around fibers with nano/micro sized diameters (Zhang et al., 2006). Human
tissues such as blood vessel, cartilage, bone, nerve, and skin consist of
nanofibrous forms (Ramakrishna et al., 2005). The scaffold in the form of three-
dimensional nanofibrous structure can impart mechanical strength, support for cell
attachment, and act as reservoirs for delivery of bioactive molecules in similar
way as the natural fibrous components of the ECM (Beachley and Wen, 2010).
Hence, for the biomedical related applications, polymer nanofibers have been
utilized for engineering tissues such as cartilages, bones, arterial blood vessels,
heart, nerves, skin, etc. In addition, they have also been intended as dressings for
protection of wounds to advance the healing process. Wound dressing with
nanofibrous structures can meet the requirements like oxygen permeation,
protection of wound from infection, and dehydration (Chen et al., 2009). The rate
of epithelialization is increased and dermis is well-organized in nanofibrous
membranes which lead to effective healing of the wounds. Nanofibers with large
number of pores facilitate fluid drainage ability and exhibit controlled evaporative
water loss (Ramakrishna et al., 2005). Another potential use is for controlled drug
release, which can be coupled to work together while developing tissue
engineering scaffolds or nanofibrous dressings. Extremely high surface area to
volume ratio of the nanofibers provides higher drug loading per unit mass than
any other drug loading device. The instantaneous release of drugs from the
nanofiber surface enables facile dosage control suitable for some specific
applications such as prevention of bacterial infection occurring within few hours
after surgery (Yoo et al., 2009). The rate of drug release can be tailored easily by
tuning the porosity, fiber diameter and the drug binding mechanism of the

nanofibers.



1.2 Nanofiber Fabrication Techniques

Techniques for fabrication of nanofibers are important aspects in tuning
the properties and applicability of the resulting fibrous structures. Nanofibers have
been fabricated by a wide variety of techniques, namely, template synthesis, phase
separation, self-assembly, electrospinning, etc. Conventional synthetic fibers
produced via template synthesis and phase separation are characterized by
diameters in the range of a few micrometers and above. Also, fibers are
discontinuous and few micrometers in length. Self-assembly produces non-woven
nanofibrous mats whereas the length and continuity of the nanofibers is not under
control (Laurencin et al., 2008). Of these, electrospinning is the most versatile
technique that can be used to produce continuous and fine fibers of diameter less
than 100 nm. Electrospinning can be applied to diverse materials including
polymers, ceramics and polymer-metal composites (Wang et al., 2009a; Zong et
al., 2002). Following sections discuss the recent nanofiber production techniques
which involve template synthesis, phase separation, self assembly and

electrospinning.
1.2.1 Template synthesis

Template synthesis is a method in which a porous membrane is taken as
template for the production of polymeric nanofibers or nanowires. Polymer
nanofibers can be fabricated using metal oxide membranes with pores of
nanoscale diameter (Long et al., 2011). Alumina network templates with varying
pore diameters from 50 to 500 nm, and pore depths from around 100 nm to
several hundred micrometers have been fabricated (Feng et al., 2002). On
applying water pressure on one side of the membrane, extrusion of the polymer
takes place, which upon contact with solidifying solution, gives rise to nanofibers
whose diameter depends on the size of the pores. Polymer nanofibers can be
obtained from these templates by destruction or mechanical removal of the
templates. Nanofibers and nanowires based on conducting polymers such as

polyaniline (Martin, 1994), polypyrrole, etc., are fabricated by template method



(Martin et al., 2012). Development of single and continuous nanofibers by this
approach has become difficult and researchers are searching for alternative

strategies for fabrication of polymer nanofibers (Vasita and Katti, 2006).

1.2.2 Self-assembly

Self-assembly is a process in which a disordered system or components
organize themselves into an ordered structure or pattern as a result of specific
interactions in the absence of any external agent. It is a spontaneous and reversible
organization of molecular units into ordered structures by non-covalent
interactions. By virtue of the modifications possible in the structure of the
polymer, a variety of self-assembled structures can be obtained. The shape of the
molecular unit determines the overall shape of the macromolecular nanofiber.
Berndt et al. synthesized a peptide amphiphile-based self-assembling system with
the goal of designing a simple self-assembly system that allows for the formation
of thermally stable protein-like molecular architecture. The authors developed
peptide amphiphiles that consisted of a dialkyl chain moiety (hydrophobic
component/tail group) attached to an N-alpha amino group of a peptide chain
(hydrophilic component/head group) (Berndt et al.,, 1995). In another
study, Hartgerink et al. investigated the effect of variations in the molecular
structure of the peptide amphiphiles on the self-assembled nanofibers. It is
observed that modifications in the alkyl chain length of the peptide amphiphile
alter the pH sensitivity of nanofibers, which affects self-assembly (Hartgerink et
al., 2002). Obtaining nanofibers of appreciable length using self-assembly

technique is a time consuming process.

1.2.3 Phase separation

Thermally induced liquid — liquid phase separation is being used for the
formation of nanofibrous foam materials (Zhang and Ma, 2001). The motivation
for this process has been obtained from the three-dimensional structure of
collagen and several successful attempts have been made to mimic the collagen



structure. This technique involves five basic steps: dissolution of polymer, liquid—
liquid phase separation process, polymer gelation (controls the porosity of
nanoscale scaffolds at low temperature) and extraction of the solvent from the gel
with water and freezing followed by freeze-drying under vacuum (Vasita and
Katti, 2006). The advantage of the phase separation process is that it is a relatively
simple procedure and the requirements are very minimal in terms of equipment
compared with the previously discussed techniques. However, continuous

nanofibers with tunable physical properties cannot be achieved by this technique.
1.3 Electrospinning

Electrospinning or electrostatic spinning is a process of producing
nanofibers, from a variety of materials, with diameters in the range of nanometers
to sub micron levels using an electrostatic potential (Bhardwaj and Kundu, 2010).
Compared to other nanofiber fabrication techniques, electrospinning is the widely
accepted one because of its ability to produce continuous nanofibers using a wide
variety of materials (Garg and Bowlin, 2011). The cost effective nature of the set-
up and the simplicity in the process makes electrospinning an attractive technique
for nanofiber production (Valizadeh and Farkhani, 2014). The fibers can be
collected in different forms such as tubes, yarns, mats, aligned and non-aligned
fibers, etc., according to the applications of interest (Zhan and Lan, 2013). It is
less complex and can be used for a wide range of materials compared to self-
assembly and phase separation. Electrospinning has attracted immense research
attention in the past few years for different biomedical and industrial applications
due to the ease of obtaining fibers with wide range of properties. Electrospinning
offers some unique advantages such as high surface area to volume ratio,
adjustable porosity of electrospun structures, the flexibility to spin into a variety
of shapes and sizes, and tunability of mechanical, electrical, biological and other

properties (Garg and Bowlin, 2011).
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1.3.1 History and background of electrospinning

The process of electrospinning is first observed by Rayleigh in 1897 and
studied in detail by Zeleny in 1914 on electrospraying (Rayleigh, 1882; Zeleny,
1917). The history of electrospinning as a fiber fabrication technology is known
from 80 years back. In 1934, Anton and Formahls secured a series of patents on
fabrication of polymer filaments by applying electrostatic potential (Anton, 1934).
Later in 1966, Simons patented an apparatus for the production of lightweight and
ultrathin non-woven fabrics. He studied the polymer properties and fabricated
different patterns of continuous and ultra thin fibers from polymers by tuning the
viscosity of polymer solutions (Simons, 1966). The mechanism of electrospinning
and the formation of fluid jet are revealed by Taylor in 1969. He explained the
deformation of polymer droplets when the electrostatic potential counter acts the
surface tension of the polymer droplets. The elongated and conical shaped
polymer droplet is named as Taylor cone after he invented the phenomena
(Taylor, 1969). After this era, the process of electrospinning has achieved large
interest amongst researchers owing to the vast application fields of nanofiber
based materials. Now, electrospinning is accepted as a powerful method for the
fabrication of nanofibrous structures (Atchison and Schauer, 2012).
Electrospinning has been an area of enormous interest in the medical community
because of its ability to produce nano sized fibers with high surface area that
mimic the ECM which can be used in a variety of biomedical applications
(Greiner and Wendorff, 2007).

1.3.2 Principle, mechanism and instrumental set-up

Electrospinning is a process that creates nanofibers through an electrically
charged jet of polymer solution or melt. This technique is applicable to almost all
polymer solutions or melts and is capable of spinning fibers in a variety of shapes
and sizes with a wide range of properties to be used in a broad range of

biomedical and industrial applications. Electrospinning requires a very simple and
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inexpensive set-up but is a complex process that depends on several molecular,
processing, and technical parameters (Chronakis, 2010; Garg and Bowlin, 2011).

The basic electrospinning set-up consists of three major components: a
syringe pump, a high voltage power supply, and a collector separated at a specific
distance. Figure 1.3 represents the schematic diagram of the basic components of

an electrospinning apparatus.

Syringe
\ Capillary

L‘l}}

3

Polymer solution

Figure 1.3: Basic components of electrospinning set-up

In a typical electrospinning process, a high voltage (5-50 kV) is applied
depending on the electrospinnability of the polymeric solutions or melts. As a
result, an electrical field is induced between the needle and the collector. A
programmable syringe pump allows the polymer solution to be fed at a controlled
rate (Lu et al., 2009c). From the high voltage power supply, one electrode is
connected to the syringe needle holding the spinning solution in order to charge
the polymer fluid. The other electrode from the power supply is attached to the
opposite polarity collector, which is usually grounded (Abdel-Hady et al., 2011).

At first, the polymer solution is held at the tip of the needle as a droplet
due to the surface tension effect. On applying the high voltage in the range of 5-50
kV, the droplet surface gets charged at the tip of the needle. The charged jet

experiences two types of electrostatic forces, namely mutual electrostatic

12



repulsion between the surface charges of the droplet and the columbic force by the
external electric field (Zhang, 2014). These electrostatic interactions cause the
liquid droplets to elongate to a conical shape which is referred to as Taylor cone.
At the threshold voltage, as the electrostatic forces overcome the surface tension
effect of the fluid droplet, a charged fluid jet is ejected from the tip of the Taylor
cone (He et al., 2005). This jet is then stretched thousands or millions of times,
during which the complete evaporation of the solvent occurs on moving towards
the collector. The jet initially travels in a linear path and after a certain distance; it
undergoes chaotic movements which is due to the instability of the charged jet.
From the point where the instability starts, the jet follows a diverging helical path.
As the jet spirals towards the collector, higher order bending and whipping
instabilities happen, resulting in a completely chaotic trajectory. The interaction of
the charges of the jet with the external electrical field and solvent evaporation
causes bending and spraying (Riboux et al., 2011). This results in the deposition
of long and continuous nanofibres as a non-woven structure. This process
typically gives rise to randomly oriented nanofibers due to the electric field
induced stretching of the jet towards the collector. The morphology and alignment
of the nanofibers can be tuned by judicious selection of the collector geometry
and architecture. A rotating drum collector can be used to make aligned
nanofibers, which are reported to exhibit improved mechanical properties

compared to randomly oriented nanofibers (Neves et al., 2007).

1.3.3 Coaxial electrospinning

Several modifications are made into the basic electrospinning set-up in
order to improve the quality and functionality of the nanofibers. Coaxial
electrospinning is an important modification among them and it facilitates the
production of core-shell structured and hollow structured nanofibers (Elahi et al.,
2013). In the process of coaxial electrospinning, two polymer solutions can be co-
electrospun without direct mixing, using two concentrically arranged nozzles. On
applying a high voltage in the coaxial spinneret, the droplet deforms to form a

compound Taylor cone. A jet is ejected from the tip of the compound Taylor cone,

13



which produces the core-shell nanofibers (Garg and Bowlin, 2011). Since the
solvent evaporation predominates, the mixing between the two components is
very limited. For fabrication of core-shell nanofibers, it is necessary that both core
and shell solutions are sufficiently viscous and the solvents are immiscible. In
principle, the rheological behaviours of the two solutions must be matched
significantly (McKinley and Sridhar, 2002; Reddy et al., 2009). A typical coaxial

electrospinning set-up is schematically sketched in Figure 1.4.

Shealth solution Shealth
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Figure 1.4: Set-up of coaxial electrospinning along with the compound Taylor cone
formation

It is found that the core-shell nanofibers exhibit the properties of both core
and shell materials similar to the composite nanofibers. Overall, this technique is
useful in producing different types of dual composition nanofibers, surface-
modified nanofibers, functional graded nanofibers and continuous hollow and
core-sheath nanofibers (Garg and Bowlin, 2011). Core-shell structures can be of
use for loading drugs and bioactive molecules as well as nanoparticles so that it
will be suitable for controlled drug release, bioactive tissue scaffolds (Zhang et

al., 2007), highly sensitive biochemical sensors (Sun et al., 2003), etc.
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In order to form a fiber, a solution must have sufficient concentration such
that the polymer chains are entangled, which is referred to as critical entanglement
concentration (C.) of polymers. Coaxial electrospinning is a powerful approach in
cases where a particular polymer solution is not capable of producing nanofibers
because of its fluid characteristics. It is especially important in the case of
polymers which possess poor solubility and the viscosity window that does not
meet a critical entanglement concentration for the formation of fibers (Rutledge et
al., 2005). For instance, the critical entanglement density for the important
biomaterials chitosan and alginate cannot be easily reached without gel formation
(Du and Hsieh, 2007). For coaxial electrospinning to occur, a biopolymer solution
does not have to meet the critical entanglement for fiber formation, however,
merely match the zero shear flow viscosity of the template polymer solution,
where the template polymer solution is above its critical entanglement
concentration (Hu and Yu, 2013; Palangetic et al., 2014). Coaxial electrospinning
improves the spinnability of an unspinnable material with the help of a highly
spinnable material as either core or shell template. Several synthetic polymers are
being used as template materials, and immense researches are being undertaken
for exploring new and easily available materials as templates (Ji et al., 2013;
Pakravan et al., 2012). Hence, coaxial electrospinning technique will be a
powerful tool in expanding the feasibility window for electrospinning towards

non-spinnable materials.

1.3.4 Electrospinning parameters

Understanding of the parameters affecting the elctrospinning process is
crucial for obtaining fibers with desired size, shape and orientations. The size and
morphology of the fibers are highly dependent on the solution and spinning
parameters (Beachley and Wen, 2009). These are the key determinants for fiber
characteristics such as diameter, morphology, tensile strength, conductivity and
others (Tan et al., 2005). Parameters are broadly categorized into three: solution
variables (solution concentration, viscosity, charge density, surface tension, etc.),

controlled variables (applied voltage, flow rate, tip to collector distance, etc.) and
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ambient variables (temperature, humidity and air flow) (Doshi and Reneker,
1993). In order to produce nanofibers with fine structure and morphology, the
above mentioned parameters have to be optimized. The formation of beads along
with fibers is a major concern and has to be rectified. Similarly, shapes of the
fibers can be varied to ribbon-like and branched structures depending on several
parameters. Extensive researches are being undertaken to figure out nanofibers in
the best form. In 1971, Baumgarten investigated the effect of various processing
parameters on the fiber size and morphology. In his studies, Baumgarten used
solution of poly(acrylonitrile) in DMF for electrospinning (Baumgarten, 1971). In
this system, he establishes that, fiber diameter has a direct dependence with
solution viscosity. By varying the solution and processing parameters, he was able
to prepare nanofibers with diameters ranging from 500 to 1100 nm. Polymer
concentration determines the spinnability of particular polymers. The solution
must have a high enough polymer concentration for chain entanglements to occur.
Solutions, too dilute or too concentrated, lead to fibers with beads and bundles.
The polymer concentration influences both the viscosity and the surface tension of
the solution (Desai et al., 2008). In recent studies, greater understanding of
processing parameters has led to the formation of fibers with diameters ranging
from 100 to 500 nm. There is an optimal range of electric field strength for a
certain polymer/solvent system, as either too weak or too strong electric field
leads to the formation of beaded fibers. As the electric field increases further, the
Taylor cone disappears and rough and discontinuous fibers appear instead (Xu et
al.,, 2011). By varying the electrospinning parameters, it is possible to get
nanofibers with different morphologies. Other than beaded and non-beaded fibers,
electrospinning is capable of producing nanofibers with diverse and interesting
morphologies such as highly porous, ribbon-like, flattened, branched, etc.
(Ramakrishna et al., 2005).

1.4 Electrospun Polymer Nanofibers

There are numerous materials available for electrospinning process.

Choice of precursor materials for electrospun nanofibers depends on the projected

16



properties and applications. Materials such as polymers and polymer composites
can be directly used for electrospinning to form nanofibers. In the case of
precursors such as metals and ceramics, post processing of electrospun fibers is
required (Li and Xia, 2004a). Metals (Barakat et al., 2008) and ceramic materials
(Li et al., 2006a) are mixed with suitable polymers to produce nanofibers.
Subsequently, during post-treatment polymer matrix is removed to obtain metal
and ceramic nanofibers. Recently, carbon nanofibers are obtained from polymer
nanofibers after carbonization of the electrospun nanofibers (Hou and Reneker,
2004). Most of the polymers are inexpensive, have easily tunable chemistry and
can be synthesized from appropriate monomers in tailor-made structures. As
already mentioned, the polymer solution must have a critical entanglement
concentration for the formation of continuous fibers without breaking. Insufficient
chain entanglement causes the formation of droplets which leads to ‘bead on
string” morphology (Nie et al., 2009). The high molecular weights of the polymers
make possible sufficient entanglements in the solution to form continuous fibers
during the electrospinning process. The viscosity window of the polymer solution
should be sufficient to create the entanglements. Hence, the molecular weight,
viscosity of the polymer solution in a solvent and its concentration are interrelated
and greatly affect the electrospinning process (Bhardwaj and Kundu, 2010). Most
of the polymers and few oligomers are capable of forming fibers by this method
(Picciani et al., 2011).

Large numbers of synthetic and natural polymer nanofibers are available
in literature (Pham et al., 2006). The most commonly used synthetic polymers are
biodegradable aliphatic polyesters which are derived from three monomers,
namely lactide, glycolide and caprolactum (Gupta et al., 2014b). The hydrolytic
susceptibility of the ester bond is responsible for the degradation of these
polymers (Nair and Laurencin, 2007). Electrospun nanofibers of polylactic acid
(Wang et al., 2009a), polyglycolic acid (Yu et al., 2014) and polycaprolactum
(Alves da Silva et al., 2010) and their composite nanofibers (Kumbar et al., 2008)
are widely explored for different biomedical applications especially as tissue

engineering scaffolds. Polyurethane is another well-established synthetic polymer
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whose electrospun nanofibers are known for artificial blood vessels, wound
dressing and healing applications (Kanani and Bahrami, 2010). Natural polymers
have several value added properties other than biodegradability. They are
biocompatible, non-cytotoxic and their degradation products are bioresorbable.
Natural polymers have distinct advantages over synthetic polymers as far as
biomedical applications are concerned (Sell et al., 2010). The following section
gives an insight into the fabrication of natural polymer nanofibers by

electrospinning.

1.4.1 Natural polymer nanofibers

Natural biopolymers are of enormous interest in tissue regeneration as they
simulate the biomimetic environment and are identical to the macromolecular
substances present in the human body. Natural polymer nanofibers attract wide
attention in biomedicine due to the proven biocompatibility, biodegradability and
non-cytotoxicity (Ratner, 2004). When compared with synthetic polymers for the
construction of three-dimensional scaffolds, natural polymers, such as proteins or
polysaccharides, play a significant role in determining cell behaviour, and several
other cellular functions (Helan and Yiqi, 2014). However, the efficiency of
natural polymer nanofibers is limited due to their poor mechanical properties and
fast biodegradability. The rate of degradation of natural polymers can be tuned
either by cross-linking treatments or by other chemical modifications
(Ramakrishna et al., 2005). Natural polysaccharide and protein nanofibrous
materials not only serve as ideal carriers for drug delivery but also as matrices for
skin, bone, cartilage, vascular, neural, and cardiac tissue engineering (Sridhar et
al., 2015). Proteins and polysaccharides are the well-known natural biopolymers
used for wide range of applications. Some of the polysaccharides used for
electrospinning are chitosan, alginate, hyaluronic acid, cellulose, etc. (Schiffman
and Schauer, 2008). Proteins that form nanofibers by electrospinning are collagen,
gelatin, fibrinogen, silk proteins, and elastin (Sell et al., 2010). All these materials

are well-studied for various tissue engineering and drug delivery applications.
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Several recent studies on polysaccharide based electrospun nanofibers are
available that find potential applications in regenerative medicine (Lee et al.,
2009). However, drawbacks regarding the processibility of the polysaccharides,
such as lack of solubility and high viscosity have limited their applications
(Maeda et al., 2014). Electrospinning of polysaccharides such as alginate, dextran,
hyaluronic acid, chitin and chitosan has been studied extensively and
demonstrated as scaffold materials for various tissue regenerations and drug
delivery applications (Bhardwaj and Kundu, 2010). Among these polysaccharides,
chitosan is an interesting bioactive polymer because of their desirable properties
such as biocompatibility, biodegradability, antibacterial properties, non-
immunogenicity, etc. (Lee et al., 2009; Zhao et al., 2015). The significance of this
cost-effective biopolymer also includes the structural similarity to the
glycosaminoglycans (GAG) found in vertebrate bone and the capability for
induction of osteoconductivity. Chitosan is derived from chitin, which is an
omnipresent natural polysaccharide after cellulose on earth. Chitin consists of (1,
4)-linked N-acetyl D-glucosamine units. However, the use of chitin in many
applications is limited due to the poor solubility in organic solvents (Dutta et al.,
2004). The N-acetylated chitin is known as chitosan, obtained by the
deacetylation of chitin. Chitosan is soluble in aqueous acidic solution when the
deacetylation of chitin exceeds about 50 %. Chitosan is a cationic polysaccharide
composed of (1-4)-linked 2-acetamide-2-deoxy-p-D-glucopyranose and 2-amino-
2-deoxy-p-D-glucopyranose residues. The properties of chitosan solution depend
on the degree of deacetylation and the molecular weight. Electrospinning of
chitosan is difficult due to the polyelectrolyte nature. The free amino groups in its
molecular backbone make it polycationic in acidic solution. The polycationic
character increases the surface tension of the solution (Zhao et al., 2015).
Electrospinning of chitosan nanofibers are achieved using harsh and toxic solvents
such as trifluoroacetic acid and concentrated acetic acid (Ohkawa et al., 2004;
Sangsanoh and Supaphol, 2006; Schiffman and Schauer, 2007). These solvents
facilitate the electrospinning of chitosan because the amino groups of chitosan
form salt that prevent the strong interactions among the molecules. Geng et al.

have reported fabrication of chitosan nanofibers using concentrated acetic acid
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(Geng et al., 2005). This method is found to be applicable to chitosan of a
particular molecular weight only. Problems associated with electrospinning of
chitosan are avoided by employing blending of chitosan with other synthetic
polymers such as polyethylene oxide (PEO) (Bhattarai et al., 2005), polyvinyl
alcohol (Charernsriwilaiwat et al., 2014), polylactic acid (Ignatova et al., 2009)
and polycaprolactone (Shalumon et al.,, 2010). For improving the biological
performance of the chitosan derived nanofibers, researchers have attempted
electrospinning of chitosan along with natural polymers such as gelatin (Chen et
al.; Dhandayuthapani et al., 2010; Qian et al., 2011), collagen (Chen and Su,
2011), and silk fibroin (Chen et al., 2012). A recent advancement in fabricating
the chitosan nanofiber is based on the technique of coaxial electrospinning. The
core-shell nanofibers are fabricated with highly spinnable synthetic polymers as
core or shell templates (Ji et al., 2013; Ojha et al., 2008; Pakravan et al., 2012).
Ojha et al. have reported the fabrication of chitosan nanofibers via coaxial
electrospinning with PEO as shell template. The biological properties of pure
chitosan and blends of chitosan and other polymers based nanofibers are
evaluated extensively. Bhattarai et al. reported that the chitosan/PEO nanofibrous
scaffolds promoted the attachment of human osteoblasts and chondrocytes and
maintained characteristic cell morphology and viability (Bhattarai et al., 2005).
The human foetal osteoblast proliferation and bone formation are studied by
Zhang et al using hydroxyapatite/chitosan composite nanofibers containing 10 %
ultra-high-molecular-weight polyethylene as fiber forming additive (Zhang et al.,
2008). Wang et al studied the efficiency of electrospun chitosan nanofibers on
Schwann cell alignment and positive effect of this nanofiber on peripheral nerve
regeneration (Wang et al., 2009b). Chitosan-polycaprolactone (PCL) nanofibrous
scaffold with unidirectional fiber orientation by electrospinning is reported by
Cooper et al. They investigated the effect of the fiber alignment on cell
organization and differentiation in comparison with randomly oriented nanofibers
for skeletal muscle tissue reconstruction (Cooper et al., 2010). A ternary
composite nanofiber of chitosan with tannic acid and pullulan has been developed
and evaluated for the anti bacterial activity and wound healing property (Xu et al.,
2015).
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Electrospun protein based nanofibers are of great interest recently. A
protein is a linear polymer of amino acids that take up a complex three-
dimensional structure. Proteins exhibit wide range of properties that is important
in tissue regeneration, cell and drug delivery, wound dressing materials and others
(Khadka and Haynie, 2012). Proteins form fibrous structure that primarily
functions as a structural or mechanical support for cells in the ECM of
mammalian cells. Protein fibers in nano/micro regime can be considered as good
candidates that enable scaffolding, stabilization, and protection of cells. Protein
fibers are the major constituent of ECM. Structural and functional features of
protein nanofibers are increasingly being explored as artificial ECM and as
additives for other synthetic polymers in order to enhance their biological
performance (Dror et al., 2008). Most of the structural proteins such as collagen,
elastin, fibronectin, laminin, etc., are found in ECM structures. Among these,
collagen is the most abundant protein in the ECM. It is found in ECM as fibrillar
protein and provides the structural support to the cells (Sell et al., 2010). Collagen
nanofibers are fabricated by electrospinning to provide a biomimetic environment
for the regeneration of various types of tissues (Kelleher and Vacanti, 2010). One
limitation of collagen and other protein based nanofibers is poor mechanical
properties and lack of suitable solvent system for electrospinning. Several
researches are being carried out to overcome these hurdles by using alternative
solvent systems and appropriate cross-linking agents. Pure collagen nanofibers
and collagen with other polymer blended nanofibers are extensively studied for a
variety of biomedical applications (Chen et al., 2010; Dong et al.; Matthews et al.,
2002; Taravel and Domard, 1996). Apart from collagen, gelatin is another protein
derived from collagen by acid or alkaline hydrolysis. Gelatin is an attractive
material for bioengineering field due to the biological origin and structural
similarity to collagen. Gelatin has been used for many years in drug delivery, cell
culture and tissue engineering on account of its excellent biocompatibility, easy
processability and cost effectiveness (Malafaya et al., 2007). Gelatin has been
shown to have advantages over collagen, in many aspects such as its non-
immunogenicity (Chang and Gupta, 2010), better solubility in aqueous systems

and a sol-gel transition at 35 °C (Bohidar and Jena, 1994). Furthermore, gelatin is
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relatively inexpensive compared to collagen (Ratanavaraporn et al., 2006). Based
on these perspectives, gelatin based electrospun nanofibers are extensively
explored for different applications. The following section discusses, in detail, the

processing and applications of electrospun gelatin nanofibers.
1.5 Gelatin-Based Electrospun Nanofibers

Electrospun gelatin nanofibers attract the attention of bioengineering
research community, because of their excellent biocompatibility, biodegradability,
non-immunogenicity and structural and functional resemblance with natural
ECM. Electrospun gelatin nanofibers have been reported in literature for various
tissue engineering and drug delivery applications. The gelatin nanofibers are
fabricated in different forms such as thick mat, tubular structure and coating over
some surfaces for various applications (Zhan and Lan, 2013). Besides pure gelatin
nanofibers, gelatin-synthetic polymer and gelatin-natural polymer blends
nanofibers are fabricated by electrospinning technique (Dhandayuthapani et al.,
2010; Zhang et al., 2005b).

