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Abstract

Chitosan (CS) incorporated silver (Ag) scaffolds were synthesized with varying
concentrations of Ag (1, 2, and 3 % w/w) by using a novel melt-down neutralization
technique followed by solvent curing and freeze drying. The slow and steady melting of
the frozen chitosan solution allows uniform neutralization of the scaffold, resulting in
even distribution of Ag throughout the CS matrix. The synthesized scaffolds (CS-Ag)
were characterized by X-ray diffraction, Fourier transform infrared spectroscopy,
thermogravimetric analysis, and scanning electron microscopy. The in vitro degradation
of the scaffold was studied using the enzyme, lysozyme for 28 days. The in vitro release
kinetics of Ag shows an initial high release followed by slow and sustained release. The
CS-Ag scaffolds exhibit excellent antibacterial properties against representative Gram-
positive (Staphylococcus aureus) and Gram-negative (Escherichia coli) bacterial cultures.
The antibacterial activity of scaffolds increases with the concentration of Ag. The in vitro
biocompatibility of the CS—Ag scaffolds was studied using HaCaT cells (keratinocytes)
by the MTT assay. The scaffolds are biocompatible and support cell adhesion and
proliferation without exhibiting any toxicity. The CS—Ag scaffolds are proposed as

promising candidates for treating bacterial infections in tissue engineering applications.

Scaffolds with different concentrations (0.5, 1 and 2% wi/w) of antioxidants (SM/ CM/
EA) incorporated within the collagen (CO) and CS matrix were synthesized with an aim
to incorporate antioxidant properties within the supporting matrix. The structural
characterization of the scaffolds was carried out by XRD and FTIR, which confirmed the
presence of antioxidants (SM/ CM/ EA) within the CS-CO matrix. The synthesized
scaffolds exhibited sustained release of antioxidants in phosphate buffered saline for 120
h. The scaffolds were biocompatible and supported the growth of COS7 (fibroblast) cells.
The CS-CO scaffolds incorporated with antioxidants and seeded with cells were subjected
to UV irradiation for 10, 20, and 30 minutes, and cell viability was recorded by the MTT
assay immediately and 24 h after incubation. All the three antioxidant incorporated
scaffolds exhibit excellent cell revival at both the time points; with the order of efficiency
being SM>CM>EA.. These scaffolds with the potential to address oxidative stress may be

strategic in managing chronic wounds.

The bilayer scaffolds were fabricated by incorporating a layer upon layer arrangement of
CS-Ag3 and the 2 % (w/w) antioxidant (SM/ CM/ EA) incorporated within CS-CO

matrix, with an aim to impart antibacterial as well as antioxidant activity. The in vivo

i



studies on bilayer scaffolds were carried out in Wistar rat models at 3, 7 and 10 days post
injury and the skin excisions were studied for wound contraction, histology (H&E
staining), and lipid peroxidation (anti-malondialdehyde). The bilayer scaffold with
antioxidants accelerated the process of wound healing with no inflammatory cells,
proliferation of fibroblast, neovascularization and collagen deposition, where as the
control exhibited excessive inflammation throughout the healing process. The bilayer
scaffolds containing Ag/SM exhibited complete wound contraction by day 10 and had a
structure similar to normal skin with complete re-epithelialization. While the bilayer
scaffolds with Ag/CM and Ag/EA exhibited 91 % and 84 % wound contraction. Thus, the
bilayer scaffold with antioxidant and antimicrobial properties can promote wound healing

and is proposed as a potential tissue engineering material for managing chronic wounds.
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Chapter 1: Introduction and Literature Review
1.1 Tissue engineering

In the early 90s’ the increase in the demand for the organs/tissues and the complications
arising due to lack of donors, transplant rejection, immunogenic suppressive treatments,
etc., has led to the development of tissue engineering as an alternative in modern
medicine. Tissue engineering by definition “applies the principles of engineering and life
sciences towards the development of biological substitutes that can restore, maintain or
improve the tissue functions” (Langer and Vacanti 1993). In other words tissue
engineering deals with the application of engineering methods in life sciences by using
biological mimics towards the development of structural and functional relationships of a
damaged tissue. Tissue engineering is an interdisciplinary field which covers a broader
range of applications in transplantation biology, drug delivery, biomedical engineering,
land regenerative medicine. The advances in the field of tissue engineering have gained
importance for the development of materials with functional characteristics. The
incorporation of drugs/growth factors into biological substitutes and controlling their
release behavior increase the therapeutic potential of the tissue engineering in the field of
drug delivery (Stratton et al. 2016). Each tissue has different cells, some cells have the
ability to completely renew (skin, mucosal lining, bone marrow etc.,) while others are
non-regenerative after differentiation. Tissue engineering methods have provided a
platform for the stem cells to transform in to tissue types such as, heart muscle and nerves
which are non regenerative in nature. The term regenerative medicine is often used
synonymously with tissue engineering, although those involved in regenerative medicine

emphasis more on the use of stem cells to produce tissues (Howard et al. 2008).

Generally, tissue engineering involves four major components which are cells, a matrix or
scaffold, a bioreactor, and bioactive molecules. The in vitro involvement of all the
components may or may not be necessary as the fabrication of tissue engineered products
purely depend upon the type of application. As each tissue in the body contains different
cell types and functions, the design of the tissue engineering materials mainly depends on

the cellular and structural properties of the materials (Chaudhari et al. 2016).
1.1.1 Cells

Cells are the building blocks of life as described by Virchow in 1858, “Omnis cellula e
cellula...” meaning that cells arise from pre-existing cells. Every tissue consists of a
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variety of cell types, the progenitor cells for the tissue engineering product can be either
stem cells with the ability to differentiate into multiple cell types or the neighboring cells
from the implant site. Based upon the nature of the implant, the tissue engineering
matrices are classified as acellular or cellular (Dhandayuthapani et al. 2011).

1.1.1.1 Acellular matrices

Tissue engineering products with decellularized matrices, which encourage the
regeneration of the tissue solely by residing at the implantation site are known as acellular
matrix. Various decellularized matrices derived from intestinal submucosa, amniotic
membrane, heart valves, liver, etc., have been widely used to regenerate the functional
tissues and organs (Hoshiba et al. 2010). These products aim to stimulate the local
environment by recruiting the neighboring cells as progenitor cells to repair tissues, and
hence do not face the regulatory and scientific challenges of cell based matrices.
Investigations on decellularized matrices which are derived from a variety of tissues, and
biopolymers have shown to facilitate the remodeling of many different tissues such as
cartilage, skin, bone, bladder, blood vessels, heart etc., in both preclinical animal studies
and in human clinical applications (Burdick et al. 2013).

1.1.1.2 Cellular matrices

The cellular matrices involve inclusion of cells into the matrix, prior to the implantation.
The cells may be directly added on to the matrix during the implantation or allowed to
grow in a in vitro bioreactor by providing necessary growth factors and other biochemical
signals for their differentiation in to the desired tissue of interest. The use of progenitor
stem cells in cellular matrices helps in cases where specialized cells within the organs
have been damaged due to disease, or due to extensive tissue loss leading to organ
dysfunction. The utilization of passive in vitro differentiation of specialized stem cells
into tissue specific cells on the matrix will act as a step further in tissue regeneration. The
challenges associated with in vitro growth of the tissue include the limitations with

respect to differentiation and remodeling of stem cells. (Banerjee 2017).
1.1.2 Bioreactor

A bioreactor in tissue engineering can be defined as a device that provides physical and
chemical stimulants to the cells thereby modulating their biological process. These
biological processes can vary depending upon the type of application, as some signals
will encourage stem cells to differentiate in to desired cell phenotype and some will

2
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modulate the cells to produce extracellular matrix (ECM). The bioreactors increase the
uniformity and reproducibility of the biological process in a regulated in vitro

environment.

Scaffold/ Matrix
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Tissue
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Drug delivery .-

e . .
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Figure 1.1 Factors involved in tissue engineering
1.1.3 Scaffolds/Matrices

A matrix or scaffold is one of the main objects of tissue engineering that mimics the
native ECM, while structurally inducing the cells to form into functional tissues. Almost
all mammalian cells are contact dependent as they adhere to the ECM to provide
structural and functional properties of the particular tissue. The ECM is a network of
fibrous proteins, proteoglycans, and glycosaminoglycans (GAGs) which are critical for
wound repair after injury (Sell et al. 2010). Some components of the ECM also bind to
the growth factors, and act as a reservoir of active molecules that can be rapidly
mobilized following injury to stimulate cell proliferation and migration (Yue 2014, Lu et
al. 2011). The rate of deposition of ECM components and their expression levels vary
according to the age, illness, gender etc. of the individual (Coolen et al. 2010). The same

is reflected in the wound healing process.

The development of 3 dimensional porous scaffolds can provide mechanical support to
the cells allowing vascularisation while maintaining the shape of the tissue. Based on the

application, scaffolds can be permanent or temporary. The permanent scaffolds use non
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biodegradable polymers such as poly(methyl methacrylate) and high-density
polyethylene, which are biologically stable. These scaffolds require constant strength to
maintain the shape of the tissue and remain incorporated during the life time of the patient
(Kim et al. 2012). The temporary scaffolds are biodegradable in nature and degrade
within a predetermined period of time leaving only the newly grown tissue. The in situ
degradation of the scaffold can occur through physical, chemical and biological
processes, and mainly depends on the intrinsic properties of the polymers involved in the
fabrication. It is essential that the degradation and restoration rates match the rate of
tissue growth in vitro and in vivo for biodegradable or restorable materials (Ulery, Nair,
and Laurencin 2011). Tissue engineered scaffolds are porous in nature and are designed
with high porosity, surface area and interconnected geometrical structures. The porous
structure of scaffold facilitates cell migration while also allowing them to have specific
cell-cell interactions. The micro-porosity of the scaffold is important for the growth of
blood capillaries, uniform cell distribution, and the cell-matrix interactions. The optimum
porosity of the scaffold varies according to the tissue type. A decrease in pore size leads
to the occlusion of the pores by the cells which will affect the nutrients and oxygen
supply to the deeper areas of the scaffold (Loh and Choong 2013, Annabi et al. 2010). An
ideal scaffold does not exist as different cell types require diverse bioactive characteristics
with respect to mechanical and chemical properties of the matrix, which directs them

towards specific tissue phenotypes.
1.1.4 Bioactive molecules

The bioactive molecules have a therapeutic potential and are entrapped or attached to the
polymeric matrix for their release into the site of implant. Controlled delivery strategies
are important in increasing the efficacy of the drug while releasing the optimum dosage
for long periods. The release kinetics of the bioactive molecules from the scaffold
depends on its affinity towards the polymer matrix, dissolution parameters of the drug,
and diffusion coefficient. Biomolecules such as, prostaglandin, bovine serum albumin,
insulin etc., and metal ions such as silver (Ag), gold, etc., have been widely used in the
tissue engineering applications (Ji et al. 2011). Several studies on natural and synthetic
polymers incorporated with growth factors such as vascular endothelial growth factor,
platelet derived growth factor, bone morphogenetic protein 2, etc., have shown a
sustained release profile thereby increasing the bioactivity of the tissue engineering
matrices (Wei et al. 2006, Murphy et al. 2000, Jeon et al. 2007). Strategies such as
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incorporation of cells or plasmid DNA in the scaffolds which in turn secrete or promote
the growth factors within the cells have been actively explored (Sokolsky-Papkov et al.
2007). The controlled release of the biomolecules plays an important role as the
irregularities in the release kinetics will hinder the cell proliferation and differentiation
(Nair and Laurencin 2005, Rambhia and Ma 2015). The incorporation of one or more
biomolecules with different functional activities and controlling their release behavior

independently will have a great impact in the field of tissue engineering.
1.2 Biomaterials in tissue engineering

Biomaterials play an important role in tissue regeneration and repair by acting as
frameworks (scaffolds) by mimicking the ECM. Biomaterials are broadly defined as the
materials that augment or replace the tissue in order to maintain or improve the quality of
life of the individual (O'brien 2011). Various polymers have been widely used as
biomaterials for the fabrication of medical devices and tissue-engineering scaffolds.
Polymeric biomaterials are classified into natural and synthetic polymers based on their
origin. Polymers such as poly(lactic acid), poly(glycolic acid), polycaprolactone etc.,
which are chemically synthesized are referred to as synthetic polymers. They exhibit high
versatility and under controlled conditions the properties like porosity, degradation time,
mechanical strength etc., can be tailored for specific applications. The synthetic polymers
generally have lower biocompatibility and at higher concentration can cause
inflammatory responses in vivo (Dhandayuthapani et al. 2011, Gunatillake and Adhikari
2003).

Naturally derived polymer materials are extracted from plants, animals or human tissues.
Natural polymers are attractive options for tissue engineering applications due to their
similarity with ECM components, good biocompatibility, low toxicity, and minimal
immunogenicity, which helps in better matrix-cell interactions. The widely studied
natural polymers include collagen, gelatin, chitosan, alginate, starch, and cellulose (Dang
and Leong 2006, Malafaya, Silva, and Reis 2007).

Collagen is a major component of the ECM, which provides mechanical support to the
tissue. There are different types of collagen present in the human body, and are
distributed across different tissues. Twenty nine types of collagen have been characterized
and all display triple-stranded helical structure with type | (in skin and bone), type Il
(cartilage), type Il (blood vessels walls) and type IV (basal lamina) being the most



abundant (Myllyharju and Kivirikko 2004). Although many types of collagen have been
characterized, only a few are used to produce collagen based biomaterials. Type |
collagen which comprises about 90% of the total collagen in the human body is majorly
used in the field of tissue-engineering (Parenteau-Bareil, Gauvin, and Berthod 2010).
Several studies on collagen based biomaterials have shown that it exhibits good _
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biocompatibility, low immunogenicity, mechanical integrity, in terms of stiffness and
elasticity. Integration of other biomaterials with collagen contributes towards the increase
in mechanical strength as well as cellular functions such as migration, proliferation and

differentiation (Harley et al. 2007, Powell and Boyce 2009).

Chitosan is widely used in the tissue engineering due to its biocompatibility,
biodegradability, and non-antigenicity. CS is the deacetylated form of chitin, a natural
polysaccharide which is present in the exoskeleton of shrimps and insects. It is a linear
polysaccharide composed of B (1-4) linked D-glucosamine molecules with variable
number of randomly located N-acetyl-glucosamine groups. The ratio of sum of D-
glucosamine to N-acetyl-glucosamine is defined as degree of deacetylation. The
molecular weight and degree of deacetylation are important factors which influence the
solubility, degradation kinetics, mechanical strength and charge. CS has a positive charge
due to the presence of the amino functional group, which could be suitably modified to
impart desired properties (Madihally and Matthew 1999). Charge based polymers have an
advantage in drug delivery as they can bind bioactive molecules facilitating targeted
delivery at the wound site. Scaffolds fabricated with CS in combination with other
biomaterials exhibit increased mechanical strength and have been used for a wide range
of applications such as cartilage, chest wall and bone regeneration (Ma et al. 2003, Li et
al. 2005, Correia et al. 2011).

Alginate is the most abundant naturally occurring anionic polysaccharide commonly
found in brown algae. Structurally, alginate is a copolymer of two uronic acids, p-D-
mannuronic acid and a-L-guluronic acid monomers linked by a 1-4 glycosidic bond.
Alginate has been widely used in various tissue engineering and drug delivery
applications as it exhibits properties such as, biocompatibility, biodegradability, non-
antigenicity and chelating ability. While alginate alone is mechanically weak to be used
as a structural tissue engineering scaffold, it has shown significant promise when
copolymerized with other degradable polymers (Ulery, Nair, and Laurencin 2011, Sun
and Tan 2013).
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Gelatin is a natural polymeric protein derived by the hydrolysis of fibrous insoluble
collagen. Structurally, gelatin molecules show similarity to collagen and contain repeated
amino acids sequences of glycine, proline, and hydroxyproline. Gelatin based scaffolds
are biodegradable and promote tissue regeneration which has been achieved in various
tissue types such as cardiac, skin, bone, cartilage and kidney (Heydarkhan-Hagvall et al.
2008, Ghasemi-Mobarakeh et al. 2008).

Polymers such as silk fibroin, elastin, starch etc., have poor mechanical strength while
their use in tissue engineering applications and drug delivery are reported as composites
with other biomaterials. Polymeric biomaterials are able to degrade after they have served
their function. This led to the advancement of modern medicine where biomaterial based
scaffolds have been researched for the delivery of varied cell types such as, chondrocytes,
osteoblasts, myoblasts, fibroblasts, keratinocytes, and adipose-derived stem cells (Ulery,
Nair, and Laurencin 2011, Chaudhari et al. 2016). The polymer or co-polymeric blends
with high tensile strength are used to achieve adequate mechanical properties to engineer
bone or cartilage (Edgar et al. 2016, Cao, Dou, and Dong 2014, Li et al. 2005, Cheng et
al. 2010, Han et al. 2014, Kim, Ahn, et al. 2011). The wide range of biomaterials provide
opportunities for development of tissue engineering materials for applications in the

regeneration of cartilage, skin, cornea, bone etc.
1.3 Skin tissue engineering

Current advances in tissue engineering have led to the development of improved skin
substitutes which are commercially available. The use of stem cell based organ systems in
third degree burns to counter the scarcity of autologous skin grafts is one of the earliest
approaches of regenerative medicine (Pellegrini et al. 1999). The majority of current
research in skin tissue engineering focuses on the synthesis of complex three-dimensional
polymeric scaffolds containing functional biomolecules to support the growth of
autologous cells, leading to regeneration. In order to be translated into clinical
applications, systems based on bioengineered skin with the ability to grow tissues by
retaining their functionality, including stemness are needed (Singh, Singh, and Han
2016). The ultimate goal of skin tissue engineering is to rapidly produce skin constructs
that can offer complete regeneration of functional skin including all the layers of the skin
and the skin appendages (Bottcher-Haberzeth, Biedermann, and Reichmann 2010,
Balafia, Charreau, and Leiros 2015).
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1.3.1 Anatomy of skin

Skin is the largest anatomical organ in the human body whose primary function is to act
as a barrier to mechanical impacts, temperature, micro-organisms, radiation and
chemicals. Skin consists of two layers: the epidermis and the dermis. The epidermis is the
primary layer (avascular) which provides mechanical protection and consists of
keratinocytes and stratified squamous epithelium attached to the dermis via intertwining
collagen fibers, referred to as the basement membrane. The dermis is considered as the
core of the skin, as it contains blood vessels that nourish the skin with oxygen and
nutrients. The dermis majorly consists of fibroblast cells and two layers of connective
tissue. Beneath the dermis lies the hypodermis or subcutaneous fatty tissue. It is not
strictly a part of the skin, although it is difficult to distinguish between the hypodermis
and dermis (Breitkreutz et al. 2013). The epidermal ECM has basal lamina whereas the
dermal ECM comprises of fibrillar collagens and associated proteins. This heterogeneity
of the ECM distribution in the skin extends beyond cell adhesion and facilitates an array
of cell autonomous and non-autonomous processes (Watt and Fujiwara 2011). As skin is
the outermost anatomical barrier of the human body it experiences injuries such as
abrasions, ruptures, penetrating wounds etc., during routine activities. The superficial
wounds heal fast as compared to deeper wounds, in which all the layers of the skin are
compromised. Along with protection, skin has two other major functions which are
regulation and sensation. Wounds affect all the functions of the skin, and at times may

result in serious consequences.(Sen et al. 2009).
1.4 Wound healing

Disruption of cellular and anatomical continuity of tissue is defined as wound. The
natural response to restore the structural and functional aspect of an injured tissue occurs
through the process of wound healing. Wound healing is a complex process which occurs
in three major phases: inflammation, proliferation and maturation which are often
overlapping. These phases are divided based upon the different cellular and biochemical
factors involved during the process. The inflammatory response begins with dilation of
the blood vessels to increase the vascular permeability of neutrophils, macrophages and
lymphocytes into the wound site. Neutrophils clear the wound area to prevent infections
arising due to exogenous and endogenous microorganisms. Macrophages play an
essential role in wound healing by eliminating the debris, bacteria and also releasing

factors that in turn stimulates angiogenesis. During this stage, the wound appears red, hot,
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Figure 1.2 Graphical representation of wound healing process.
(Adapted from: https://www.renovoderm.tech/the-product/)

swollen, and pain is commonly observed. The duration of inflammation generally varies
according to the tissue type and the intensity of the wound. T-lymphocytes migrate into
the wound during the late inflammatory phase and secrete lymphokines such as, heparin-
binding epidermal growth factor, basic fibroblast growth factor, etc. During the
proliferative phase, the formation of collagen, ECM, fibroblasts and a new network of
blood vessels begins which collectively are referred to as granulation tissue. The
epidermal cells on the wound edges undergo structural transformation like detachment
from the neighboring cells and basement membrane, to migrate across the wound surface.
These cells finally resurface the wound, a process known as ‘epithelialization’. The
fibroblasts secrete the ECM components like collagen, elastin, fibronectin,
glycosaminoglycans, and proteases. As the proliferation of fibroblasts increases, the
number of inflammatory cells decreases as the factors that support inflammation are
inactivated. In the proliferative phase the wound edges move centripetally, facilitating the
decrease in the size of the wound eventually closing it completely. The contraction of the
wound depends on the degree of tissue laxity and shape of the wound. During the
maturation phase, once the wound has closed remodeling occurs where type 111 collagen
is replaced by type | collagen, while hyaluronic acid and glycosaminoglycans are
replaced by proteoglycans. Fibronectin gradually disappears and the water is resorbed
from the scar. These events allow collagen fibers to lie close together and facilitate the

cross-linking of the collagen ultimately decreasing scar thickness (Gonzalez et al. 2016).
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1.5 Types of Wounds

There are different types of wounds which an individual can sustain throughout the life,
as part of the daily activities. Many minor wounds are superficial and are limited to the
outer layers of the skin, which need simple treatment to heal, while the wounds that are
deeper, reaching the underlying tissues and organs, experience delayed healing and at

times may be life threatening.
Depending on the healing time of a wound, they are classified as acute or chronic.

Acute - Acute wound is an injury that heals at a predictable and expected rate of time,
and with no complications. The wound healing process is linear as described earlier.
These wounds are further classified based on the cause (abrasions, punctures, incision

etc.,), size, and the depth (skin layers) of the wound (Sen et al. 2009).

Chronic — Chronic wounds do not heal in the standard time frame and may linger for
weeks, months or even years. The reason a wound becomes chronic is that the body’s
ability to deal with the damage is overcome by local and systemic factors. Any acute
wound can progress to a chronic wound as a result of poor blood supply, oxygen,
nutrients or hygiene. Acute wounds should also be properly treated to avoid infection, and

inflammation (Guest, Vowden, and Vowden 2017).

N
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Figure 1.3 Graphical representation of wound healing in the chronic wounds.
(Adapted from: https://www.renovoderm.tech/the-product/)
1.6 Factors affecting wound healing

The wound healing process is not always linear and often can progress both forwards or

backwards through the phases depending upon local and systemic factors acting on the
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wound. Local factors such as oxygenation, infections, foreign body etc., can directly
influence the characteristics of the wound. Whereas, systemic factors such as age, stress,
illness, alcoholism, etc., depends upon the health of the individual, and his or her ability
to heal. Many of these factors are related, and the systemic factors act through the local

effects, affecting wound healing (Guo and DiPietro 2010, Diegelmann and Evans 2004).
1.6.1 Infections

The bacterial infections are one of the major factors which delay the wound healing
process, contributing to chronicity, morbidity, and mortality. Bacteria adhere to the
wound site and colonize leading to the complex situation referred to as infection.
Infections burden the wound site by depleting the nutrients and inflow of oxygen, while
increasing the amount of wound exudates. These bacteria release endotoxins which can
induce prolonged elevation of pro-inflammatory cytokines (interleukin-1, TNF-a) and

damage the tissue by recruiting more inflammatory cells.

Local Factors Systemic Factors

Oxygenation e Age and gender

Infection e Sex hormones
e Stress

Oxidative stress
e |schemia

Foreign body e Diseases:  diabetes, keloids,
Venous sufficiency fibrosis, hereditary  healing
disorders, jaundice, uremia

e Obesity

e Medications: glucocorticoid
steroids,  non-steroidal  anti-
inflammatory drugs,
chemotherapy

e Alcoholism and smoking

e Immunocompromised conditions:
cancer, radiation therapy, AIDS

e Nutrition

Table 1.1 Factors Affecting Wound Healing
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In the absence of effective defense mechanisms, inflammation phase is prolonged,
damaging the neighboring cells, and the biochemical factors which help in the healing
process. The prolonged inflammation can aclg?) tIeeralol I?gr%(i;lcecrtwélx%l;gslélltgﬁatgge&%thggses
including matrix metalloproteases (MMPs), which can degrade the ECM. The increase in
the protease content exhausts the level of the naturally occurring protease inhibitors at the
wound site. This imbalance in the protease and its inhibitors can rapidly degrade the
growth factors which are necessary for the wound healing process (Guo and DiPietro
2010, Edwards and Harding 2004). Bacteria that colonize chronic wounds often form
polymicrobial communities called biofilms. These complex structures are composed of
microbial cells embedded in secreted polymer matrix, which provides optimal
environment for bacterial cell survival, enabling their escape from host immune
surveillance/defense and providing resistance to antibiotic treatment. Biofilms represent
foci of infection and bacterial resistance within the wound and protect the bacteria from
the effects of antimicrobial agents, especially antibiotics and antiseptics. Although
biofilms are prevalent in chronic wounds, and significantly delay re-epithelialization in
animal models, the precise mechanism of how they delay healing remains unclear (James
et al. 2008).

1.6.2 Oxidative stress

Although wounds may have different origins, those which fail to heal are often
characterized by chronically inflammed wound bed. It is widely understood that the
inability of the chronic wound to heal is caused by both cellular and molecular
abnormalities occurring within the wound bed. During inflammatory phase of wound
healing, neutrophils and macrophages secrete large amounts of reactive oxygen species
(ROS) along with pro-inflammatory cytokines and MMPs. The ROS directly attacks
invading bacteria, and kill them. This type of inflammation is a natural part of the wound
healing process which helps in the defense mechanism and is problematic only if
prolonged for longer durations. ROS play a role, not only in disinfection during the
inflammatory phase, but also in other phases including migration, proliferation, and
angiogenesis through ROS signaling (Schéfer and Werner 2008, Dunnill et al. 2017).
Inflammatory cells accumulated inside the chronic wounds triggered by infections and
cell extravasations produce elevated levels of ROS for longer durations creating an
imbalance in the redox potential. Redox homeostasis is the balance between ROS

generation systems and their scavenging counterparts (antioxidant). When the production
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of ROS exceeds the anti-oxidant capacity, the imbalance in the wound can generate
oxidative stress. The elevated levels of ROS can potentially damage the structural
elements of ECM and cell membranes, in turn leading to apoptosis of the cells in the
surrounding tissues. In addition to these direct negative effects, ROS together with pro-
inflammatory cytokines induce the production of proteases that can degrade the ECM and
growth factors necessary for normal cellular function (Demidova-Rice, Hamblin, and
Herman 2012, Ha et al. 2010). Thus, strict control of ROS levels is required to avoid their
detrimental effects and to ensure their beneficial roles.

1.7 Wound care medications

Wound care has evolved over time, from the use of natural crude products in ancient ages
to modern day dressings based upon better understanding of the wounds and the wound
healing process. The application of antibacterial compounds like honey, Ag etc., to treat
wounds reduced after the discovery of antibiotics. Antibiotics revolutionized the field of
medicine as they proved to be bactericidal to a significantly large population of bacteria.
However, their indiscriminate usage has resulted in decreased efficacy and development
of resistant strains, which arise mainly by altering the cell structure and/or cell
metabolism. As a result, during the past few decades, Ag has regained attention as an
antimicrobial agent as it can kill bacteria which are resistant to many modern day
antibiotics (Tsang et al. 2015). Initially, the use of Ag as AgNOs (silver nitrate) solution
or silver sulfadiazine cream was specifically focused for the treatment of burns along with
wound dressings (Gayle et al. 1978). Subsequently, different Ag based combinations
gained attention for the treatment of chronic wounds. Ag is reported to demonstrate
efficacy on planktonic microorganisms both within the in vitro and in vivo environments.
When Ag is incorporated on medical implants, it’s antimicrobial property is also effective
in reducing biofilms (Naik and Kowshik 2014, Besinis et al. 2017). Ag ions have been
shown to be effective over 600 microorganisms including bacteria (both Gram-positive
and negative), fungi and viruses; however, the precise mechanism of their mode of
antimicrobial action is not yet fully understood (Dakal et al. 2016, Malarkodi et al. 2013).
Several studies suggest that Ag has multiple modes of action to kill bacteria by targeting
various components of bacterial metabolism, unlike antibiotics. Though elemental Ag
appears to be antibacterial, its cation form (Ag+) is highly reactive due to an increase in
its charge. lonic Ag interacts with the cell membranes as the positive surface charge of

the Ag ion can electrostatically interact with the negatively charged cell wall of the
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bacteria. The Ag ions then bind various functional groups such as thiol, sulfhydryl,
imidazole, and carboxyl groups present in the cell wall leading to protein unfolding and
breakdown (Abbaszadegan et al. 2015). These changes in the cell wall structure affect the
integrity of the lipid bilayer and permeability of the cell membrane resulting in its
disruption (Ghosh et al. 2012). The Ag ions also impair the uptake of potassium channels
in bacterial cells. The increase in the membrane permeability increases the loss by
leakage of intracellular components including ions, proteins, reducing sugars and the
cellular energy reservoir, ATP (Lok et al. 2006, Kim, Lee, et al. 2011). Ag ions inhibit the
respiratory pathway of bacteria by binding to the functional groups of the electron
transport chain components thereby interfering with the electrochemical gradient. This
interference with metabolism of the bacteria as ATP synthesis will not progress, resulting
in cell death (Thombre et al. 2016).

The Ag ions after adhesion to the cell membrane can penetrate the bacterial cells through
porins (water-filled channels), which are present in outer membrane and can result in
several cellular dysfunctions(Li, Nikaido, and Williams 1997). They interact with cellular
components and biomolecules such as proteins, lipids, and DNA affecting all the vital
cellular functions (Habash et al., 2014; Singh et al., 2015). The Ag ions interfere with the
translation process by denaturing the ribosomes and ribonucleic acids thereby inhibiting
protein synthesis (Morones et al., 2005; Jung et al., 2008; Rai et al., 2012). The Ag ions
alter the 3D structure of proteins, by blocking the active binding sites, interfering with the
disulfide bonds and forming stable bonds with the functional groups leading to overall

functional defects in the microorganism (Lok et al., 2006).

Additionally, Ag ions have been used alone or in combination with antibiotics. In order to
increase the antimicrobial efficacy against pathogenic strains, Ag ions used in
combination with the antibiotics have displayed synergistic antimicrobial effect
(Morones-Ramirez et al. 2013, Deng et al. 2016).

Apart from the microbial infections, another important factor which delays the wound
healing process is oxidative stress. The imbalance between the ROS (oxidative systems)
and their scavenging counterparts affects the wound if prolonged for longer durations.
The antioxidants which are involved in fine tuning the ROS can be enzymatic or non-
enzymatic in nature. The physiological antioxidative enzymes include superoxide
dismutase (SOD), glutathione peroxidase (GPX), peroxiredoxins and catalase, while

ascorbic acid, glutathione, carotenoids and polyphenolic compounds function as non-
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enzymatic antioxidants (Kurahashi and Fujii 2015). The non-enzymatic antioxidants react
with ROS stoichiometrically and become radicals themselves, though less reactive. These
oxidized non-enzymatic antioxidants are less damaging than the radicals they scavenge.
The antioxidant enzymes work together to reduce the oxidized non-enzymatic
antioxidants, and the cycle continues (Kagan and Tyurina 1998). Several studies on the
expression of antioxidants in chronic wounds indicate that it is lower than the normal
levels leading to redox imbalance. Herein, molecules with free radical scavenging
potential can come to the rescue as in addition to exhibiting antioxidant properties they
also contribute towards the expression of endogeneous antioxidants enzymes thereby

augmenting the wound healing process (Martin, 1996).

Polyphenolic compounds are secondary metabolites of plants, synthesized as natural
defense part of defense against the radicals in extreme environmental stress conditions.
They exhibit antioxidant property by quenching the ROS and inhibiting lipid peroxidation
(Shahidi, Janitha, and Wanasundara 1992, Yu et al. 2015). Several studies on phenolic
compounds have also demonstrated anti-aging, anti-inflammatory, anti-cancer, anti-
microbial and anti-proliferative activities (Rasouli, Farzaei, and Khodarahmi 2017, El
Gharras 2009). Some polyphenols like quercetin, myricetin, rutin, etc., have shown to
influence the gene expression by down-regulating the MMPs thereby reducing
inflammation (Pereira and Bartolo 2016, Sin and Kim 2005). Polyphenolic compounds
induce the expression of antioxidant encoding genes by interacting with the antioxidant
response element that is present in the gene promoter region (Rasouli, Farzaei, and
Khodarahmi 2017). The positive effects of polyphenols on cardiovascular diseases, liver
damage, diabetics etc., are indirectly related to the anti-oxidant nature of the compounds
(El Gharras 2009). Although polyphenols are known for their accessibility, specificity
and low toxicity, their rapid metabolism and low bioavailability are certain limitations
(Brglez Mojzer et al. 2016). Polyphenols have played a major role in wound healing as
their use was recorded from ancient times as crude extracts. Their use in modern
medicine has been accelerated as many aspects of their chemical and biological activities
were identified and evaluated (Mandal and Mandal 2011). The polyphenols which are

used in the current study are described below.