1.5.1 Solvents used for electrospinning of gelatin

The first important step in electrospinning of a polymer is the preparation
of electrospinning solution in a suitable solvent. Gelatin is a biopolymer of high
polarity. There are a very few high polarity organic solvents available to dissolve
gelatin. They are fluorinated alcohols such as trifluoroethanol (TFE) and
hexafluoroisopropanol (HFIP) (El-Hady, 2013). Spinning is usually done in the
presence of these solvents and are highly toxic and corrosive to the living tissues,
if present in the nanofibrous structure even in trace quantity (Huang, 2012).
Various protein nanofibers based on collagen, gelatin, solubilized alphaelastin,
and human tropoelastin as tissue engineered scaffolds have been developed by
electrospinning using HFIP as the solvent (Li et al., 2005). Later on,
electrospinning of gelatin is carried out in organic acids such as formic acid (Ki et

al., 2005), acetic acid and mixture of solvents such as ethyl acetate/water and
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acetic acid/water systems. Effects of different solvent systems on the morphology
and size of the electrospun gelatin nanofibers are evaluated by Choktaweesap et
al. They studied pure acetic acid, acetic acid/TFE, acetic acid/dimethyl sulfoxide
(DMSO), acetic acid/ethylene glycol and acetic acid/formamide mixtures for
electrospinning. Among these solvents, acetic acid and TFE are selected as the
best solvents for gelatin nanofiber fabrication. These studies show that the solvent
polarity and volatility have significant effects on the morphology and the size of
the nanofibers (Choktaweesap et al., 2007). S P Volta et al developed gelatin
nanofibers using 60 % acetic acid as solvent and a naturally occurring material,
genipin as a cross-linking agent (Panzavolta et al., 2011). When gelatin nanofibers
are fabricated from organic acids, high acid concentration causes the degradation
of gelatin (Ki et al., 2005). Gelatin nanofibers are also reported to be made using
benign solvents such as water at high temperature (50 °C) (Pandya et al., 2010)
and ethanol/phosphate buffer saline mixture (Zha et al., 2012).

1.5.2 Cross-linking of electrospun gelatin nanofibers

Electrospinning of gelatin in suitable solvent produces gelatin nanofibers
that are unstable in aqueous environments or high degree of moisture content. A
post treatment, namely cross-linking is essential in order to improve the water
resistant ability of gelatin and other protein based nanofibers. Furthermore, the
cross-linking treatment remarkably improves the mechanical properties and
degradation behaviour of the nanofibers. The degradability and mechanical
strength of the scaffold should match with the desired tissue type which varies
from tissue to tissue. Cross-linking process can tailor the rate of biodegradation
and mechanical strength. That is, gelatin nanofibers with the specific rate degrade
into bioresorbable components as cells produce their own ECM. Cross-linking is
accomplished by the reaction of functional groups on the cross-linking agents that
can form bonds between the surfaces of gelatin nanofibers to form a water-
resistant network. A number of cross-linking methods are available, that have
successfully improved the stability and mechanical properties of gelatin based
nanofibers (Nguyen and Lee, 2010; Sisson et al., 2009; Su and Mo, 2011). The
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cross-linking can be realized either by chemical reaction between the functional
groups or merely through physical interactions among the groups. Even though,
the physical interaction can avoid the involvement of potential toxic materials, the
extent of degree of cross-linking attainable is very limited. Therefore, chemical
cross-linking treatment is the preferred method for gelatin based nanofibers
(Ratanavaraporn et al., 2010).

The chemical cross-linking agents commonly employed for gelatin
nanofibers are glutaraldehyde (GT) (Zhang et al., 2006), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) (Li et al., 2006b), hexamethylene
diisocyanate (HMDI) (Li et al., 2005), glyceraldehydes, genipin (Sisson et al.,
2009), etc. Glutaraldehyde (GT) is an organic compound commonly used as a
chemical preservative and cell fixative. It is a bifunctional molecule which
contains two terminal aldehyde groups. These aldehyde groups can react with the
primary amino groups of gelatin to form an aldimine. This reaction is termed as
Schiff’s base formation reaction and the aldimine thus formed is known as the

Schiff’s base (Figure 1.5).
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Figure 1.5: Schematic of the cross-linking of gelatin by glutaraldehyde

The advantage of GT cross-linking with nanofibers is that, the nanofibrous
mats can be exposed to GT vapours for a stipulated time period. An effective
cross-linking occurs during this period, without affecting the structure and
morphology of the nanofibers. Several reports on utilizing GT as cross-linking
agents for gelatin nanofibers are found in literature. Zhang et al prepared gelatin
nanofibers and cross-linked using GT vapour (Zhang et al., 2006). The effective

cross-linking occurred after exposing the mats for 3 days to GT vapours. The
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resulting GT cross-linked gelatin nanofibers are evaluated for human dermal
fibroblast cells, which show that the presence of residual GT causes an initial
toxic response towards the cells. Another report by Wu et al studied the
fabrication of gelatin nanofibers cross-linked with GT for lesser time period say
15 min to 360 min. The adhesion and growth of MG-63 osteoblast cells on these
nanofibrous mats were studied and it is observed that mats cross-linked for 45 min
showed better cellular activity. With an increase in the duration of cross-linking of
gelatin in GT vapours, the cellular activity decreases, because of the toxic effect
of residual GT. This is a direct evidence of the presence of toxic response of the
residual GT on gelatin nanofibers (Wu et al.). Even though, GT is an effective
protein cross-linker, the presence of unreacted GT or GT released into the body as
a result of the degradation of the material, leads to redundant toxic response. GT
is a highly toxic material and it is commonly used to fix cells, and during which
GT kill the cells by reacting with the protein present in it (Kiernan, 2000). A
comparative performance of different cross-linking agents for gelatin nanofibers
is carried out by Sisson et al. In this study, gelatin nanofiber is fabricated using a
ternary mixture of acetic acid/ethyl acetate/water in a volume ratio of 50:30:20.
The cross-linking agents employed in this study are, vapour-phase GT, aqueous
phase genipin, and glyceraldehyde, and reactive oxygen species from plasma
cleaner (Sisson et al., 2009). Since GT at high concentrations has been shown to
be toxic, they explored other cross-linking methods. Using reactive oxygen
species from plasma cleaner is an easy alternative; however, the degradation
reaction dominated the cross-linking reaction and the gelatin nanofibers degraded
immediately, in agueous medium at 37 °C. Among these cross-linkers, GT and
genipin are established as good options for cross-linking agents because of the

comparatively low toxicity of these cross-linkers towards MG-63 osteoblast cells.

Another effective cross-linking agent for gelatin nanofibers is
carbodiimide. Carbodiimide treatment is used to form cross-links between amino
groups and carboxyl groups within the gelatin molecules, without itself being
incorporated (Tomihata and lkada, 1996; Zeeman, 1998). The cross-linking

reaction establishes an amide bond between the amino and carboxyl groups from
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the amino acid residues of gelatin. They form inter or intra-molecular cross-
linking reactions among gelatin chains. Among different carbodiimides, 1, ethyl
3-methyl aminopropyl carbodiimide (EDC) is commonly used for cross-linking of
gelatin nanofibers. EDC reacts with carboxylic acid groups of gelatin to form an
active o-acylisourea intermediate that is easily displaced by nucleophilic attack
from primary amino groups from lysine residue of gelatin. The primary amino
group forms an amide bond with the carboxyl group, and an EDC by-product is
released as a soluble urea derivative which can be easily removed from the
reaction mixture. Since EDC does not participate directly in the cross-linking
reaction, it does not leave any residue in the cross-linked products. Hence, these
types of cross-linkers are termed as “zero length” cross-linkers. EDC has been
used to enhance the biostability of gelatin fibers in the presence of N-
hydroxysuccinimide (NHS), which helps to prevent the formation of side products
and to increase the reaction rate (Li, 2013). For electrospun gelatin nanofibers,
solvents which can preserve fiber morphologies are required. The solvents being
employed for EDC cross-linking are pure ethanol and ethanol/water mixture. The

chemical reactions of EDC cross-linking on gelatin are outlined in Figure 1.6.
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Figure 1.6: Schematic of cross-linking process of gelatin in presence of EDC
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Nanofibers cross-linked by EDC are being investigated for biomedical
applications. Li et al fabricated gelatin/polyaniline hybrid nanofibers for tissue
engineering applications. Cross-linking of the resulting nanofibers is carried out
by dipping the mats in 9:1 ethanol/water mixture containing EDC and NHS (Li et
al., 2006b). Nie et al fabricated electrospun gelatin nanofibers cross-linked by
EDC and NHS in 8:2 (v/v) ethanol/water mixture (Nie et al., 2010). Electrospun
gelatin nanofibers cross-linked with various cross-linking agents, namely
carbodimide, genipin and UV cross-linking using trans-cinnamic acid are reported
by Chung and co-workers. They suggest that a better cross-linking performance
and cyto-compatibility is shown by genipin cross-linked nanofibrous mats. The
result obliquely proves that EDC also has an adverse effect on cell culture studies
(Ko et al., 2010). Even though, EDC is considered as zero-length cross-linkers,
the minute quantity of unreacted EDC left in the nanostructures found to induce
the toxicity (Hao et al., 2011).

Among all the cross-linking agents mentioned, genipin is found to score
the best in several aspects (Ko et al., 2010; Sisson et al., 2009). Genipin is a
natural cross-linking agent which is derived from geniposide found in the fruits of
gardenia jasminoides ellis. It has been used in herbal medicine as an agent against
inflammation and fever. The anti-inflammatory properties of genipin could be
useful for tissue engineering and wound dressing. When genipin reacts with
primary amino groups, it produces a dark blue pigment and the colour gets
intensified on increasing the rate of the reaction. The colour developed is due to
the formation of cross-linked product from genipin and amino groups of gelatin
(Chiono et al., 2008; Touyama et al., 1994). Many studies have demonstrated the
remarkably low cytotoxicity and genotoxicity of genipin compared to GT and
other commonly used cross-linking agents. Sung et al. showed that genipin might
be about 5000-10000 times less cytotoxic than GT (Sung et al., 1999; Tsai et al.,
2000). Panzavolta et al cross-linked electrospun gelatin fibers with genipin under
a range of experimental conditions and the fibers maintained fibrous
morphologies upon exposure to aqueous environment. The resulting nanofibers

are non-cytotoxic and it enhances the proliferation of vascular wall mesenchymal
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stem cells (Panzavolta et al.,, 2011). Gelatin nanofibers prepared by
electrospinning with and without genipin cross-linking are systemically
investigated. With increase of cross-linking time, thermal stability and mechanical
properties are enhanced. Moreover, bovine serum albumin (BSA) as a model drug
is successfully incorporated into the nanofibers. The release rate of BSA from
fibrous mats decreases with increase of cross-linking time (Su and Mo, 2011).
Genipin is an excellent alternative for GT and carbodiimide. However, genipin is
a highly expensive material and the usefulness of genipin is not favourable in real

life applications.

Several researches are being undertaken to investigate alternate cross-
linking approaches based on natural, biocompatible and cost-effective materials.
In the case of protein based hydrogel systems, such materials are developed based
on oxidized polysaccharides. Polysaccharides are well-established biomaterials
and they possess many special properties to be used as scaffolds for tissue
engineering, matrices for drug delivery and wound dressings. Cross-linking of
gelatin using partially oxidized polysaccharides such as dextran, alginic acid,
chondrotin sulphate and carboxymethyl cellulose have been reported in literature
for development of hydrogel systems (Balakrishnan and Jayakrishnan, 2005;
Balakrishnan et al., 2013; Boanini et al., 2010; Dawlee et al., 2005; Schacht et al.,
1997). These gels are designed to be used as wound dressings, tissue adhesives
and scaffolds for tissue engineering. Biocompatibility of the polysaccharide
aldehyde cross-linked gelatin hydrogels is evaluated in vitro and in vivo and is
ranked as acceptable. This is regarded as an excellent alternative cross-linking
approach for protein moieties to replace the toxic cross-linking agents and being
used for the development of biocompatible protein based hydrogels. Successful
reports of injectable hydrogel based on gelatin and oxidized alginate are available
(Balakrishnan and Jayakrishnan, 2005). Rapid cross-linking occurred between
amino groups of gelatin and aldehyde groups of oxidized alginate leading to
hydrogel formation at appropriate pH in aqueous medium. Similar methodologies
have been adopted for the cross-linking of matrices based on other proteins and
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polysaccharides also (Dash et al., 2013; Hu et al., 2014b; Nair et al., 2011; Xu et
al., 2012).

1.5.3 Biomedical applications of electrospun gelatin nanofibers

The gelatin mat provides space for cell and tissue to grow and so the
electrospun gelatin nanofibrous scaffolds have been engineered for a variety of
biomedical applications such as bone regeneration, skin tissue engineering, nerve
tissue engineering, cardiac tissue engineering, tubular scaffold, drug delivery and
so on. Electrospun gelatin nanofibers attract great attention in these fields because
of their proven biocompatibility, tunable biodegradability, non-antigenicity and
structural and functional resemblance with native ECM. Some pioneer and
significant works on using gelatin nanofibers for biomedical applications are

discussed briefly in the following section.

Gelatin nanofibers based biomaterials for cardiac and neural tissue
engineering are developed by adding a conducting polymer, polyaniline into
gelatin during electrospinning process. The study showed that the gelatin —
polyaniline composite nanofibers supported attachment, migration, and
proliferation of H9c2 rat cardiac myoblasts (Li et al.,, 2006b). Zhang et al
fabricated the gelatin/poly-caprolactone composite fibrous membranes and is
investigated as a promising scaffold for bone-marrow stromal cell (BMSC)
culture (Zhang et al., 2005a). Wu et al fabricated electrospun gelatin nanofibers
and reported the potential of gelatin mats for bone tissue engineering applications.
The mats are found to support the growth and proliferation of MG-63 osteoblast
cells (Wu et al.). The adhesion, viability and proliferation properties of osteoblast
cells on the gelatin/nylon-6 composite nanofibers are analyzed by an in vitro cell
compatibility test. The results suggest that the incorporation of gelatin into
nylone-6 increases the cell compatibility of nylon-6 and therefore the composite
mat obtained has great potential in hard tissue engineering (Pant and Kim, 2013).
Another study illustrated the possibilities of fabricating y-glycidoxypropyl

trimethoxysilane cross-linked gelatin nanofibres by electrospinning technique.
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The in vitro study reveals that these nanofibrous mats support the proliferation of
neonatal olfactory bulb ensheating cells and thus promote peripheral nerve
regeneration (Tonda-Turo et al., 2013b). Hydrophilic and compliant polyurethane
namely, Tecophilic (TP) blended with gelatin is electrospun to fabricate a tubular
composite nanofibrous scaffold with biomechanical properties closely simulating
those of the native blood vessels. The hydrophilic properties of the composite
scaffold induced non-thrombogenicity while the incorporation of gelatin
molecules within the scaffold greatly improves the capacity of the scaffold to
serve as an adhesive substrate for vascular smooth muscle cells (SMCs), in
comparison to pure polyurethane. The study establishes the potential of these
tubular nanofibrous structure as vascular graft (Vatankhah et al., 2014b). A
potential bone tissue engineering scaffold based on electrospun gelatin/PCL with
calcium phosphate nanoparticle is investigated by Rajzer et al. In this study,
normal human primary osteoblast cell lines are used and the cell culture studies
showed higher alkaline phosphatase activity and better mineralization in
composite scaffold than in pure PCL scaffolds (Rajzer et al., 2014). Another
interesting study on gelatin nanofibers demonstrated the potential of electrospun
gelatin mats, incorporating rat decellularized brain extracellular matrix, to act as
effective scaffold, providing a suitable microenvironment for mesenchymal
stromal cell adhesion, proliferation and survival. It acts as an excellent matrix for

neural tissue engineering (Baiguera et al., 2014).

The potential for use of silver containing electrospun gelatin nanofiber
mats as functional wound dressings is assessed by observing their antibacterial
activity against some common bacteria found on burn wounds such as E. coli, P.
aeroginosa, S. aureus and MRSA (Rujitanaroj et al., 2008). In another study,
electrospun silk fibroin/gelatin nanofibrous mats loaded with astragaloside 1V
(primary active ingredient in Astragalus extract, a herbal extract which has
been used for many medical conditions) are fabricated and studied the potential
healing ability for deep partial-thickness burn wound. This nanofibrous dressing is
found to be an excellent therapeutic that can be used to promote healing and bring

out anti-scar effects on partial-thickness burn wound (Shan et al., 2015).

30



Vatankhah et al studied the potential of electrospun cellulose acetate/gelatin
composite nanofibers as effective wound healing matrix promoting skin tissue
regeneration (Vatankhah et al., 2014a). In another study, a series of cost-effective
nanofibrous scaffolds aimed at full-thickness wound healing are fabricated by
blending gelatin with poly(L-lactic acid)-b-poly( ¢ -caprolactone) (PLLCL) and
electrospun to obtain composite nanofibers. In vitro and in vivo evaluation of
these materials shows the potential as scaffold for wound healing and skin

regeneration (Jin et al., 2014).

The drug delivery properties of electrospun gelatin membranes are studied
by loading an antibiotic, namely cefradine. Although nearly 50 % of the initial
burst is observed within 4 h and the release ended after almost 80 h, the release
rate of cefradine absorbed in the gelatin mats is slower than that in the casting
film. Such a rapid drug release profile is highly desirable for preventing infections
in the early stage as wound dressings (Nie et al., 2010). Electrospun gelatin
nanofibers containing methanolic crude extract of Centella asiatica (a medicinal
plant widely known for its traditional medical applications including its wound
healing ability) are fabricated by Sikareepaisan et al (Sikareepaisan et al., 2008).

1.6 Scope and Objectives

Electrospinning has emerged as a new scaffold fabrication technology for
tissue regeneration applications. This is because, electrospun fibers are potentially
able to mimic the physical structure of the major components of fibers in the
native ECM. There is a rapidly growing interest in natural polymer nanofibers due
to their proven biocompatibility, biodegradability under physiological conditions
and non-cytotoxicity. Main challenges involved in electrospinning of natural
polymers intended to be used in biomedical applications are associated with
toxicity due to solvents and cross-linking agents. Making use of benign solvent
systems and cost-effective natural cross-linking materials will be helpful to
overcome these issues. Yet, such an approach has rarely been attempted at the

nanofibers level. The major aim of the present work is to develop electrospun
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gelatin nanofibers by minimizing the toxicity effects from solvents and cross-
linking agents. Another aim is to improve the physico-chemical and biological
performance of gelatin based nanofibers by chemical or physical modifications.
Attempt is also made to employ the highly spinnable gelatin as a core template for
enabling electrospinning of unspinnbale natural polymers. In order to achieve
these goals following objectives have been set.

e Fabrication of gelatin nanofibers by electrospinning using benign aqueous

based solvent system.

e Stabilization of gelatin nanofibers by cross-linking with natural molecules

such as dextran and sucrose and evaluation of their properties.

e Modification of gelatin nanofibers by cationization of gelatin to improve

cell adhesion properties.

e Fabrication of core-shell nanofibers using gelatin as core template and

chitosan as shell and evaluation of properties.

e Fabrication of composite nanofibers by incorporating graphene oxide (GO)

into gelatin and to study the structural and biological performance.

1.7 Organization of Thesis

The thesis is composed of eight chapters and organized as follows.

Chapter 1 begins with an introduction which provides a brief outline of
the research background and the state-of-the-art of electrospun nanofibers as
scaffolds for tissue engineering, drug delivery and wound dressing materials. It
provides the basics of nanofibers production, scaffold technology and
physiological properties of the scaffolds to be used in bioengineering field. The

properties and applications of natural polymer nanofibers based on chitosan and
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gelatin are explained in detail. The chapter also presents the objectives and scope
of this research work and the organization of the entire thesis.

Chapter 2 provides the experimental methodologies adopted in this work.
Preparation of the cross-linking agents, fabrication of nanofibers, modification of
gelatin, spectroscopic, microscopic characterizations and other physico-chemical

characterizations and biological studies are explained in detail.

Chapter 3 describes the fabrication of gelatin nanofibers by
electrospinning technique. Benign solvent system based on 8:2 (v/v), water/acetic
acid mixture is used for the electrospinning process. A novel cross-linking agent,
namely dextran aldehyde is used as the cross-linker for the resulting gelatin
nanofibers. The physico-chemical and biological properties of the dextran
aldehyde cross-linked electrospun gelatin nanofibers are studied.

Chapter 4 discusses the preparation of a disaccharide, namely sucrose
based cross-linking agent for gelatin nanofibers, by periodate oxidation of the
sucrose. The cross-linking conditions of gelatin nanofibers with sucrose aldehyde
are optimized. The properties of sucrose aldehyde cross-linked electrospun gelatin

nanofibers are evaluated.

The chemical modification of gelatin by amination/cationization and
subsequent fabrication of cationized gelatin nanofibers using pure water as
solvents are described in Chapter 5. The resulting cationized gelatin nanofibers
are cross-linked using dextran aldehyde and sucrose aldehyde. The bio-physical

characterizations of cross-linked cationized gelatin nanofibers are performed.

Chapter 6 demonstrates the development of core-shell structured
composite nanofibers by coaxial electrospinning using gelatin as core and
chitosan as shell. The core-shell nanofibers also are cross-linked with dextran
aldehyde and sucrose aldehyde. The cross-linked core-shell nanofibers are

evaluated for biological performance to be used as tissue engineering scaffold.
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In Chapter 7, the effect of graphene oxide on mechanical and biological
properties of gelatin nanofibers is reported. The cytotoxicity of graphene oxide —
gelatin nanofibers on normal cells and bacterial cells are examined and the
antibacterial property is induced by incorporating a broad spectrum antibiotic,

gentamicin.

The results of the current research work are summarized and future

recommendations are provided in Chapter 8.
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CHAPTER 2

EXPERIMENTAL METHODS

2.1 Materials

Type A gelatin (porcine skin, 225 bloom) was procured from MP
Biomedicals, India. Dextran from leuconostoc mesenteroides with average
molecular weights of 40,000 and 500,000, sodium tetraborate decahydrate
(borax), trinitro benzene sulfonic acid (TNBS), minimum essential medium
(MEM), propidium iodide (PI), fluorescein diacetate (FDA), 3-(4,5-
dimethylthiazol-2yl)-2,5,diphenyltetrazolium bromide (MTT), Hoechst 33258,
glutaraldehyde and paraformaldehyde were obtained from Sigma Aldrich, Saint
Louis, USA. Commercial chitosan of 90 % deacetylation was obtained from India
Sea foods, Cochin, India. Foetal bovine serum (FBS), trypsin, rhodamine-
phalloidin, alamar blue dye and Alexa Fluor 594 were procured from Gibco,
Invitrogen, India. Sucrose, sodium metaperiodate, sodium chloride, disodium
hydrogen phosphate, sodium dihydrogen phosphate, hydroxyl amine
hydrochloride, ethylenediamine, potassium permanganate, sulphuric acid,
hydrogen peroxide, acetic acid, ethanol and acetone were procured from Merck,
Mumbai, India. Gentamicin (GEN) and o-pthalaldehyde were purchased from
Himedia Mumbai, India and 1-ethyl,3-[3 dimethyl aminopropyl] carbodiimide
(EDC) was obtained from Spectrochem Pvt. Ltd, Mumbai, India. Expanded
graphite (EG) (grade-3805) was obtained from Asbury Carbons, USA. All the
reagents and solvents were of analytical grade and were used as received.
Cellulose dialysis tubings with molecular weight cut-offs of 3,500 and 6,500 were
procured from Spectrum Laboratories Inc.CA, USA. Double distilled water was
employed in all the experiments and Milli Q water (Millipore) was used for cell

culture.
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2.2 Preparation Methods
2.2.1 Preparation of dextran aldehyde

Dextran aldehyde (DA) was prepared by periodate oxidation of dextran
with sodium metaperiodate (NalO,4) according to the procedure reported by
Sokolsky-Papkov et al., (2006). In brief, 2.66 g (0.012 mol) of NalO, was
dissolved in 10 ml of water containing 1 g of dextran (0.0062 mol) and the
reaction mixture was stirred under dark for 6 h at 25 °C. Resulting solution was
dialyzed against double distilled water for 3 days by changing water until it was
free from the periodate. Each time, the dialysate was treated with silver nitrate
solution and the absence of turbidity indicated the complete removal of sodium
periodate. Samples were then stored at -30 °C in deep freezer and thereafter dried

by lyophilization.
2.2.2 Preparation of sucrose aldehyde

Sucrose aldehyde (SA) was obtained by periodate oxidation of sucrose
(Schoevaart et al., 2005). In brief, 3.42 g (0.01mol) of sucrose was dissolved in 50
ml of water and to this 4.26 g (0.02 mol) of NalO,4 was added. After stirring the
reaction mixture under dark for 6 h, excess amount of acetone was added and
cooled on ice to precipitate the unreacted sodium periodate. Filtration of the
precipitate and evaporation of the acetone yielded a 50 ml solution of oxidized
sucrose. The resulting solution was kept in deep freezer at -30 °C and thereafter

dried by lyophilization to get oxidized sucrose in powder form.
2.2.3 Preparation of cationized gelatin

Cationized gelatin was prepared by chemically converting carboxyl
groups of gelatin into amino groups (Shen et al., 2007). Briefly, 15.1 ml of

ethylenediamine (EDA) was added into 200 ml of 0.1 M phosphate-buffered
saline (PBS, pH = 5.0) containing 5 g of gelatin. The pH of the solution was

36



maintained at 5.0 by adding 5 M HCI immediately. EDC (5.35 g) was added to
this solution, which was made up to 250 ml with PBS. The reaction mixture was
agitated at room temperature for 18-20 h and then dialyzed against double
distilled water for 3 days. The dialyzed solution was dried by lyophilization to

obtain cationized gelatin.