Silymarin (SM), is a polyphenolic flavonoid isolated from fruits and seeds of the milk
thistle plant, Silybum marianum. SM is clinically used as a drug for treating liver diseases

because of its hepatoprotective property. In addition, it exhibits strong antioxidant, anti-
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inflammatory and anticancer activities. Investigations on SM as an anti-inflammatory and
antioxidant agent have shown positive effects on the wound healing process in animal
models. SM acts as a powerful antioxidant by inhibiting the OH" radicals and inducing the
production of a number of endogenous antioxidants, including GSH, SOD, catalase, and
GPX (Surai 2015). Topical application of SM in the treatment of diabetic wounds has
shown that it inhibits the inflammatory nuclear transcription factor kB, and promots the
synthesis of anti-inflammatory cytokines, such as IL-10, IL-12 etc., thereby enhancing
tissue regeneration (Meeran et al. 2006, Chang et al. 2006). Topical administration of SM
in rats has shown to increase the proliferation of fibroblast, collagen synthesis, and
angiogenesis. The antioxidant and anti-inflammatory abilities of the SM are also

demonstrated in UVB-induced skin damage (Gazak, Walterova, and Kren 2007).
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Figure 1.4 Structures of SM (A), CM (B) and EA (C).
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Curcumin (CM), the most active component of the rhizome of Curcuma longa L.
(common name: turmeric), has been traditionally studied for its medicinal properties. It
has potent anti-oxidant and anti-inflammatory effects, which play a crucial role in the
wound healing process. The structure of CM (1,7-bis(4-hydroxy-3methoxyphenyl)-1,6-
hepadiene-3,5-dione) was first described by Lampe and Milobedska in 1910. CM exhibits
anti-cancer, anti-aging and wound healing properties. CM when administered orally or
when applied topically to wounds reduces the oxidative stress while at the same time
enhancing the activity of the antioxidant enzymes including superoxide dismutase,
catalase and glutathione peroxidase in rat models (Reddy and Lokesh, 1994; Subudhi and
Chainy, 2010). Various studies have demonstrated the infiltration of myofibroblasts into
wound sites when treated with CM (Mohanty 285 et al. (2012). Infiltration of fibroblasts
is essential for granulation tissue formation, collagen production and its deposition
(Epstein et al., 1999; Loughlin and Artlett, 2011; Martin, 1997). Studies have shown an
increase in the wound contraction rate as an evidence for curcumin's ability of
accelerating wound healing. Due to its hydrophobicity, CM is poorly absorbed during oral
administration as compared to topical application at the wound site. Hence, topical
application of CM has more pronounced effects on wound healing compared to its oral
administration (Liu et al. 2016). Novel formulations of curcumin are being explored in
order to overcome drawbacks such as low bioavailability, rapid metabolism, poor
solubility etc., to maximize the application potential.

Ellagic acid (EA) is a bioactive polyphenolic compound found abundantly in numerous
fruits, vegetables and seeds of pomegranate; walnuts etc. EA possess a wide range of
biological activities like antioxidant, inhibition of lipid peroxidation, anti-inflammatory
and anti-carcinogenic properties. The structure of EA is 2,3,7,8-Tetrahydroxy-
chromeno[5,4,3-cde]chromene-5,10-dione (Kilic, Yesiloglu, and Bayrak 2014). High
molecular weight polyphenols are the major contributors of antioxidant properties as they
have several hydroxyl functional groups in their structure, with a greater ability to donate
the hydrogen atom and support the unpaired electron. In vivo studies on EA fed rats have
shown down regulation of INOS, COX-2, TNF-a and IL-6 through NF-kB repression by
exerting anti-inflammatory properties (Umesalma and Sudhandiran 2010). EA reduces the
oxidative stress by effectively lowering the levels of plasma lipids; scavenging the Oy
and OH’; and inhibiting lipid and DNA peroxidation (Takagi et al. 1995). EA also exerts
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its protective effect by inhibiting the overproduction of free radicals by NADPH oxidase

and up-regulating cellular antioxidant defenses (Lee et al. 2010).

In summary, the major factors affecting the wound healing process as described earlier
are infections and oxidative stress. The strategies to incorporate antioxidant compounds
(SM, CM, EA) into the polymeric matrix with a sustained release behavior will address
the issues of low bioavailabilty and rapid metabolism of the polyphenols while reducing
the oxidative stress. The uniform entrapment of antibacterial agent will provide better
antibacterial effect at low concentrations, thereby reducing the mammalian cell toxicity.
The fabrication of the scaffold with intra-dermal nature is significantly important in skin
tissue engineering as the advancements primarily focus on mimicing the native nature of
the ECM. The simultaneous incorporation of antibacterial and antioxidant compounds in
to the scaffolds, both with independent release behavior, will help in increasing the

efficacy of the scaffold in chronic wounds.
1.8 Gaps in Existing Research

The Advances in the wound care management is important, as increase in the occurrence
of chronic wounds that are hard to heal are constantly increasing with a current global
estimate of around 50 million patients. The statistics of the global healthcare market as of
2015 is US $8 bhillion and will be projected to reach the US $10 billion by the end of
2020. The increase in lifestyle diseases such as diabetes has intensified the focus on faster
wound healing products. Chronic wounds take considerable time to heal and therefore
advanced wound care products have emerged as a standard solution for treating chronic
wounds. The major factors which delay the wound healing process are bacterial infections
and oxidative stress. Antimicrobial compounds have been extensively used in wound care
to control infections. This has led to an increase in the antibiotic resistance bacteria,
which has become a major challenge in wound healing. Currently a lot of research is
focused on developing newer antimicrobial compounds with multimodal mechanism of
actions to kill the bacteria. Ag has a broad antimicrobial spectrum and has been widely
used in tissue engineering scaffolds. Although there are reports on Ag based biomaterials
such as CS, CO, alginate etc., a lot needs to be done with respect to the synthesis modes
using techniques which will lead to homogenous distribution of Ag. The uniform
entrapment/distribution of the Ag into the polymeric matrix will ensure an even release

thereby increasing its efficiency. The techniques used in scaffold fabrication such as ionic
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gelation, freeze drying, electrospinning etc., can be combined with new strategies in order

to ensure sustained release of the bioactive molecules.

Oxidative stress is also an important contributing factor of chronic wounds as it delays the
healing process by disturbing the redox potential of the injured tissue. Polyphenolic
antioxidants in their pure form have been used in treatment of wounds, but their use in

tissue engineering has not been fully explored.

Biomaterials are often important components of tissue engineering strategies because they
mimic the native ECM of tissues and direct cell behavior, while contributing to the
structure and function of new tissue. Multilayer scaffolds provide an opportunity to coat
different layers within the scaffold with different medically relevant biomolecules thereby
providing an ecosystem for favorable interactions with the niche cells. Skin substitutes
are often focused on developing tissue-engineered products with antibacterial or
antioxidant compounds or the compounds which posses both the properties, while the use
of both compounds for wound healing applications is not reported. The use of
antimicrobial compounds along with antioxidants in tissue engineering will address the
microbial infections and oxidative stress, which are considered key factors in delaying the
healing process. Though their release has to be controlled in such a way that the normal
physiological functions do not interfere with one another. Hence, in the present study, the
idea was to design a bilayer scaffold incorporating antibacterial (Ag) and antioxidant
(SM/ EA/ CM) compounds in two different layers, with an attempt to block the bacterial
adhesion from the outer environment while addressing the oxidative stress inside the
wounds. The localization of the compounds in separate matrix may help in reducing the
conflict between the compounds and contribute to their synergistic effects in the healing
process. The Polymeric multilayer formulations can have a significant impact on

advancing the fields of cellular and tissue engineering.

In the view of above proposed gaps in the literature, the following objectives have been

proposed:

1. Synthesis of bilayer scaffolds with layer by layer arrangement of CS-Ag; and CS-
CO-R (where, R = CM/ EA/ SM).

2. Characterization of scaffold by determining its physical and chemical properties.

3. Studies on the in vivo biocompatibility of the bilayer scaffold with specific animal

models.
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Scaffolds

2.1 Introduction

Preventing bacterial contamination and treating wound infections have been a major
challenge in wound care management. Many bacteria release metallo-proteases and other
mediators of inflammation, leading to local tissue damage (Edwards and Harding 2004,
Diegelmann and Evans 2004). Certain pathogenic bacteria tend to form biofilms which
provide them with protection against host defense mechanisms. Bacterial communities
colonize and secrete exopolysaccharides facilitating biofilm formation, which offers
resistance to bacteria by preventing the entry of antibacterial drugs. Organisms within
biofilms can be 500 times less sensitive to antibiotics than planktonic forms (James et al.
2008). Approaches like supplementation of antibacterial compounds into the wound site
helps in dealing with reducing the bacterial load and eradicating further infections. Ag has
been a potent antibacterial compound for ages, the use of which diminished with the
discovery of antibiotics. The increase in bacterial resistance to the antibiotics has renewed
the interest in Ag (Demidova-Rice, Hamblin, and Herman 2012). Ag exhibits germicidal
effects by effectively killing microorganisms without causing harm to higher organisms.
Ag ions electrostatically interact with the negatively charged bacterial cell wall, thereby
disrupting the cell membrane and biomolecules such as proteins, enzymes, electron
transport chain components and DNA. Furthermore, the Ag radicals interact with the cell
membrane and affect its permeability, causing the leakage of the cytoplasm leading to cell
death (Abbaszadegan et al. 2015, Malarkodi et al. 2013, Tsang et al. 2015). Ag is also
known to prevent the formation of biofilms, a major challenge in wound healing. The Ag
ions facilitate biofilm dispersion by interfering with EPS and also down regulating the
genes which are responsible for quorum sensing signaling (Singh et al. 2015, Besinis et
al. 2017). Recent studies on the synthesis of Ag based compounds have focused to
enhance the availability of Ag to bacterial cells thereby increasing the antibacterial
efficacy. The use of Ag in treating chronically infected wounds when compared to
traditional antibiotics has been increased, due the multimodal action of Ag ions in
bacterial inhibition (Jain et al. 2009, Abbaszadegan et al. 2015, Dakal et al. 2016).

In general, the wound healing process involves many cellular and acellular (ECM;
biochemical) components which combine to repair and restore the injured tissue. ECM

plays an important role in wound healing process; this led to the creation of substitutes
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which can stimulate or replace the ECM by using biopolymers (Lu et al. 2011). The
biopolymers which mimic the native ECM are biocompatible in nature and helps in
adhesion and proliferation of the neighboring cells. Various polymeric materials used in
tissue engineering as matrices, scaffolds, films, hydrogels etc., are based up on the type of
tissue and the area of application. Polymeric scaffolds are drawing great attention due to
their unique properties such as high porosity, biocompatibility, chemical versatility and
good mechanical properties (Dhandayuthapani et al. 2011, Stratton et al. 2016). Among
the various biopolymers, chitosan (CS) has gained much attention as a bio-composite
material in various tissue engineering applications due to its large scale availability, non-
toxicity, biodegradability, and biocompatibility characteristics. Chitosan is a linear
biopolymer of linked B (1, 4)-glucosamine (2-amino-2deoxy-D-glucose) and N-acetyl-D-
glucosamine, a de-acetylated form of chitin and a major component of crustacean outer
skeletons. The plethora of applications of chitosan, especially in the field of tissue
engineering is due to the possibility of chemical modifications in its structure, and can
blend with various polymers to generate materials with novel properties and functions
(Madihally and Matthew 1999, Han et al. 2014, Correia et al. 2011, Li et al. 2005). To
enhance the therapeutic potential of the polymeric matrices, incorporation of bioactive
molecules with varied applications has been widely actively explored. Several studies on
the incorporation of antimicrobial compounds such as, antibiotics, quaternary ammonium
compounds, heavy metal compounds (e.g. Ag, tributyltin and mercury) and halogens into

the polymeric matrix have shown to inhibit the microbial infections (Guo et al. 2015).

Efficient antibacterial activity of the scaffolds can be achieved through a sustained release
of the Ag for a prolonged period of time (Rambhia and Ma 2015). The release kinetics of
Ag ions guide antibacterial efficacy and affect factors like dosage limitation which are
important for preventing mammalian cell toxicity (Pundir, Badola, and Sharma 2017).
Several Ag immobilized dressings using bio-compatible polymer matrices have been
reported to show antibacterial efficacy against both Gram-positive and Gram-negative

bacteria without any mammalian cytotoxicity (Guzman, Dille, and Godet 2012).

The aim of the study is to incorporate the antibacterial compound (Ag) into polymeric
(CS) matrix thereby eradicating the bacterial infections arising due to the exogenous and
endogenous modes while enhancing the wound healing. In this study we used AgNO3 as
antibacterial precursor, to uniformly entrap Ag into the CS polymeric matrix by using

novel melt-down neutralization for controlled release of Ag ions. The scaffolds were
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prepared by using melt-down neutralization, followed by polymer curing and freeze
drying. The synthesized scaffolds were physically characterized and further evaluated for
their antibacterial potential. The in vitro biocompatibility of the composite scaffolds on

human keratinocyte (HaCaT) cells was studied.
2.2 Materials and Methods
2.2.1 Chemicals and materials

CS with >75% degree of deacetylation, silver nitrate, tris, calcium chloride dihydrate,
MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide), dulbecco's
modified eagle medium (DMEM), foetal bovine serum (FBS), antibiotic-antimycotic,
phosphate buffer saline (PBS), and Muller Hilton broth/agar (MHB/A) were purchased
from HiMedia, India. The acetic acid, nitric acid, dimethyl sulfoxide (DMSO), sodium
hydroxide (NaOH), diethyl ether, acetone were brought from SD Fine Chem. Ltd, India,
and ethanol from Changshu Yangyuan Chemical, China. All solvents and solutions were
used as received, without further purification.

2.2.2 Synthesis of CS-Ag scaffolds

Ag incorporated CS scaffolds were prepared by dissolving 300 mg of CS in 10 ml of 1%
acetic acid solution containing Ag at concentrations of 1, 2 and 3 % (wt/wt), respectively.
This was followed by the addition of 0.25 % glutaraldehyde and the suspension was
stirred for 4 h. The viscous gel formed was poured in 50 mm petri plates and frozen at -
80° C. The samples were thawed at 8 °C and a solution of 0.1 M NaOH in ethanol was
slowly added to precipitate the chitosan and obtain a gel. The gels were repeatedly
washed with distilled water until the pH of the wash water remained neutral. These gels
were frozen at -80 °C for 12 h and thawed at 4 °C for 3 h. Solvent curing of the gel was
carried out by soaking the scaffolds in a solution of diethyl ether:acetone (1:1) for 30 min.
The solvent cured gels were given five cycles of freeze-thawing to achieve optimum
porosity and interconnectivity. Finally, the gels were lyophilized using a freeze dryer
(CHRIST alpha 1-2 LD plus). CS (control) scaffolds were synthesized using the same
protocol but without the addition of silver. The CS scaffolds synthesized with 1, 2, and 3
% Ag has been denoted as CS-Agl, CS-Ag2, and CS-Ag3, respectively.
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2.2.3 Characterization
2.2.3.1 Determination of CS Deacetylation

The degree of deacetylation of chitosan was determined by the ninhydrin assay
(Prochazkova, Varum, and Ostgaard 1999, Curotto and Aros 1993). D-glucosamine was
used as the standard and the standard curve was plotted from 0.01 to 0.05 mg/mL of D-
glucosamine prepared in 1% wi/v acetic acid. Chitosan solution (0.1 mg/mL) was prepared
by dissolving it in 1% acetic acid and stirring continuously at 25°C for 6 h. Specific
amounts of standard and chitosan solution were taken in a test tube and the volume was
made up to 1ml by adding 0.02M acetate buffer (pH 5.5). Subsequently, 2 ml of
Ninhydrin reagent was added to the tubes, vortexed for 20 seconds and placed in a boiling
water bath for 10 min. After the solutions had cooled down, the absorbance was recorded
at 570 nm using an UV visible spectrophotometer (Shimadzu, UV-2450 MODEL).

2.2.3.2 Determination of average molecular weight of CS

The molecular weight of chitosan samples was determined using the Mark-Houwink
equation (Wang et al. 1991, Kasaai 2007).

n] = KM*®

Where[n] is the intrinsic viscosity, M is Molecular weight, K and o are the constants of a
particular polymer solvent system and temperature. Different concentrations of chitosan
solutions (0.1%, 0.2%, 0.3%, 0.4%, and 0.5% wi/v) were prepared in 0.2 M acetic acid
and 0.1 M sodium acetate buffer solution. The solution was filtered to remove insoluble
materials. The Ubbelohde type capillary viscometer was used to measure the flow time of
the solutions through the capillary in a constant temperature bath at 25 °C. Three
measurements were made for each sample. The running times of the solution and solvent
were recorded as seconds (s) and specific viscosity calculated. The reduced viscosity was
calculated for different concentrations of polymer using the specific viscosity data. The
intrinsic viscosity was obtained by extrapolating the reduced viscosity on reduced
viscosity vs. concentration plot to zero concentration. The literature values of K and a are

0.104x10° and 1.12, respectively.
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2.2.3.3 XRD

The crystallinity of the scaffold material was determined by XRD analyses carried out
using Rigaku Miniflex Il with Cu-Ka (A=1.5406A°) as the X-ray source and 20 angle of
10° to 60°. The crystallite size of Ag was calculated using Scherrer equation.

k2
~ B cosh

Where D= Domain crystallite size; K = Scherrer constant; p = Full Width at Half

Maximum (in radians) and 6 = Half 20 of the maximum intensity peak.

2.2.3.4 FTIR analysis

Infrared spectra were measured using an FT-IR spectrophotometer (Shimadzu IRAffinity-
1S) coupled to a computer with analysis software. The scaffolds were analyzed by using
attenuated total reflectance (ATR) sampling technique.

2.2.3.5 Thermal behavior by TGA

The TGA analysis was carried out using a thermogravimetric system (Shimadzu, DTG-
60) with an electronically processed temperature control unit and a TA data station.
About 2 mg of the sample was placed in the balance system equipment and the
temperature was raised from 30° to 550°C at a heating rate of 10°C per minute. The mass
of the sample pan was continuously recorded by taking first-order derivative of the raw
weight loss of the TGA curves and calculating the area under respective polymer
degradation temperature peak.