2.2.4 Preparation of graphene oxide

Graphene oxide (GO) was prepared from expandable graphite flakes,
which is a form of intercalated graphite. Expanded graphite (EG) is obtained by
inserting/intercalating a material between the graphene layers of a graphite
crystal. Intercalation, results in graphite material with several new properties
depending on the intercalating material and the way it associates with graphite
layers. Intercalation process helps to impart graphite flakes the ability to expand

and exfoliate when applying thermal shock.

GO was prepared by oxidation of EG in modified Hummer’s method
(Aboutalebi et al., 2011). EG was obtained by subjecting expandable graphite to
thermal shock at 1050 °C. Expandable graphite (1 g) and 200 ml of sulfuric acid
were mixed and stirred in a three-necked flask. Potassium permanganate (10 g)
was added dropwise to the mixture. The mixture was transferred into an ice bath,
and 200 ml of deionized water and 50 ml of hydrogen peroxide were poured
slowly into the mixture, by observing the colour change of the suspension to light
brown. The solution was stirred for another 30 min and the graphite oxide was
then washed and centrifuged with HCI solution (9:1 water : HCI by volume), then
centrifuged again and washed with deionized water until the pH of the solution
became about 5 to 6. The graphite oxide was then diluted using deionized water
and exfoliated by gentle shaking to obtain GO. For obtaining GO in powder form,
aqueous GO dispersion was frozen at -30 °C and subsequently lyophilized to

obtain smooth and velvet-like GO sponge.

37



2.3 Fabrication of Nanofibers by Electrospinning

2.3.1 Electrospinning of gelatin nanofibers

The set-up and process of electrospinning technique is explained in detail
in Chapter 1. An in-house designed electrospinning apparatus was used for the
fabrication of nanofibers in the current study (Figure 2.1). Solution for
electrospinning was prepared by dissolving various concentrations of gelatin (24-
30 %, w/v) in water/acetic acid mixture ((8:2, v/v), minimum concentration of
acetic acid helped to prevent the gelation of gelatin in water) at 40 °C.
Electrospinning was performed by ESPIN-NANO electrospinning machine
fabricated by Physics Instruments Co. Ltd; Chennai, India. It composed of a high
voltage power supply (Gamma high voltage, voltage range from 5-50 kV),
programmable syringe pumps (BD Scientific) and a rotating drum target. The
syringe pump was aligned horizontally to the drum collector. Solution for
electrospinning was taken in a 5 ml plastic syringe (Dispovan) capped with a
needle of 0.60 x 25 mm and placed on the syringe pump. Electrospinning was
performed with an applied voltage of 25 kV, tip to collector distance of 15 cm,
and a flow rate of 0.3 ml/h at room temperature and collector speed of 1500 RPM.
Electrospun mats were collected over 0.5 mm thick aluminium foil wound over
the rotating collector. These fibrous mats were kept for drying in a vacuum oven
prior to further processing.

2.3.2 Electrospinning of cationized gelatin nanofibers

Agueous solutions of cationized gelatin were prepared in different
concentrations (30, 35, 40, 45 and 50 % (w/v)) and were poured into 5 ml plastic
syringes mounted on the syringe pump. Fiber mats were collected on an
aluminum foil attached to a drum collector kept 15 cm away from the needle.
Flow rates of 0.2—0.3 ml/h, voltage range of 25-30 kV and collector speed of
1500 RPM were used as process parameters. The electrospinning parameters used

were chosen based on trial and error optimization procedure.
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Figure 2.1: Horizontal electrospinning set-up used for fabrication of nanofibers

2.3.3 Electrospinning of core-shell structured gelatin-chitosan

nanofibers

Core-shell structured nanofibers were produced by modifying the basic
electrospinning set-up with a coaxial spinneret. The core and shell solutions come
out from different syringes and meet at the tip of the spinnerets. The compound
Taylor cone thus developed, leads to the formation of core-shell nanofibers.
Chitosan and gelatin solutions of different concentrations were prepared in 50 %
and 20 % acetic acid respectively. The solutions were transferred to 10 ml
syringes connected to the coaxial set-up (ESPIN NANO, Physics Instrument
Company, Chennai, India). In this set-up, the coaxial spinneret and drum collector
were aligned in a horizontal manner. The coaxial electrospinning set-up used in
the present study is shown in Figure 2.2. Electrospinning was attempted with
various concentrations of gelatin and chitosan, with a flow rate of 0.2 ml/h and
potential in the range of 25 - 30 kV. The tip to collector distance was 15 cm and
drum collector speed was 1000 RPM. The resulting nanofibers were collected on
a 0.5 mm thick aluminium foil wound over the drum collector. The optimization
of concentration and potential was based on the formation of beadless and smooth
fibers (Table 2.1).
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Figure 2.2: Coaxial electrospinning set-up used to fabricate core-shell nanofibers

Table 2.1: Optimization of concentration and voltage for gelatin/chitosan core-shell

nanofibers
Solution concentration Applied ]
Gelatin/chitosan (% wt ratio)  voltage (kV) Observations

30/Nil 25 Smooth and fine fibers

30/Nil 30 Smooth and fine fibers
30/3 25 Spraying of chitosan
30/3 30 Spraying of chitosan
30/5 25 Beaded fibers
30/5 30 Smooth and fine fibers
30/7 25 Clogging of chitosan at the tip
30/7 30 Clogging of chitosan at the tip

2.3.4 Electrospinning of GO-gelatin composite nanofibers

The dried spongy GO was mixed with aqueous gelatin solution (30 %
wiv) in 8:2 (v/v) water/ acetic acid mixture) and ultrasonicated for 1 h to obtain
the homogeneous solution for electrospinning. Solutions with GO loadings of 0.25
to 1 % (w/w) were prepared. Pure gelatin (30 % w/v) in water/acetic acid (8:2 v/v)
was used as the reference sample for comparison. In both the reference and the
GO loaded sample, the amount of gelatin was maintained same. The solution was
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loaded into 5 ml plastic syringe fitted with blunt needles. A syringe pump was
used to control the flow rate of the solution. The applied voltage was adjusted
between 25 and 30 kV, flow rate was kept as 0.3 ml/h and collector speed was
1500 RPM. Fibers were collected on a grounded metal collector (wrapped with an

aluminum foil) which was kept at a distance of 20 cm away from the needle.

2.3.5. Electrospinning of gentamicin loaded GO-gelatin nanofibers

To the 0.5 % GO dispersed gelatin solution, gentamicin, a broad spectrum
antibiotic (2.5 % weight of gelatin) was added and again ultrasonicated for 5 min
for the complete dissolution of gentamicin. The resulting gentamicin loaded GO-
gelatin solution was electrospun using the same conditions as mentioned in

section 2.3.4.

2.4 Cross-linking Methods of Nanofibers

2.4.1 Cross-linking of gelatin nanofibers using dextran aldehyde

Dextran aldehyde (DA) (0.05 g) was taken in 10 ml of pure ethanol and
was stirred for 24 h. A minimum amount of aqueous borax (300 pl, 0.02 M) was
added and again stirred for 3 h for complete dissolution. Even though the presence
of borax would enhance the cross-linking efficiency, the amount was restricted to
avoid precipitation in ethanol. Cross-linking was carried out by immersing 0.5 g
of nanofiber mats in 10 ml of DA solution at 37 °C for 1, 3 and 5 days. The cross-
linked nanofibers are represented as DA-GNF (dextran aldehyde cross-linked
gelatin nanofibers). Effect of cross-linking was examined by immersing the cross-

linked mats in aqueous medium.
2.4.2 Cross-linking of gelatin nanofibers using sucrose aldehyde

Cross-linking of gelatin nanofibrous mats using sucrose aldehyde (SA)

was carried out in two different methods for the purpose of optimization.
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Method I:

Ethanolic solutions of SA were prepared in various concentrations (0.1,
0.5, 1 and 2 % (w/v)). Cross-linking was carried out by immersing 0.5 g of
nanofiber mats in 10 ml of the above solutions for 1, 3 and 5 days at 37 °C.
Subsequently the mats were rinsed in ethanol and dried under reduced pressure.
These nanofibrous mats are represented as SA-GNF-PE (sucrose aldehyde cross-

linked gelatin nanofibers from pure ethanol medium)

Method II:

In this method, a minimum amount of aqueous borax (300 pl, 0.02 M)
was also added to the ethanolic solution of oxidized sucrose. Cross-linking was
carried out as mentioned above and the cross-linked nanofibrous mats are
represented as SA-GNF-BE (sucrose aldehyde cross-linked gelatin nanofibers

from borax/ethanol medium)

2.4.3 Cross-linking of cationized gelatin nanofibers using dextran

aldehyde and sucrose aldehyde

Dextran aldehyde (0.05 g) was dissolved in 10 ml of ethanol containing a
minimum quantity of aqueous borax (300 pl, 0.02 M). About 0.5 g of the
electrospun cationized gelatin mats were cut into rectangular pieces and placed in
this cross-linking medium for 7 days at 37 °C to obtain dextran aldehyde cross-

linked cationized gelatin nanofibers (DA-CG).

Sucrose aldehyde (0.1 g) was dissolved in 10 ml of pure ethanol. About
0.5 g of cationized gelatin nanofibrous mats were kept dipped in the ethanol
solution of sucrose aldehyde for 7 days at 37 °C to obtain sucrose aldehyde cross-

linked cationized gelatin nanofibers (SA-CG).
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2.4.4 Cross-linking of core-shell gelatin/chitosan nanofibers using

dextran aldehyde and sucrose aldehyde

Dextran aldehyde (0.05 g) was dissolved in 10 ml of ethanol containing a
minimum quantity of agqueous borax (300 pl, 0.02 M). About 0.5 g of the
electrospun gelatin/chitosan core-shell mats were cut into rectangular pieces and
placed into this cross-linking medium for 5 days at 37 °C to obtain dextran

aldehyde cross-linked core-shell nanofibrous mats (DA-CS).

Sucrose aldehyde (0.1 g) was dissolved in 10 ml ethanol containing 300
ul, 0.02 M, aqueous borax. About 0.5 g of gelatin/chitosan core-shell mats were
kept dipped in the ethanol solution of SA for 5 days at 37 °C to obtain sucrose
aldehyde cross-linked core-shell mats (SA-CS). Minimum of 5 days were
required for the effective cross-linking of core-shell nanofibers in order to

maintain the fibrous morphology.

2.4.5 Cross-linking of GO-gelatin (GO-GEL) and gentamicin
loaded GO-GEL nanofibers using dextran aldehyde

Dextran aldehyde (0.05 g) was dissolved in 10 ml of pure ethanol
containing a minimum quantity of aqueous borax (300 ul, 0.02 M). About 0.5 g of
the electrospun GO-gelatin mats and gentamicin loaded GO-gelatin mats were cut
into rectangular pieces and placed into this cross-linking medium for 5 days at 37
°C to obtain dextran aldehyde cross-linked GO-gelatin (DA-GO-GEL) mats and
gentamicin loaded GO-gelatin (DA-GO-GEL-GEN) mats.

2.4.6 Cross-linking of nanofibers using glutaraldehyde (GT)

vapour

For comparison of the results, the nanofibrous mats were cross-linked

using glutaraldehyde vapour. Cross-linking was carried out by placing 0.5 g of
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nanofibrous mats over a petridish containing 10 ml of 25 % glutaraldehyde
solution (aqueous). The mats along with petridish was kept inside a sealed
desiccator and allowed to cross-link with glutaraldehyde vapour for 72 h at room
temperature. The cross-linked mats were then washed in double distilled water

and dried under reduced pressure.

2.5 Physico-chemical Characterization

2.5.1 Degree of oxidation and aldehyde content

Aldehyde content and degree of oxidation of the cross-linkers, namely
DA and SA, were estimated by chemical analysis (Zhao and Heindel, 1991;Manju
et al., 2011). Estimation was based on the principle that the aldehyde groups in the
cross-linkers would react with hydroxyl amine hydrochloride resulting in the
release of HCI. One mole of HCI would be released per mole of the aldehyde
group reacted. Amount of HCI released was estimated by titrating against
standardized NaOH solution. For estimating the aldehyde content in the cross-
linkers, 0.10 g of the cross-linker was dissolved in 25 ml of 0.25 N hydroxyl
amine hydrochloride prepared in distilled water. Two drops of methyl orange
indicator (0.05 % solution) were added and allowed to stand for 2 h. The mixture
was then titrated against 0.1 N NaOH taken in the burette. At the end point, the
colour of the solution changed from red to yellow and the number of moles of
NaOH reacted was calculated. This is equivalent to the number of moles of
aldehyde groups present in the sample. From the number of moles of aldehyde
groups obtained, percentage degree of oxidation was calculated. The estimation
was performed in triplicate and the average values for degree of oxidation and

aldehyde content are reported.
2.5.2 Trinitrobenzenesulfonic acid (TNBS) Assay

The amino groups present in as spun and cross-linked samples were
estimated by the conventional TNBS assay based on the calibration curve
prepared by -alanine (Sheu et al., 2001). Briefly, 2 mg of the nanofiber sample to
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be analyzed was added to 1 ml of 4 % sodium bicarbonate and 0.1 % freshly
prepared TNBS solution. After thorough mixing, the solutions were placed in
water bath at 40 °C for 2 h. For complete dissolution of the samples, 3 ml of 6 N
HCI was added and temperature was raised to 60 °C and heated for 1 h. Blank
solutions were prepared using the same procedure without the test samples.
Absorbance values of the solutions were then determined spectrophotometrically
(at 346 nm; UV-Visible Spectrophotometer, Cary win UV). From the B-alanine
calibration curve prepared using the same method, amino groups of the samples
were quantified and the cross-linking degree of the samples were determined

using the equation 2.1.

(2.1)

o absorbance; absorbance,,,
Degree of crosslinking =1 — {( ) X ( )

massg mass,

The subscripts cl and ucl stand for the cross-linked and uncross-linked gelatin

nanofibers.
2.5.3 Release of gentamicin from DA-GO-GEL mats

Gentamicin is loaded into GO-gelatin nanofibers during the
electrospinning process itself. A drug payload of 2.5 % weight of gelatin was
added in the electrospinning solution. Gentamicin loaded GO-gelatin mats (10
mg) with a drug payload of 0.25 mg of the mat was taken for the study. The mats
were dipped in 10 ml of PBS solution and incubated at 37 °C. At regular interval,
1.5 ml aliquots were withdrawn and replenished with 1.5 ml of fresh PBS. The
withdrawn aliquot was then treated with 1.5 ml of o-pthalaldehyde reagent and
concentration of gentamicin released was spectrophotometrically determined

(UV-Visible Spectrophotometer, Cary win UV).
The o-pthalaldehyde reagent was prepared by the procedure report by

Biji et al (Balakrishnan et al., 2012). It was prepared by adding 2.5 g of o-
phthalaldehyde, 62.5 ml methanol and 3 ml of 2-mercaptoethanol to 560 ml of
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0.04 M aqueous borax. The reagent was stored in a brown bottle in dark and kept
to settle for 24 h prior to use.

2.5.4 Spectroscopic characterizations
2.5.4.1 Fourier Transform Infrared Spectroscopy (FTIR)

In the present study FTIR spectroscopy was carried out to analyze the
structural changes happening during electrospinning, cross-linking, blending and
so on. FTIR spectra were obtained using Spectrum 100, Perkin Elmer, USA, with
universal attenuated total reflectance accessory (UATR). The crystal used for
UATR accessory is standard ZnSe and light path angle of incidence of 45°. For
each spectrum, 32 scans were accumulated at 4 cm™ resolution, in the scanning
range of 4000-650 cm™.

2.5.4.2 Ultraviolet-Visible spectroscopy (UV-Vis)

UV-Vis spectra of the samples were obtained using Varian Cary 50 UV-
Visible Spectrophotometer; Agilent technologies USA with inbuilt Cary win UV
software.
2.5.4.3 X-Ray Diffraction (XRD)

The X-Ray Diffraction (XRD) techniques have been used from long time
for the crystallographic study of different materials. This technique is used to
investigate various aspects of the structures of semi crystalline polymers. XRD

analysis of the samples was carried out using Bruker D 8 discover small angle X-

ray diffractometer with 26 ranging from 5 to 90°.

2.5.4.4 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), also known as Electron

Spectroscopy for Chemical Analysis (ESCA), is the widely used surface analysis
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technique due to the simplicity in processing and data interpretation. The sample
is irradiated with monochromatic X-rays causing photoelectrons to be emitted
from the sample surface. An electron energy analyzer determines the binding
energy of the photoelectrons. From the binding energy and intensity of the
photoelectron peak, the elemental identity, chemical state, and quantity of an
element are determined. The XPS also provides insights about the surface layers
or thin film structures which gives information about the polymer surface
modifications. In this study, the measurements were conducted with X-ray
photoelectron spectrophotometer (Ultra axis, Kratos analytical, Shimadzu, Japan)

using monochromatic aluminium Ko X-rays (1486 eV).

2.5.5 Thermal analysis

It is important to investigate the thermal characteristics of the electrospun
protein based nanofibers before and after cross-linking treatment and the
composite nanofibers in order to compare them with neat protein nanofibers. The
glass transition temperature, melting temperature, denaturation temperature and
thermal degradation are the indications of structural changes which might have
occurred after cross-linking treatment or after making composites. Therefore,
differential scanning calorimetry (DSC) and thermo gravimetric analysis (TGA)
were performed to get information regarding the thermal behaviour of the

nanofibers.

The denaturation temperature, glass transition and melting temperatures
of gelatin based electrospun nanofibers were evaluated using DSC (Q-20, TA
instruments, USA). The temperature calibration was performed using an Indium
standard provided by TA Instruments. The samples were heated from -20 °C to
280 °C at a heating rate of 10 °C/min in a T zero aluminium pan under nitrogen

environment.

The effect of cross-linking on thermal degradation pattern of the

nanofibers was studied by TGA. The analysis was carried out in nitrogen
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atmosphere (Q-50, TA instruments, USA). Indium was used to calibrate the
temperature reading and the instrument was weight calibrated according to the
instruction from TA instruments. The heating rate used was 10 °C/min from room
temperature to 600 °C. The results obtained from DSC and TGA were analyzed
using TA Universal analysis software. From the TGA data, the derivative
thermograms (DTG) were also recorded for the samples.

2.5.6 Viscosity studies

A thorough characterization of the rheological behaviour of polymer
solution is essential to optimize the solution parameters in the electrospinning
process. It helps to select the appropriate solvent composition and solute
concentration for electrospinning process. Rheological behaviour of samples was
analyzed by means of Rheometer (Anto paar, MCR 102, USA) using cone and
plate accessory (CP 50) with zero gap of 0.106 mm and the cone angle of 0.4°.
The experiment was carried out by varying the shear rate and temperature to

predict the flow behaviour of polymers under stress and temperature.

2.5.7 Zeta potential

Surface zeta potential is an important feature of material surface and its
interaction in biological environments. The zeta potential of the samples was
determined to find out the surface positive charges. An increase or reduction in
zeta potential is a measure of the presence of charges on the dissociated surface
functional groups. In case of gelatin, negatively charged groups such as
carboxylic acid cause decrease of zeta, whereas the positively charged groups
such as amino groups enhance the zeta potential value. It is highly dependent on
environmental pH value and if plotted versus pH, will be positive at low pH and
negative at higher pH. Zeta potential of the samples in the present study was
determined at 1 % (w/v) concentration in PBS using Zetasizer, Malvern

Instrument Ltd (UK). Measurement was carried out using a disposable folded
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capillary cell. The folded capillary cell provides the benefits of the accuracy of

measurement and eliminates the potential contamination issues.

2.5.8 Gel Permeation Chromatography (GPC)

In this study, the molecular weight and polydispersity of the polymers
were determined using GPC instrument (Waters, Singapore). Samples at a
concentration of 0.01 mg/ml were eluted with 0.02 M sodium nitrate solution
through an ultrahydrogel column (Waters ultrahydrogel columns 2000/1000/500
in series) at a flow rate of 1 ml/min. Dextran standards of molecular weights
3,44,000, 21,100 and 9,600 were used for relative calibration.

2.5.9 Microscopic techniques
2.5.9.1 Scanning Electron Microscopy (SEM)

A scanning electron microscope operating at 20 kV and 10 pA was used
to analyze the morphology and size of the nanofibers (FEI- Quanta, FE-SEM). All
the samples were mounted using carbon tape on aluminum SEM stubs after gold

sputtering.

2.5.9.2 Transmission Electron Microscopy (TEM)

The morphology of the gelatin nanofibers, core-shell nanofibers and
composite nanofibers were observed using High-Resolution Transmission
Electron Microscope (HRTEM, FEI Tecnai G230). The samples for TEM
analysis were prepared by exposing carbon coated copper grid onto the collector
for a few seconds. The image was observed using HRTEM at an accelerating
voltage of 100 kV.
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2.5.9.3 Atomic Force Microscopy (AFM)

Atomic Force Microscope (AFM) is a high-resolution microscopy
technique which produces precise topographic images of a sample by scanning the
surface with a nanometer-scale probe known as cantilever. Samples for the
analysis were prepared by drop casting the dispersion on a mica sheet and
characterized after drying, using scanning probe microscope (Agilent 5500, USA)

in non contact mode.
2.5.10 Mechanical testing

Mechanical properties of the nanofibrous mats were determined by
Universal Testing Machine (Instron 5050, Instron USA) with a load cell of 100 N
capacity. Specimens were cut in the form of rectangular strips (6 x 0.4 cm?) with
an average thickness of 0.2 mm, and tested at a crosshead speed of 10 mm/min.

Stress at break and Young’s modulus were measured based on stress-strain curve.
2.5.11 Swelling characteristics

Swelling behaviour of electrospun mats was examined in phosphate
buffered saline (PBS) at 37 °C for different time intervals (Draye et al., 1998).
The swelling behaviour of as spun and the cross-linked mats were measured by
swelling the mats in 10 ml of PBS (0.1 M, pH 7.4) at 37 °C. Pre-weighed dry
mats (approximately 0.05 g) were immersed in PBS for a stipulated time. The
mats were withdrawn from the solutions at different time intervals and their
swollen weight was determined after blotting with a filter paper. The swelling

ratio was calculated using the equation 2.2
. . Ws — Wy
Swelling ratio (%) = (T)X 100 (2.2)
d
(Where W4 and W5 are the weights of the samples in the dry and swollen states,
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respectively).
2.5.12 In vitro degradation

In vitro degradation of as spun and cross-linked mats was evaluated in
PBS. Previously weighed and dried samples were immersed in 5 ml of PBS at 37
°C for time periods ranging from one week to five weeks. Experiment was
performed in aseptic conditions. Different sets of samples were used for each
week. After the predetermined time period, medium was removed and weights of

the samples were measured after lyophilization.

. . W,
Weight ratio = (—) (2.3)
Wy

Where, W, and W, are the initial and final weights of the sample

2.6 Biological Characterization

2.6.1 In vitro biocompatibility evaluation of nanofibers using
mouse fibroblast cells (L-929)

2.6.1.1 Cleaning and sterilization of nanofiber samples

The cross-linked nanofibrous samples with adequate dimensions were
rinsed for 5 min with double distilled water for around 10 times. The cleaned
samples were dried in vacuum desiccators for 2-3 days. The dried samples were
dipped in 70 % ethanol and exposed to UV ray for 15 min. After 15 min, the
ethanol was removed and the samples were washed with PBS for three times prior

to the cell culture experiments.
2.6.1.2 In vitro cytotoxicity evaluation — Direct Contact Test

An in vitro cytotoxicity test by direct contact method was performed on

cross-linked nanofiber mats with high density polyethylene (HDPE) and stabilized
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poly vinyl chloride (PVC) as negative and positive controls respectively as per
ISO 10993-5. Mouse subcutaneous fibroblast cells (L-929 cell line, American
Type Cell Culture Collection) were maintained in MEM supplemented with 10 %
FBS, 100 IU/ml Penicillin and 100 pg/ml Streptomycin in a CO, incubator
(Sanyo, Japan) set at 37 °C, 5 % CO, and > 90 % relative humidity. The cells
were detached using trypsin and seeded in a 24 well plate at a density of 1x10°
cells per well. When the cells reached subconfluency, sterilized nanofibrous
samples, negative control and positive control having approximate size of 10 % of
cell area were placed on the cells. The cells were incubated inside CO, incubator
for 24 - 26 h. Cytotoxicity was assessed by observing the cells around the test and

control samples under phase contrast microscope (Motic AE31, Hong Kong).
2.6.1.3 MTT assay

Cell proliferation was analyzed by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Ciapetti et al., 1993). MTT assay is
performed to measure the metabolic activity of the cells to reduce yellow coloured
tetrazolium salt to purple coloured formazan. Sterilized samples were washed
with 1xPBS for three times. Trypsinized mouse fibroblast cells (L929) were
seeded on the samples (2000 cells/ sample) and incubated for specific time period
under standardized conditions (humidified incubator with 37 °C and 5 % CO,).
After every 72 h, the cell culture medium was replenished with fresh one. After
3" and 5™ day, the samples were washed with PBS solution and incubated with
MTT solution (0.5 mg/ml) for 4 h at 37 °C. After 4 h, the MTT solution was
replaced with DMSO solution to dissolve the formazan crystals.
Spectrophotometric analysis of the DMSO solution was done using ELISA reader
(BioradiMark) at 595 nm.

Quantitative assessment of cytotoxicity of cross-linked nanofiber mats
was carried out using the extract of the materials with L-929 cells using MTT
assay. Extracts of cross-linked nanofiber mats were prepared by incubating 3 cm?

of each of the sample with culture medium with serum at 37+1 °C for 24 £+ 2 h.

52



Cells cultured in normal medium were considered as control. Extract of the test
samples (100 %) in triplicate were placed on subconfluent monolayer of L-929
cells. After incubation of the cells with the test samples and controls at 37 + 1 °C
for 24 £ 2 h and 72 £ 2 h, extracts and the control medium were replaced with 50
ul of MTT solution (Img/ml in medium without supplement), wrapped with
aluminium foil and were incubated at 37 + 2 °C for 2 h. After discarding the MTT
solution, 100 ul of isopropanol was added to all the wells and swayed the plate.
The colour developed was quantified by measuring absorbance at 595 nm using a
spectrophotometer. The data obtained for the test samples were compared with the

cell control.

2.6.1.4 Cell adhesion and viability

Cells were allowed to adhere and grow on the cross-linked nanofiber
mats for 48 h and then processed for analyzing cell adhesion and morphology.
The mats were seeded with L-929 cells at a density of 2000 cells/cm? and cultured
for 48 h. Cells cultured on cover glass were considered as control. The viability of
the cells adhered on the mats was examined by incubating with FDA (10 pug/ml in
serum free medium) for 5 min followed by treatment with PI (1 pg/ml) for 5 min.
Stained samples were observed under fluorescence microscope (Leica DMIL,
6000B, Germany) using the filter cubes designated for FDA (13) and PI (N 2.1).