2.2.3.6 In-vitro degradation of scaffolds

In-vitro degradation of the scaffolds was carried out using the enzyme, lysozyme which
catalyzes the hydrolysis of B (1, 4) linkages between N-acetyl-D-glucosamines. The
lysozyme solution was prepared by dissolving 500 pg/L in phosphate buffer saline. The
scaffolds (10mm diameter; 2mm thickness) were placed in the six well plates containing
2ml of enzyme buffer solution and incubated at 37°C. The enzyme solution was changed
once every 7 days and the rate of degradation was monitored for 28 days. The study was

carried out in triplicates.
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2.2.3.7 Anti-bacterial activity

The antibacterial activity of the scaffolds was tested against Gram-positive (S.aureus
MTCC 737) and Gram-negative (E.coli NCIM 2345) bacteria using the disc diffusion
assay in Muller Hilton agar. The bacteria were seeded (1*10° cells/ml) into warm and
molten Muller Hilton agar, mixed gently and poured into petri plates. The scaffolds were
embedded into the agar and the plates were allowed to solidify. The plates were incubated

at 37 °C for 24 h and observed for zones of inhibition.

The bactericidal activity of the scaffolds was tested by incubating them in non- treated 6
well plates containing Mueller Hilton broth inoculated with 10° cells/ml of E.coli and
S.aureus, respectively. The plates were incubated at 37 °C for 24 h and observed for
growth of the bacteria. In order to check for bacteria adhering/harbouring on to the
scaffold, the scaffolds were transferred to MH agar plates, incubated at 37 °C for 24 h and
observed for growth of adherent bacteria. All the experiments were performed in

triplicates.
2.2.3.8 In-vitro Release Studies

The Ag release kinetics of the CS-Ag scaffolds were studied by cutting the scaffolds into
discs of 10 mm diameter and immersing in 10 mL of simulated wound fluid (SWF-2%
bovine serum albumin, 0.02 M calcium chloride dihydrate, 0.4 M sodium chloride, 0.08
M tris in de-ionized water, pH 7.5) at 37°C for 7 days (Pawar et al.). Spent SWF was
replaced every 24h with an equal volume of fresh SWF. Ag was estimated by adding 5ml
of 1N nitric acid to the spent SWF solution and analysing using a flame atomic absorption
spectrophotometer (FAAS) (Shimadzu atomic absorption spectrophotometer AA-7000).
All the studies are performed in triplicates.

2.2.3.9 Cell Viability Assessment

Cell viability assay is important in tissue engineering, to assess the number of viable cells
attached and grown on the scaffolds. As HaCaT cells are aneuploid Human Keratinocyte
cell lines (Boukamp, Petrussevska et al. 1988) and are derived from the keratinocytes,
present in epidermal region of the skin, they were used for carrying out the MTT assay.
For the cell viability studies, the CS and CS-Ag scaffolds were washed 3 times with
phosphate buffer saline and placed in non-treated 6 well plates containing complete media
(90% DMEM, 10% FBS, and 70 pL of Antibiotic Antimycotic Solution 100X liquid
w/10,000 U Penicillin, 10mg Streptomycin and 25 pug Amphotericin B per ml in 0.9%
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normal saline). They were allowed to soak for 4-6 h, followed by inoculation with HaCaT
cells (1*10° cells/mL) and incubation in humidified CO, incubator (5% C0,/95% air) for
24, 48 and 72 h, respectively. For the samples which were incubated for 72 h, the spent
medium was replaced with fresh medium after 48 h. At the end of the respective
incubation period, the media was removed and the scaffolds were washed with PBS (pH
7.2). MTT (500 pL of 0.5mg/mL in PBS) was added to the wells and incubated for 4-6h
for the formation of insoluble formazon crystals. DMSO (1.5 mL) was added and the cell
suspension was incubated for 15 min to solubilize the formazon crystals. The absorbance
of the supernatant was measured at 570 nm using DMSO as the blank. Three parallel
replicates were analysed for each scaffold.

2.2.3.10 Scaffold morphology and cell attachment

The scaffold morphology and internal pore imaging was captured using a Scanning
Electron Microscope (JEOL JSM-6390) operated at 10 kV. For the cell attachment
studies, HaCaT cells were allowed to grow on the scaffolds for 24 h. The cells were fixed
by placing the scaffolds in 2.5% glutaraldehyde solution overnight. The scaffolds were
dehydrated using an ethanol gradient (20, 30, 50, 70, 90 and 100%) wherein, the scaffolds
were maintained at each concentration for 10 min. The gold sputtering of the dehydrated
scaffolds was carried out using vacuum controlled gold sputter coater (SPI-MODULE).

2.3 Results and Discussion:

Charge based polymers are generating a lot of interest in the field of biomedicine due to
its ability to electrostatically interact with bioactive molecules. CS is positively charged
polysaccharide obtained after deacetylation of chitin. The physiochemical and biological
properties such as, crystallinity, hydrophilicity, degradataion and cellular response of the
CS majorly depend upon the molecular weight and degree of deacetylation. Several
reports suggested that the functional based diversity of CS have increased with degree of
deacetylation while increasing the overall positive charge on the polymer allowing it to
conjugate with the bioactive molecules (Madihally and Matthew 1999). The degree of the
deacetylation of the CS molecules is ~71 % as determined by using ninhydrin assay
[Figure 2.1 (A)]. The average molecular weight of CS as determined by using Mark-
Houwink equation is about 26 Kilo Daltons [Figure 2.1(B)].
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Figure 2.1 (A) Standard curve of D-Glucosamine by ninhydrin assay.
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Figure 2.1 (B) Reduced viscosity of chitosan solutions at varying concentrations.
Intrinsic viscosity of the CS is shown in the inset as the intercept value.

The CS-Ag scaffolds were synthesized using the technique of melt-down neutralization,
followed by solvent curing and freeze drying. CS was dissolved in acetic acid to obtain a
homogenous solution. The solution was frozen at -80° C followed by thawing at 8° C
during which neutralization with sodium hydroxide in ethanol was carried out. Addition
of alkali to the frozen samples helps in slow and controlled neutralization of the melting
chitosan solution. The presence of ethanol increases the flexibility of the scaffold by

rehydrating it from the strong alkaline affect, thereby exhibiting better biocompatibility
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(He et al. 2011). The temperature of neutralization and the concentration of the alkali
were crucial determinants of the shape and uniformity of the scaffolds. The descending
temperature (thawing) of the frozen gel resulted in uniform molding of the scaffolds
whereas surface deformities were observed in samples where freezing was not applied
[Figure 2.2 (A, B)]. The gels were washed with deionized water to neutralize the pH and
to remove the NaOH from the precipitated gels. The moulded gel was cured using
acetone and diethyl ether followed by repeated freeze-thawing. Solvent curing has been
shown to increase the mechanical stability of the resulting scaffold, and freeze-thawing
was used to obtain uniform pore size and distribution (Orrego and Valencia 2009,
Intranuovo et al. 2014). The ice nuclei comprise the void space between the polymers. At

low temperatures the ice nucleation is faster resulting in the formation of smaller ice

nuclei.

Figure 2.2 CS scaffolds neutralized with NaOH without melt-down (A), and with melt-

down (B) technique.

Most of the reported methods for synthesis of CS scaffolds directly carry out freeze
drying of the neutralized hydrogel. Studies on poly (vinyl alcohol) (PVA) hydrogels have
shown that freeze thawing helps in the physical reorganization of the pores resulting in
interconnectivity (Ricciardi et al. 2005, Gupta, Webster, and Sinha 2011). Similarly,
freezing of collagen scaffolds is reported to have resulted in formation of scaffolds with
smaller pore size (Haugh, Murphy, and O'Brien 2009). In this study, solvent curing was
followed by freeze thawing to obtain an optimum pore size which directly influences
cellular activity. Freeze thawing reorganizes the internal pore diameter as the ice crystals
forms and thaws thus creating a uniform void space (pore). The SEM images of the

scaffolds exhibiting open pore structure with a high degree of interconnectivity are shown
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in Figure 2.3. The polymer structure was intact with no visible difference on
incorporation of Ag within the CS matrix. The average pore size of the synthesized CS
and Ag-CS scaffolds was between 100-200 pum.

Figure 2.3 SEM micrographs showing the porosity of the CS (A), CS-Agl, CS-Ag2 and
CS-Ag3 scaffolds (scale bar — 100 um).

The optimal scaffold pore size that allows maximal entry of cells and their adhesion
varies with cell types. For example, endothelial cells show favourable attachment to pores
in the range of 20-80 um, osteoblasts require pores larger than 100 um for bone formation
whereas, keratinocytes require pore sizes between 80 to 150 um (Doillon et al. 1986, Han
et al. 2010).

2.3.1 XRD analysis

The crystalline patterns of the CS and CS-Ag scaffolds were identified by the presence of
signature peaks for both the Ag and CS using an X-ray diffractometer. The overlaying
data for the different scaffolds are shown in Figure 2.4. The broad peak at 26 of 19.60
indicates the semi-crystalline nature of the CS with orthorhombic crystal structure
(JCPDS n0.39-1894). Similar diffraction patterns were reported for chitosan acetate films

neutralized with sodium hydroxide as the reducing agent. The 26 peaks at 38.06, 44.10,
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64.60 and 77.54 correspond to hkl values of (111), (200), (220), and (311) respectively, of
elemental Ag (JCPDS card number 04-0783) (L6pez-Carballo et al. 2012).

Intensity

10 20 30 40 50 60 70 80 90
2 Theta

Figure 2.4 XRD diffractograms of CS, CS-Agl, CS-Ag2 and CS-Ag3 scaffolds.

The intensity of the Ag peaks increases with increase in concentration of Ag. The average
crystallite size of the Ag present in all the three CS-Ag samples is ~21nm as calculated

using Scherrer formula.
2.3.2 FTIR analysis

FTIR spectra of CS and CS-Ag scaffolds are shown in Figure 2.5. The broad absorption
peak at 3400-3200 cm ™ is the merged characteristic bands for OH and NH, groups. The
FTIR spectra of CS show N-H bending at 1632 cm™, and N-H angular deformation in the
CO-NH plane at 1543 cm™ (Saraswathy et al. 2001, Mallikarjuna et al. 2011). In case of
CS-Ag, the CO-NH plane of CS is shifted to 1560 cm™ and NH bending to 1650 cm™.
This has been attributed to the interaction of Ag with amine group of CS (Govindan et al.
2012). FTIR spectra of CS and CS-Ag scaffolds are shown in Figure 2.5. The broad
absorption peak at 3400-3200 cm* is the merged characteristic bands for OH and NH.
groups. The FTIR spectra of CS show N-H bending at 1632 cm™, and N-H angular
deformation in the CO-NH plane at 1543 cm™ (Saraswathy et al. 2001, Mallikarjuna et al.
2011). In case of CS-Ag, the CO-NH plane of CS is shifted to 1560 cm™ and NH bending
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to 1650 cm™. This has been attributed to the interaction of Ag with amine group of CS
(Govindan et al. 2012).
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Figure 2.5 FT-IR spectra of CS, CS-Agl, CS-Ag2 and CS-Ag3 scaffolds.

FTIR spectra of CS and CS-Ag scaffolds are shown in Figure 2.5. The broad absorption
peak at 3400-3200 cm* is the merged characteristic bands for OH and NH, groups. The
FTIR spectra of CS show N-H bending at 1632 cm™, and N-H angular deformation in the
CO-NH plane at 1543 cm™ (Saraswathy et al. 2001, Mallikarjuna et al. 2011). In case of
CS-Ag, the CO-NH plane of CS is shifted to 1560 cm™ and NH bending to 1650 cm™.
This has been attributed to the interaction of Ag with amine group of CS (Govindan et al.
2012).

2.3.3 Thermal stability by TGA

Thermo-gravimetric analysis is performed to determine the thermal stability and the
degradation pattern of a material. Various physical and chemical properties of the
material were measured as a function of increasing temperature (Thakur, Thakur, and
Gupta 2013). Figure 2.6, illustrates the thermo-gravimetric analysis of CS and CS-Ag
scaffolds. The initial weight loss from 50°C to 100°C is due to the loss of moisture

content from the scaffolds, and is more in the CS scaffold as compared to the CS-Ag
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scaffolds. The second weight loss is due to scission of the ether linkage in the CS
backbone between 200°C - 300°C for the CS and CS-Ag scaffolds. The degradation
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Figure 2.6 TGA curves of CS, CS-Agl, CS-Ag2 and CS-Ag3 scaffolds.

temperature of CS and CS-Ag scaffolds after 10% weight loss is 50°C and 75°C,
respectively, indicating higher stability of CS-Ag scaffolds. Similar pattern of higher
thermal stability of silver based chitosan nanocomposites has been reported by Tripathi et
al. (2011) and Regiel et al. (2013). The higher stability of CS-Ag scaffolds as compared
to CS scaffolds is attributed to the presence of Ag (Tripathi, Mehrotra, and Dutta 2011,
Regiel et al. 2012).

2.3.4 In-vitro degradation of scaffolds

It is important to understand the degradation kinetics of scaffolds aimed for wound
healing applications. In-vitro degradation of the scaffolds was studied using lysozyme, an
enzyme which cleaves the [(1,4) linkages between N-acetyl-D-glucosamines. The
degradation profile of the scaffolds estimated after incubation for 7, 14, 21 and 28 days
with lysozyme is shown in Figure 2.7. There is no significant difference in the
degradation kinetics of CS and CS-Ag scaffolds (p < 0.05). All the scaffolds exhibited
~20% weight loss after lysozyme treatment over a period of 28 days. The degradation rate
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is related to the number of N-acetyl glucosamine residues on the chitosan (>75% de-
acetylation) which are the primary targets for the lysozyme to cleave the (1,4) glycosidic
bonds (Nwe, Furuike, and Tamura 2009, Hsieh, Chang, and Lin 2007).
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Figure 2.7 Degradation studies of CS, CS-Agl, CS-Ag2 and CS-Ag3 scaffolds using
lysozyme treatment for a period of 7 to 28 days.

2.3.5 Anti-bacterial studies

Figure 2.8 Antibacterial effect of CS and CS-Ag (1,2,3) scaffolds against E.coli (A) and
S.aureus (B).
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Antibacterial activity was tested against two strains, the Gram-positive S.aureus MTCC
737 and Gram-negative E.coli NCIM 2345. It was observed that at all the three Ag
concentrations; CS-Ag scaffolds exhibited anti-bacterial activity, whereas no inhibition of
growth was observed with CS scaffolds (Figure 2.8). An increased anti-bacterial activity
was obtained for scaffolds with higher concentration of Ag, and was in the order of CS-
Ag3 > CS-Ag2 > CS-Agl. The antibacterial activity of Ag based scaffolds has been
attributed to the release of Ag ions from the matrix into the medium, killing the bacteria
by interfering with cellular activities and generating reactive oxygen species. Trapping of
Ag nanoparticles within matrices such as collagen, hydroxyapatite, TiO, etc., leads to
slow and sustained release of the Ag ions resulting in prolonged antibacterial activity
(Roy et al. 2012, Saravanan, Vemu, and Barik 2011, Jadalannagari et al. 2014, Naik and
Kowshik 2014). The CS-Ag scaffolds exhibited better antibacterial activity against Gram-
negative (E.coli) as compared to Gram-positive (S.aureus) bacteria, and is attributed to
the differences in the composition of their cell membranes. Gram-positive bacteria have a
thick peptidoglycan layer when compared to Gram-negative bacteria, which hinders the
Ag ion diffusion into the cell wall (Jung et al. 2007).

E.coli ‘ S.aureus
CS |
CS-Agl
CS-Ag2
CS-Ag3

Figure 2.9 Growth of bacterial cells around the CS scaffolds incubated with bacterial

suspension for 24 h. No growth is observed around CS-Ag scaffolds.

Antibacterial activity was further confirmed by immersing the scaffolds in MHB

inoculated with bacteria (10° cells/ml). Inhibition of bacterial growth was observed with
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Ag embedded scaffolds, whereas dense growth was noted in the broth containing the CS
scaffolds. In order to check whether the CS-Ag scaffolds harbored any live bacteria, the
scaffolds were removed from the inoculated medium, placed on fresh MH agar plates and
incubated for growth. No growth of bacterial cells was noted with CS-Ag scaffolds
indicating complete inhibition of the bacterial cells, whereas luxuriant growth was
observed around the CS scaffolds (Figure 2.9).

2.3.6 In vitro Ag release studies
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Figure 2.10 Ag release rate from the CS-Ag scaffolds over a period of seven days.

The amount of Ag released from the CS-Agl, CS-Ag2 and CS-Ag3 scaffolds incubated in
SWEF for seven days and estimated at intervals of 24h is shown in Figure 2.10. Total Ag
released into the medium (ionic and non-ionic) was estimated using FAAS. The non-ionic
Ag particles were ionized using ionization buffer containing 1N nitric acid (Kebbekus
2003). The CS-Ag scaffolds showed initial burst release of Ag for two days and later the
release was slow and sustained over a period of 7 days. Such an initial high release is
favorable for rapid killing of the bacterial cells so that they do not develop resistance
while the subsequent slow and sustained release is optimum for a long-term antimicrobial
activity in addition to minimizing the Ag toxicity on mammalian cells (Naik et al. 2013).
The total cumulative percentage of Ag released after 7 days from the CS-Agl, CS-Ag2
and CS-Ag3 was 42, 35 and 26 %, repectively. The release of Ag ions is governed by
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water diffusion characteristics of the scaffold, thus allowing the surface adsorbed Ag to
release first. The Ag ions present in the core of the scaffold require time to be transported
to the surface, allowing a slow and sustained release in the later stages. The initial quick
release makes the CS-Ag scaffolds ideal candidates for chronic wounds which are prone
to bacterial infections and the steady release provides long-term antimicrobial activity
(Wu et al. 2010).

2.3.7 Biocompatibility studies

Ay

Figure 2.11 SEM micrographs of HaCaT cell attachment and proliferation on CS (A),
CS-Agl, CS-Ag2 and CS-Ag3 scaffolds (scale bar- 10 pum).