The cell adhesion was analyzed by visualizing the morphology of the
adhered cells by staining the actin cytoskeleton structures. L-929 cells were
seeded on cross-linked nanofiber mats and control glass cover slips as described
above and cultured for 48 h. Cells were fixed using 4 % paraformaldehyde for 2 h
and rinsed with PBS. The cell membrane was permeabilized by treating with 0.1
% Triton-X 100 for 1 min and actin filaments were stained by incubating the
samples with rhodamine-phalloidin (1:1000 dilution in PBS) for 15 min. The cell
nucleus was counter stained using Hoechst 33258 dye (0.1 pg/ml in PBS). The
cell adhesion was observed under fluorescence microscope using Leica filter
cubes specified for Hoechst (A) and Rhodamine (N2.1).
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2.6.2 In vitro biocompatibility evaluation of nanofibers using
human osteoblast-like cells (MG-63)

2.6.2.1 Cleaning and sterilization of nanofiber samples

The nanofiber samples were sterilized by 70 % ethanol followed by
exposure to UV ray in a similar manner as explained in section 2.6.1.1.

2.6.2.2 MTT assay

Cell proliferation was analyzed by MTT assay. The sterilized samples
(0.5 cm x 1 cm) were washed with 1xPBS for three times. MG-63 cells were
seeded on the samples (2000 cells/sample) and incubated for specific time period
under standardized conditions (humidified incubator with 37 °C and 5 % CO,).
After every 72 h, the cell culture medium was replenished with fresh one. After
3 and 5™ day, the samples were washed with PBS solution and incubated with
MTT solution (0.5 mg/ml) for 4 h at 37 °C. After 4 h, the MTT solution was
replaced with DMSO solution to dissolve the formazan crystals.
Spectrophotometric analysis of the DMSO solution was done using ELISA reader
(BioradiMark) at 595 nm.

2.6.2.3 Alamar blue assay

The proliferation of MG-63 cells at different day points on the mats was
investigated using Alamar blue assay. The cell seeded mats were transferred to a
new 24 well tissue culture plate aseptically. On the desired day point (dayl, day 3,
day 5 and day 7), the spent supernatant medium was removed and Alamar blue
solution (diluted 1:10 in incomplete DMEM medium) was added to the mats
following manufacturers’ protocol. The plates were incubated in CO, incubator
for 4 h under dark. After incubation, the supernatant medium was collected in a
new 96 well flat bottom tissue culture plate and fresh medium was added in each
mat allowing the cells to grow. Reduction of the dye was measured
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photometrically using 570 nm and 600 nm filters of a microplate reader (Thermo
Scientific Multiskan Spectrum, Japan).

2.6.2.4 Cell adhesion and viability

The cell adhesion was analyzed by visualizing the morphology of the
adhered cells by staining the actin cytoskeleton structures. After the stipulated
time period, MG-63 cells were fixed (48 h and 5™ day respectively) using 4 %
paraformaldehyde for 1 h at room temperature and rinsed with PBS. The cell
membrane was permeabilized by treating with 0.1 % Triton-X 100 for 5 min and
actin filaments were stained by incubating the samples with rhodamine -
phalloidin (1:500 dilutions in PBS) for 1 h. The cell nucleus was counter stained
using Hoechst 33258 dye (1:600 dilutions in PBS) by incubating the samples with
the dye for 5 min. The cell adhesion was observed under confocal laser scanning
microscope (Olympus Fluo View FV 1000) using 405 nm laser for Hoechst and

543 nm laser for rhodamine - phalloidin.

2.6.3 Antibacterial activity analysis
2.6.3.1 Agar diffusion method

Antibacterial activity of GO-Gelatin and gentamicin loaded GO-Gelatin
nanofibrous mats was evaluated on two bacterial strains, namely, E. coli ATCC
25922 and S. aureus ATCC 25923 (Kim et al., 2000). The test microorganisms
were inoculated into the Mueller Hinton agar plate at a density of 1 x 10° cfu/ml
by pour plate method. The mats (6 mm diameter discs) were placed on the agar
plate and incubated at 37 °C for 48 h. After 2 days, the mats were removed and
then the agar beneath the mats was cut out and homogenized in 5 ml of sterile
PBS. The PBS was then subjected to serial dilution. The dilutions were
subcultured on nutrient agar plates and incubated for 2 days at 37 °C. The number
of colonies grown in all the plates was counted and total count was thus

calculated. All the experiments were done in triplicate.
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2.6.3.2 Bacterial adhesion method

The adhesion behaviour of E. coli ATCC 25922 and S. aureus ATCC
25923 bacterial strains on DA-GO-GEL and gentamicin loaded DA-GO-GEL
mats were tested by incubating the materials along with bacterial strains at 37 °C
for 18 h. The number of bacteria adhered on the samples were determined by
observing the test bottles after overnight incubation. The turbidity shows the
presence of bacterial cells and clear solution indicates the absence of bacterial

adhesion.

2.6.4 Statistical analysis

Statistical analysis for the determination of difference in mean among the
groups was accomplished by one way ANOVA (using Origin Pro 8.5 software).
At least 8 replications were analyzed from each sample of each day point. The
symbol ‘***’ denotes statistically significant difference among the groups at alpha
value 0.001. Statistical analysis of two sets of data was performed by Student’s t-
test with p < 0.05 (shown by the symbol ‘**) considered as being statistically
significant. All the data are presented as mean value with standard error (mean +
SE).
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CHAPTER 3

FABRICATION OF GELATIN NANOFIBERS BY
ELECTROSPINNING AND CROSS-LINKING
WITH OXIDIZED DEXTRAN

3.1 Introduction

Gelatin is a biopolymer obtained from partial denaturation of collagen, a
major structural protein present in the human body. Gelatin does not show
antigenicity and has high haemostatic properties compared to its precursor
collagen. Moreover, gelatin is biodegradable, biocompatible and displays many
integrin binding sites for cell adhesion and differentiation (Kuijpers et al., 2000;
Lu et al., 2011). Electrospun gelatin nanofibers are a promising class of
biomaterials possessing excellent biocompatibility, non-cytotoxicity, structural
and functional resemblance with native extracellular matrix (ECM) (Huang et al.,
2004; Tonda-Turo et al., 2013a; Wu et al., 2011). These are found to be potential
candidates for tissue engineering scaffolds, drug delivery matrices, wound
dressing materials, etc. Fabrication of gelatin nanofibers by electrospinning is
challenging in the field of bioengineering, due to the lack of suitable solvent
system for electrospinning. Huang et al fabricated gelatin nanofibers using
trifluoroethanol (TFE) as the solvent (Huang et al., 2004). Other solvents which
are conventionally being employed for electrospinning of gelatin are formic acid
(Ki et al., 2005), hexafluoroisopropanol (HFIP) (Kim et al., 2005), etc. However,
most of the organic solvents cause severe toxicity to the cells and hence there is
an attempt in recent times to replace these solvents by benign solvents such as
water at elevated temperature and acetic acid/water mixture (50 °C) (Pandya et al.,
2010; Panzavolta et al., 2011).
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Gelatin nanofibers when in contact with water, lose the fibrous
morphology due to high hydrophilicity and solubility. Hence, a cross-linking
treatment is necessary to improve the water resistant ability as well as mechanical
performance to make them suitable for biomedical applications. Gelatin
nanofibers are subjected to cross-linking treatment with various cross-linking
agents, the most effective one being glutaraldehyde (GT) (Zhang et al., 2006).
Cross-linking is achieved either by dipping the nanofibers in GT solution or by
exposure to the vapours. In many instances, carbodiimide chemistry is being
exploited in realizing the cross-linking of gelatin nanofibers. In this case,
nanofibers are dipped in ethanolic solution of 1-ethyl-3-(3-dimethyl aminopropyl)
carbodiimide (EDC) in presence of N-hydroxysuccinimide (Li et al., 2006b).
These materials either released into the body due to degradation or remaining
unreacted in the nanostructures may lead to toxicity (Hao et al., 2011; Panzavolta
et al., 2011; Zhang et al., 2006). Recently, Panzavolta et al. have shown that
genipin, a naturally occurring material, could be an alternative cross-linking agent
for gelatin nanofibers. Cross-linking of the nanofibers is achieved by dipping the
nanofibrous mat in ethanolic solution of genipin (Panzavolta et al., 2011). In
many aspects, genipin is found to be a better cross-linking agent compared to
those mentioned earlier, but the high cost of genipin can limit its applicability.
Cross-linking of gelatin nanofibers with polysaccharide is another attractive
possibility as demonstrated in the case of gelatin hydrogels. This approach has not
been attempted for the cross-linking of nanofibers. However, polysaccharides are
soluble only in aqueous medium where the gelatin nanofibers would dissolve,
resulting in the complete destruction of the fibrous morphology. Thus, it is
necessary to use a suitable cross-linking medium in which solubility of

polysaccharide is realized without compromising the fiber morphology.

In this chapter, the fabrication of gelatin nanofibers using a benign solvent
system and an innovative cross-linking approach to minimize the toxicity effects
from solvents and cross-linking agents are illustrated. Gelatin is dissolved in
water/acetic acid (8:2, v/v, i e, 20 % acetic acid) mixture and eventually

electrospun to form nanofibers with diameter in the range of 150 + 30 nm. Here,
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the feasibility of utilizing modified polysaccharide, namely, dextran aldehyde
(DA) for the cross-linking of gelatin nanofibers is demonstrated. DA from dextran
of molecular weight, M, ~ 40,000 can be dissolved in ethanol in the presence of
minimum quantity of aqueous borax. Nanofibers are cross-linked by dipping in
this medium and the cross-linked nanofibers are found to maintain the fibrous
morphology even after keeping in contact with water. The feasibility of these
cross-linked nanofibers to be used in biomedical applications is demonstrated in
terms of cytotoxicity, cell adhesion and proliferation using mouse fibroblast cells
(L-929) and human osteoblast like cells (MG-63). These results demonstrate that
dextran aldehyde cross-linked gelatin nanofibers (DA-GNF) are non-cytotoxic,

biocompatible and can promote cell adhesion and proliferation.

3.2 Results and Discussion

3.2.1 Fabrication of gelatin nanofibers

Electrospinning of gelatin in water cannot be realized at room
temperature due to its gel forming property below 35 °C. This is due to the
aggregation of gelatin molecules owing to inter and intra molecular interactions
(Zandi, 2008). Hence in this work, acetic acid is employed to prevent the gelation.
However, it has been reported that high concentration of acetic acid in water (6:4
(v/v) acetic acid/water) can cause degradation of gelatin (Panzavolta et al., 2011).
So, an attempt has been made to use lower concentration of acetic acid without
prompting the degradation. Smooth and fine nanofibers are obtained using 8:2
(v/v) water/acetic acid mixture. Presence of 20 % acetic acid in the solvent system
Is essential to prevent the gelation (Figure 3.1).
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Figure 3.1: Effect of acetic acid on gelling behaviour of gelatin in agueous medium

Solutions for electrospinning are prepared by dissolving different
concentrations of gelatin (24 % w/v to 30 % wi/v) in 8:2 (v/v) water/acetic acid
solvent system. It is found that, as the concentration increases, the fibers become
smoother with lesser beads. A gelatin concentration of 30 % wi/v is found to
produce smooth fibers with minimum number of beads. This is illustrated by the
SEM images shown in Figure 3.2. It is found that gelatin type A (bloom 225) is
giving better fibers in the concentration range of 28 - 30 % (w/v) in 8:2
water/acetic acid solvent. For further studies, nanofibers produced from 30 % w/v
gelatin are used. Figure 3.3 shows the fiber diameter distribution of the nanofibers
fabricated from 30 % w/v gelatin, obtained by measuring the diameters of
randomly selected 150 individual fibers from SEM images using ImageJ software.
The smooth fibers with 150 + 30 nm are obtained by adjusting the solution and
spinning parameters by trial and error optimization procedures. The optimized
solution and electrospinning parameters are listed in Table 3.1.
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Figure 3.2: SEM images of electrospun gelatin nanofibers fabricated from (a) 24 %, (b)
26 %, (c) 28 % and (d) 30 % (w/v) gelatin solutions
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Figure 3.3: Fiber diameter distribution of the nanofibers fabricated from 30 % wi/v gelatin
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Table 3.1: Optimized conditions for electrospinning of gelatin

Parameters Optimized Conditions
Solvent system 8:2 (v/v) water/acetic acid
Concentration of the polymer solution 30 % (w/v)
Flow rate 0.3 ml/h
Voltage applied 25 kV
Working distance 15cm
Drum collector speed 1500 RPM

3.2.2 Water stability of gelatin nanofibers: Requirement of cross-

linking treatment

When in contact with water, gelatin nanofibers lose the fibrous
morphology completely, due to the high solubility of gelatin in water. It has been
found that electrospun fibers gradually form point bonds at the fiber junctions if
placed in a high humidity (80 — 90 %) for a certain period of time (Zhang et al.,
2006). Researchers have adopted different cross-linking approaches to overcome
these issues. In the present work, a polysaccharide, namely, dextran into which
aldehyde functional groups are introduced by periodate oxidation is employed as
the cross-linking agent. Dextran aldehyde (DA) is prepared by controlled
oxidation of dextran by sodium metaperiodate. Schematic representation of the

formation of DA is shown below in Figure 3.4.
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Figure 3.4: Schematic of the formation of DA using NalO,
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FTIR spectra of dextran and DA are shown in Figure 3.5. The spectrum
of dextran contains a broad band at 3290 cm™ due to the —OH stretching. The
bands within 1500 — 900 cm™ belong to the fingerprint region of CH deformation,
CO stretching and OH bending modes of dextran. The bands at 1150 and 1000
cm™ have been assigned to the glycosidic linkage of dextran. The spectrum of DA
shows two additional peaks at 1738 and 2851 cm™ besides the absorption bands
from dextran. These peaks are associated with stretching of -C=0 and —-C-H

bonds respectively, due to the aldehyde groups of DA.
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Figure 3.5: FTIR spectra of dextran and DA

The aldehyde content and degree of oxidation in DA are measured by
hydroxylamine hydrochloride reaction followed by titration with NaOH. DA is
found to be 87 % oxidized with aldehyde content of 10.7 + 0.25 x 10 mol/g
(Table 3.2). Weight average molecular weight (M,,) and polydispersity indices
(PDI) of dextran and DA are obtained by GPC analysis (Table 3.2). It can be seen
that there is little variation in the M,, of dextran and DA. The polydispersity of
DA is higher (PDI = 3.5) than dextran (PDI = 1.86) due to the excess amount of
periodate used for the oxidation (Sokolsky-Papkov et al., 2006). Apart from the
oxidation of cis-diol groups, NalO, might have caused the formation of low
molecular weight products.
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Table 3.2: Properties of dextran and DA

Properties Dextran DA
Degree of oxidation (%) 0 87+2%
Aldehyde content (mol/g) 0 10.7 +0.25 x 10°®
Weight average
_ 37352 36489
molecular weight (M,y)
Polydispersity index 1.86 3.5

3.2.3 Cross-linking and characterization of gelatin nanofibers

The cross-linking agents need to be dissolved in an appropriate medium
in which the nanofibers would be placed for cross-linking reaction to occur. The
selected medium should be able to dissolve the cross-linking agent without
affecting the nanofibrous morphology. Polysaccharide aldehydes are soluble only
in aqueous solutions (either in PBS or in borax solution). High molecular weight
dextran (M, ~ 500,000) and low molecular weight dextran (M, ~ 40,000) are
oxidized and attempted to be used as cross-linking agents. DA obtained from high
molecular weight dextran is found to be soluble only in aqueous borax or PBS.
However, it can be dissolved in 7:3 (v/v) ethanol/water mixture in presence of
minimum amount of borax. Cross-linking is carried out by dipping the gelatin mat
in this medium for different time periods. However, cross-linked mats completely
lose the fibrous morphology due to the presence of 30 % water in the medium.
Hence, the possibility of using DA obtained from low molecular weight dextran is
considered. This DA can be dissolved in ethanol containing minimum quantity of
aqueous borax solution (300 ul of 0.015 M borax in 10 ml ethanol). The
concentration of DA in ethanol is optimized to be 0.5 % wi/v based on the
maximum amount of DA that can be dissolved in the ethanol-borax medium.
Addition of more borax would cause DA to be precipitated from ethanol. Thus,
the dissolution of DA (0.5 % wi/v) in ethanol is ensured by keeping the amount of
water to be as minimum as possible. Nanofibrous mats are kept immersed in this
cross-linking medium for 1, 3 and 5 days for cross-linking. Figure 3.6 shows the

SEM images of as spun mat (a), mat after immersing in water (b), mat after
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immersing in ethanol containing minute amount of borax for 5 days (c), mat
cross-linked with high molecular weight dextran-derived DA in 7:3 ethanol/water
(d) and mat cross-linked with low molecular weight dextran-derived DA in
ethanol containing minute amount of borax (e). It is clear that, slight swelling and
hence an increase in diameter is occurred when the mats are dipped for 5 days in
the cross-linking medium without DA. The mat cross-linked with low molecular
weight dextran-derived DA in ethanol containing minimum amount of aqueous
borax maintains the structural integrity of the nanofibers. Hence, for further
studies, cross-linking with low molecular weight dextran-derived DA is

employed.

Figure 3.6: SEM images of (a) as spun mat, (b) as spun mat after dipped in water, (c) mat
after dipped in ethanol/borax medium for 5 days, (d) mat cross-linked in high molecular
weight dextran-derived DA in 7:3 ethanol/water and (e) mat cross-linked with low
molecular weight dextran-derived DA in ethanol/borax medium
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The effect of cross-linking is examined by keeping the mats in aqueous
medium for 1 h. It is observed that the sample cross-linked for 1 day becomes
transparent and sticky, while the samples cross-linked for 3 and 5 days remain
intact. Figure 3.7 (a) shows the photograph of gelatin mat cross-linked for 5 days
and as spun mat immersed in water. Schematic representation of cross-linking
reaction between aldehyde groups of DA and amino groups of gelatin side chains
in the nanofibrous structure is shown in Figure 3.7 (b). Cross-linking is occurred
by the Schiff’s base formation between primary amino groups of gelatin side
chain and carbonyl groups of DA. The cross-linking site mentioned in the cartoon
represents the aldimine linkage formed as the result of cross-linking.
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Figure 3.7: (a) DA cross-linked and as spun gelatin mats immersed in water medium, (b)
schematic representation of cross-linking between aldehyde groups of DA and amino
groups of gelatin in the nanofibrous structure

Morphological analysis of the cross-linked fibers is carried out by SEM.
The morphologies of cross-linked and swelled mats are shown in Figure 3.8. The
images reveal that the samples have undergone cross-linking and can maintain the
fibrous structure after cross-linking treatment. The mat cross-linked for 5 days
exhibits better morphology after swelling in water (Figure 3.8 (e)) compared to
the mats cross-linked for 1 and 3 days (Figure 3.8 (b) and 3.8 (d)). It can be seen
that, swelling the mats in water causes the fibers to fuse together in the case of
mats cross-linked for 1 and 3 days. Whereas, the mat cross-linked for 5 days
shows discrete fibrous morphology. However, fiber diameter is found to increase

as a result of the cross-linking treatment and increases further after swelling in
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water (Table 3.3). Diameter of the fibrous component is an important parameter
when considering the material as scaffold for tissue regeneration. The diameter of
the nanofibers before cross-linking is 150 £ 30 nm while the diameter after 5 days
of cross-linking are found to be 220 £ 65 nm and 280 + 90 nm before and after
swelling, respectively. Such small size fibers can physically mimic the structural
dimension of the extracellular matrix of various native tissues and organs, which
are deposited and proliferated on fibrous structures ranging from nanometers to
micrometers (Ramakrishna et al., 2005). Human cells can attach and proliferate in
good health around fibers with diameters smaller than those of the cells. Hence,
the fibrous scaffolds prepared from electrospinning can be considered as ideal

candidates as matrices for tissue regeneration (Xu et al., 2004; Zhang et al., 2006).

Figure 3.8: SEM images of (a) 1 day cross-linked mat, (b) 1 day cross-linked mat after
swelled in water, (c) 3 days cross-linked mat, (d) 3 days cross-linked mat swelled in
water, (e) 5 days cross-linked mat and (f) 5 days cross-linked mat swelled in water
(swelling is performed for 24 h)
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Table 3.3: Fiber diameters of as spun and DA-GNF mats cross-linked for different time
periods before and after swelling in water. Mean + standard deviations are reported.

Diameter (nm)

Cross-linking time (days) Before swelling in o
After swelling in water
water
0 150 + 30 No fibrous structure
1 258 + 90 390 + 100
3 225+ 70 360 + 100
5 220+ 60 280 £ 90

The cross-linking of gelatin nanofibers occurs by Schiff’s base reaction
of amino groups of gelatin with aldehyde groups of DA. The cross-linking
reaction is found to progress slowly as evident from the required time of at least 5
days for maintaining the fibrous morphology in aqueous medium. The cross-
linking reaction between amino groups of gelatin and aldehyde groups of
polysaccharide in presence of aqueous borax is reported to be very fast, where
both the reacting species are dissolved in aqueous medium (Balakrishnan and
Jayakrishnan, 2005). However, in the present work, gelatin is in solid phase and
the cross-linking agent, DA is in ethanolic medium resulting in the prolonged time

required for cross-linking.

Cross-linking of gelatin nanofibers with genipin has been carried out by
dipping the nanofibrous mat in ethanolic solution of genipin (Panzavolta et al.,
2011). Even though, genipin is a small molecule which can penetrate into the
fibrous mats easily, effective cross-linking is achieved after dipping the
nanofibrous mats in the medium for 5 to 7 days. DA is a large molecule and cross-
linking would have happened on the surface of the nanofibers. Here, effective
cross-linking can be achieved by dipping the fibrous mats for 5 days in the cross-
linking medium. Hence, the mats cross-linked with DA for 5 days (DA-GNF) are

selected for further characterizations.
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The extent of cross-linking is estimated by comparing the unreacted e-
amino groups in DA-GNF and as spun mats using TNBS assay. The degree of
cross-linking is found to be 42 + 2 %. Cross-linking of gelatin nanofibers with
glutaraldehyde and genipin have resulted in higher cross-linking degrees (~ 90 %)
(Panzavolta et al., 2011; Wu et al.,, 2011). The lower cross-linking degree
obtained in the present work can be justified on the basis of the macromolecular
nature of the cross-linking agent employed. The swelling ability of a scaffold in
water is an important aspect for its suitability for various tissue engineering
applications. The swelling behaviour of DA-GNF and as spun nanofibers is
studied and the results indicate the effect of cross-linking on the swelling
properties. These results demonstrate that swelling ratio of the DA-GNF mat is
significantly lower than that of as spun mat (Figure 3.9). Swelling of the nanofiber
mat is reduced due to the cross-linking treatment. The higher swelling ratio of as
spun mat is due to the large amount of water absorption of the highly porous
structure of the fibrous mats. The experiment cannot be performed for as spun mat
beyond 40 min because of the dissolution. The DA-GNF mat attains equilibrium

swelling within 20 min.
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Figure 3.9: Swelling characteristic of as spun and DA-GNF (5-days cross-linked) mat

The degradation behaviour of the nanofibers is evaluated by examining

the weight loss of the nanofibers with time in PBS at 37 °C. Figure 3.10 shows the
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degradation behaviour of as spun and DA-GNF mats. It can be seen that the as
spun mats dissolve completely in the first week itself. The DA-GNF mat is found
to be stable for one week and thereafter shows a linear decrease in weight up to
four weeks. The complete dissolution of the mat occurs at the end of five weeks
demonstrating the degradability of the nanofiber mats in the physiological pH. A
comparison of the degradation behaviour of DA-GNF mat with glutaraldehyde
(GT) cross-linked gelatin mat (GT-GNF) is also carried out. It is found that the
latter exhibits similar degradation behaviour as that of DA-GNF mat. Gradual
degradation of DA-GNF mat with time would make them suitable matrices as
tissue engineering scaffolds. The hydrolytic susceptibility of Schiff’s base and the
biodegradability of gelatin and DA cause the degradation and dissolution of the
cross-linked nanofibers. Degradation profile of the nanofibers is mainly
determined by the polymer itself as hydrolysis of the polymer backbone is
believed to be the usual mechanism. Gelatin contains random coil structure
(amorphous) with occasional triple helical region (crystalline). In the absence of
an enzyme, water penetrates the surface of the nanofiber mat and preferentially
attacks the amorphous region, converting the long polymer chains into shorter and
eventually water-soluble species. Since the crystalline regions are still intact, the
nanofibers do not fall apart. When hydrolysis continues, the nanofibers eventually

start to disintegrate and disappear (Liu et al., 2012).
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Figure 3.10: Degradation behaviour of as spun, DA-GNF (5 days cross-linked) and GT-
GNF mats
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The effect of DA cross-linking on the chemical composition of the surface
of the gelatin mat is determined by XPS measurements. Survey scan spectrum of
gelatin nanofiber mat, DA and DA-GNF mat (Figure 3.11) also shows the
incorporation of DA into gelatin mat after the cross-linking reaction. The decrease
in the intensity of N1s peak shows the relative increase in the C and O atomic
compositions on the surface of the cross-linked mat. Table 3.4 gives the atomic
composition of gelatin and DA-GNF surfaces obtained from high resolution XPS
spectra. The results show that DA-GNF mat exhibits higher values compared to
gelatin mat for C/N ratio (7.3 versus 3.59) and O/N ratio (2.7 versus 1.29). This is
due to the fact that during cross-linking, polysaccharide moieties are introduced
on gelatin via imine bond formation by the reaction between aldehyde groups of
DA and primary amino groups of gelatin. Consequently, percentage atomic
composition of carbon and oxygen increases, enhancing the C/N and O/N ratio.
This indicates the incorporation of DA into the gelatin network and shows the

presence of DA moieties on the surface of the mats.