The cell attachment and viability studies on the scaffolds were carried out using HaCaT
cells, which are spontaneously transformed keratinocytes. Figure 2.11shows the
attachment of the HaCaT cells on to the walls of polymeric scaffolds as visualized by
SEM. As observed from the figures, HaCaT cells have retained their native morphology

when grown in three-dimensional scaffolds.

Cell viability is related to microstructure of the scaffold, such as surface property, pore
size and connectivity. The cell viability on the scaffolds was analyzed using MTT assay.
The MTT reagent is reduced to a blue coloured formazon product by cellular reductases
in viable cells. Formazon crystals can be solubilised in organic solvents like DMSO.
Thus, the amount of formazon formed is directly proportional to the number of metabolic
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cells, and an increase in optical density indicates cell adhesion and proliferation in the
scaffolds (Li et al. 2010).
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Figure 2.12 Cell viability by MTT assay on CS, CS-Agl, CS-Ag2 and CS-Ag3.

The viability count of HaCaT cells on the CS-Ag scaffolds was not significantly different
(p <0.05) from the CS scaffolds (Figure 2.12) and these results are in agreement with the
SEM data. The adhesion and proliferation of the mammalian cells on these scaffolds is
facilitated by the electrostatic interactions between the amino groups of CS with the
negative charge of the cell surface. In addition, biospecific interaction between cell
receptors and the CS molecules also contributes towards cell attachment (Tangsadthakun
et al. 2017, Correia et al. 2011). The cells at 24 h and 48 h in both control and Ag
scaffolds have shown good viability indicating their biocompatible nature. The presence
of Ag in the CS scaffolds had no visible effect on HaCaT proliferation. However the cell
viability decreased after 72 h, in all the synthesized scaffolds. Similar decline in cell
number after 3 days has been widely reported and can majorly due to the cells becoming
confluent rather than the Ag toxicity (Bhat, Tripathi, and Kumar 2011). These results
show that the CS-Ag scaffolds are biocompatible with good potential for tissue

engineering applications.
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2.4 Conclusion

The polymeric CS-Ag scaffolds have been synthesized using a novel melt-down
neutralization technique. Uniform entrapment of Ag within the polymeric matrix
enhances the antibacterial activity, without affecting other physico-chemical and
biological properties of the CS. The slow and sustained release of Ag provides long term
antibacterial activity and has no toxicity towards keratinocytes. The CS-Ag scaffolds
prohibited bacterial cell adhesion on to the scaffolds, while at the same time supported
growth of keratinocytes which is an essential characteristic for tissue engineering

applications.
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Collagen Scaffolds
3.1 Introduction

Wound healing is a complex process with cellular and biochemical events of numerous
cells uniting to synergize and remodel the compromised tissue. The wound healing niche
comprises of many cell types that signal one another in both endocrine and paracrine
fashion which ensure the return to normal homeostasis in the damaged area (Gonzalez et
al. 2016). Reactive oxygen species (ROS), a group of extremely potent molecules, are
rate limiting in successful tissue regeneration. The free radicals of unstable oxygen
molecules interact with biopolymers such as proteins, DNA, lipids and carbohydrates
causing progressive oxidative damage leading to cell death (Bryan et al. 2012). ROS have
a fundamental function in innate immunity and the ability to act in both signaling and
host defense capacities. A balanced ROS response will disinfect a tissue and stimulate
healthy tissue turnover whereas suppressed or elevated ROS will result in an infection or
damage the otherwise healthy tissue. The understanding of the ROS niche within a tissue
is an area of emerging research with the aim to aid the healing process through potential
exogenous augmentation processes by using new tools such as antioxidants, metal
chelators, ion reducing substances etc., to understand the chemical complexity in the

biological systems (Dunnill et al. 2017, Sharma et al. 2012).

Antioxidants are substances which help in regulating the ROS-mediated damage of
biological molecules and body tissue. The presence of excess ROS or the absence of
antioxidant ROS scavenger molecules such as vitamins E, C, and glutathione are the
characteristics of a chronic wound environment. Interestingly, levels of wound
antioxidants tend to decrease with age, which correlates with the delayed wound healing
responses seen in the elderly. Reduced or delayed wound healing occurs as a consequence
of lower concentrations of antioxidants allowing the wound ROS reaction to proceed
unchecked, thereby progressively compounding tissue damage (Kurahashi and Fujii 2015,
Di Mascio, Murphy, and Sies 1991).

Although antioxidants like glutathione, vitamin C, ellagic acid (EA), curcumin (CM), and
other phenolic compounds have been studied for their potential to scavenge free radicals,
their application in tissue engineering remains largely unexplored (Lee et al. 2010,
Gopalakrishnan et al. 2014). SM, the active component of the milk thistle plant (Silybum
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marianum) is a polyphenolic flavonolignan with potential antioxidant activity. SM has
shown protective effect against oxidative stress generated by ROS in several experimental
models by scavenging the free radicals, preventing lipid peroxidation and increasing the
expression of antioxidant genes (Tabandeh et al. 2013, Soto et al. 2010). CM, one of the
major yellow pigments in turmeric is widely known for its anti-inflammatory and anti-
oxidant properties. In cisplastin induced rats, pre-treatment with CM was found to
normalize the levels of lipid peroxidation biomarkers, catalase activity, and renal
functions (Kuhad et al. 2007). Endothelial cells treated with CM exhibit an increase in the
expression of mMRNAs for several antioxidant enzymes which may thereby contribute
towards reducing the oxidative stress (Motterlini et al. 2000). Among the phenolic acids,
EA, a naturally occurring phenolic compound present in several fruits and nuts, has been
found to have antioxidant, anticarcinogenic, chemo-preventive, and radical scavenging
activity. In rats, dietary intake of EA has been demonstrated to prevent oxidative stress
induced by streptozotocin as observed by a significant reduction in the oxidative stress
markers such as MDA, TOS, OSI, and NO (Uzar et al. 2012). Similarly, upon UVA
exposure, human epidermal keratinocyte (HaCaT) cells pretreated with EA exhibit
reduced DNA fragmentation, and Bcl-2/Bax deregulation along with an increase in the
expression of antioxidant enzymes such as heme oxygenase 1 (HO-1), and SOD (Hseu et
al. 2012). The antioxidant properties of phenolic compounds are mainly attributed to the
H-atom donation from the phenolic group to the ROS and making it less reactive (Kuhad
et al. 2007).

Successful tissue engineering solutions to augment healing and remodeling of wounded
or diseased tissue rely on naturally derived extracellular matrix (ECM). Recognition of
the importance of ECM in wound healing has led to the development of wound
management products that aim to stimulate or replace it (Tracy, Minasian, and Caterson
2016). ECM is comprised of various components such as collagen, fibrin, proteoglycans,
hyaluronic acid, and other adhesive proteins, such as laminin and fibronectin. It provides
structural and mechanical integrity to tissues, and helps in communicating with the
surrounding cellular components (Dvofankova et al. 2011, Kim, Turnbull, and Guimond
2011). The use of natural biopolymers such as collagen (CO) and chitosan (CS) has been
extensively increasing in the field of tissue engineering. They exhibit advantages of
biodegradability and biocompatibility over synthetic polymers (Kobayashi et al. 2010).

Moreover, CS exhibits structural similarity to synovial glycosaminoglycans present in the
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hyaluronic acid. Charge based polymers such as CO and CS have an added advantage as
their hydroxyl (OH") and amino (NH,") groups can bind the bioactive molecules forming
conjugates that facilitate controlled release at the wound site (Dhandayuthapani,
Krishnan, and Sethuraman 2010, Shaik and Kowshik 2016). However, the challenges in
biomedical engineering largely depend on the physical and chemical modifications of the
polymer and the bioactive molecules (Venkatesan and Kim 2010). Here, we demonstrate
the potential of antioxidant incorporated CO/CS scaffolds in providing micro-

environment amenable for recovery of cells from oxidative stress.
3.2 Materials and methods
3.2.1 Materials

CS, CO (type 1, hydrolysed peptide), EA, and CM were purchased from HiMedia, India.
Acetic acid, sodium hydroxide (NaOH), and glutaraldehyde were purchased from SD-
Fine Chemicals Ltd, India. All the cell culture grade chemicals like DMEM, MTT, and
PBS were purchased from HiMedia, India. All other chemicals used were of analytical

grade and obtained from HiMedia, India.
3.2.2 Synthesis of antioxidant (SM/CM/EA) incorporated collagen chitosan scaffolds

CS (300 mg) was dissolved in 10 mL 1 % (v/v) acetic acid and stirred overnight. SM, EA,
and CM solutions of varying concentrations (0.5, 1, and 2 % w/w) were prepared in
ethanol (1 mL) and mixed by vortexing for 10 min. Antioxidant solution was added drop-
wise to the CS solution under constant stirring on a magnetic stirrer, which was continued
for 24 h. Subsequently, 700 mg of CO was added to the reaction mixture and stirred for 4
h. Glutaraldehyde (0.004 mM) was used as the cross-linking agent, and the mixture was
poured into 50mm borosil petri plates. The viscous gel filled plates were frozen at -80°C
for 24 h. The frozen matrix was allowed to thaw in presence of 0.1 M NaOH to facilitate
gel formation by the melt-down neutralization technique. The gels were washed with de-
ionized (DI) water until the pH of the wash water was maintained at 7.0. The washed gels
were frozen at -20° C for 6 h, followed by freezing at -80° C for 12 h. The frozen gels
were lyophilized (CHRIST alpha 1-2 LD plus) to obtain scaffolds. The synthesized CO
and CS scaffolds with varying concentration of SM (0.5, 1, and 2 w/w %) are abbreviated
as CS-CO-SM(g5), CS-CO-SM(yy, and CS-CO-SMyy), while the scaffolds with CM (0.5, 1,
and 2 w/w%) are designated as CS-CO-CM(s), CS-CO-CM(y), and CS-CO-CMy),
respectively. Similarly, the scaffolds with EA (0.5, 1, and 2 % w/w) are abbreviated as
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CS-CO-EA(p5, CS-CO-EA(), and CS-CO-EA(y, respectively. Scaffolds without

antioxidants (control) are designated as CS-CO.
3.2.3 Characterization
3.2.3.1 Physico-chemical characterization of the scaffolds

The structural characterizations of the synthesized antioxidant scaffolds were carried out
by XRD and ATR-FTIR spectroscopy. The crystalline phase of the antioxidant (SM, CM,
and EA) incorporated scaffolds were recorded between the 2 theta angular values of 10 to
60° at a scan speed of 3° per second operated at 10kV/mA current. IR spectra of the
scaffolds were recorded to identify the chemical interaction between the polymers (CO,
CS) and antioxidants (SM/CM/EA). The scaffolds were scanned in the range of 4000 to
400 cm™ with a resolution of 4 cm™, and an average of 60 scans per scaffold. The cross-
sectional morphology and porosity of the synthesized antioxidant scaffolds was observed
by using SEM (FEG Quanta-200) operated at a working voltage of 10 kV. The gold
sputtering of the dehydrated scaffolds was carried out using vacuum-controlled gold
sputter coater (Leica EM ACEG600).

3.2.3.2 Release kinetics of antioxidants

The in vitro release of the antioxidant (SM/CM/EA) from the synthesized scaffolds was
determined by UV visible spectroscopy (Shimadzu, UV-2450). The synthesized
antioxidant incorporated scaffolds were suspended in 10ml PBS (pH 7.4) and incubated at
37° C. At fixed time intervals, the PBS was replaced with fresh PBS and the spent buffer
was used to estimate the amount of antioxidant released using UV spectrophotometry.
Concentrations of SM, CM, and EA were estimated at 286, 421, and 260 nm,
respectively. All the experiments were performed in triplicate.

3.2.3.3 Mammalian cell culture

Fibroblasts cells are majorly dominated in the dermal region of the skin and play an
important role in wound healing. The cell line used for this study was fibroblast-like cells
derived from monkey kidney tissue, COS-7. The cells were maintained in DMEM
supplemented with 10% fetal bovine serum (FBS) and antibiotics. The cells were
maintained at 37°C in a humidified 5% CO, incubator (Sanyo, Japan) and sub-cultured

according to standard cell culture protocol (Freshney 2001).
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3.2.3.4 Cytotoxicity of the fabricated scaffolds

The in vitro cytotoxicity of the antioxidant (SM, CM and EA) incorporated scaffolds were
tested on COS-7 using MTT assay. The scaffolds were soaked in DMEM for 4-6 h
followed by seeding with COS-7 cells (10° cells/mL) and incubated for 24, 48, and 72 h.
For the samples incubated for 72 h, the spent medium was replaced with fresh medium
after 48 h. At the specific time points, the media was aspirated and the scaffolds were
washed with PBS (pH 7.2). MTT (500 pL of 0.5 mg/mL in PBS) was added to each well
and incubated for 4—6 h for the formation of insoluble formazan crystals. DMSO (1.5 mL)
was added and the cell suspension was incubated for 15 min to solubilize the formazan
crystals. The absorbance of the supernatant was measured at 570 nm using DMSO as the
blank. Three parallel replicates were analyzed for each scaffold before seeding the cells.
The percent cell viability of the COS-7 cells was calculated using the following equation

where, Ay, and A, are the absorbance values of test, and control, respectively.
Cell viability (%) = [(Ac — Ay / Ac]*100

For the cell attachment studies, the scaffolds were placed in 6-well plates (non-treated)
and soaked in complete media for 4 h prior to seeding with COS-7 cells. The cells were
allowed to grow on the scaffolds for 24 h. The spent media was discarded from the plates
and the scaffolds were washed thrice with PBS. The cells were fixed by placing the
scaffolds in 2.5% glutaraldehyde solution for 4 h and were given three washes with PBS
followed by dehydration using an ethanol gradient (20, 30, 50, 70, 90 and 100 %),
wherein the scaffolds were maintained at each concentration for 10 min. The scaffolds

were gold coated and used for SEM imaging.
3.2.3.5 Determination of antioxidant activity of scaffolds

UV irradiation can induce ROS, resulting in an up-regulation of oxidative stress and
ultimately an induction of apoptosis. To analyze the effect of in vitro antioxidant activity,
the synthesized antioxidant incorporated scaffolds seeded with COS-7 cells were
subjected to UV irradiation (Philips 15W/G15 T8- 49J/cm?) for varying time, viz., 10, 20,
and 30 min. The percentage cell viability on the scaffolds was analyzed 0 h and 24 h, post

irradiation using the MTT assay.
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3.3 Results and Discussion:
3.3.1 Synthesis of the CS-CO scaffolds

Antioxidants incorporated collagen (CO) and chitosan (CS) scaffolds were synthesized
using the melt-down neutralization method followed by freeze drying (Shaik and
Kowshik 2016). Natural polymers such as CO and CS have been extensively used as drug
carriers due to their large entrapment efficiency. The present investigation was an effort
to incorporate antioxidants into the tissue engineering scaffolds and control their release
during oxidative stress. The antioxidants (SM, CM, and EA) were incorporated by
dissolving them in ethanol prior to addition into the CS solution. CO was added
subsequently by maintaining the CS:CO ratio at 3:7, and cross-linking was achieved
using glutaraldehyde. Homogeneity was attained by stirring the acidic reaction mixture
for 24 h before casting into molds and freezing at -80°C to obtain polymeric gels. The
cast gels were thawed in the presence of NaOH to ensure uniform neutralization of the
polymeric matrix. The scaffolds were obtained by freeze-drying the gels and used for

further studies.

Collagen based scaffolds have a favorable advantage in skin tissue engineering as
collagen makes up to 70% of the dry weight of the dermis (Smith, Holbrook, and Madri
1986). Natural biopolymers such as CS, hyaluronic acid, alginate, etc. have been widely
used in skin tissue engineering due to their similarities with the native ECM
(Dhandayuthapani, Krishnan, and Sethuraman 2010, Sharma et al. 2016). In acidic
solution, both collagen and chitosan are positively charged and the CO/CS reaction
mixture is homogenous facilitating efficient mixing of biomacromolecules at sub-
molecular level. In contrast blends of polycationic polymers like (CS and CO) with
polyanionic molecules such as chondroitin sulfate precipitate immediately due to
polyelectrolyte complexation, leading to heterogeneity within the scaffolds (Rodrigues et
al. 2016). The GAGs present in the ECM also play an important role by providing
structural and biochemical support to the surrounding cells. CS being a peptidoglycan
shares some characteristics with various GAGs and hyaluronic acid present in the native
ECM (Xu et al. 2007).
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3.3.2 Physico-chemical characterization of the scaffolds

Figure 3.1 SEM micrographs of CS-CO scaffolds (A) along with 2 % w/w SM (B), CM
(C) and EA (D), incorporated CS-CO scaffolds (scale bar — 200 puM).

The inter-connection between the components of the artificial ECM is very important in
achieving the structural integrity and mechanical properties of the scaffolds. Crosslinking
of the CO/CS scaffold was achieved by using glutaraldehyde, wherein, the amino groups
of CO and CS, function as binding sites and increase the glutaraldehyde cross-linking
efficiency. It has been reported that scaffolds crosslinked with glutaraldehyde exhibit
better pore size, internal porosity and degradation rate as compared to non-crosslinked
scaffolds (Kishen et al. 2016). SEM micrographs (Figure. 3.1) of the 2 % w/w SM, CM,
and EA incorporated CS-CO scaffolds exhibit a well interconnected pore structure. The
incorporation of various antioxidants, viz., SM, CM, or EA did not affect the porous
structure of the scaffolds. As mentioned earlier, the optimal pore size of the tissue varies
due to the differences in the cellular, biochemical, structural and functional levels of
individual tissue, that there is no ideal scaffold for tissue engineering applications (Lien,
Ko, and Huang 2009, Samal et al. 2015).