Table 3.4: Elemental composition of as spun gelatin mat, DA and DA-GNF mat from
high resolution XPS spectra

Element As spun DA-GNF DA
C (%) 61 66 57
N (%) 17 9 0
O (%) 22 25 43
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Figure 3.11: XPS survey scan spectra of as spun gelatin mat, DA and DA-GNF mat

FTIR spectra of DA, as spun and DA-GNF mats are given in Figure 3.12.
The cross-linked mat (DA-GNF) shows the characteristic peaks of gelatin and
dextran. The presence of dextran moieties in the DA-GNF mat can be inferred
from the characteristic C-O-C stretching band of DA observed at 1012 cm™.
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Figure 3.12: FTIR spectra of dextran, DA, as spun mat and DA-GNF mat

TGA and DSC analysis are performed on as spun and DA-GNF mats in

order to investigate the effect of cross-linking on the thermal stability of the
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nanofibers. TGA thermograms and its first order derivative curves (DTG) of as
spun and DA-GNF mats from 25 to 500 °C are presented in Figure 3.13 (a). The
TGA plot of pure gelatin in this range normally displays two stages of weight
loss. That is, loss of water, between 25 and 100 °C and gelatin decomposition,
between 250 and 450 °C. DTG thermograms show that as spun mat exhibits
maximum decomposition at 291 °C while it has been shifted to 304 °C in the case
of DA-GNF mat demonstrating an improved thermal stability upon cross-linking.
DSC thermograms of as spun and DA-GNF in the range of -20 to 250 °C are
carried out in order to identify the effect of cross-linking on the thermal
transitions of gelatin nanofibers. The DSC thermogram of gelatin exhibits two
endothermic peaks corresponding to helix to coil transition in the range of 90 to
110 °C and decomposition of gelatin in the range of 200 to 230 °C. On comparing
the DSC curves of as spun and the cross-linked mats, it is found that the
denaturation temperature of as spun mat is 88 °C which is shifted to 101 °C after
cross-linking (Figure 3.13 (b)). This observation confirms that the DA-GNF has
higher thermal stability than the as spun fibers. Zhang et al (2006) have reported
similar thermal behaviour for glutaraldenyde cross-linked gelatin nanofibers
(Zhang et al., 2006).

The mechanical properties of as spun and DA-GNF mats are examined.
The stress-strain behaviour of as spun and DA-GNF mats is shown in Figure 3.14.
Based on the stress-strain measurements of these membranes, tensile strength and
Young’s modulus are summarized in Table 3.5. The results indicate that the cross-
linking treatment significantly improves the mechanical performance of gelatin
nanofibers. After cross-linking, both the tensile strength and modulus are
enhanced about three times than those of the as spun gelatin nanofibers. The
results suggest that remarkable improvement in the mechanical behaviour is
achieved by treatment with DA. Covalent bonds formed along the gelatin
nanofibers by the Schiff’s base reaction with DA are responsible for this

tremendous improvement.
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Figure 3.13: (a) TGA and DTG thermograms and (b) DSC thermograms of as spun and
DA-GNF (5 days cross-linked) mats
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Figure 3.14: Stress-strain behaviour of as spun and DA-GNF mats

Table 3.5: Mechanical properties of as spun and DA-GNF (5-days cross-linked) mats

Mechanical Properties As spun DA-GNF
Stress at break (MPa) 8.29 £ 0.53 30 + 3.47
Young’s Modulus (MPa) 394 + 96 904 + 68

Nanofibrous gelatin mats of tensile moduli 20-100 MPa have been
investigated for hard and soft tissue engineering applications (Panzavolta et al.,
2011; Zhang et al., 2006). Mechanical properties as well as degradation behaviour
of the nanofibrous mats can be tuned by the type of the cross-linking agent and
cross-linking time. The properties can also be tailored by incorporating various
synthetic polymers such as poly(L-Lactide) (An et al., 2010), poly(caprolactum)
(Zhang et al., 2004), polyaniline (Li et al., 2006b), etc. = Controlling the
mechanical properties and degradation behaviour of the nanofibers will help to

optimize the scaffolds for regeneration of a specific tissue type.

3.2.4 Biological studies

3.2.4.1 In vitro cytotoxicity and proliferation assay using L-929 cells

Cytotoxicity test methods help in screening the materials that are

intended to be used in medical devices. In vitro cytotoxicity tests with mammalian
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cells serve as the first step in evaluating biocompatibility of a biomaterial. In
vitro direct contact cytotoxicity test using L-929 fibroblast cells with DA cross-
linked gelatin mats show non cytotoxic reactivity to fibroblast cells after 24 h
contact. The cells around DA-GNF mat maintain the characteristic spindle
morphology without causing any toxic responses like cell detachment, lysis, etc.
(Figure 3.15). The negative control (HDPE) shows non-cytotoxicity and positive
control (PVC) shows severe cytotoxicity to L-929 cells. Comparison with

negative and positive controls confirms the non-cytotoxicity of DA-GNF mat.

Figure 3.15: Light microscopic images of L929 cells on (a) HDPE control, (b) DA-GNF
mat and (c) PVC disc after 24 h contact

Cytotoxicity of DA-GNF and GT-GNF mats is quantitatively assessed by
MTT assay in terms of cell metabolic activity using the extract of the material for
3 and 5 days. DA-GNF mat shows metabolic activity of 82 % on the first day and
114 % on the third day with respect to the cell control. This clearly demonstrates
that DA cross-linked gelatin nanofiber mat is non cytotoxic and the viability
increases during 3 to 5 days of contact with the extract. Extract of GT-GNF mat
shows severe toxicity on the third day itself and it prevents further cell

proliferation during 3 to 5 days of contact with the extract (Figure 3.16).
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Figure 3.16: MTT assay of L-929 cells in contact with the extracts of DA-GNF and GT-
GNF mats (* p < 0.05)

Proliferation of L-929 cells on DA-GNF mat is studied in vitro by MTT
assay. For a comparison, cell proliferation assay on GT-GNF mat also is
performed. Figure 3.17 indicates the activity of L-929 fibroblast cells on DA-GNF
and GT-GNF mats for 3 and 5 days in terms of the absorbance. The absorbance
values increase during 3 to 5 days confirming better cellular viability and
proliferation on DA-GNF mat compared to GT-GNF mat. In the case of latter, the
absorbance value has come down on the 5™ day indicating toxic response of GT
on the cells. Statistical analysis of the absorbance values for 3 and 5 days for the
DA-GNF mat shows that there is statistically significant difference between the

two time points (p < 0.05).
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Figure 3.17: MTT assay of L-929 cultured on the surface of DA-GNF and GT-GNF mats
(* p<0.05)

3.2.4.2 Adhesion of L-929 cells

Most of the tissue-derived cells are anchorage dependent that require a
surface to adhere and grow. Hence, cell adhesion on biomaterial is of much
interest as it is the initial event that is followed by many critical processes such as
attaining morphology, spreading, migration and cell function. Cells are allowed
to adhere and grow on DA-GNF mat for 48 h and viability of the cells on the
fibrous mat is ascertained by live-dead staining. Viable cells are observed as green
and nucleus of dead cells are stained red. The fluorescence microscopic image
(Figure 3.18) shows that, the cells are viable on DA-GNF mat.

_Live Dead

Figure 3.18: Fluorescence microscopic images of live and dead cells on DA-GNF mat
obtained by FDA-PI staining
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One of the key requirements in tissue engineering is ensuring robust
adhesion between cell and biomaterial (Metcalfe and Ferguson, 2007). Spreading
of cells on the nanofiber mat is analyzed by observing the morphology of the
adhered cells by fluorescence microscopy. The actin cytoskeleton structure of the
fixed cells is stained by phalloidin (red) and the nuclei are stained by Hoechst
33258 (blue) stains. Cells cultured on the nanofiber mat show spread fibroblast
morphology with well defined actin and nuclei. The results indicate good cell
adhesion and spreading on DA-GNF mat similar to the cells on the control cover
glass (Figure. 3.19).

Actin Nuclei Merge

“(b)

Figure 3.19: Actin cytoskeleton and nucleus staining of L-929 cells using phalloidin (red)
and Hoechst 33258 (blue) on (a) DA-GNF mat and (b) cover glass

3.2.4.3 Proliferation of osteoblast (MG-63) cells

Proliferation and growth of MG-63 osteoblast-like cells when cultured on
DA-GNF and GT-GNF mats are evaluated for 3 and 5 days (Figure 3.20). There is
a statistically significant difference between the absorbance values of 3 and 5 days
for DA-GNF. This indicates proliferation of osteoblast cells on DA-GNF mat.
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Whereas GT-GNF retards the cell proliferation during 3 to 5 days of culture due
to the toxic response of GT towards the cells. This again substantiates the
cytocompatibility of DA-GNF mats.
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Figure 3.20: MTT assay of MG-63 osteoblast cells cultured on the surface DA-GNF and
GT-GNF mats (* p <0.05)

3.3 Conclusion

Gelatin nanofibers are fabricated using a solvent mixture of water and
acetic acid keeping the acetic acid concentration as minimum as possible (20 %
v/v). The presence of acetic acid prevents the gelation of gelatin by disrupting the
hydrogen bonding interactions. The electrospun nanofibers can be effectively
cross-linked with DA. The cross-linked nanofibers maintain the fibrous
morphology after keeping in contact with water and exhibit a significant
improvement in the mechanical behaviour. Preliminary in vitro cytotoxicity study
of the nanofibers reveals that DA cross-linked gelatin mat is non-cytotoxic
towards L-929 cells with good cell adhesion, viability and proliferation. The
biocompatibility of the cross-linked mat is evaluated also using MG-63 cells.
Nanofibers cross-linked with DA possess gradual degradation behaviour under
physiological conditions and have great potential as scaffolds for tissue
engineering. Fabrication of gelatin nanofibers by minimizing or avoiding the

toxicity issues from solvent and cross-linking agents will greatly enhance the
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scope of these materials in a variety of applications such as tissue engineering,
drug delivery and wound dressing. The novel cross-linking method explored in
this study provides directions about other easily available and biocompatible

cross-linking agents based on natural materials.
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CHAPTER 4

CROSS-LINKING OF ELECTROSPUN GELATIN
NANOFIBERS WITH OXIDIZED SUCROSE

4.1 Introduction

In order to make use of electrospun gelatin nanofibers for biomedical
applications, it is desirable to use a cross-linking agent that is not only suitable for
cross-linking of gelatin nanofibers, but also of low toxicity to achieve a stable and
biocompatible product. However, most of these reagents are reported to induce
cytotoxicity when released into the body due to degradation or left unreacted in
the nanostructures (Hao et al., 2011; Sisson et al., 2009; Sokolsky-Papkov et al.,
2006; Wu et al., 2011). For eliminating the problems associated with toxicity,
recent researches attempt to use non-toxic cross-linking agents. Gelatin and other
collagenous materials are cross-linked by periodate oxidized products of dextran
(Draye et al., 1998), alginic acid (Hu et al., 2014b), hyaluronic acid (Nair et al.,
2011), pectin (Gupta et al., 2014a), sucrose (Cortesi et al., 1998), etc.

The previous chapter dealt with cross-linking of gelatin nanofibers with
periodate oxidized dextran in ethanolic medium. Dextran aldehyde is only
sparingly soluble in ethanol and hence high degree of cross-linking cannot be
achieved. Hence, attempt is made to use a disaccharide as the cross-linking agent
for gelatin nanofibers. The disaccharide, namely sucrose is oxidized by sodium
metaperiodate (NalO,) to sucrose aldehyde (SA) and is used as the cross-linking
agent. Since SA is readily soluble in ethanol, it is hypothesized that cross-linking
with SA would result in higher extent of cross-linking. Sucrose is cost-effective,
commercially available in large scale and is potentially biocompatible. SA is
reported to be effective in cross-linking of gelatin and chitosan microspheres
(Cortesi et al., 1998) and hydrogels (Pourjavadi et al., 2008). However, this
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method has not been utilized for the cross-linking of gelatin and other protein
based nanofibers.

The present chapter outlines cross-linking of gelatin nanofibers using
sucrose aldehyde (SA) and evaluation of the effect of sucrose cross-linking on the
physico-chemical and biological properties of the cross-linked mats. Cross-linking
is performed by dipping the gelatin nanofibrous mats in ethanolic medium of SA.
The cross-linked nanofibers maintain the fibrous morphology even after immersed
in water. The present chapter also discusses the likelihood of applying these cross-
linked nanofibers in biomedical applications in terms of cytotoxicity, cell
adhesion and proliferation using mouse fibroblast cells (L-929) and human
osteoblast-like cells (MG-63). The results demonstrate that SA is a useful cross-

linking agent for gelatin nanofibers for various biomedical applications.

4.2. Results and Discussion

4.2.1. Periodate oxidation of sucrose

It is preferable and advantageous to use natural and non-toxic materials
as cross-linking agents to prevent the toxic side effects due to bifunctional protein
cross-linkers mentioned above. In the present work, sucrose is oxidized using
sodium metaperiodate in a mole ratio (sucrose: sodium metaperiodate) of 1:2. The
cis-diol groups of the disaccharide moiety are cleaved by periodate oxidation
resulting in di and tetra aldehydes. It is reported that, three equivalence of NalO,4
are required for the complete oxidation, resulting in the formation of tetra
aldehydes (Schoevaart et al., 2005). The formation of sucrose aldehyde (SA) is

schematically shown in Figure 4.1.
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Figure 4.1: Schematic of oxidation of sucrose by sodium metaperiodate

FTIR spectra of sucrose and SA are shown in Figure 4.2. The typical
aldehyde peak observed in the IR spectrum of SA at 1718 cm™ shows the

presence aldehyde group formed as the result of oxidation.
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Figure 4.2: FTIR spectra of sucrose and SA

Degree of oxidation and aldehyde content are measured using
hydroxylamine hydrochloride test. From the amount of HCI released, the aldehyde
content and there by the degree of oxidation is estimated. It is found that almost
45 % of the cis-diol groups have undergone oxidation. The degree of oxidation

and aldehyde content are summarized in Table 4.1.
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Table 4.1: Properties of SA (Mean = standard deviations are reported)

Properties SA
Degree of oxidation (%) 445+25
Aldehyde content (mol/g) 5.5+0.32x 107

4.2.2. Cross-linking and characterization of gelatin nanofibers

Sucrose aldehyde (SA) is soluble in pure ethanol as well as in aqueous
medium. In the case of gelatin nanofibers, aqueous medium for cross-linking
needs to be avoided in order to preserve the fibrous morphology. Cross-linking of
gelatin nanofibers with genipin, carbodiimide, etc., is achieved in ethanol by
immersing the mats in the medium for 5-7 days. Hence in this study, ethanol is
selected as the medium for cross-linking. Cross-linking is performed in two
methods, by dipping the nanofibrous mats in a medium of SA dissolved (i) in pure
ethanol and (ii) in ethanol containing minute amount of aqueous borax (300 pnl,
0.02 M borax in 10 ml of ethanol). The resulting SA cross-linked gelatin
nanofibers are indicated by the notations SA-GNF-PE and SA-GNF-BE for mats
cross-linked from pure ethanol and borax/ethanol medium, respectively.
Concentration of SA in the cross-linking medium is optimized based on the
degree of cross-linking of SA-GNF-BE mats by TNBS assay (Table 4.2). Degree
of cross-linking increases with increase in concentration of the cross-linking agent
in the medium. Cross-linking with SA solution of 0.1 % (w/v), results in lower
degree of cross-linking compared to that obtained by 0.5 % (w/v) solution which
in turn is lower than that for 1 % (w/v) solution. However, the degree of cross-
linking achieved with 1 % and 2 % (w/v) solutions did not show significant
difference. The mats become intense brown in colour due to the formation of
more aldimine linkages (Figure 4.3) as the concentration of SA increases. FTIR
spectrum of the mat cross-linked in 2 % (w/v) solution shows characteristic
stretching bands of aldehyde groups due to the presence of residual aldehyde
which is absent in the mat cross-linked in 1 % (w/v) solution (Figure 4.4). Hence,

1 % (w/v) solution of SA is selected as the cross-linking medium for further
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studies. Cross-linking is carried out by dipping the mats in the cross-linking
medium for time periods of 1, 3 and 5 days.

Table 4.2: Degree of cross-linking of SA-GNF-BE mats cross-linked in solutions of
different concentrations of SA

SA-GNF-BE mats cross-linked in Degree of cross-linking (%)
0.1 % (wi/v) of SA 41+8
0.5 % (w/v) of SA 67 +3
1 % (w/v) of SA 76 + 4
2 % (w/v) of SA 77+3

Figure 4.3: Photograph of the mats cross-linked with various concentrations of SA

—— (1) SA-GNF-BE from 1 % (w/v) SA
100- —— (2) SA-GNF-BE from 2 % (w/v) SA
9
Py 4
g 90 * 1735
2850
£
£
2 804 (@)
- (1)
704

4000 3500 3000 1500 1000 500
Wavenumber (cm™)

Figure 4.4: FTIR spectra of the cross-linked mats with various concentrations of SA
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Figure 4.5 (a) shows the stability of as spun and cross-linked mats in
water, revealing the effect of cross-linking. It can be seen that the as spun mat gets
completely dissolved in water medium within 1 h, while the cross-linked mat
remains intact. Figure 4.5 (b) represents the schematic of cross-linking of gelatin
nanofibers with SA. The primary amino groups of lysine and hydroxylysine from
gelatin undergo cross-linking reaction with aldehyde groups of SA through the

formation of Schiff’s base. Thus, SA is an effective cross-linker for protein based

nanofibers.

(a) As spun mat

SA-GNF-BE mat

Figure 4.5: (a) Photograph of as spun and SA-GNF-BE (5-days cross-linked) mats in
water medium, (b) Schematic representation of cross-linking process of SA with gelatin

Table 4.3 shows the variation of degree of cross-linking of SA-GNF-PE
and SA-GNF-BE mats with duration of cross-linking obtained by TNBS assay.
The degree of cross-linking is found to be higher for mats cross-linked in presence
of aqueous borax (SA-GNF-BE) as compared to the mats cross-linked in pure
ethanol (SA-GNF-PE). Degree of cross-linking increases as the cross-linking time
varies from 1 to 5 days. This result shows that SA-GNF-BE mat cross-linked for 5
days exhibits the highest degree of cross-linking among the samples. The higher
degree of cross-linking exhibited by SA-GNF-BE demonstrates the effect of
aqueous borax on the Schiff’s base formation between aldehyde groups of SA and
amino groups of gelatin. This can be explained on the basis of the alkaline pH of
the cross-linking medium (pH 10) due to the presence of borax and the
complexing ability with hydroxyl groups of SA. The effect of borax on the cross-
linking efficiency has already been reported by Balakrishnan et al for the cross-

linking of gelatin and alginate dialdehyde (Balakrishnan and Jayakrishnan, 2005).
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Alkaline pH has an important role in determining the degree of cross-linking
between amino groups of gelatin and aldehyde groups of the cross-linking agent.
pH higher than the isoelectric point of gelatin is found to favour the Schiff’s base
formation (Balakrishnan and Jayakrishnan, 2005; Balakrishnan et al., 2013; Farris
et al., 2009; Migneault et al., 2004). The small amount of water also makes
possible, a better interaction between the aldehyde and amino groups. The effect
of aqueous borax on cross-linking can be further validated and explained in terms
of the swelling behaviour of SA-GNF-PE and SA-GNF-BE mats.

Table 4.3: Degree of cross-linking of SA-GNF-PE and SA-GNF-BE mats with change in
duration of cross-linking

Duration of cross-linking Cross-linking degree (%)
SA-GNF-PE SA-GNF-BE
1 day 37+5 53+ 4
3 days 47 +5 71+3
5 days 56 +6 76+4

The swelling behaviour of as spun and cross-linked electrospun mats is
studied in PBS and the results demonstrate the effect of cross-linking on the
swelling properties. From Figure 4.6 (a), it is clear that the cross-linked mats
exhibit significantly lower swelling ratio as compared to as spun gelatin mat.
Swelling ratio of the cross-linked mats decreases as duration of cross-linking
increases from 1 to 5 days. Figure 4.6 (b) indicates the variation of swelling ratios
of SA-GNF-PE and SA-GNF-BE for different periods of cross-linking. In
accordance with cross-linking degree, the swelling ratio of SA-GNF-BE is found
to be lower than that of SA-GNF-PE. Since, 5 days cross-linked SA-GNF-BE
mats are showing better cross-linking degree and lower swelling ratio, further
characterizations and biological studies are performed with 5 days cross-linked
SA-GNF-BE mats.
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Figure 4.6: (a) Swelling ratios of SA-GNF-PE (1, 3 and 5) and SA-GNF-BE (2, 4 and 6)
cross-linked for 1, 3 and 5 days, respectively (b) Swelling ratio of as spun and SA-GNF-

The degradation profile of SA-GNF-BE mat in physiological pH is shown
in Figure 4.7. The cross-linked mats as expected, exhibit a gradual degradation
pattern up to six weeks. This clearly reveals that, SA is an effective cross-linker
for gelatin nanofibers. The hydrolytic susceptibility of the Schiff’s base formed as
a result of cross-linking causes the degradation of the cross-linked mat in the
absence of enzymes. Also, since gelatin is partially amorphous in nature,
degradation preferentially happens in the amorphous region by hydrolytic process.

Enzymatic degradation contributes in the later stage of the degradation process
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(Ma and Elisseeff, 2010). In this case, at the end of the sixth week, 45-50 %
weight of the sample remains in the medium as the degradation is performed in

the absence of enzymes.
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Figure 4.7: Degradation behaviour of SA;L\ICI::-BE (5 days cross-linked) mat in PBS at

It is well known that gelatin nanofibers lose its fibrous morphology when
exposed to high degree of moisture. Hence, cross-linking treatment is essential to
enhance their water resistant ability. Figure 4.8 shows the SEM images of SA-
GNF-PE and SA-GNF-BE mats before and after swelling in water. SEM images
reveal that cross-linking has occurred and cross-linked fibers maintain the fibrous
morphology even after keeping in contact with water. Cross-linked mats obtained
by method Il (SA-GNF-BE) maintain a better fibrous morphology (Figure 4.8 (d))
compared to that obtained by method | (SA-GNF-PE) (Figure 4.8 (b)) after
keeping in contact with water. This can be attributed to the more effective cross-

linking achieved in the presence of small amount of aqueous borax.
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Figure 4.8: SEM images of SA-GNF-PE and SA-GNF-BE mats before swelling in water
(aand c) and after swelling in water (b and d)

FTIR spectra of as spun and SA-GNF-BE mats are given in Figure 4.9.
The spectrum of SA-GNF-BE shows a strong peak at 1030 cm™ corresponding to
C-O-C stretching frequency of sucrose moiety. This indicates that the
incorporation of SA into the gelatin nanofiber network. The mechanical properties
of as spun and cross-linked gelatin nanofibrous mats are also examined. The
stress-strain behaviour of as spun and SA-GNF-BE mats is shown in Figure 4.10.
The tensile strength and Young’s modulus based on the stress-strain
measurements are summarized in Table 4.4. The results indicate that the cross-
linking treatment significantly improves the mechanical performance of gelatin
nanofibers. After cross-linking, both the tensile strength and modulus are
enhanced remarkably. Controlling the mechanical properties of the nanofibers will
enable better utility of the biomaterial as scaffold for engineering a specific tissue
type. The mechanical properties of gelatin based nanofibrous mats can be tuned
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further by varying the type of cross-linkers and the extent of cross-linking.
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Figure 4.9: FTIR spectra of as spun and SA-GNF-BE (5 days cross-linked) mats
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4.10: Stress-strain behaviour of as spun and SA-GNF-BE (5-days cross-linked) mats

Table 4.4: Mechanical behaviour of as spun and SA-GNF-BE (5-days cross-linked) mats
(Mean + standard deviations are reported)

Mechanical Properties As spun mat SA-GNF-BE mat
Stress at break (MPa) 8.29 £ 0.53 38 +5.47
Young’s Modulus (MPa) 394 + 96 1387 £ 90
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DSC analysis is performed on as spun and SA-GNF-BE mats in order to
investigate the effect of cross-linking on the thermal behaviour of the nanofibers.
The DSC thermogram (Figure 4.11 (a)) of gelatin exhibits an endothermic peak
corresponding to helix to coil transition in the range of 90 to 110 °C which is
known as denaturation temperature. At this temperature, the triple helical structure
of gelatin melts and dissociates to form randomly coiled structures. On
comparing the DSC curves of as spun and SA-GNF-BE mats, it is clear that the
denaturation temperature of the cross-linked mat has got shifted to higher
temperature (from 88 to 106 °C). This observation confirms that the SA-GNF-BE
mats have higher thermal stability than that of the as spun fibers. Similar
observations of enhanced thermal stability for cross-linked gelatin nanofibers are
available in literature (Zhang et al., 2006). Derivative thermograms of the as spun
and SA-GNF-BE mats are shown in Figure 4.11 (b). It can be seen that, for SA-
GNF-BE mats, the temperature at which the maximum decomposition occurs has
got shifted to a higher temperature (from 292 to 314 °C).
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Figure 4.11: (a) DSC thermograms and (b) DTG thermograms of as spun and SA-GNF-
BE mats

4.2.3 Biological studies

4.2.3.1 In vitro cytotoxicity and proliferation assay using L-929 cells
In vitro cytotoxicity test methods are employed primarily to screen the

materials that are intended to be used in biomedical devices. As far as the

experimental evaluation of biocompatibility is concerned, cytotoxicity tests are
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widely cited as the first step in evaluating biocompatibility of a biomaterial (Sell
et al., 2010). In vitro direct contact test using L-929 fibroblast cells with SA-
GNF-BE mat exhibits non-cytotoxic response to fibroblast cells after 24 h of
contact (Figure 4.12). The cells around the cross-linked mats maintain the
characteristic spindle morphology without causing cell detachment and lysis. The
negative control (HDPE) shows non-cytotoxicity and positive control (PVC)
shows severe cytotoxicity to L-929 cells. Comparison with negative and positive
controls confirms the non-cytotoxicity of SA cross-linked gelatin nanofibrous

mats.

Figure 4.12: Light microscopic images of L-929 cells on (a) high density polyethylene
(negative control), (b) stabilized poly vinyl chloride (positive control) and (¢c) SA-GNF-
BE (5-days cross-linked) mat after 24 h contact

Further, the cell viability of L-929 fibroblast cells in contact with the
extract of the cross-linked mat is assessed quantitatively in terms of the metabolic
activity by colorimetric MTT assay. For a comparison, experiment is performed
with glutaraldehyde cross-linked gelatin nanofibers (GT-GNF) also. Figure 4.13
represents the metabolic activity of L-929 fibroblast cells in contact with extract
of SA-GNF-BE and GT-GNF mats for 1 and 3 days. The SA-GNF-BE mat shows
80 and 111 % metabolic activity for 1 and 3 days, respectively. Analysis of this
result clearly reveals a statistically significant difference in the cellular activity
between 1 and 3 days (p < 0.05). The relative increase in the metabolic activity is
a measure of the increased viability due to proliferation of the cells during the
period. The GT-GNF mat shows 77 and 69 % of metabolic activity for 1 and 3
days, respectively. This observation indicates that GT-GNF mat is not promoting
cell proliferation, may be due to the toxic response of residual GT. Thus, in
comparison to GT-GNF mat, cell proliferation is significantly higher for SA-
GNF-BE mat.
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Figure 4.13: MTT assay of L-929 cells in contact with extracts of SA-GNF-BE (5-days
cross-linked) and GT-GNF mats (* p < 0.05)

Figure 4.14 further shows the

proliferation effects of L-929 cells on the

surface of the cross-linked mats. Similar trend of proliferation is observed in this

case also. Adverse effect of GT on proliferation of the cells can also be found in
literature (Chang et al., 2003; Sisson et al., 2009; Wu et al., 2011; Zhang et al.,

2006).
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Figure 4.14: MTT assay of L-929 cells on the surface of SA-GNF-BE (5-days cross-
linked) and GT-GNF mats (* p < 0.05)
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4.2.3.2 Adhesion of L-929 cells

The adhesion and morphology of the adhered L-929 cells on the surface of
SA-GNF-BE mats are evaluated by actin cytoskeleton staining followed by
fluorescent microscopy. Figure 4.15 shows the actin cytoskeleton and nuclei
structure of L-929 cells cultured on SA-GNF-BE mats and cover glass. The result
reveals that L-929 cells are adhered on the cross-linked mat and show well

distributed actin and nuclei.