The phase structure of the CO, CS and CS-CO were studied using XRD (Figure 3.2). The
CS diffraction spectra has shown the broad peak at 26 value of 19.83° with the hkl value
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of (010) indicating the orthorhombic structure of the CS (ICDD card no.39-1894). The

broadening
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Figure 3.2 XRD pattern of CS and CS-CO scaffolds exhibiting the semi-amorphous
nature of the polymers.

of the peak is attributed to its semi-amorphous nature. In CS-CO scaffolds, a broad peak
between the 26 values of 15° to 30° with maxima at 20.92° was observed, and is

attributed to the amorphous nature of the polymers (CO; CS) (Chen et al. 2008).

SM incorporated CS-CO scaffolds exhibited diffraction peaks for SM at 19.11° (011),
22.75° (200), and 24.73° (102) which corroborate with the values reported in literature
(Yang et al. 2015). The intensity of the peak arising due to SM in the CS-CO-SM,
scaffold was found to be lower than that exhibited by CS-CO-SM(,), while there was no
significant difference in the SM peak intensities or phase structure between CS-CO-
SMo5) and CS-CO-SM(1y which may be attributed to the semi- amorphous nature of the
SM (Figure 3.3). The amorphous nature of polymeric conjugates facilitates sustained

release of the incorporated drug/antioxidant.

CM exhibited many diffraction peaks indicating the highly crystalline nature of the
antioxidant. The highest intensity peak at 20 value 17.22° along with several
characteristic diffraction peaks between 10° and 30° correspond with the ICDD card
n0.09-0816 of CM (Shaikh et al. 2009). The CM incorporated scaffolds exhibited the



Chapter 3: Synthesis and Characterization of Antioxidant Incorporated Chitosan-Collagen Scaffolds

Intensity (A. U)

10 20 30 40 50 60
i | i | 1 1 L ]

= CS-CO

= A\ i P,

3 Mw

. M I ! I I

[ CS-CO-SM(©s)|

| 4 ]
| CS-CO-SM) |

[CS-CO-SM) |

T T T T T T T T T T [§§!§@J

10 20 30 40 50 60
2 theta

Figure 3.3 XRD pattern of the CS-CO-SM(p5), CS-CO-SM;) and CS-CO-SMy) scaffolds
along with the CS-CO scaffolds and SM.
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scaffolds along with the CS-CO scaffolds and CM.
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characteristic diffraction peaks of CS, CO and CM, while the intensity of CM at 17.22°

increased with the increase in the concentration of CM, besides the broad peak for CS-CO

indicating the presence of the antioxidants within the matrix (Figure 3.4).
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Figure 3.5 XRD pattern of the CS-CO-EA(ps5), CS-CO-EA(1) and CS-CO-EAy) scaffolds
along with the CS-CO scaffolds and EA.

The diffraction pattern of EA show peaks corresponding to 20 values of 28.32°, 21.86°,

32.43° which are in agreement with the values reported in literature (Kim et al. 2009).

The sharp diffraction peaks indicate the crystalline nature of the EA. The scaffolds with
EA exhibited the diffraction peak of EA along with broadening peaks of CS and CO
which are semi-amorphous in nature. The diffraction intensity of the EA phase was found

to vary with the increase in the concentration of the EA in the scaffolds. The EA (0.5, 1

and 2%) incorporated scaffolds showed diffraction peaks corresponding to EA in addition

to the broad peak at 26 value of 20.08° indicating the presence of the antioxidant within

the amorphous polymeric matrix (Figure 3.5).
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ATR FT-IR for the CO, CS and CS-CO scaffolds are shown in Figure 3.6. CO exhibited
peaks associated with its functional groups at frequencies of 3350 cm™ (=OH stretching),
3298 cm™ (amide A), 3069 cm™ (amide B), 2897 cm™ (aliphatic side chains), 1636 cm™
(amide | C=0 stretching), 1530 cm™ (amide Il N-H bending and C-N stretching), and
1243 cm™ and 1320 cm™ (amide 111 C-N stretching and N-H bending) are in agreement
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Figure 3.6 FTIR spectra of CS-CO scaffolds along with CO, and CS polymers.

with the literature (Zhang et al. 2004). The IR spectrum of CS exhibited a broad band at
3430 cm™ (-OH stretching), along with peaks of amine group at 2931 cm™; amide bond
at 1657 cm™; N-H stretching of amide and ether bonds near 1447 cm™; and secondary
hydroxyl group (characteristic peak of —C-H in cyclic alcohol, C-O stretch) at 1085 cm™.
In the CS-CO scaffolds, most of the characteristic peaks of CO and CS were observed.
The exceptions were a shift in the amide | characteristic absorption band from 1636 cm™
to 1660 cm™, presence of only one peak representing amide 111 at 1320 cm-1, absence of
amide 11 peak at 1530cm™ and a minor shift in the carbonyl groups peaks at 1085 cm™ to
1035 cm™. Shifts in peaks corresponding to amino and carbonyl groups accompanied
with changes in peak intensity have been attributed to hydrogen bond formation between
CO and CS. The —-OH and —NH; groups in CO and CS can form hydrogen bonds within

49



Chapter 3: Synthesis and Characterization of Antioxidant Incorporated Chitosan-Collagen Scaffolds

themselves. In addition, the —C=0 groups and —NH, groups in collagen may also form

hydrogen bonds with —OH and —NH; groups in chitosan (Sionkowska et al. 2004).

The FT-IR spectra acquired for SM (0.5, 1, and 2%) and the CS-CO scaffold are shown in
Figure 3.7. The SM scan showed characteristic peaks at 3457 cm™ (OH stretching
vibration), 2946 cm™ (C-H stretching), 1630.40 cm™ (C-O stretching), 1508-1468 cm™
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Figure 3.7 FT-IR spectra of the CS-CO-SM(s, CS-CO-SM(;y and CS-CO-SM(y
scaffolds along with the CS-CO scaffolds and SM.

(skeleton vibration of aromatic C=C ring stretching), and 1269 cm* (C-O-C stretching).
The scaffolds incorporated with SM exhibited a stretching vibration at 1636cm™
representing the amide C-O and a peak at 1340 cm™ representing the amide 111 nature of
the bond. The peaks associated to SM were observed in all the scaffolds incorporated
with SM (0.5, 1 and 2%). The C=0 and C=C bands which are dominant in SM shifted to
lower energy and were accompanied with a reduction in peak intensity. Similar shift in
the IR frequencies have been reported for SM loaded chitosan based nanoparticles

synthesized by ionotropic pre-gelation (Pooja et al. 2014).
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FTIR spectrum of CM (0.5, 1 and 2%) incorporated scaffolds along with the CS-CO and
CM are shown in Figure 3.8. The IR spectra of CM exhibited characteristic stretching
bands at 3504 cm™ (-O-H), 2997cm™ (-C-H), 1601 cm™ (C=C symmetric aromatic ring),
1507 cm™ (-C=0), 1273 cm™ (enol C-O), and 960 cm™ (benzoate trans-C-H vibration).
The CM incorporated scaffolds showed IR absorption at 1247 cm™ and 1031 cm™ which
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Figure 3.8 FT-IR spectra of the CS-CO-CM(s, CS-CO-CM(y and CS-CO-CM(y
scaffolds along with the CS-CO scaffolds and CM.

corresponds to the C-O-C along with 1447 cm™(N-H stretching) as observed in the CS-
CO scaffold. The C=0 and C=C bands which are dominant in CM were shifted to lower
energy and were accompanied with a reduction in peak intensity. Similar shift in the IR
frequencies have been reported for CM loaded alginate based CS nanoparticles

synthesized by ionotropic pre-gelation (Das, Kasoju, and Bora 2010).

The IR spectra of EA (0.5, 1, and 2%) incorporated scaffolds are shown in the Figure 3.9
along with the controls, CS-CO and EA. EA exhibited the characteristic bands at 3472
cm™ (-OH stretching), 1720 cm™ (C=0), and 1617 cm™ (C-C stretching). All the EA
incorporated scaffolds exhibit broad —OH stretching and the peaks corresponding to the

EA fingerprinting region. A shift in C=0 stretching from 1720 cm™ to 1698 cm™ was
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observed indicating hydrogen bond formation between the antioxidant and the CO and
CS. A similar shift in C=0 stretching was observed when ellagic acid and hyaluronic acid

hydrogels were synthesized by layer-by-layer assembly method (Barnaby et al. 2013).
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Figure 3.9 FT-IR spectra of the CS-CO-EA(p5), CS-CO-EA(1) and CS-CO-EA ) scaffolds
along with the CS-CO scaffolds and EA.

3.3.3 Release Kinetics of the antioxidants from the antioxidant incorporated scaffolds

The release kinetics plays an important role in the drug delivery, where the optimization
of the release concentration can be monitored based on the application. In this study, the
release Kinetics is studied to understand the rate of release of antioxidants from the
polymeric matrix for every 24 h time interval up to 120 h. In vitro release kinetics of the
SM, CM, and EA from the antioxidant incorporated scaffolds was analyzed by using UV
visible spectroscopy [Figure 3.10 (a), (b), (c)]. Sustained release of antioxidants was
observed for the scaffolds containing SM, CM and EA over a period of 120 h. In
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scaffolds containing 0.5 % and 1.0 % antioxidants, maximal release was observed after 24
h, with a gradual decrease during the following 96h. However, with 2% antioxidant, a
higher release of 28%, 30% and 25% for SM, CM, and EA, respectively, was noted
during the first 24 h, which was followed by a sustained release. The initial high release
could be attributed to the increased adsorption of the antioxidant on to the surface of the

scaffold and its immediate release through desorption.
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Figure 3.10 (a) In vitro release kinetics of SM (%) from the CS-CO-SM(ys), CS-CO-
SM(1y and CS-CO-SM(y) at different time intervals.

The cumulative release at 120 h was higher for scaffolds containing 2% antioxidants
(SM- 85%; CM-92%; EA-82%) as compared to scaffold with 0.5% (SM-68%; CM-75%;
EA-65%) and 1.0% (SM-77%; CM-80%; EA-71%) antioxidants. Moreover, the scaffolds
containing CM exhibited around 10% higher cumulative release as compared to scaffolds
with EA and SM. Release kinetics of polymer based scaffolds depends on factors like
diffusion co-efficient, rate of hydration, drug binding affinity etc. (Chou, Carson, and
Woodrow 2015, Lin and Metters 2006). In the absence of external stimuli, the
mechanisms governing controlled release of the bioactive molecule from polymers are
basically dissolution and diffusion control (Pundir, Badola, and Sharma 2017). The

barrier to diffusion decreases by swelling
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Figure 3.10 (c) In vitro release kinetics of EA (%) from the CS-CO-EA( ), CS-CO-EA(y

and CS-CO-EA ) at different time intervals.
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of the hydrogel. Within an aqueous solution, polymer chains, such as those in a
crosslinked hydrogel form the diffusion barrier that partially slows down diffusion of the
biomolecules (Kishen et al. 2016). The adsorption of the biomolecule on to the polymeric
matrix results in their early release, whereas, molecules entrapped within the polymeric

matrix are governed by diffusion characteristics and contribute towards sustained release.

3.3.4 In vitro biocompatibility of the scaffolds
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Figure 3.11 In vitro cytotoxicity studies of the CS-CO, CS-CO-SM(gs), CS-CO-SM(3) and
CS-CO-SM(y) scaffolds on COS-7 cells at different time intervals.

The cytotoxicity studies of the SM incorporated scaffolds were carried out on COS-7
(fibroblast like) cell line by MTT cell metabolism assay (Figure 3.11). The
biocompatibility of the CS-CO-SM(ys), CS-CO-SMy), and CS-CO-SM(y) scaffolds were
analyzed for up to 72 h. The scaffolds with SM did not exhibit toxicity towards the COS-
7 cells as compared to control. SM is widely used in drug delivery because of its
biocompatibility. Studies on SM loaded CS nanoparticles have shown to be
hepatoprotective in Swiss Albino mice (Gupta, Singh, and Girotra 2014). The SM
scaffolds were found to be biocompatible at all the three concentrations, indicating their

suitability for use in tissue engineering applications.
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Figure 3.12 In vitro cytotoxicity studies of the CS-CO, CS-CO-CMs), CS-CO-CMy,
and CS-CO-CMy) scaffolds on COS-7 cells at different time intervals.
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Figure 3.13 In vitro cytotoxicity studies of the CS-CO, CS-CO-EA(gs5), CS-CO-EA(y) and
CS-CO-EA(y) scaffolds on COS-7 cells at different time intervals.

The cells grown on CM incorporated scaffolds at all the three concentrations (0.5, 1, and
2 % w/w) exhibited cell viability similar to that of control which is indicative of the non-
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toxic nature of the antioxidant incorporated scaffold (Figure 3.12). Thus, the synthesized
scaffolds were found to be highly biocompatible and amenable for growth and
proliferation of cells. Previous studies on CM incorporated polymeric scaffolds, have
shown to be cyto-compatible and effectively promoted the cell infiltration and
proliferation (Kasoju and Bora 2012, Karri et al. 2016).

EA incorporated scaffolds at all the three concentrations (0.5, 1, and 2 % w/w) were
found to be biocompatible when tested on COS-7 cell line for 72 h. The scaffolds
promoted the growth of fibroblast cells (Figure 3.13). Similar reports on histidine
functionalized ellagic acid microstructures dispersed in hyaluronic acid (HA) were
reported to be non-toxic in nature, supported the growth of NRK cells, and proposed as

potential drug delivery vehicles (Barnaby et al. 2013).

Figure 3.14 SEM images indicating cell adhesion, growth and proliferation of COS7 cells
on CS-CO scaffolds (A) along with 2% w/w SM (B), CM (C), and EA (D) incorporated
in CS-CO scaffolds (scale bar — 10 pm).

Further, to better understand the interaction between the antioxidant scaffolds and COS-7
cells, the morphology of the cells on the scaffolds was examined by SEM. As shown in
Figure 3.14, the COS-7 cells exhibited proliferation on the scaffolds, with no change in
cell morphology as compared to the control. The glutaraldehyde cross-linked CS-CO

scaffolds incorporated with antioxidants (SM, CM and EA) exhibited biocompatibility
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and an ability to effectively promote cell infiltration and proliferation. These results are in
concurrence with the cell viability assays described above. Thus, the synthesized
scaffolds were found to be highly biocompatible and amenable for cell growth and
proliferation. Similar results were reported for ellagic acid incorporated chitosan
nanoparticles have been shown to promote the growth of fibroblast cells in diabetic rat
models. Although several antioxidants are widely used in wound healing as drug
molecules, their use in tissue engineering is seldom reported. The use of antioxidants in
tissue engineering will enhance the cell proliferation by reducing the oxidative stress. The
entrapment of the antioxidants into the 3D polymeric matrix will helps in controlling the
release kinetics thereby lasting the effect for a desired period of time. The use of natural
biopolymers based on antioxidant therapies will be a promising alternative for the wounds
which are delayed by the oxidative stress.

3.3.5 Application/ anti-oxidant activity of scaffolds

The aim of the antioxidants is to cleanse the ROS, and reduce the inflammation in chronic
wounds. In this study, the antioxidants were incorporated in the scaffolds for evaluating
their potential applications in treating inflammation arising due to compromised redox
potential as is observed in chronic wounds. The functional aspect of the antioxidant based
scaffolds was assessed by carrying out the UV irradiation studies. UV irradiation affects
biomolecules resulting in the generation of ROS in the form of singlet oxygen (*O,),
hydrogen peroxide (H,O;), superoxide anion (O;), and hydroxyl radical (HO.). Scaffolds
with actively growing cells were exposed to UV for 10, 20, and 30 min, respectively and

their viability was assessed Oh and 24h, post incubation.

Figure 3.15 (A), shows the effect of UV exposure time on the cell viability on SM
incorporated scaffolds. The cells grown on these scaffolds exhibited a decrease in cell
viability with increase in UV exposure time. The cell viability on CS-CO scaffolds
(control) after 10, 20 and 30 min of UV irradiation is 62, 38, and 11%, respectively.
However, the viability of cells on SM incorporated CS-CO scaffolds following respective
UV exposure was found to be significantly higher than that of control. Moreover, the cell
viability increased with an increase in concentration of SM. The scaffolds with 2% SM
exhibited 88%, 79%, and 64% cell viability after 10, 20, and 30 min of UV exposure,
respectively. While, 44 and 56% cell viability was observed on scaffolds with 0.5 and 1%
SM, respectively, when exposed to 30 min of UV radiation.
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Figure 3.15 Cytotoxicity of COS-7 cells seeded on SM (0.5, 1, 2 % w/w) scaffolds and
exposed to UV light for 10, 20 and 30 min. Cell viability was recorded after incubating
for 0 h (A) and 24 h (B) post UV exposure. p < 0.05 of SM (0.5, 1 and 2 %) scaffolds
compared with the CO(CS) scaffold.