Actin Nuclei Merge

“(b)

Figure 4.15: Actin cytoskeleton staining of L-929 cells adhered on (a) SA-GNF-BE (5-
days cross-linked) mat and (b) cover glass

4.2.3.3 Proliferation of osteoblast (MG-63) cells

Proliferation of MG-63 osteoblast cells on SA-GNF-BE and GT-GNF
mats are studied by MTT assay (Figure 4.16). The absorbance values for SA-
GNF-BE mats during 3" and 5™ days show a statistically significant difference,

indicating appreciable growth rate. Cells are well-proliferating on SA-GNF-BE
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mats indicating that SA cross-linked surface is compatible to MG-63 cells. GT-
GNF mat is observed to retard the growth of the cells due to the cytotoxic effects

of the residual GT on the mat.

1.6-. R A4 Day 3
g 1.4- 1 E3Day5
2 1,21
& 1.0- ==
g 0.8; —
c =
8 32- %E
g 041 /%
-] J = -—
o BB ee

SA-GNF-BE GT-GNF

Figure 4.16: MTT assay of MG-63 cells cultured on the surface of SA-GNF-BE (5-days
cross-linked) and GT-GNF mats (* p < 0.05)

4.4. Conclusion

In this chapter, SA is demonstrated as an effective, naturally derived
cross-linker for gelatin nanofibers. The cross-linked nanofibrous mats maintain
the fibrous morphology after keeping in contact with water and exhibit a
significant improvement in the mechanical behaviour. Preliminary in vitro
cytotoxicity study of the nanofibers reveals that SA cross-linked gelatin mat is
non-cytotoxic and promote the proliferation of L-929 and MG-63 cells. The
results presented here illustrate that SA can act as an effective GT analog for

cross-linking gelatin nanofibers.
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CHAPTER 5

FABRICATION AND CHARACTERIZATION OF
CATIONICALLY MODIFIED GELATIN
NANOFIBERS

5.1 Introduction

Apart from the initial objective to develop novel cross-linkers for
electrospun gelatin nanofibers, the present study also deals with the chemical
modification of gelatin followed by electrospinning process to obtain modified
gelatin nanofibers. The main aim of the modification is to improve the
biocompatibility and physico-chemical properties of gelatin based nanofibers by
minimizing the toxicity effects from the solvents and the cross-linking agents. As
mentioned in the previous sections, the fabrication of gelatin nanofibers by
electrospinning requires toxic organic solvents such as TFE (Huang et al., 2004),
HFIP (Matthews et al., 2002), formic acid (Ki et al., 2005), acetic acid
(Panzavolta et al., 2011) and others. These solvents if left in the nanostructures

can be toxic to the living tissues (Angarano et al., 2013).

Gelatin is composed of 18 different amino acids with both positive and
negative charges, which are distributed non-uniformly. Gelatin has an inherent
cationic property due to the basic amino acid residues such as lysine and arginine
(GOomez-Guillén et al., 2011). Gelatin is derived from collagen, which is obtained
by acidic or basic treatment, resulting in gelatin type A with an isoelectric point of
7-9.5 and gelatin type B with an isoelectric point of 4.5-5.3 (Samal et al., 2012;
Zhou et al., 2012) respectively. The alkaline process hydrolyses the amide groups
of asparagine and glutamine into carboxyl groups, resulting in gelatin with a
higher density of carboxyl groups, making it negatively charged at neutral pH and

lowering its isoelectric point. In contrast, an acidic pre-treatment does not
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significantly affect the amide groups (Gorgieva and Kokol, 2011). Gelatin shows
cationic behaviour at pH values below its isoelectric point via protonation of
amino groups. The cationic density is higher for gelatin type A and lower for
gelatin type B. Gelatin can be cationized by introducing amino groups onto the
gelatin backbone, usually realized by carbodiimide chemistry. Cationic gelatin is
obtained by coupling ethylenediamine or spermine through a carbodiimide
mediated reaction (Morimoto et al.,, 2008). Gelatin is usually cationically
modified to facilitate the interactions with biomolecules of anionic nature
(Morimoto et al., 2008; Wang et al., 2001). Anchorage of excess amino groups on
gelatin surface provides a suitable way to enhance the cell affinity of biomaterials.
Several reports on cationized gelatin (CG) matrices for drug and gene delivery are
available (Fujii et al., 2011; Santoro et al., 2014). A few reports are also found on
the tissue regeneration using cationic gelatin as a coating over synthetic polymers
(Chen and Su, 2011; Shen et al., 2007). Core-shell nanofibers are fabricated using
polycaprolactum (PCL) as core and CG as shell material using trifluoroethanol
(TFE) as solvent. Cationized gelatin as shell material can provide a biocompatible
surface. This allows the immobilization of negatively charged bioactive
molecules, which facilitates the cell adhesion and proliferation (Lu et al., 2009d).
It is envisioned that pure CG nanofibers can act as a better biocompatible material
for tissue regeneration. CG is found to be highly soluble in water without forming
gel at room temperature. Hence, in the present work, water is selected as the
solvent for CG nanofiber production. It replaces all other toxic solvents such as
TFE, HFIP, formic acid and acetic acid, which are being conventionally

employed.

The present chapter explores the electrospinnig of CG nanofibers using
water as the solvent. This method will greatly assist the efforts of the researchers
to reduce the toxicity due to the presence of solvents in the case of protein
nanofibers. Also, the cationic surface of the nanofibers would enable better
interaction with the anionic cell surface, which in turn promotes greater cell
attachment and proliferation (Chen and Su, 2011). Since CG is highly hydrophilic

in nature, cross-linking treatment is necessary to improve the water resistance of
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nanofibers for tissue regeneration applicability. The external cross-linkers are
reported to be a common source of toxicity in a biodegradable material. The
biocompatibility and non-toxicity of dextran aldehyde (DA) and sucrose aldehyde
(SA) cross-linked gelatin nanofibers are already established as discussed in the
previous chapters. Hence, the fabricated CG nanofibers are cross-linked using DA
and SA to avoid toxicity issues. The results indicate that, this greener way of

nanofiber fabrication is a promising approach for tissue regeneration applications.

5.2 Results and Discussion
5.2.1 Characterization of CG

Gelatin can be cationically modified to augment interactions with
biomolecules and cell membranes, which are anionic in nature. It is reported that
the surface of poly-L-glycolic acid (PLGA) and poly-L-lactic acid (PLLA) films
and sponges when modified with CG show enhanced cell attachment and growth
of mouse NIH 3T3 fibroblasts cells and articular chondrocytes cells, respectively,
in comparison with gelatin (Chen and Su, 2011; Shen et al., 2007). The large
number of positive charges on the surface of CG would enable a better interaction
with the negatively charged cell surface. This can provide an excellent cellular
adhesion and proliferation. In the present work, novel gelatin based nanofibers are
fabricated from cationically modified gelatin. The purpose of the study is not only
to minimize the toxicity effects from solvents and cross-linking agents, but also to
improve the cell attachment and growth on the nanofibrous substrate. Cationic
modification of gelatin is accomplished by introducing amino groups onto the
gelatin backbone through carbodiimide mediated reaction. This reaction
establishes amide bonds between carboxylic groups of gelatin and amino groups

of ethylenediamine as shown in Figure 5.1.
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Figure 5.1: Schematic for CG formation and nanofiber fabrication from aqueous solution

FT-IR spectra of gelatin and CG are shown in Figure 5.2. The spectrum of
gelatin contains a broad band at 3280 cm™ due to—OH and —NH stretching. Bands
at 1627 and 1534 are assigned to amide | and amide 11 bonds, respectively. Other
than the peaks from gelatin, the IR spectrum of CG shows an additional peak at
2925 cm™ associated with the C-H stretching from ethylenediamine groups.
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Figure 5.2: FTIR spectra of gelatin and CG
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Thermal analysis of gelatin and CG is carried out in order to know the
effect of cationization on thermal behaviour of gelatin. TGA thermograms of
gelatin and CG are shown in Figure 5.3 (a). CG shows similar thermal
degradation pattern as that of gelatin, but with higher char residue. In the TGA
thermogram, it can be seen that as a result of incorporation of large number of
ethylenediamine groups, there is an increase in the carbon yield for CG (29 %)
compared to gelatin (23 %) at 500 °C. The DSC thermogram (Figure 5.3 (b))
shows endotherm corresponding to the denaturation temperature of gelatin. The
DSC thermogram exhibits lower denaturation temperature for CG than gelatin.
During the preparation process of CG, the rupture of triple helix of gelatin takes
place, which lowers the thermal stability of CG and hence the endotherm is

shifted to a lower temperature compared to gelatin (from 97 to 84 °C).
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Figure 5.3: (a) TGA and (b) DSC thermograms of gelatin and CG

The excess amino groups introduced on gelatin as a result of cationization
are determined by TNBS assay. The number of amino groups in gelatin and CG
are 2.2 x 10™*and 4.75 x 10 mol/g, respectively. The molar ratio of amino groups
on CG to that on gelatin is found to be 2.16, close to the value reported in
literature (Chen and Su, 2011). The zeta potential of CG is determined to find out
the surface positive charge. An increase or reduction in zeta potential value is a
measure of the presence of charges on the dissociated surface functional groups.
In case of gelatin, the negatively charged groups such as carboxylic acid cause

decrease of zeta, whereas the positively charged groups such as amino groups
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enhance the zeta potential value. In comparison with gelatin (-2.1 mV), CG
exhibits a more positive zeta potential value of +2.9 mV and confirms the

formation of CG.

In order to understand the structural property and surface composition of
CG, XRD and XPS analyses are carried out. Gelatin shows a wide crystalline
XRD peak at 20 = 20.9° due to the triple-helical crystalline structure of collagen
renatured in gelatin. This peak is absent in the pattern of CG (Figure 5.4 (a))
indicating the amorphous nature of CG. It is seen from the XRD pattern that, the
wide crystalline peak at 20 = 20.9° observed in the pattern of gelatin is absent in
the case of CG, indicating the destruction of the triple helical structure as a result
of cationization. This may be due to the reduced extent of hydrogen bonding in
the CG as a result of protonation of primary amino groups. XPS survey scan
spectra of gelatin and CG are shown in Figure 5.4 (b). The results clearly reveal
that, the N1s peak intensity increases as a result of cationization, which also
supports the other observations. From the high resolution C1s, N1s and Ols
spectra, the relative atomic percentages are calculated and are summarized in
Table 5.1. From the elemental composition of gelatin and CG obtained from XPS
spectra, it is clear that the N1s peak intensity increases as a consequence of
cationization. These data also well-support the presence of large number of amino
groups on the surface of CG.
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Figure 5.4: (a) XRD patterns and (b) XPS survey scan spectra of gelatin and CG
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Table 5.1: Elemental composition of gelatin and CG from high resolution XPS spectra

Element CG Gelatin
C (%) 60.5 67
N (%) 18.5 115
O (%) 21 21.5

The rheological behaviour of gelatin and CG in aqueous solution is
examined. Figure 5.5 (b) shows the viscosity values of gelatin and CG solutions
(20 % w/v) at 25 and 37 °C. The values are recorded at a shear rate of 100 s™. The
rheological behaviour of agqueous solution of gelatin and CG shows that, after
cationization, the viscosity is reduced drastically (Figure 5.5 (a) and Figure 5.5
(b)). This is mainly due to the rupture of the triple helical structure of gelatin
leading to the reduction in the extent of hydrogen bonding interactions. The
higher viscosity value of aqueous gelatin at 25 °C is due to the gelation, as a result
of the formation of inter and intramolecular hydrogen bonding among gelatin
molecules. When temperature increases to 37 °C, hydrogen bonding breaks and
viscosity is drastically reduced. On the other hand, CG shows very low viscosity
at 25 °C, compared to gelatin. This is due to the destruction of triple helical
structure and loss of hydrogen bonding as a result of cationization. The amino
groups are protonated and hence they are not available for hydrogen bonding.
Even at 37 °C, there is not much variation in the viscosity of CG solution
compared to that at 25 °C. These data obviously provide the evidence for the

formation of CG and its solubility in water without undergoing gelation.
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Figure 5.5: Variation of viscosity with (a) shear rate and (b) temperature for agqueous
solutions of 20 % w/v gelatin and CG

5.2.2 Electrospinning of CG

For circumventing the limitations associated with solvents for
electrospinning, gelatin is modified by cationization. CG prepared in the present
work shows excellent water solubility without forming gel as is the case with
gelatin. This characteristic is clear from Figure 5.6, which shows the photographs
of 20 % aqueous solutions of gelatin and CG taken in sample vials at room

temperature. This can aid processing of the material for different applications.
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This observation throws light towards a green fabrication strategy for CG

nanofibers by electrospinning using water as the solvent.

Figure 5.6: (a) Gelatin (20 % w/v) in water and (b) CG (20 % w/v) in water at room
temperature

Electrospinning of CG is performed by varying the solution and spinning
parameters in a trial and error method. The concentrations of CG are varied from
30 to 50 % (w/v). Fibers start forming when CG concentration is 45 % (w/v) and
beadless smooth fibers are collected when CG concentration is 50 % (w/v) in
water with flow rate of 0.2 ml/h, potential of 25-30 kV and working distance of 15
cm. The nanofibers collected are dried under vacuum and analysed for
morphology. SEM image of the CG nanofibers fabricated from pure water at
room temperature is shown in Figure 5.7 (a). The fiber diameter distribution is
obtained by measuring the width of 200 individual nanofibers from the SEM
image (Figure 5.7 (b)). The fiber diameter is found to be 130 £+ 40 nm.

50-(b) ‘§

40- §§§\
2 om0
]

10 = §\§\§

0= HLIMEMMINN

= 7~ _ s Diameter (nm)

Figure 5.7: (a) SEM image and (b) diameter histogram of CG nanofibers prepared from
50 % (w/v) solution of CG in water
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5.2.3 Cross-linking and characterizations of CG nanofibers

CG nanofibers are cross-linked using dextran aldehyde (DA) and sucrose
aldehyde (SA). Cross-linking is carried out by dipping the CG nanofibrous mats
in ethanol solution of DA and SA for 7 days. The resulting nanofibers are
represented as DA-CG and SA-CG respectively, for cross-linking with DA and
SA. The large number of amino groups introduced on gelatin as a result of
cationization enable effective cross-linking between amino groups on CG and
aldehyde groups on the cross-linking agent by Schiff’s base formation. Cross-
linking is confirmed by observing the SEM images of cross-linked and swelled
mats (Figure 5.8 (a-d)). SEM images reveal that, cross-linking and subsequent
swelling process cause the fibers to lose its discreteness with increase in fiber
diameter. However, compared to as spun CG mats, cross-linked mats maintain the
fibrous morphology even after dipped in water. The mats are found to be stable in
water up to one week without affecting its structural integrity. Thus DA and SA
are effective cross-linking agents for CG nanofibers. Cross-linking ability of DA
and SA for gelatin nanofibers is already established and discussed in the previous

chapters.
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Figure 5.8: SEM images of (a) DA-CG mats, (b) DA-CG swelled mats, (¢) SA-CG mats
and (d) SA-CG swelled mats (swelling is done by dipping the mats in water for 24 h)

Cross-linking can be further explained from FTIR spectra and
thermograms of the cross-linked mats. FTIR spectra of DA-CG and SA-CG mats
show peaks at 1016 cm™ due to the C-O-C stretching frequencies of dextran and
sucrose moieties, which is absent in the spectra of as spun CG mat (Figure 5.9).
DSC thermograms of as spun and cross-linked CG nanofibers are shown in Figure
5.10. DSC thermogram of as spun CG nanofibers shows endothermic peak at 84
°C. The cross-linked nanofiber mats show the endothermic peaks at higher
temperature regions (DA-CG; 98 °C, SA-CG; 99 °C) due to the newly introduced
covalent bonds as a result of cross-linking. These results reveal improved thermal
stability of DA-CG and SA-CG nanofibrous mats.

— (a) CG— (b) DA-CG
—(c) SACG

S ‘°’\/,/

8 v

o

8 \//

2 @

E M

(/1]

c

o

ol 1016 cm*
4000 3000 1600 1200 800

Wavenumber (cm™)

Figure 5.9: FTIR spectra of (1) CG mat, (2) DA-CG and (3) SA-CG mats
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Figure 5.10: DSC thermograms of CG, DA-CG and SA-CG mats

Swelling ability of the nanofibrous scaffold helps in maintaining the shape
of the scaffold and supports the growth of the cells. Here, as spun CG nanofibers
dissolve in water while the cross-linked mats show a stable swelling behaviour.
The results of swelling experiment (Figure 5.11) show that DA cross-linked mats
exhibit a lower swelling ratio which is direct evidence of better cross-linking
efficiency of DA compared to SA. Higher degree of cross-linking is due to the
macromolecular chain entanglement in DA molecule which causes a better
interaction among the chains of DA and gelatin. Also, the presence of small
amount of borax in DA solution facilitates the cross-linking. Alkaline pH has an
important role in determining the degree of cross-linking between amino groups
of gelatin and aldehyde groups of the cross-linking agent. A pH higher than the
isoelectric point of gelatin is found to favour the Schiff’s base formation. The
presence of small amount of water also favours better interaction between CG
nanofibers and the cross-linking agent. Sucrose aldehyde also is reported to be an
effective cross-linker for proteins, but in this case, SA is dissolved in pure ethanol
and thus the interaction between the reactants is less effective. These results
further validate the degree of cross-linking obtained from TNBS assay. Table 5.2
shows the degree of cross-linking of CG mats. From the table, it is clear that DA-
CG exhibits higher cross-linking degree compared to SA-CG.
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Figure 5.11: Swelling behaviour of DA-CG and SA-CG mats under physiological
conditions

Table 5.2: Cross-linking degrees of cross-linked CG mats

Cross-linking agent Degree of cross-linking (%0)
Dextran aldehyde (DA) 76 + 3
Sucrose aldehyde (SA) 60 + 4

In vitro degradation behaviour of the cross-linked CG nanofibers as a
function of degradation time is presented in Figure 5.12. The rate of weight loss is
less in the case of DA-CG in comparison with SA-CG indicating that degradation
pattern is affected by the cross-linking degree and the nature of the cross-linker.
Cross-linked mats are stable up to one week and there after the mats undergo
gradual degradation indicated by the decrease in weights with time. The higher
degree of cross-linking in the case of DA-CG results in more resistance to
degradation in PBS medium at 37 °C as compared to SA-CG. Similar reports are
available in literature explaining the effect of cross-linking degree on the
degradation behaviour of the proteins (Vaz et al., 2003). The presence of covalent
bonds formed as a result of cross-linking provides strength for the sample for a
longer period during degradation. In the case of cross-linked mats with higher
cross-linking degree, more chains have to be cleaved in order to dissolve a

fragment in the medium (Damink et al., 1996).
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Figure 5.12: Degradation of DA-CG and SA-CG mats under physiological pH at 37 °C

5.2.4 Biological studies
5.2.4.1 Adhesion and proliferation of L-929 fibroblast cells on cross-linked

mats

Cross-linked CG nanofibers are evaluated for adhesion of L-929 fibroblast
cells. The morphology of fibroblast cells adhered on the DA-CG and SA-CG mats
in comparison with control cover glass after 48 h of contact is shown in Figure
5.13. The results exhibit the suitability of both DA and SA as cross-linking agents
for CG nanofibers. Fluorescent microscopic images of L-929 cells cultured on the
cross-linked mats reveal that considerable amount of cells are grown on the DA-
CG and SA-CG mats with well-distributed actin filament and nuclei. This cell
attachment study clearly shows the efficiency of CG nanofibers cross-linked with

the natural cross-linkers to promote cell adhesion.

L-929 cells are allowed to grow in the medium of the extract of the test
materials, namely DA-CG and SA-CG. For comparison of the results, a control
material, namely, glutaraldehyde cross-linked CG mats (GT-CG) is also used.
GT-CG is prepared by exposing CG mats to glutaraldehyde vapours for 72 h as
mentioned in the previous chapters for gelatin mats. On comparing the results,
cells in DA-CG and SA-CG extracts show increase in the percentage cellular

activities during 1 to 3 days which in turn relates to the cellular growth and
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proliferation. On the other hand, cells in contact with the extract of GT-CG show
retarded growth of L-929 cells, which can be due to the internal toxicity effects of
the residual glutaraldehyde (Figure 5.14).

Actin Nuclei Merge
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Figure 5.13: Fluorescent microscopic images of L-929 cells adhered on (a) DA-CG, (b)
SA-CG mat and (c) control cover glass after 48 h culture

5.2.4.2 Adhesion and proliferation of MG-63 osteoblast cells
Cell adhesion, spreading and actin development of MG-63 cells cultured
on CG nanofibrous mats are studied by confocal microscopy. The images taken

on the fifth day of culture are shown in Figure 5.15. The cells grow abundantly on
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DA-CG and SA-CG mats with well distributed actin filaments and prominent
nuclei. The nanofibrous architecture of CG mat encourages the cell attachment
due to the properties of nanofibers such as large surface area and improved
surface functionality. This provides enhanced cell growth and better cell-material
interactions. Moreover, the positive charges on the surface of CG nanofibers
facilitate cell adhesion of different cells due to the interaction with negatively

charged cell membranes.

For assessing the cell proliferation of MG-63 osteoblast cells on the cross-
linked CG nanofibers, Alamar blue assay is carried out. Equal numbers of cells
are seeded on the cross-linked CG mats. It is observed that cells grow normally on
the mats for a period of 7 days. Till 5" day, there is not much growth rate
observed for the samples. This time can be considered as the adaptation period for
the cells to the new environment. A good growth rate can be observed for DA-CG
and SA-CG compared to GT-CG from 5 to 7 days (Figure 5.16). The data at day
3, 5 and 7 are significantly different than the first day of cell seeding, which
signifies ample cell growth on the day points.
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Figure 5.14: MTT assay of the L-929 cells in the extracts of DA-CG, SA-CG and GT-CG
mats (* p < 0.05)
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Figure 5.15: The confocal laser micrographs of human osteoblast cells (MG-63) on the

cross-linked CG nanofibers stained with Rhodamine—phalloidin for actin filaments (red)

and Hoechst 33342 for nuclei (green). The cells are cultured on (a) DA-CG and (b) SA-
CG mats
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Figure 5.16: The cell proliferation (MG-63) on DA-CG and SA-CG mats. Initial cell
seeding density is 2000 cells/scaffold. Data represented as the mean + standard error (***
p <0.001)

115



5.3 Conclusion

In the past, research on tissue engineering using gelatin based nanofibers
focused on the production of biocompatible and in situ cross-linked gelatin
nanofibers by minimizing the toxicity effects from solvents and cross-linking
agents. The possibility to modify gelatin by altering its isoelectric point and cross-
linking agents has been investigated as a tool to tune cell-material interactions.
The chemical modification of gelatin via amination produces cationized gelatin.
The modified gelatin is water soluble without forming gel at room temperature.
This is the first attempt to explore a green nanofiber fabrication method using CG
with pure water as the solvent. The fabricated nanofiber is cross-linked using
natural and cost effective cross-linking agents. They are better alternatives for
glutaraldehyde and genipin. The positive charge on the surface of CG nanofibers
interacts with negatively charged cell surface, making them an exciting class of
materials for tissue regeneration. The modification of gelatin and its combination
with novel cross-linkers demonstrate the versatility of this biomaterial. This

ensures its role as a matrix for various tissue regenerations.
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CHAPTER 6

FABRICATION AND CHARACTERIZATION OF
GELATIN/CHITOSAN CORE-SHELL
NANOFIBERS

6.1 Introduction

Electrospinning is a simple and versatile technique which has attracted the
attention of researchers in the field of nanofibers and nanotechnology (Bhardwaj
and Kundu, 2010; Li and Xia, 2004b). In recent years, many modifications are
attempted in the basic electrospinning process in order to enhance the quality and
functionality of the resulting nanofibers. Coaxial electrospinning is an upcoming
technology that has emerged from the conventional electrospinning process in
order to realize the production of nanofibers of less spinnable materials with
potential applications (Sun et al., 2003). A typical coaxial set-up consists of two
concentric needles, through which core and shell solutions come out and meet at
the tip. The droplet forms a compound Taylor cone at the tip when high electric
voltage is applied at the needle. The main advantage of this method is the
enhancement in the electrospinnability of a less spinnable material with the help
of a highly spinnable material, used either as core or shell (Chang et al., 2003;
Loscertales et al., 2002; Moghe and Gupta, 2008; Sun et al., 2003). Core-shell
nanofibers of different synthetic-synthetic and natural-synthetic polymers are
reported (Jiang et al., 2005; Li et al., 2004; Li et al., 2008; Liu et al., 2013;
Pakravan et al., 2012; Sun et al., 2003; Wang et al., 2006; Zhang et al., 2004).
They possess potential applications in the field of drug delivery, tissue
engineering, and wound healing (Jin et al., 2013). However, the core-shell
nanofibrous systems containing purely natural polymers are very limited in the
literature. Biocompatible and natural polymers as both core and shell materials

may greatly enhance its scope in biomedical arena.
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Both chitosan and gelatin are natural biopolymers with extensive
applications in biomedical and pharmaceutical fields. Gelatin is a highly spinnable
material and numerous reports are available on the fabrication of gelatin
nanofibers (Huang et al., 2004; Ki et al., 2005; Ko et al., 2010). On the other
hand, chitosan is extremely difficult to be spun mainly due to its polyelectrolyte
nature (Chong et al., 2007). A few reports are found on fabrication of chitosan
nanofibers, where a highly corrosive and toxic solvent, namely trifluoroacetic acid
(TFA) is employed for spinning (Ohkawa et al., 2004; Sangsanoh and Supaphol,
2006; Schiffman and Schauer, 2007). Geng et al. have reported fabrication of
chitosan nanofibers using concentrated acetic acid (Geng et al., 2005). This
method is found to be applicable to chitosan of a particular molecular weight only.
Problems associated with electrospinning of chitosan are alleviated by using
blends of chitosan with synthetic polymers such as polyethylene oxide (Bhattarai
et al., 2005), polyvinyl alcohol (Charernsriwilaiwat et al., 2014), polylactic acid
(Ignatova et al., 2009) and poly(caprolactone) (Shalumon et al., 2010). For
improving the biological performance of chitosan derived nanofibers, researchers
have attempted electrospinning of chitosan with natural polymers such as gelatin
(Dhandayuthapani et al., 2010; Qian et al., 2011; Tsai et al., 2013), collagen
(Chen and Su, 2011) and silk fibroin (Chen et al., 2012). A recent advancement in
fabricating chitosan nanofiber is based on the technique of coaxial
electrospinning. The core-shell nanofibers are fabricated with highly spinnable
synthetic polymers as core or shell templates (Ji et al., 2013; Ojha et al., 2008;
Pakravan et al., 2012). Ojha et al. have reported the fabrication of chitosan
nanofibers via coaxial electrospinning with polyethylene oxide (PEO) as shell
template. Chitosan nanofibers are obtained after removing PEO by dipping the
nanofibers in distilled water (Ojha et al., 2008). Recently, core-shell nanofibers
with chitosan shell and PEO core in aqueous acetic acid by coaxial
electrospinning have been reported by Pakravan et al. PEO is removed by dipping
the core-shell nanofibers in water for 24 h to obtain hollow chitosan nanofibers
(Pakravan et al., 2012).
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In the present work, novel core-shell (CS) structured nanofibers are
fabricated using purely natural origin, with gelatin as the core material and
chitosan as the shell. This method avoids the use of synthetic polymer as core
template for chitosan nanofibers. Also, the post treatment to remove the core
material is not required. Since gelatin and chitosan are hydrophilic and easily
degradable materials, nanofibers from gelatin and chitosan lose the fibrous
morphology when kept in contact with aqueous medium. Hence, cross-linking
treatments are necessary for improving the water stability of the nanofibers
prepared from gelatin and chitosan. Dextran aldehyde (DA) and sucrose aldehyde
(SA) are established as effective cross-linkers for gelatin and modified gelatin
nanofibers. The feasibility of utilizing DA and SA as cross-linking agents for the
present core-shell nanofibers is thoroughly investigated. Chitosan as the shell can
mimick the extracellular matrix because of its structural resemblance with
glycosaminoglycan (GAG), a major constituent of ECM (Francis Suh and
Matthew, 2000). Gelatin core can be utilized as a matrix for incorporating drugs
and bioactive molecules. The present gelatin/chitosan core-shell nanofibrous
structure can overcome the shortcomings due to the incorporation of synthetic
polymers and may result in a novel system with improved biological properties.

6.2 Results and Discussion

6.2.1 Morphology and microstructure of core-shell nanofibers

Core-shell nanofibers are fabricated by optimizing the solution and
spinning parameters. Bead free fibers are obtained when the applied voltage is 30
kV and the concentration of chitosan and gelatin in aqueous acetic acid are 5 %
and 30 % (w/v) respectively. The solutions form a stable and compound Taylor
cone at 25-30 kV. The flow rate of the solution is appropriately adjusted so as to
obtain bead free compound core-shell fibers. The schematic representation of

coaxial electrospinning set-up used in this study is shown in Figure 6.1.
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Figure 6.1: Schematic of the coaxial electrospinning set-up for gelatin/chitosan core-shell
nanofibers

The morphology of the nanofibers is observed through SEM
(Figure 6.2 (a)). Fibers are mostly randomly oriented with narrow fiber diameter
distribution. The finer detailed single fiber core-shell structure of the prepared
chitosan/gelatin nanofibers is visualized by TEM as shown in Figure 6.2 (b). A
clear difference in the contrast between the core and shell region is observed in
the micrograph. The contrast between the sample layers is due to the difference in
the transmissibility of electron beam from chitosan and gelatin regions. This
difference proves the formation of core-shell structures. The inner dark region in
the TEM image corresponds to gelatin and the outer light region is identified as
chitosan. The diameter of the fiber shown in the TEM image is 110 nm with a
core diameter of 68 nm. The fiber diameter varies between 100-200 nm range as
observed from the SEM and TEM images. The fiber diameter distribution of the
nanofibers obtained by measuring the width of randomly selected 200 data points
is displayed in Figure 6.2 (c). The average diameter is found to be 150 £ 60 nm.
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Figure 6.2: (a) SEM image and (b) TEM image and (c) diameter histogram of the
gelatin/chitosan core-shell nanofibers

6.2.2 Thermal and spectroscopic analysis

The presence of chitosan and gelatin in the core—shell structure is
confirmed by TGA and FTIR spectroscopy. TGA thermograms and first order
derivative curves (DTG) of pure chitosan, pure gelatin and core-shell nanofibers
are shown in Figure 6.3 ((@) and (b)). In the TGA thermogram, the percentage
residues at 500 °C for pure chitosan, pure gelatin and core-shell nanofibers are 39,
24 and 29 %, respectively. The residue from the core-shell nanofiber is in between
that of pure chitosan and gelatin. The DTG thermograms of pure chitosan and
gelatin show decomposition temperatures at 288 and 291 °C respectively. The
core-shell nanofiber mat exhibits two decomposition temperatures at 282 and 305
°C. Thus the decomposition pattern of the core-shell system is a combination of
the patterns of pure chitosan and gelatin. These results show the presence of both

chitosan and gelatin in the resulting composite nanofibers.
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Figure 6.3: (a) TGA thermograms and (b) DTG thermograms of pure gelatin, pure
chitosan and core-shell gelatin/chitosan mats

Figure 6.4 shows the FTIR spectra of pure chitosan, pure gelatin and core-
shell nanofibers. All the three spectra exhibit broad bands at 3100-3500 cm™ due
to O-H and N-H stretchings. These spectra also demonstrate amide |1 (C=0
stretching at 1638 cm™), amide 11 (N-H stretching of secondary amide at 1537 cm’
1y and amide 111 (vibrations in the plane of C-N and N-H groups in amide at 1240
cm™) bands. These are the characteristic peaks for both chitosan and gelatin. The
two distinct peaks are observed in the spectra of chitosan and core-shell

nanofibers at 1030 and 1149 cm™ which are absent in the spectrum of gelatin.
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These peaks are attributed to the C-O-C symmetric and asymmetric stretching of
chitosan (Paluszkiewicz et al., 2011). Moreover, the spectrum of core-shell mat is
similar to the pure chitosan spectrum indicating the presence of chitosan on the
surface. This observation confirms the presence of chitosan and gelatin in the

core-shell system.
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Figure 6.4: FTIR spectra of pure gelatin, pure chitosan and core-shell gelatin/chitosan

mats

The chemical composition of the core-shell nanofibrous surface is
investigated using X-ray photoelectron spectroscopy (XPS). This result indicates
the presence of chitosan on the surface of core-shell mat. The XPS survey scan
spectra of pure gelatin, pure chitosan and core-shell mats are shown in Figure 6.5.
The atomic compositions of carbon, nitrogen and oxygen are calculated from high
resolution XPS spectra. Gelatin and chitosan contain C, N and O in various
compositions as shown in Table 6.1. In order to know the surface composition, the
C/N ratios of the samples are estimated. The C/N ratio of pure gelatin and
chitosan are 4.02 and 10.9 respectively, which are in agreement with the reported
values (He et al., 2012). The present core-shell mat exhibits a C/N ratio of 8.6
which is nearer to that of chitosan, indicating the presence of chitosan on the

surface.
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Table 6.1 : Elemental atomic compositions of gelatin, chitosan and core-shell mats

Atomic Gelatin Chitosan Core-shell mat
composition
C 1s (%) 63.49 67.3 74.29
N 1s (%) 15.79 6.16 8.65
O 1s (%) 20.72 26.53 17.06
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Figure 6.5: XPS survey scan spectra of gelatin, chitosan and core-shell nanofiber mat

The core-shell structure of gelatin/chitosan nanofibers are successfully
demonstrated by TEM, thermal and spectroscopic analysis. The present core-shell
nanofibers are different from the existing core-shell system based on the fact that
core-shell nanofibers with purely natural polymers are developed in this work.
Easily spinnable gelatin is used as the core template to facilitate spinning of
chitosan from the aqueous solution, which is otherwise impossible. The surface
properties of the core-shell nanofibers are comparable to pure chitosan which
would make these nanofibers suitable in various biomedical applications where,
chitosan plays the major role. Chitosan resembles the disaccharide moiety, GAG
present in the ECM which assists the regeneration of cartilage, bone and skin with
inherent anti bacterial properties (Di Martino et al., 2005). The core gelatin can
be kept as such due to the well-known properties of gelatin such as

biocompatibility, non toxicity, non antigenicity and appropriate biodegradability.
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The formation of the present gelatin/chitosan core-shell composite nanofibers
provides a different strategy for obtaining nanofibers with chitosan on the surface.
This core-shell system can be more effective than other core-shell nanofibers
based on synthetic-synthetic and natural-synthetic polymer based systems in terms
of biocompatibility, biodegradability and non-toxicity. Although this work has not
examined the incorporation and release of drug molecules from gelatin, it is
expected that the core gelatin can be made use for loading different types of drugs

and bioactive molecules.

6.2.3 Cross-linking and characterization of core-shell nanofibers

The cross-linking of gelatin and chitosan by aldehydes is predominantly
due to the reaction of the primary amino groups of gelatin and chitosan with the
available aldehyde groups. The amino groups present in gelatin and chitosan are
likely to react with the aldehydes groups of the cross-linking agents forming the
relatively stable Schiff's base or aldimine. The chitosan and gelatin based
nanofibers are known to be successfully cross-linked using glutaraldehyde via
Schiff’s base formation (Schiffman and Schauer, 2007; Zhang et al., 2006).
Investigations on the biological relevance of glutaraldehyde cross-linking
demonstrate that the glutaraldehyde beyond a particular concentration can induce
severe toxic response. Being a small molecule, it penetrates into the interiors of
the nanofibrous mats leaving unreacted residues in the nano structures, which can
cause toxicity (Sisson et al., 2009; Wu et al., 2011). Hence researchers explore the
application of other alternative cross-linking agents. It is established that dextran
aldehyde (DA) and sucrose aldehyde (SA) are suitable biocompatible cross-
linking agents for gelatin based nanofibers. We make use of this approach for the
cross-linking of gelatin and chitosan based core-shell nanofibers also. Cross-
linking is carried out by dipping the core-shell mats in ethanol solution of DA and
SA. DA and SA cross-linked core-shell gelatin chitosan mats are represented as
DA-CS and SA-CS, respectively.

SEM images of the cross-linked nanofibers before and after immersing in

water for 24 h are shown in Figure 6.6. The SEM images show that the cross-
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linking of nanofibers preserved the fibrous structure and morphology even after
keeping in contact with aqueous medium. Thus SA and DA are proved to be

effective cross-linking agents for the gelatin/chitosan core-shell nanofibers.

Figure 6.6: SEM images of DA-CS (a and b), SA-CS (c and d) cross-linked core shell
nanofibers before and after immersing in water, respectively

Water absorption capability of the cross-linked nanofibers is evaluated by
examining the swelling behaviour of the nanofibers. The swelling ratios of as
spun and cross-linked mats are shown in Figure 6.7 (a). The swelling ratio of as
spun mat increases initially and then decreases with time. This is due to the
dissolution of gelatin core in water. DA-CS and SA-CS mats exhibit a lower and
stable swelling ratio as compared to the as spun core-shell nanofibrous mats. The
decrease in swelling ratio indicates reduced water absorption capacity of the
cross-linked mats. This in turn is attributed to the effect of cross-linking.
Nanofibrous mats cross-linked with suitable cross-linking agents exhibit lower
water uptake capacity compared to the uncross-linked mats (Nguyen, 2010).

Degradation behaviour of a biomaterial is one of the key aspects in the
field of tissue engineering and drug delivery. An ideal scaffold for a specific
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tissue undergoes degradation with a rate similar to that of neo-tissue formation. In
vitro degradation of the cross-linked core-shell mats are carried out under
physiological conditions. The extent of degradation is estimated in terms of
change in dry weight of the mats with time. DA-CS and SA-CS mats exhibit
gradual degradation behaviour under physiological conditions (Figure 6.7 (b)). At
the end of the fifth week, around 35-45 % of both DA-CS and SA-CS mats
remain, which may be due to the inability of chitosan to degrade in the absence of
enzyme. Compared to degradation of gelatin, chitosan degrades at a relatively
slower rate in the absence of enzymes (Archana et al., 2013). Moreover, cross-
linking imparts a decrease in the water uptake capacity that slows down the
degradation of both gelatin and chitosan (Vaz et al., 2003).
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Figure 6.7: (a) The swelling ratio and (b) degradation behaviour of the cross-linked core-
shell mats

The cross-linking of gelatin/chitosan core-shell nanofibers is evident from
the FTIR spectra (Figure 6.8). The cross-linked mats exhibit the characteristic
features of chitosan and gelatin along with certain features of the cross-linking
agents too. The as spun mat shows a peak at 1640 cm™ due to the amide | band. In
the cross-linked mat, this peak gets shifted to lower wave number of 1629 cm™
due to the cross-linking process. The peak at 1400 cm™ is observed to be
broadened in the spectrum of the cross-linked mat compared to that in the as spun
mat. This broadening is due to the appearance of a new peak in the range of 1400-
1380 cm™ owing to the formation of aldimine (-C=NH-) stretching as a result of
cross-linking. The intensity of peak at 1030 cm™ increases (1030 cm™ in as spun
mat is due to the C-O-C stretching of chitosan moiety) in the case of DA-CS and
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SA-CS mats due to the C-O-C peaks of dextran and sucrose (Figure 6.7).
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Figure 6.8: FTIR spectra of (1) as spun mat, (2) DA-CS and (3) SA-CS mats

The mechanical behaviour of as spun and the cross-linked core-shell
nanofiber mats are shown in Figure 6.9. The tensile strength and Young’s
modulus of as spun nanofiber are 19 + 3 MPa and 890 + 130 MPa respectively.
The failure of nanofiber mats is due to the slippage and breakage of the fibers. The
tensile strength and Young’s modulus of DA-CS are 65 + 2 MPa and 1720 + 140
MPa respectively and for SA-CS the values are 59 + 3 MPa and 1560 + 180 MPa
respectively. Cross-linking with DA and SA introduce bonding between the fibers
which reduces the slippage. As a result, the tensile strength is dramatically
improved (Qian et al., 2011)

The comparison between the mechanical properties of gelatin mats and
gelatin/chitosan core-shell mats are shown in Table 6.2. Core-shell gelatin-
chitosan mats exhibit an improved tensile strength and modulus as compared to

pure gelatin mats.
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Figure 6.9: Stress-strain behaviour of as spun, DA-CS and SA-CS mats

Table 6.2: Comparison of mechanical properties of as spun and cross-linked
gelatin and core-shell gelatin/chitosan nanofibers

Mechanical  Asspun  DA-GNF SA-GNF-BE  Asspun DA-CS SA-CS
Properties gelatin core-shell

Stress at
break (MPa) 8.29 30 +3.47 38 +5.47 19+3 65+ 2 59+3

0.53
Young’s
Modulus 394+96 904 +68 1387 £ 90 890 + 130 1720 £ 1560 +
(MPa) 140 180

6.2.4 Biological studies
6.2.4.1 Cell adhesion and proliferation of L-929 fibroblast cells on cross-

linked core-shell mats

L-929 cells are allowed to adhere on DA-CS and SA-CS mats for 48 h.
The cell morphology is investigated under fluorescent microscope after staining
actin cytoskeleton and nuclei of the cells. Figure 6.10 shows that considerable
amounts of cells are spread on the mats with flat fibroblast morphology. The

result also reveals that the presence of chitosan on the surface of the core-shell
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mats favours the adhesion and proliferation of L-929 cells.
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Figure 6.10: Adhesion of L-929 cells on (a) DA-CS mat, (b) SA-CS mat and (c) control
cover glass

The viability of L-929 fibroblast cells in contact with DA-CS and SA-CS
mats are evaluated by MTT assay using the extract of the samples. On culturing
L-929 cells for 1 day and 3 days, the cell metabolic activity increased from 81 %
to 104 % for DA-CS and 81 % to 94 % for SA-CS respectively (Figure 6.11).
From this result it is evident that the cross-linked core-shell mats favour the

proliferation of L-929 cells.
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Figure 6.11: MTT assay of L-929 cells in contact with the extracts of DA-CS and SA-CS
mats. Data represented as mean + standard deviation (* p < 0.05)

6.2.4.2 Cell adhesion and proliferation of MG-63 cells on cross-linked core-

shell mats

Human osteoblast like cells (MG-63 cells) is seeded on the mats at a
density of 2000 cells/mat. The cells are allowed to proliferate for up to 5 days on
DA-CS and SA-CS mats. For a comparison of the results, mats cross-linked with
glutaraldehyde (GT-CS) are used as control. Over the 5 days time course, the
relative cell numbers are assessed continually every other day using the Alamar
blue assay, as described in Chapter 2. The results show that the cells grow
normally on the mat for a period of 5 days. A considerably better growth rate can
be observed in the case of DA-CS and SA-CS nanofibrous mats in comparison
with glutaraldehyde cross-linked mats. Until 5™ day there is substantial growth
rate observed for all these samples. The data on day 3 and 5 are significantly
different than the first day of cell seeding which signifies good cell growth on
these days. In GT cross-linked sample, the value of 3 day is not significantly
different than the 5™ day of seeding. From the dye reduction trends, it is evident
that cells on GT-CS mat are not proliferating at all and are struggling with the

environment for their growth and gradually die (Figure 6.12).
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Figure 6.12: Cell proliferation (MG-63) on DA-CS, SA-CS and GT-CS mats. Initial cell
seeding density was 2000 cells/scaffold. Data represented as the mean * standard error (p
<0.001)

Confocal laser scanning microscopy of the cells adhered on the cross-
linked mats after 5™ day culture is shown below. Actin and nuclei are stained
using different dyes. For DA-CS and SA-CS mats, cells grow abundantly with
well distributed actin filaments and prominent nucleus (Figure 6.13 (a) and (b)).
The auto fluoresced mat background has been minimized using the Fluoview
software. In case of GT-CS mats, cells do not grow at all on the mats. Very few
cells are scattered throughout the mats with deprived actin morphology (Figure
6.13 (c)). These results clearly demonstrate the advantages of the cross-linking
agents, SA and DA over glutaraldehyde (GT) in the cross-linking of the present
core shell mats. Besides the effects of cross-linking agents on the
cytocompatibility, the presence of chitosan on the surface and gelatin in the
interior also highly favours the cell attachment and proliferation. The formation of
core-shell structured nanofibers integrates the properties and biological activities
of gelatin and chitosan. Chitosan has been extensively studied in bone tissue
engineering since it promotes growth and mineralization of osteoblast in culture.
Chitosan, due to its cationic nature is capable of binding GAG, growth factors and
other negatively charged cell membranes which make them promising scaffold
materials for cartilage and bone repair (Di Martino et al., 2005; Zhang et al.,

2003). Thus the nanofibers with chitosan shell and gelatin core cross-linked with
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natural derived cross-linkers exhibit great potential to be used in tissue
regeneration applications.

Actin Nuclei

Figure 6.13: Confocal laser images of MG-63 cells on the cross-linked core-shell
nanofibers stained with Rhodamine—phalloidin for actin filaments (red) and Hoechst
33342 for nuclei (green). Cells are cultured on (a) DA-CS mat; (b) SA-CS mat and (c)
GT-CS mat
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6.3 Conclusion

Core-shell structured gelatin/chitosan nanofibers using aqueous acetic acid
as solvent are fabricated. The cross-linking is successfully achieved using natural
derived cross-linkers based on oxidized dextran and sucrose. This fabrication
method overcomes the problems associated with the usage of toxic solvents and
synthetic polymers. Being natural polymers, chitosan and gelatin have excellent
biocompatibility, and appropriate biodegradability. The cell adhesion and growth
on the cross-linked gelatin/chitosan core-shell nanofibers confirm the
biocompatibility of the nanofibrous mats. The gelatin/chitosan core shell
nanofibers cross-linked by oxidized dextran and sucrose would be a potential

candidate for different types of tissue regenerations.

134



CHAPTER 7

FABRICATION AND CHARACTERIZATION OF
GRAPHENE OXIDE/GELATIN COMPOSITE
NANOFIBERS

7.1 Introduction

Graphene, the wonder material of 21% century, has attracted enormous
research interest due to their unique and extraordinary properties (Kumar, 2013).
Graphene and its derivative graphene oxide (GO) are being extensively
investigated as promising candidates for different types of applications (Chung et
al., 2013). Graphene is a one-atom-thick layer of sp? bonded carbon atoms
arranged in a regular hexagonal lattice similar to graphite. Since graphene is the
lightest and strongest material in single-atom-thick level, it facilitates many other
applications including biological properties. Owing to the poor dispersibility of
graphene sheets, GO become more attractive since it is easily dispersible in
aqueous medium. Single layer of GO incorporated polymer matrix provides a
multifunctional feature due to the reinforcing effect of GO with a wide variety of
properties. Recently, the importance of GO for cellular adhesion and proliferation
of mouse fibroblast cells and human mesenchymal stem cells has been reported
(Ruiz et al., 2011; Shan et al., 2009). Of late, myoblast differentiation is also
evaluated on GO coated glass substrate (Ku and Park, 2013). Antibacterial
activities of GO dispersion and GO coated substrates are also being studied (Hu et
al., 2010; Liu et al., 2011).

Gelatin, a protein obtained by the denaturation of collagen, is one of the
well-studied biocompatible, non-toxic polymers used for several biomedical
applications as explained already. GO incorporated gelatin films are reported to

promote bone mineralization, cell adhesion and proliferation (Wan et al., 2011).
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GO is more conducting than gelatin and other polymers and its surface charge
favours the adhesion of cells (Bhadra et al., 2012). Incorporating GO into the
nanofibers is explored recently to improve the properties of the nanofibrous
materials (Bao et al., 2010). GO incorporated nanofibers exhibit enhanced optical,
electrical and biological performance based on the properties of both GO and the
polymer matrix. GO loaded poly(e-caprolactone) for muscle tissue engineering
applications has been reported recently (Chaudhuri et al., 2014). Electrospinning
of GO incorporated polyvinyl alcohol nanofibers is reported and enhancement in
mechanical property and biological performance towards MC3T3-E1 osteoblast
cells are investigated (Qi et al., 2013). These reports clearly show the role of GO

in improving various properties of the nanofibers.

On this background, the present chapter explores GO incorporated
electrospun gelatin nanofibers and its potential properties. GO is incorporated into
gelatin nanofibers by dispersing in aqueous gelatin solution. The resulting
homogeneous dispersion is electrospun to obtain GO incorporated gelatin (GO-
GEL) nanofibers. Gelatin is a highly hydrophilic polymer and hence the gelatin
nanofibers completely lose the fibrous morphology on exposure to the high degree
of moisture. Even though GO can give structural reinforcement, it cannot provide
the water resistance ability for gelatin nanofibers. Hence, an effective cross-
linking treatment is required to improve the water stability (Zhang et al., 2006).
Several cross-linking agents based on bifunctional molecules such as
glutaraldehyde (GT) (Zhang et al., 2006), carbodiimide (Nie et al., 2010), etc., are
developed for gelatin matrices. In the previous chapters, the efficiency of the
dextran aldehyde and the sucrose aldehyde to cross-link gelatin nanofibers is
discussed. In the current effort, the GO-GEL nanofiber is cross-linked using
dextran aldehyde in a similar manner as mentioned earlier. The GO-GEL and
dextran aldehyde cross-linked GO-GEL (DA-GO-GEL) mats are well-

characterized in this study and their biological performances are also evaluated.
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7.2 Results and Discussion

7.2.1 Preparation and characterizations of graphene oxide

GO is prepared by the treatment of expanded graphite using a strong
mineral acid, H,SO,4, and an oxidizing agent, KMnO,, via modified Hummer’s
method. Highly exfoliated graphene sheets with large number of oxygen
functionalities on the basal planes and edges are achieved in this process
(Aboutalebi et al., 2011). In expandable graphite, inter-layer intercalating groups
facilitate the exfoliation of the graphite by heat treatment. In this exfoliation
process, the expandable graphite powder is exposed to a thermal shock at 1050 °C
for 15 s. The resulting expanded graphite on oxidation and subsequent purification
process by centrifugation gives rise to fully exfoliated GO. Single layer of GO is
obtained from expanded graphite during the centrifugation process itself. Figure

7.1 shows the functional groups present in a typical GO sheet.

Graphene oxide

Figure 7.1: Typical chemical structure of graphene oxide

The morphology and microstructure of GO are examined using TEM
analysis. Aqueous dispersion of GO is used for sample preparation for TEM. The
highly wrinkled and paper-like sheet of GO is observed as shown in Figure 7.2
(). These wrinkles and bends in the sheets are indications of various defects and

functional groups carrying sp® carbon atoms formed as a result of oxidation
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(Verma et al., 2011). The dimension and morphology of the GO are further
examined using AFM image depicted in Figure 7.2 (b) where (i) and (ii) are the
height profiles of the corresponding line drawn on the AFM image. It is clear
from the height profiles that width of most of the graphene sheets fall around 200-
400 nm with height around 1-3 nm, revealing the presence of two to four

graphene layers.

@

Z|nm]

:

Figure 7.2: (a) TEM image and (b) AFM image with height profile of GO

TGA analysis of GO and expanded graphite is performed up to 800 °C at a
heating rate of 10 °C/min. The thermograms recorded are shown in Figure 7.3 (a).
It can be observed from the thermograms that GO is thermally unstable. There is a
significant weight loss observed in the range of 150 to 250 °C, which is due to the
decomposition of labile oxygen-containing functional groups, which yield CO and
CO; on thermal degradation (Cui et al., 2011). At 800 °C, a char residue of around
35 wt.% is left after the decomposition steps. On the other hand, no significant
weight loss is detected for the original expanded graphite. Figure 7.3 (b)
represents the XRD pattern of expanded graphite and GO. The XRD pattern of
expanded graphite shows a sharp peak at 26.2°, which is due to the reflection from
(002) plane with a d-spacing of 3.35 A. In the case of GO, the peak at 26.2°
disappears and a broad peak appears at a 20 value of 12° with an increase in d-
spacing to 7.4 A. This increase in d-spacing is associated with the presence of
oxygen functionalities in the basal planes of GO and hence indicates the
intercalation of water molecules, between the interlayer spacing of GO
(Aboutalebi et al., 2011).
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Figure 7.3: (a) TGA thermograms and (b) XRD patterns of expanded graphite and GO

7.2.2 Fabrication of GO-gelatin composite nanofibers

GO incorporated electrospun composite nanofibers are an exciting new
class of materials with wide variety of properties and applications.
Multifunctional property enhancement of polymer nanofibers is achieved by
loading small amount of graphene-based materials. A good dispersibility of GO in
the polymer solution is essential for obtaining composite nanofibers. The nature of
the bonding interaction between the filler and matrix at the interface has
significant impact on the properties of the composites. Most of the dispersion
methods produce composites, where the polymer matrix and the filler interact
through dispersive forces. GO is highly dispersible in water and fully exfoliated
GO sheets are formed in water. Hence, a uniform GO suspension can be obtained.
The edges and basal planes of GO are composed of oxygen functional groups that
increase the hydrophilicity of GO and enhance the water dispersibility. GO
incorporated polymer nanofibers are reported in the literature for various
applications. Synthetic polymer nanofibers such as PAN-GO composite
nanofibers are explored as effective candidates for a variety of applications such
as supercapacitors and energy production and storage devices (Wang et al., 2013).
GO incorporated natural polymeric bulk composites are reported for tissue
engineering, wound dressing and drug delivery applications (Liu et al., 2014). GO
acts as an effective reinforcing filler and biological activator in case of natural
polymers matrices such as gelatin, alginate, chitosan, etc. (Wan et al., 2011). GO

incorporated natural polymeric electrospun nanofibers are very rare to find in the
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literature. Recently, fabrication of GO incorporated gelatin film and comparison
of the properties with GO incorporated electrospun nanofibers are reported
(Panzavolta et al., 2014). In the present study, GO-GEL nanofibers are prepared
and the physico-chemical properties and biological performance are studied in
detail.