In the absence of scavenging systems, the free radicals have the capacity to interact with
biomolecules and further radicalize them thereby exaggerating their effects in tissue
damage. In order to understand the effect of oxidative stress, the scaffolds with cells were
incubated in growth medium for 24 h after respective UV irradiations and analyzed for
their cell viability [Figure 3.15 (B)]. The cell viability on CS-CO scaffolds irradiated for
10, 20, and 30 min was 57, 24, and 7 %, respectively post 24 h incubation, while the CS-
CO scaffolds without incubation has shown higher cell viability. This indicated the
reactivity of the free radicals and their damage if not controlled. Contrarily the scaffolds
with SM (0.5, 1 and 2% w/w) have shown an increase in the cell viability after 24 h
incubation at all the time points. The cell viability of the CS-CO-SM(,) scaffolds
incubated for 24 h was 99%, 92%, and 90% after 10, 20 and 30 min irradiation,
respectively. Similar pattern of increase in the cell viability was observed in the 0.5 and 1
% SM scaffolds after 24 h post irradiation. The significantly higher cell viability on the
SM incorporated scaffolds, in contrast to the control demonstrates the antioxidant
potential of SM which helped the cells to overcome the oxidative stress. Studies on
topical application of SM have shown its ability to inhibit UV induced oxidative stress in
in vitro and in vivo models (Katiyar, Meleth, and Sharma 2008, Svobodova, Walterova,
and Psotova 2006). SM inhibits lipid peroxidation and also prevents depletion of

glutathione thereby stabilizing the membrane permeability (Jung et al. 2013).
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The cell viability of the CM incorporated scaffolds after 10, 20, and 30 min of UV
exposure have shown in Figure 3.16 (A). The scaffolds incorporated with CM exhibited
concentration dependent increase in the cell viability when compared to the control
scaffold at both the incubation times (0 h and 24 h). The CS-CO-CMy scaffolds have
shown 90, 70 and 51 % cell viability after exposed to 10, 20, and 30 min UV,
respectively. The CS-CO-CM(5) and CS-CO-CM(yy scaffolds have exhibited 20 and 35%
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Figure 3.16 Cytocompatibility of COS-7 cells seeded on CM (0.5, 1, 2 % wi/w) scaffolds
and exposed to UV light for 10, 20 and 30 min. Cell viability was recorded after
incubating for Oh (A) and 24h (B) post UV exposure. p < 0.05 of SM (0.5, 1 and 2 %)
scaffolds compared with the CO(CS) scaffold.

cell viability after 30 min UV irradiation. The cell viability of the CS-CO-CM(y) scaffolds
incubated for 24 h after 10, 20 and 30 min UV irradiation have shown 95, 89, and 85%
cell viability, respectively [Figure 3.16 (B)]. The CM incorporated scaffolds incubated for
24 h have shown an increase in the cell viability when compared to the 0 h post UV
irradiations. As the concentration of the CM increases, the increase in the cell viability
was noted in all the UV irradiation times. Whereas, CS-CO scaffolds incubated for 24 h
after UV irradiations have shown decrease in the cell viability when compared to the 0 h.
These results indicate that the antioxidant plays a significant role in countering the stress
due to ROS, while the scaffolds with CM have shown to increase in the cell viability

upon incubation.

The residual cell viability of the scaffolds incorporated with EA when irradiated with UV
for 10, 20 and 30 min have shown in Figure 3.17 (A). The CS-CO-EAy scaffolds have
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shown the cell survival rate of 77, 69, and 46% after 10, 20 and 30 min of UV exposure,
respectively. The cell viability on the synthesized scaffolds increased with the
concentration of EA at all the UV irradiation intervals. After 24 h of incubation the
control scaffolds have shown a further decrease in the cell viability at all the time

intervals of UV exposure [Figure 3.17 (B)]. However, in case of scaffolds with EA, an
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Figure 3.17 Cytocompatibility of COS-7 cells seeded on EA (0.5, 1, 2 % wi/w) scaffolds

and exposed to UV light for 10, 20 and 30 min. Cell viability was recorded after

incubating for Oh (A) and 24h (B) post UV exposure. p < 0.05 of SM (0.5, 1 and 2 %)

scaffolds compared with the CO(CS) scaffold.

increase in cell viability after 24 h of incubation subsequent to UV exposure was noted.
The cell viability of the scaffolds with CM, EA and SM is much higher than the control.
The scaffolds containing antioxidant (SM, CM, EA) have significantly reduced the
oxidative stress, while in the control scaffold the cytotoxicity is very aggressive which
increased with time. The scaffolds with antioxidants probably break the chain reaction of
the free radicals thereby restricting and reducing the cell death. The scaffolds with SM
exhibited a higher cell revival as compared to the CM and EA scaffolds at all the
concentrations and UV exposure times. This may be attributed to the degree of
hydroxylation as the SM has more hydroxyl groups when compared to CM and EA which
might have helped in decreasing the metabolic activation of ROS, and, secondly, by
acting as a chain-breaking antioxidant. In chronic cutaneous wounds 60-70% decrease in
anti-oxidant (glutathione, ascorbic acid, and vitamin E) levels has been observed and the
strategy of incorporating antioxidant regenerating system to continuously quench the free

radicals is being explored (Ojha et al. 2008, Wang et al. 2013). Several antioxidants like
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vitamin C, vitamin A, tocopherol, etc., are being tested with an aim to cleanse the free
radicals and increase collagen and hyaluronate synthesis (Ha et al. 2010, Kant et al.
2014). Scaffolds with antioxidant can reduce the free radical inflammation and help in

maintaining homeostasis of chronic wounds.
3.4 Conclusion

Oxidative stress has adverse effects on the wound healing due to the harmful effects of
ROS on the cells and tissues. Antioxidants play an essential role in the reduction, de-
activation, and removal of ROS as well as promoting wound-healing process.
Antioxidants are widely used in wound healing as drug molecules, but their use in tissue
engineering is not widely reported. Although skin possesses an extensive and effective
network of antioxidant systems, many of the free radicals can escape this surveillance and
induce substantial damage to cutaneous constituents, especially when skin defense
mechanisms are compromised. In this study, SM, CM and EA was incorporated into CO-
CS matrix with an aim to facilitate their sustained release thereby providing a micro-
environment with a potential to overcome oxidative stress and support wound healing.
The incorporation of antioxidants (SM; CM; EA) in the CS-CO matrix promotes the
adhesion and proliferation of fibroblast cells during oxidative damage. The SM
incorporated scaffolds have shown higher cell survival when compared to CM and EA
incorporated scaffolds. The revival rate of the cells, post UV exposure was significantly
higher in antioxidant incorporated scaffolds exhibiting their potential as promising

candidates for tissue engineering applications involving management of oxidative stress.
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4.1 Introduction

Wounds which do not progress through the healing process in a timely manner are
becoming a major challenge to healthcare systems worldwide. Some common features
shared by these wounds include prolonged or excessive inflammation, persistent
infections, formation of drug-resistant microbial biofilms, and the inability of dermal
and/or epidermal cells to respond to repair stimuli (James et al. 2008, Sen et al. 2009).
The major factor contributing to delay in wound healing is microbial infections and
oxidative stress (Guo and DiPietro 2010). The transition of bacteria from contamination
through colonization and, finally, to infection occurs when bacterial proliferation
overcomes the host's immune response and host injury occurs. Bacterial infections release
metallo-proteases and other mediators of inflammation, thereby damaging the local tissue
(Edwards and Harding 2004). The increased levels of inflammation result in elevated
levels of ROS, which interact with and damage biomolecules and cells, leading to delayed
wound healing. Antioxidants which counter the ROS and maintain the redox balance are
depleted in wounds with oxidative stress delaying the healing process. A balance between
free radicals and their scavenging systems plays an important role in wound healing.
Supplementation of these wound sites with antioxidants has shown to induce the
expression of cytoprotective proteins such as SOD, catalase, GPx, HO-1, and GST
(Carocho and Ferreira 2013, Ha et al. 2010). The simultaneous incorporation of
antibacterial and antioxidant properties may confer an enhanced wound healing property

to the biomaterials used for wound care.

Several strategies have been explored to fasten wound healing to facilitate the wound
closure and maintain homeostasis. The significance of extracellular matrix (ECM) in
wound healing has prompted the utilization of biopolymers to stimulate or replace the
damaged or disruptive ECM. Native ECM is composed of various components such as
CO, fibrin, GAGs, and other adhesive proteins. The fibrillar molecules of ECM provides
the 3D framework while non-fibrillar molecules such as proteoglycans and GAGs, will
function to create a charged, dynamic and dynamically active space. The architecture of
ECM differs drastically among anatomical locations to facilitate the niche cell adhesion,
proliferation and functions by providing mechanical support (Yue 2014). In tissue like
skin, the heterogeneity of the ECM distribution varies intra-dermally to accommodate the
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niche cells and promote several cell autonomous and non-autonomous processes(Watt
and Fujiwara 2011). Recent studies on artificial skin substitutes are attempting to mimic
the tissue microenvironment with an aim to reduce the secondary complications arising
during the healing process (Edgar et al. 2016). The use of multi-layer matrices
incorporating different therapeutic molecules for creating the micro-environment suitable
for healing while also addressing the factors delaying it is one such approach (Chaudhari
et al. 2016). In this work, we fabricated a bilayer scaffold for skin tissue engineering
applications with layer upon layer arrangement of CS-Ag and CS-CO with antioxidant
(SM; CM; EA) matrix. In layer 1, conjugation of Ag with CS was aimed at achieving
good antibacterial activity, whereas, in layer 2, the incorporation of antioxidants (SM;
CM; EA) was to support the scavenging of free radicals during the growth of the tissue.
The functional diversity of the bioactive molecules and their release will increase the
application of the bilayer scaffold. The in vivo topical application of the bilayer scaffolds

was analyzed in Wistar rat model.

4.2 Materials and methods
4.2.1 Materials

All the chemicals (cell culture grade) like DMEM, MTT, Hematoxylin, eosin and PBS
were purchased from HiMedia, India. Goat Anti-Rabbit Anti-Malondialdehyde antibody
(ab6463) and Goat Anti-Rabbit 1gG H&L (HRP) were purchased from Abcam, USA and
Santa Cruz Biotechnology, USA, respectively.

4.2.2 Synthesis and fabrication of bi-layer scaffolds

4.2.2.1 Synthesis of layer 1 (CS-Ag)

The CS-Ag gels were synthesized by using the protocol described in chapter 2 section
2.2.2, but were frozen at -20° C without lyophilization. The 3% Ag incorporated CS gels

were used for the fabrication of the bilayer scaffolds.

4.2.2.2 Synthesis of layer 2 (CS-CO-SM)

The antioxidant (SM; CM; EA) incorporated CS-CO solution were synthesized as per the
method given in chapter 3 section 3.2.2. The antioxidant concentration of 2%, which was
optimal with respect to the release profile and other functional properties, was selected for

fabrication of bilayer scaffolds.
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4.2.2.3 Fabrication of bilayer scaffolds:

CS-CO based antioxidant (SM; CM; EA) solution was added to the frozen CS-Ag gels
and allowed to freeze at -80 C for 4 h. The frozen samples were thawed at 8° C by adding
0.1 M NaOH solution to precipitate and obtain a gel. The gels were repeatedly washed
with distilled water until the pH of the wash water remained neutral. These gels were
frozen at -80° C for 4 h and lyophilized using a freeze-drier (CHRIST-MARTIN) to
obtain bilayer scaffolds. The synthesized bilayer scaffolds were designated as BS-Ag-SM,
BS-Ag-CM and BS-Ag-EA, for scaffolds containing SM, CM, and EA, respectively.
Control scaffolds (BS-C) were synthesized using the same protocol but without the
addition of antibacterial (Ag) and antioxidant (SM; CM; EA) compounds. All the
scaffolds were sterilized by autoclaving at 121°C, 15 Ibs for 15 min, before using them
for biological studies.

4.2.3 Swelling studies

The swelling characteristics of bilayer scaffolds were determined by immersing the
scaffolds with known weight (Iw) in PBS (pH 7.4) for 24 h at 37°C separately. The
swollen scaffolds were removed at specific time intervals (1, 2, 4, 8, 12, and 24 h) and
weighed (Fw) after removal of excess surface water using Whatman filter paper. The
degree of swelling of the bilayer scaffolds were calculated by using the following

equation.
Degree of Swelling (%) = (Fw — Iw)/Fw x 100;
Where, Fw is the swollen weight of scaffold, and Iw is the dry weight of scaffold sample.

4.2.4 Assessment of functional performance of the bilayer scaffolds
4.2.4.1 Animal grouping and creation of wound

All the in vivo experiments were performed with the approval of the Institutional Animal
Ethics Committee of Agharkar Research Institute (ARI/IAEC/2017/08). Animal handling
procedures were carried out as per guidelines defined by the Committee for Control and
Supervision of Experiments on Animals, Ministry of Environment and Forests,
Government of India. The animals were caged individually, provided with food and
water, appropriate temperature (23 +1 °C), relative humidity 55 £ 5 % and were kept

under 14-hour light/10-hour dark cycle.
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Wistar rats were randomized into five groups (n=9 animals per group) viz. control wound
(no scaffold), BS-C, BS-Ag-SM, BS-Ag-CM, and BS-Ag-EA. The animals were
anesthetized with ketamine (80 mg/kg) and xylazine (10mg/kg) prior to the creation of
wounds. The fur from dorsal neck region of each rat was trimmed by scissors then shaved
using a razor, and disinfected with 70% ethanol. Using a circular stamp (6 mm in
diameter), an impression was made in the dorsal thoracic region, 1 cm away from the
vertebral column and 5 cm away from the ear, the excision wound was created by cutting

out the full thickness of skin that had been marked by the stamp.

4.2.4.2 Estimation of the rate of wound healing (wound closure)

The synthesized scaffolds were placed in the excised skin (representing the wound).
Progressive changes in wound healing were assessed by tracing the wound area on
transparent tracing paper on days 0, 3, 7 and 10 post-wound surgery. Transparent sheet
was laid over the wound and the wound limits were traced on it using a permanent
marker. The tracing paper was placed on a sheet of graph paper and the number of
squares within the wound area was counted on days 3, 7 and 10. The percentage of wound

contraction was measured using the following formula:
wC (%) = [(Ato - At3/7/1o) / Ato] *100:;

where, WC is wound contraction, Aty is wound area in mm at the time of injury, and

Atz710 is the wound area in mm on day 3, 7, and 10 post injury.

After day 10, the healed skin was excised under anesthesia and placed in 10% buffered

formalin and used for histological and immunohistochemistry staining.

4.2.4.3 Histological examination

The histological studies of the post-operative tissue obtained at different time intervals (3,
7 and 10 days) were carried out for better understanding of the healing kinetics. The
samples were embedded in paraffin, and sliced into 5-um sections. Hematoxylin and
eosin (H&E) staining was performed, and the sections were observed under an optical

microscope.

66



Chapter 4: Fabrication of Bilayer Scaffolds and Their In Vivo Applications

4.2.4.4 Immunohistochemical staining

Sections were de-paraffinised in xylene 2 x 10 min and treated with 100, 90 and 70 %
(v/v) ethanol for 10 min each. Rehydration was performed by immersing the slides in 1X
PBS for 10 min followed by blocking with 5 % bovine serum albumin for 30 min. Sample
sections were incubated with 3 % hydrogen peroxide for 5 min to block endogenous
peroxidase activity and washed with 1X PBS buffer for 5 min. Subsequently, the slides
were treated with rabbit polyclonal anti-MDA primary antibody (1:1000) at 4 °C
overnight. The slides were washed in 1X PBS for 10 min and incubated with goat anti-
rabbit secondary antibody (1:1000) at 37 °C for 30 min. The slides were washed with 1X
PBS, developed with 3,3’-diaminobenzidine tetrahydrochloride (DAB) solution, and
counterstained with hematoxylin. Observation of brown color under an optical
microscope (Olympus BX60, Olympus, PA, USA) indicates positive staining. The pixels
of brown color were analyzed by using ImageJ software and the relative ratio of MDA in

BS-C, CS-Ag and BS-Ag-SM samples was calculated with reference to the control group.

4.2.5 Statistical analysis

All the results are expressed as mean + standard error. Two-tailed Student’s t tests were
used to analyze any significant differences between the control and the individual

experimental groups. P value of less than 0.05 was considered significant.

4.3 Results and discussion:

The components of skin ECM vary intra-dermally to facilitate native cell growth. The
epidermal ECM is a basal lamina whereas the dermal ECM comprises of fibrillar collagen
and associated proteins. Thus, skin tissue engineering methodologies need to consider the
differences in the ECM while designing scaffolds for wound healing applications. The
differences in the ECM components can be minimalized by fabricating various ECM
components in to bilayer scaffolds thereby providing an amenable environment for niche
cells to proliferate and function (Chaudhari et al. 2016). As discussed in chapter 3, the
scaffolds containing 2% antioxidants significantly reduced the oxidative stress generated
due to UV irradiation at different time intervals as compared to the 0.5% and 1%
scaffolds. Hence, the 2% antioxidant concentration was used to fabricate the bilayer
scaffolds. The CS-CO based antioxidant matrix was aimed at providing a good platform
for the proliferation of dermal fibroblasts, as native dermal ECM is majorly dominated by
type 1 CO. The CS-Ag3 scaffolds with 3% Ag exhibited maximum bacterial inhibition
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without being toxic to human keratinocytes. Hence, the bilayer scaffolds were fabricated
by combining CS-Ag3, and CS-CO-R (R = SM¢/ CM»/ EA(); the Ag was incorporated
for antibacterial activity and R to provide antioxidant property to reduce the oxidative
stress near the wound site. The tendency of the scaffold to retain water is one of the
important aspects of skin tissue engineering. The swelling property of scaffold allows the
absorption of body fluids, transfer of cell nutrients and metabolites inside the scaffold.

This in turn increases the efficacy of the scaffold to become biocompatible.
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Figure 4.1 Swelling behavior of bilayer scaffolds incorporated with Ag/antioxidants (EA;
CM; SM) along with BS-C in PBS at 37° C for 1, 2, 4, 8, 12 and 24 h (data are expressed

as standard error of mean).