Gelatin nanofibers with varying GO content ranging from 0.25 % to 1 %
wi/w are fabricated by electrospinning of GO-GEL aqueous dispersion. Nanofibers
with uniform morphology are obtained by properly adjusting the solution and
spinning parameters (Chapter 2). The colour of the electrospun mat changed from
white to black when the concentration of GO varied from 0 to 1 % (w/w) as

shown in Figure 7.4.

F L B "

0 % GO 0.25 % GO 0.5 % GO 0.75 % GO 1% GO

Figure 7.4: The variation in colour of electrospun GO-GEL mats with different GO
loading

The interaction of GO with gelatin is evidenced from the FTIR spectra.
The intensity of amide | band at 1635 cm™ which is primarily attributed to the
stretching vibrations of carbonyl group in the backbone of gelatin is red shifted to
1629 cm™ after the introduction of GO. This observation can be explained due to
the formation of strong hydrogen bonding interaction between the carbonyl group
of amide and the hydroxyl or carboxylic acid functional groups of GO, which
weakens C=0 bond of amide and hence vibrates at lower energy. Peak at 1243
cm™®, which is referred to amide Il band, resulting from several complex
displacements of amide group of gelatin also shifts towards 1238 cm™ and is clear

indication of the existence of interactive forces between gelatin and GO. The
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broad band at 3288 cm™, which is due to the free N-H bond or OH group of the
free -COOH vibrations of gelatin is red shifted, in turn indicating that free N-H
and COOH groups of gelatin may also be involved in the hydrogen bonding
interactions with carboxylic and hydroxyl groups of GO which is the reason for
weakening of OH and NH bonds of gelatin (Figure 7.5).
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Figure 7.5: FTIR spectra of gelatin mat, GO powder and GO-GEL mats with 0.5 % (w/w)
GO loading

The morphology of the GO incorporated gelatin nanofibers is shown in
Figure 7.6. SEM images reveal that GO is properly dispersed in the medium and
hence, the fibers are smooth with no residual agglomerates of GO outside the
fibers. It is seen that, fiber diameter decreases on increasing the GO content. The
decrease in diameter can be explained due to the increase in conductivity of the
electrospinning solution with increase in GO content. It is well-known that GO
does not exhibit conductivity. However, the conductivity increase can be
attributed to the partial reduction of GO due to the presence of amino
functionality in gelatin (Panzavolta et al., 2014).
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Figure 7.6: SEM images of GO-GEL mats with different GO loading (a) pure gelatin mat,
(b) 0.5, (c) 0.75 and (d) 1 % (w/w) GO incorporated gelatin mats

TEM analysis is carried out in order to understand the finer details of the
structure of a single fiber. TEM image shown in Figure 7.7 illustrates, the
incorporation of GO into the gelatin nanofibers. In both the cases, GO is fully or
partially embedded in the single nanofiber according to the size of the GO sheets.
The one with size higher than the diameter of the fiber is partially embedded and
the rest of them are fully embedded in the nanofiber matrix. In the fibers with
higher GO content (1 % w/w), a few agglomerates are also visible on the surface
of the individual fibers. The higher concentration of GO causes agglomeration,
and this may affect other property enhancements of the GO-GEL composite

nanofibers.
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Figure 7.7: TEM images of (a) pure gelatin mat, (b) 0.5 % (w/w) GO loaded and (c) 1 %
(w/w) GO loaded gelatin mats

It is interesting to note that the tensile strength of gelatin nanofibers is
remarkably increased as a result of the incorporation of GO. The tensile strength
of the GO-GEL nanofibers increases from 8.29 + 0.53 to 21.6 + 2.03 MPa when
the GO loading increases from 0 to 0.5 % (w/w). Further increase in GO loading
to 1 % (w/w) decreases the tensile strength of the GO-GEL nanofibers to 11.08 +
2 MPa. The improvement in tensile strength is due to the interaction between the
functional groups of GO and gelatin which increases the stress transfer (Cano et
al., 2013). The decrease in tensile strength after GO loading of 0.5 % (w/w) is due
to the agglomeration of GO in nanofibers matrix (Figure 7.8). The agglomerates
act as the weak points of the nanofibers leading to easy breakage of the mats. The
addition of GO into polymer matrix is reported to be an important method to
improve their mechanical performance. Similar observation on the tensile strength
and modulus of GO incorporated gelatin film is reported by Wan et al (Wan et al.,
2011).
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Figure 7.8: Tensile strength versus percentage GO loading of GO-GEL nanofibrous mats

X-ray diffraction patterns of gelatin mats with varying GO content (0 - 1
% (w/w)) are analysed and are depicted in Figure 7.9. The broad peak of gelatin
around 26 = 19.5° is shifted to 22.5° when the GO content increases to 1 % (w/w)
and also becomes narrower. This may indicate the partial reduction of GO to form

reduced GO due to the presence of amino groups on gelatin.
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Figure 7.9: XRD patterns of pure GO and GO-GEL mats with various GO loading
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This observation is further explained based on the UV characteristics.
The UV-Vis spectra of aqueous solutions of GO, gelatin and GO-GEL are shown
in Figure 7.10. GO shows two bands, a maximum at 227 nm, which can be
assigned to the m — =w* transition of C = C bonds; and a shoulder at ~285 nm
corresponding to n — x* transition of C=0 bonds. In the spectrum of GO-GEL
aqueous dispersion, peak corresponding to the m — 7* transition is observed at
247 nm. The red shift of the peak can be due to the partial reduction of GO and
the restoration of C = C bonds in the GO-GEL mat.

—GO
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— GO-GEL
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200 ' 300 ' 400
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Figure 7.10: UV characteristics of aqueous dispersions of GO and GEL-GO mats with 0.5
% (w/w) GO loading

TGA thermogram shows that gelatin mat and GO-GEL mat gives char
residue of 21 and 23 %, respectively, at 500 °C (Figure 7.11 (a)). The degradation
onset temperature has been shifted to 217 °C in case of GO-GEL mat from 200
°C. The increase in the residue and shift in the onset temperature obviously
explains the presence of GO, that increases the thermal stability of gelatin mats.
DSC thermograms show that GO-GEL exhibits a shift in the denaturation
temperature from 88 to 110 °C (Figure 7.11 (b)). The interaction between amino
groups of gelatin and carboxyl and other functional groups of GO gives an
additional stability to the composite nanofibers leading to the shift in denaturation

temperature (Liu et al., 2014).
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Figure 7.11: (a) TGA and (b) DSC thermograms of gelatin and GO-GEL mats

7.2.3 Water stability of GO-GEL mats: Cross-linking reaction
with dextran aldehyde (DA)

Gelatin and GO are highly hydrophilic and GO-GEL mats dissolve in
water. Even though the presence of GO increases the mechanical property, the
water resistant ability of the nanofibers is to be enhanced using cross-linking
treatment. Gelatin nanofibers can be cross-linked using various cross-linking
agents. As already discussed in the previous chapters, in order to overcome issues

with conventional cross-linking agents, an economically viable and non-toxic
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cross-linking agent based on natural polymer namely dextran is introduced by us.
For cross-linking process, dextran aldehyde (DA) is made to dissolve in ethanol in
the presence of a minimum amount of aqueous borax (300 ul, 0.02 M in 10 ml of
ethanol). GO-GEL mats are cross-linked by dipping in this medium for five days.
The mats show improved water stability upon cross-linking with DA, which is
indicated by the swelling behaviour of as spun and cross-linked GO-GEL mats
(Figure 7.12). The as spun mat swells and dissolves in the medium and hence the
observed reduction in the weight leading to a lower calculated value of swelling
ratio. DA cross-linked GO-GEL mats (DA-GO-GEL) exhibit a lower swelling
ratio compared to the as spun mat, and equilibrium swelling ratio is achieved in

10 min. These results show the improved water stability of DA-GO-GEL mats.
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Figure 7.12: Swelling behaviour of GO-GEL and DA-GO-GEL mats

The cross-linking is further explained by SEM images of the cross-linked
and swelled GO-GEL mats. SEM images show that DA-GO-GEL mat maintains
the fibrous morphology and structural integrity after immersed in water whereas
the fibrous morphology of the GO-GEL mats gets completely disrupted (Figure
7.13). It is observed that cross-linking for a period of 5 days is essential for
obtaining the nanofibers with significant extent of cross-linking. The degree of
cross-linking of GO-GEL mat is evaluated using TNBS assay. The results reveal

that about 40 £ 5 % amino groups have undergone cross-linking reaction with
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aldehyde groups of the dextran aldehyde. A lower cross-linking degree can be
explained in terms of the secondary interactions between amino groups of gelatin

with the carboxyl and hydroxyl groups of GO.

Figure 7.13: SEM images of (a) GO-GEL, (b) DA-GO-GEL (c) GO-GEL after dipped in
water, (d) DA-GO-GEL after dipped in water for 24 h

The thermal behaviour of the DA-GO-GEL mats is evaluated using TGA
and DSC analysis. In the TGA thermogram, DA-GO-GEL mat shows higher char
residue (27 wt.%) in comparison with GO-GEL mats (23 wt.%) at 500 °C (Figure
7.14 (a)). The result indicates that the cross-linking with DA increases the thermal
stability of GO-GEL mat. It is well-known that the cross-linking process increases
the thermal stability and char residue (Mtshali et al., 2001). The DSC thermogram
shows the endothermic peak corresponding to the denaturation temperature of
gelatin. For the cross-linked mats, denaturation temperature is shifted towards
higher temperature region (110 to 116 °C) and indicates the improved thermal
stability of the DA cross-linked GO-GEL mats (Figure 7.14(b)).
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Figure 7.14: (a) The TGA thermograms and (b) DSC thermograms of GO-GEL and DA-
GO-GEL mats

The mechanical properties of the DA-GO-GEL and uncross-linked GO-
GEL mats are evaluated by the tensile strength measurements. The stress-strain
graph of the GO-GEL and DA-GO-GEL mats is shown in Figure 7.15. The tensile
strength of the DA-GO-GEL mats is remarkably increased compared to the GO-
GEL mats, which in turn is higher than that of bare gelatin nanofibers. The tensile
strength of DA cross-linked gelatin nanofibers (DA-GNF) is 30 + 3.47 MPa as
shown in Chapter 3. In the case of DA-GO-GEL mats, the tensile strength
increases up to 56.4 + 2.03 MPa. The covalent bonds formed among GO-GEL
nanofibers as a result of Schiff’s base reaction with DA significantly improve the
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tensile strength. The reinforcing effect of reduced GO in the matrix due to the
partial reduction of GO also might have played a role in increasing the tensile

strength.
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Figure 7.15: Mechanical behaviour of GO-GEL and DA-GO-GEL mats

7.2.4 Biological studies
7.2.4.1 Cell adhesion and proliferation of L-929 cells on GO-GEL mats

The viability of L-929 fibroblast cells in contact with the extract of DA-
GO-GEL mats is assessed quantitatively in terms of the metabolic activity by
MTT assay. Figure 7.16 represents the proliferation of L-929 fibroblast cells in
the extract of DA-GO-GEL mats in comparison with the cell control for 2 and 4
days. The DA-GO-GEL mats show a very good viability as well as proliferation
during this period. Analysis of this result clearly reveals a statistically significant
difference in cellular activity between 2 and 4 days (p < 0.05). The relative
increase in the metabolic activity is a measure of the increased viability due to the
proliferation of the cells during the interval. Hence, it is clear that the presence of
GO does not induce any toxic response to gelatin mat and instead, it favours the

growth and proliferation of the L-929 cells.
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Figure 7.16: MTT assay of L-929 cells in contact with the extract of DA-GO-GEL mats
(* p<0.05)

The adhesion and morphology of L-929 cells on the surface of DA-GO-
GEL mats are evaluated by the actin cytoskeleton staining followed by fluorescent
microscopy. Figure 7.17 shows the actin cytoskeleton and nuclei structure of L-
929 cells cultured on DA cross-linked GO-GEL mats. The results reveal that L-
929 cells adhered well on DA-GO-GEL mats by expressing characteristic
fibroblast morphology with well-distributed actin cytoskeleton. This shows the
cytocompatibility of DA-GO-GEL mat.

Actin Nuclei Merge

Figure 7.17: Actin cytoskeleton staining of L-929 cells adhered on DA-GO-GEL mats
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7.2.4.2 Evaluation of bacterial growth on GO-GEL mats

The present study also evaluates the growth/inhibition of bacterial cells on
GO loaded gelatin nanofibers. In order to investigate the effect of GO on gelatin
mats for the growth of bacteria, agar diffusion test and bacterial adhesion tests are
carried out. Bacterial strains gram positive S.aureus ATCC 25923 and gram
negative E.coli ATCC 25922 are used for both the tests. In agar diffusion method,
the antibacterial property is determined by measuring the zone of inhibition
region. DA-GO-GEL mats are taken in the form of discs of 6 mm diameter each,
and evaluated for agar diffusion method. Gentamicin loaded disc is used as a
control material. The results reveal that there is no zone of inhibition surrounding
the DA-GO-GEL mats whereas control material exhibits appreciable growth
inhibition towards both S.aureus and E.coli. Table 7.1 shows the zone of
inhibition for both the bacterial cells around the test samples.

The adhesion behaviour of the gram-positive bacteria S.aureus, and the
gram-negative bacteria, E.coli, on the surface of DA-GO-GEL mat is also
evaluated. Bacterial adhesion experiments are performed in a suspension of
bacterial cells in which the samples are incubated at 37 °C for 18 h. The number
of adhered bacteria is counted, and is reported in Table 7.2. The turbidity shows
the presence of bacterial cells and clear solution indicates the absence of bacterial
adhesion. GO suspensions are reported to induce antibacterial property (Liu et al.,
2011). In the present study, GO incorporated gelatin mats are found to support the
adhesion of bacteria to the surface. These two results demonstrate that the GO
loaded into a polymer matrix does not show any antibacterial activity. The results
can be explained based on the fact that, the functional groups on the basal planes
of GO are the main source of anti bacterial property. (Hui et al., 2014) have
demonstrated that the presence of functional groups in the basal planes on GO
affects cytotoxicity towards HepG2 cells and bacterial cells. GO suspension kills
the bacteria cells whereas non-covalently functionalized GO promotes the growth
of bacteria as well as the normal cells. In this case, these functional groups in the

basal planes interact with gelatin molecule, thus facilitate the growth of the cells.
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7.2.4.3 Gentamicin release and antibacterial property of gentamicin loaded
DA-GO-GEL mats

Electrospun gelatin nanofibers are known for its drug delivery and wound
dressing applications. Since GO incorporated electrospun gelatin mats do not
show any antibacterial activity, this material may not be useful for wound healing
applications. The sustained delivery of antibacterial drugs into the wounded area
is essential for an effective wound healing process to prevent bacterial infection
and to promote the healing of wounds. Gentamicin (GEN) is selected as a model
drug. GEN is active against both gram-positive and gram-negative organisms
specifically S.aureus, which causes infection to the burn wounds. The release
study and antibacterial activity of gentamicin loaded gelatin and oxidized alginate
hydrogels are reported by Biji et al (Balakrishnan et al., 2012). In the present
study, in order to impart antibacterial activity to the GO loaded gelatin nanofibers,
gentamicin (25 % (by weight of gelatin)) is incorporated during the
electrospinning process. The resulting composite solution containing three
components (gelatin, GO and gentamicin) is electrospun under the same
conditions as in the case of GO-GEL mats. The mats are cross-linked with DA to

induce water resistance.

The release profile of gentamicin is studied by estimating the released
gentamicin into PBS at 37 °C after regular interval of time. Aliquots of the
samples were withdrawn at regular intervals and treated with o-phthalaldehyde as
gentamicin does not give any UV-absorbance. The resulting solution is evaluated
for UV absorbance and the cumulative release pattern of gentamicin from the
electrospun mats is evaluated. The results presented in Figure 7.18 indicate that
the drug loaded mat exhibits an initial brust release during the first 6 h followed
by a gradual release of GEN. A drug payload of 0.25 mg/10 mg of the mat is
taken in each sample. The experiment is performed in triplicate, and the average

values are reported.
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Figure 7.18: The cumulative release of gentamicin from the DA-GO-GEL-GEN mats
with drug payload of 0.25 mg/10 mg of the mats

Antibacterial property of GEN impregnated GO-GEL (DA-GO-GEL-
GEN) mats is examined for two bacterial strains, namely S.aureus and E. coli
using agar diffusion and bacterial adhesion methods. The zone of inhibition and
the results of bacterial adhesion test are presented in Table 7.1 and 7.2,
respectively. The zone of inhibition regions of the samples are shown in Figure
7.19. The results reveal that GEN loaded samples are capable of preventing the
growth and adhesion of both gram-positive and gram-negative bacteria. These
results show the potential of electrospun GO-GEL mats loaded with antibacterial
drug.

Table 7.1: Zone of inhibition of E coli and S. aureus around the test samples

Sample Zone of inhibition (mm)
E.coli S.aureus
DA-GO-GEL 0 0
DA-GO-GEL-GEN 28.33 28.66
Positive control (GEN) 25.6 25.6
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E. coli S. aureus

Figure 7.19: The zone of inhibition regions of E. coli and S.aureus around the test
samples (a) DA-GO-GEL-GEN, (b) positive control (gentamicin), (c) DA-GO-GEL by
agar diffusion method

Table 7.2: The number of viable bacteria found on the surface of the samples after
bacterial adhesion test

Sample code and strain Observation of test Number of viable
tested bottle after overnight bacteria
incubation
DA_é;(c)o-lci;EL Turbid 25x10  cfultest material
DA-GO-GEL Turbid 8.6x10 cfultest material
S.aureus
DA-GO-GEL-GEN Clear 0
E.coli
DA-GO-GEL-GEN Clear 0
S.aureus

Recent researches report that the aqueous dispersion of GO possesses an
inherent antibacterial property (Hui et al., 2014). However, in the present study, it
is found that the GO incorporated gelatin nanofiber mats favour the growth of
bacteria as well as normal cells. The interaction of GO planes with the gelatin in
the nanofibrous system is found to play a pivotal role in determining the toxicity
of GO. The non-covalent interactions among GO and gelatin mask the basal

planes of GO, that renders them inactive towards the bacterial cells. The
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deactivation of the bacterial activity also depends on the material that is directly
interacting with GO (Hui et al., 2014).

7.3 Conclusion

Graphene oxide incorporated electrospun gelatin nanofibers have been
successfully developed. The mechanical behaviour of composite nanofibers shows
an improved tensile strength for composite nanofibers (21.6 + 2.03 MPa)
compared to the bare gelatin mats (8.29 + 0.53 MPa). Owing to the high
hydrophilicity of GO and gelatin, the resulting nanofibers are cross-linked using
dextran aldehyde. After cross-linking treatment with DA, the composite GO-GEL
mats exhibit further improvement in mechanical property (56.4 + 2.03 MPa). The
cross-linked composite nanofibers are evaluated for cell compatibility and
bacterial adhesion. Even though the GO dispersion is reported to be toxic towards
bacterial cells, the present study demonstrates that GO loaded gelatin nanofiber
mats promote the growth of the normal cells. The non-covalent interactions
between gelatin and GO mask the basal planes of the GO that render them
inactive against bacteria. By incorporating gentamicin, antibacterial property is
imparted into GO-GEL mats through the controlled release of drugs from the
mats. The present composite gelatin nanofibrous system with nano reinforcement
of GO shows excellent physico-chemical and biological properties and throws
light towards application of these composite nanofibers in tissue engineering and

wound dressing arena.
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CHAPTER 8

CONCLUSIONS AND FUTURE PERSPECTIVES

8.1 Conclusions

Gelatin based nanofibrous mats were fabricated by -electrospinning
avoiding toxic solvents and cross-linking agents. Novel, cost effective and natural
based cross-linking agents were developed for gelatin nanofibers. The physico-
chemical and biological properties of the cross-linked nanofibers demonstrated
that the developed cross-linking agents are excellent substitutes for the existing
toxic and expensive cross-linking agents. Nanofibers with further improved bio-
physical properties were achieved using aminated gelatin, gelatin/chitosan core-
shell system and graphene oxide incorporation. The key conclusions of the present

work are summarized below.

Gelatin has been successfully electrospun using 8:2 (v/v) water/acetic
acid solvent mixture for the first time. Acetic acid concentration of 20 % (v/v) is
essential to prevent the gelation of gelatin by disrupting the hydrogen bonding
interactions. Gelatin nanofibers with diameter range of 150 £ 30 nm can be
produced by adjusting the electrospinning and solution parameters. The resultant
smooth nanofibers can be cross-linked using a polysaccharide aldehyde or
disaccharide aldehyde without disrupting the nanofiber morphology. The
mechanical properties and biodegradation behaviour may be tuned based on the
cross-linking agent and the medium employed for cross-linking. Being a
polysaccharide, dextran aldehyde is sparingly soluble in ethanol based cross-
linking medium and gives rise to lower degree of cross-linking in comparison to
the disaccharide, sucrose aldehyde, which is highly soluble in the medium. Since
gelatin is in the solid phase and cross-linking agents are in ethanol medium,

prolonged time of at least 5 days are required to achieve effective cross-linking.
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The presence of minimum quantity of aqueous borax in the cross-linking medium
is found to improve the cross-linking efficiency by providing an alkaline pH
favourable for Schiff’s base formation responsible for the cross-linking reaction.
Preliminary in vitro cytotoxicity study of the nanofibers reveals that the cross-
linked mats are non-cytotoxic towards L-929 and MG-63 cells with good cell
adhesion, viability and proliferation. Thus, oxidized dextran and sucrose can act

as effective glutaraldehyde analogs for cross-linking protein based nanofibers.

Improved physico-chemical and biological properties for gelatin based
nanofibers may be achieved by suitable modifications. The modifications can be
based on chemical reaction, physical mixing and change in the instrumental set-
up. The chemical modification of gelatin via amination produces cationized
gelatin. The modified gelatin is water soluble without forming gel at room
temperature. Through this modification, nanofibers can be fabricated using pure
water as the solvent, by avoiding acetic acid in the solvent system. The water
stability of the highly hydrophilic cationized gelatin nanofibers also can be
improved by cross-linking with dextran aldehyde and sucrose aldehyde. These
cross-linked nanofibers are biocompatible and non-cytotoxic towards L-929 and
MG-63 cells with good cell adhesion and proliferation. Positive charges on the
surface of the cationized gelatin nanofibers interact with negatively charged cell

surface, making them an exciting class of materials for tissue regeneration.

Core-shell structured nanofibers of purely natural origin can be achieved
using gelatin core and chitosan shell. Highly spinnable gelatin acts as a core
template for the formation of chitosan nanofibers which is otherwise unspinnable.
This fabrication method overcomes the problems associated with the usage of
toxic solvents and synthetic polymers for obtaining chitosan based nanofibers.
Being natural polymers, chitosan and gelatin have excellent biocompatibility, and
appropriate biodegradability. The core-shell nanofibers cross-linked with dextran
aldehyde and sucrose aldehyde are found to be non-cytotoxic towards L-929 and
MG-63 cells with superior adhesion and proliferation due to the presence of

chitosan on the surface.
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Improvement in mechanical properties and biological performance can be
achieved by incorporating graphene oxide into the gelatin nanofiber matrix.
Graphene oxide forms a stable and homogeneous dispersion in gelatin solution
which results in uniform nanofibrous structures without any beads and bundles.
The composite nanofibers exhibit a significant improvement in the tensile
strength. Further improvement in the mechanical properties can be achieved by
cross-linking the nanofibers with dextran aldehyde. The composite nanofibers
possess good adhesion and proliferation characteristics towards L-929 cells.
Graphene oxide suspensions are shown to be toxic towards bacterial cells. In
contrary, the present composite nanofiber mat does not prevent the growth of
bacteria. The non-covalent interactions between gelatin and graphene oxide mask
the basal planes of the graphene oxide that render them inactive against bacteria.
By incorporating gentamicin, antibacterial property can be imparted into the
composite nanofiber mat. The present composite gelatin nanofibrous system with
nano reinforcement of graphene oxide having excellent physico-chemical and
biological properties is a potential candidate to be investigated in detail for

applications in tissue engineering and wound dressing.

In summary, two novel, naturally occurring cross-linking agents are
developed for cross-linking of electrospun gelatin nanofibers obtained using
benign spinning conditions. Physico-chemical and biological characteristics of the
cross-linked nanofibers suggest the applicability of these nanofibers as scaffolds
for tissue engineering. The cross-linking agents developed can be used for cross-
linking of nanofibers from modified gelatin systems and other protein nanofibers.
A green fabrication method for gelatin based nanofibers is achieved using
cationized gelatin. The concept of using gelatin as a core template for fabricating
chitosan nanofibers is also introduced. Composite nanofiber matrix consisting of
graphene oxide and gelatin with improved mechanical performance is

demonstrated.
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8.2 Future Perspectives

Electrospun gelatin nanofibers with naturally derived cross-linking agents
are incredibly attractive candidates to be useful for large variety of biomedical
applications, where the existing cross-linking agents create unwanted side effects.
Gelatin and modified gelatin based electrospun nanofibers cross-linked with
dextran aldehyde and sucrose aldehyde showed excellent biocompatibility and
cell adhesion properties towards various cell types. The in vivo studies of the
established gelatin based nanofibers using specific cell types for real life tissue

regeneration applications are recommended.

Nanofiber based drug delivery systems are promising materials and are
more flexible and therapeutically effective with minimal side effects. The
fabrication of drug loaded core-shell nanofibers based on gelatin and chitosan as a

drug delivery device for certain diseases can be thought of.

Other than periodate oxidized polysaccharide and disaccharides as protein
cross-linkers, we would like to explore the oligosaccharides as cross-linking
agents for gelatin based nanofibers. Periodate oxidized oligosaccharides will have
good solubility in ethanol as well as structural resemblance with ECM

components.
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