Swelling characteristics of various bilayer scaffolds were observed as shown in Figure
4.1. 1t was found that the degree of swelling of antibacterial/antioxidant incorporated
bilayer scaffolds were similar to that of BS-C. This indicates that the incorporation of
antibacterial and antioxidant compounds did not affect the swelling property of the
chitosan—collagen scaffold. To further demonstrate the functional performance of the

bilayered scaffolds, in vivo experiments on Wistar rats were carried out.

4.3.1 Estimation of the rate of wound healing (wound closure)

The effect on wound healing after topical application of scaffolds was evaluated by
photographic images. On day 3 after injury, it was observed that the swelling around the
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wound subsided and surface of the wound gradually began to form a pale yellow crust in
the treated (BS-Ag-SM, BS-Ag-CM, and BS-Ag-EA) groups. On day 7, after injury, the
edges of the wounds contracted in groups treated with BS-Ag-SM, BS-Ag-CM, and BS-
Ag-EA. In the control rats, reddening of the wound was observed until 7" day indicating
the inflammation near the wound site. In BS-C treated groups, the pale and hard crusts
formation was observed on 7" day indicating wound contraction while in control (no
scaffold) this phase was visible on 10" day. In the BS-Ag-SM treated group, the wound
had almost completely healed with no crust, while a thin crust with the contraction of
wound was observed in the BS-Ag-CM, and BS-Ag-EA treated groups (Figure 4.2).

Figure 4.2 Representative images of the Wistar rats skin wounds after the administration
of BS-C, BS-Ag-EA, BS-Ag-CM, BS-Ag-SM scaffolds and natural healing (control) on
days 3, 7, and 10 days post injury.

Furthermore, changes in the wound size were assessed by tracing the wound area. Rats
treated with BS-Ag-SM scaffolds exhibited increased wound contraction from 27.5 % on
day 3 to 75.4 % on day 7 with complete epithelialization and closure of wound by day 10.
BS-Ag-CM, and BS-Ag-EA treated groups exhibited around 72% and 66% wound
contraction on day 7, followed by 91% and 84% on day 10, respectively. The BS-C
scaffolds exhibited 65% wound contraction by the end of 10 days post injury (Figure 4.3).
Whereas, in the control, although an increase in wound contraction from 13.7% on day 3

to 41.4 % on day 7 was noted, it was only 55 % by the end of the day 10. The classical
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symptoms of inflammation such as reddening and edema of the surrounding tissues were

clearly observed in the control groups at day 3 and day 7, post injury. In contrast, wounds
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Figure 4.3 Graphical representation of the wound contraction in Wistar rats after the
application of BS-C, BS-Ag-EA, BS-Ag-CM, BS-Ag-SM scaffolds and natural healing

(control) at 3, 7, and 10 days post injury. All values represent the means and SD; n=3.

treated with BS-Ag-SM, BS-Ag-CM and BS-Ag-EA scaffolds were completely dry and
covered with granulation tissue with no obvious swelling. The contraction of the wound
was observed in all the groups by the end of the 10™ day post injury, and in the order of:
BS-Ag-SM > BS-Ag-CM > BS-Ag-EA > BS-C > control. Studies on SM as antioxidant
agent has been widely reported, but its applications in in-vivo wound healing have not
fully studied. Antioxidant activity of polyphenolic compounds such as SM, CM and EA
depends on the degree of hydroxylation in their structure, which reduces the free radicals
by donating hydrogen atom (Kuhad et al. 2007). The structure of SM has more hydroxyl
ions than CM, which might be the reason for the enhanced wound contraction when
compared to CM and EA. The use of Ag and antioxidants (SM; CM; EA) in to the bilayer
scaffolds reduced the inflammation generated during healing process thereby promoting

the wound contraction.
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4.3.2 Histological examination of skin excisions

Histological analysis of the wounds after excision of the scaffolds was performed by
H&E staining (Figure 4.4). On day 3, all wounds in control groups (positive and negative
controls) showed inflammatory and cellular changes in the epidermis with presence of

neutrophils and mononuclear cells along with edematous eosinophilic exudate.

Days Control BS-C BS-Ag-EA BS-Ag-CM BS-Ag-SM
_% 3 “‘:.:m‘.. 3
3 L
7
10

Figure 4.4 Histological evaluation of skin grafts treated with of BS-C, BS-Ag-EA, BS-
Ag-CM, BS-Ag-SM scaffolds and natural healing (control) after 3, 7, and 10 days post
injury. (Black arrow- inflammatory infiltration; Yellow arrow-epithelialization; Red

arrow-fibrogenesis; Green arrow-granulation).

Remnants of scaffolds with irregular layer of necrotic cellular debris and inflammatory
cells were observed in the epidermal layer of BS-C scaffolds treated group. While, BS-
Ag-EA and BS-Ag-CM treated groups showed mild inflammation in the epidermis with
presence of neutrophils and mononuclear cells along with edematous eosinophilic
exudate. Inflammatory changes of a lesser degree were found in the epidermis of BS-Ag-
SM treated group as compared to control groups. Healing of wound tissue was initiated
with diffuse fibroblast, cellular proliferation and neo-vascularization in the dermal tissue
layer of BS-Ag-SM treated group. On day 7, incomplete re-epithelialization of epidermal
layer with crust comprising of necrotic cellular debris with inflammatory cells was noted
in control groups. Rats treated with BS-Ag-SM, BS-Ag-CM and BS-Ag-EA groups
showed significant progressive status of wound healing with proliferation of fibroblast,

neovascularization and collagen deposition. Moreover, uniform new layer of skin-
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epithelium with well formed granulation tissue was observed in BS-Ag-SM group. The
scaffolds were not visible in the epidermal tissue suggestive of complete resorption
during the wound healing process. On day 10, control groups showed incomplete wound
healing with irregular re-epithelization and crust formation in the epidermis. The BS-Ag-
SM scaffold treated groups exhibited complete re-epithelization and uniform fibroblast
proliferation with the absence of any inflammatory or hemorrhagic changes in the
epidermal/dermal layers. The wound healing in BS-Ag-CM and BS-Ag-EA groups was
almost complete with re-epithelialization, and diffused fibroblast proliferation/granulation

tissue in the dermal layer as observed on day 10.

Among the contributors to delayed wound healing, a prolonged inflammatory response is
undoubtedly one of the important factors along with the microbial load (Morgan and
Nigam 2013). To accomplish the successful wound repair and tissue regeneration, the
inflammatory response must be tightly regulated in vivo without undesirable extension or
aggravation, which would also avoid scar formation (Guo and DiPietro 2010, Khanna et
al. 2010). Several reports have shown that Ag dressings improve wound healing activity,
both in vitro and in in vivo, attributed to its antibacterial and anti-inflammatory activity
(Jain et al. 2009). The chitosan/collagen scaffolds incorporated with nano-Ag were found
to regulate the wound’s abnormal activation of macrophages and improve the progress of
inflammatory stages thereby accelerating wound healing (You et al. 2017). The BS-Ag-
SM scaffolds did not exhibit inflammatory infiltration on the 7" and 10" day of injury.
The BS-Ag-CM and BS-Ag-EA treated groups showed a similar pattern but with less
fibrogenesis and re-epithelialization at the same time points. Antioxidant compounds
promote wound healing process in an oxidatively stressed environment by cleansing the
free radicals and also by up-regulating the endogenous antioxidant enzymes (Nencini,
Giorgi, and Micheli 2007, Sherif and Al-Gayyar 2013). This in turn promotes collagen
deposition, granulation, epithelialization, and wound contraction which are characteristics
of the proliferative phase of wound healing (Tabandeh et al. 2013). Ag exerts positive
effects through its antimicrobial properties, reduction in wound inflammation, and

modulation of fibrogenic cytokines.

4.3.3 Immunohistochemical staining

Lipid peroxidation was observed in wound tissues using immunohistochemical staining

with anti-MDA rabbit polyclonal antibody. The MDA positive regions of the tissue
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Days Control BS-C BS-Ag-EA BS-Ag-CM BS-Ag-SM
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Figure 4.5 (A) Immnunohistochemistry staining of anti-MDA performed on the skin
grafts treated with BS-C, BS-Ag-EA, BS-Ag-CM, BS-Ag-SM scaffolds and natural
healing (control) after 3, 7, and 10 days post injury.
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Figure 4.5 (B) Graphical representation of relative colour intensity of MDA in BS-C, BS-
Ag-EA, BS-Ag-CM, and BS-Ag-SM scaffolds in context to natural healing (control),

analyzed using ImageJ software.

stained brown. The intensity of brown color was higher in the skin wounds of control

groups with strong to moderate staining from day 3 to 10. However, a significant decrease
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in the intensity of brown color was observed in BS-Ag-SM, BS-Ag-CM and BS-Ag-EA
treated group as compared with control groups on all the days. Although, BS-Ag-EA
treated group showed a significant decrease in the intensity of brown color as compared
to control, it was significantly higher than the BS-Ag-SM group [Figure 4.5 (A) and (B)].

Oxidative stress causes DNA damage and subsequent apoptosis due to the imbalance
between production of free radicals and antioxidant defenses. ROS also affects bio-
molecules such as lipids, essential cellular proteins etc., thereby resulting in damaging the
neighboring cells while prolonging the inflammatory stage (Bryan et al. 2012). Products
of lipid peroxidation can be easily detected in biological fluids and tissues that can
reliably reflect the specific markers of lipid peroxidation that occur in vivo.
Malondialdehyde (MDA) is a natural polyunsaturated fatty acid formed in all mammalian
cells as a product of lipid peroxidation and serves as a biomarker of oxidative stress
(Nielsen et al. 1997). MDA is toxic and has been implicated in aging mutagenesis,
carcinogenesis, diabetic nephropathy and radiation damage (Feng et al. 2006). Increased
levels of MDA formed as a result of the high amount of lipid peroxidation were observed
in the control groups (control, and BS-C scaffolds) at all the three time intervals, whereas,
the groups treated with BS-Ag-EA, and BS-Ag-CM scaffolds exhibit mild to lesser lipid
peroxidation at 7" and 10" day [Figure 4.5 (B)]. The groups treated with BS-Ag-SM
showed lesser lipid peroxidation at all the time points. This is attributed to the
antioxidant potential of the SM, CM and EA in addressing the oxidative stress due to
ROS. The same pattern was confirmed from the wound contraction studies and H&E
staining. The antioxidants (SM; CM; EA) in CO and CS matrix contributed towards
cleansing of the ROS, while CS-Ag scaffolds prevented microbial colonization of the
wound. Such bilayer scaffolds exhibiting therapeutic potentials have the potential to
enhance wound healing in compromised situations and can be a promising material for

skin tissue engineering applications.

4.4 Conclusion

The understanding of wound healing processes has led to the development of tissue
engineering materials which would enhance the native ECM and nullify the factors
affecting it. Microbial infections and oxidative stress generated by ROS are the major
limiting factors which are affecting the wound healing process. In this chapter, novel
bilayer scaffold have been synthesized in order to support the intra dermal nature of the
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skin by incorporating Ag and SM/ CM/ EA. The incorporation of antimicrobial (Ag) and
antioxidant (SM/ CM/ EA) compounds in to the polymeric matrix helps in enhancing the
antibacterial activity and reducing the oxidative stress near the wound site. The bilayer
scaffolds containing Ag/SM exhibited complete wound healing by the 10" day post injury
with no indicators of oxidative stress, whereas, bilayer scaffolds containing Ag/CM and
Ag/EA have shown around 90 % wound contraction while the control bilayer scaffolds
without Ag and antioxidants have exhibited around 66% wound healing along with lipid
peroxidation. The incorporation of antibacterial and antioxidants compounds enhanced
the wound healing process at all the time points when compared to the control groups.
Thus, the bilayer scaffolds with a combination of bioactive molecules can be a potential
approach in supporting wound healing for skin tissue engineering applications, especially
for wounds compromised by bacteria and ROS stress.
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A novel method for synthesis of the CS-Ag and CS-CO based SM, CM and EA was
formulated using the melt-down neutralization technique followed by freeze-drying. The
incorporation of the melt-down neutralization technique in the synthesis process helped in
achieving uniform molding of the scaffold while at the same time ensuring even

distribution of the bioactive molecules throughout the polymeric matrix.

The synthesized CS-Ag scaffolds with varying concentrations of Ag (1, 2, 3 % w/w) were
characterized by using XRD, FTIR, TGA and SEM. The in vitro release kinetics of Ag
from the CS scaffolds exhibited an initial high release followed by slow and sustained
release. The antimicrobial activity of the CS-Ag scaffolds was studied on Gram positive
(Staphylococcus aureus) and Gram negative (Escherichia coli) bacteria. The
antimicrobial activity of the synthesized scaffolds increased with the concentration of the
Ag and was maximum at 3% Ag concentration. The antibacterial activity was higher
against Gram negative bacteria as compared to Gram positive bacteria. Further, when Ag
based CS scaffolds were incubated in E.coli and S.aureus suspension for up to24 h, no
adherence of the bacteria on the scaffolds was noted confirming the antimicrobial
potential of the CS-Ag scaffolds. The scaffolds exhibited a biphasic Ag release profile,
wherein an initial high release was followed by subsequent slow and sustained release.
The initial high release of Ag will helps in combating the higher concentrations of initial
bacterial load while the subsequent slow release provides the long term antibacterial
activity. The Ag ions concentration in the scaffolds did not exhibit any toxicity towards
the HaCaT (keratinocytes) cell lines. Therefore, CS-Ag scaffolds have a lot of potential as
antibacterial agents in skin tissue engineering applications where the infections arising

due to bacteria can delay the wound healing process.

The CS and CO incorporated with 0.5, 1 and 2% antioxidants (SM; CM; EA) were
synthesized for their radical scavenging activity. The incorporation of antioxidants into
the CS-CO polymeric matrix was confirmed by XRD and FTIR. The scaffolds exhibited a
sustained release kinetics of the antioxidants (SM, CM and EA) monitored for up to 120
h. COS7 cells showed good viability, cell attachment and proliferation on the scaffolds.
The in vitro antioxidant potential of the scaffolds containing SM/ CM/ EA was effective
in reducing the oxidative stress generated by 10, 20 and 30 min, of UV irradiation. The

scaffolds containing antioxidants exhibited the potential to reduce the oxidative stress on
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the COS7 cell lines at 0 h and 24 h post irradiation incubation. The cell survival increased
with increase in the concentration of the antioxidants. Hence, the concentration of 2%
antioxidant was selected for the fabrication of the bilayer scaffolds. The antioxidant
potential of the compounds was in the order of SM>CM>EA, as estimated in terms of
revival of the fibroblasts from oxidative stress. The antioxidant potential of polyphenolic
compounds depends up on the degree of hydroxylation; SM has more hydroxyl groups as
compared to CM and EA.

The bilayer scaffolds with antibacterial and antioxidant activity were synthesized by
combining the CS-Ag3 and CS-CO-R (R= SMz/ CM(»/ EA(»), and tested for potential in
vivo applications. The topical application of bilayer scaffolds with antibacterial and
antioxidant compounds, studied for 3, 7 and 10 days in Wistar rat models showed better
wound healing properties as compared to control scaffolds (positive and negative
control). The wound contraction studies of the bilayer scaffolds containing Ag/SM
showed complete wound healing by the end of 10" day post injury. The bilayer scaffolds
containing Ag/CM and Ag/EA exhibited 91% and 84 % wound contraction, whereas, the
control bilayer scaffolds exhibited 65% wound contraction and the groups without any
scaffolds exhibited 55% wound contraction. The histological and immunohistochemical
(anti-MDA) evaluation of tissue sections containing antibacterial and antioxidant
incorporated scaffolds showed complete re-epithelialization and no/minimal lipid
peroxidation by the end of the 10" day post injury. The bilayer scaffolds containing Ag/
SM exhibited better wound healing with no lipid peroxidation by the 10" day as
compared to Ag/CM and Ag/EA. These bilayer scaffolds incorporating antibacterial (Ag)
and antioxidant (SM; CM; EA) compounds were designed with an idea of inhibiting
bacterial growth and reduce the oxidative stress at the wound site demonstrating their

potential application in skin tissue engineering.

Thus, some of the important contributions emerging from the present thesis are as

follows:

1) In this study, a novel melt-down neutralization method has been developed for the
fabrication of the tissue engineering scaffolds. This method of synthesis ensures

uniformity of the matrix and the even distribution of bioactive molecules.

2) In the present work, incorporation of polyphenolic antioxidants (SM; CM; EA) into the

collagen-chitosan matrix has been studied for the first time.
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3) Novel bilayer scaffolds have been fabricated to address the infections and oxidative
stress at the wound site by incorporating antibacterial (Ag) and antioxidant (SM; CM,;
EA) compounds. These bilayer scaffolds with an independent release behavior are
proposed as ideal candidates for treating chronic wounds.
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Future Scope of Work

1) The scaffolds incorporated with polyphenolic antioxidants have demonstrated efficient
cell revival rate in oxidative stressed environment. The antioxidant potential of the
scaffolds at the molecular level has to be studied to understand the mechanisms of

interactions with the free radicals.

2) The bilayer scaffolds with antibacterial and antioxidants have shown excellent wound
healing activity in in vivo model. As degradation kinetics of the biomaterials plays an
important role in the tissue engineering applications a detailed study in understanding the
in vivo degradation of the bilayer scaffolds is required. The bilayer scaffolds can be
further investigated to understand the in vivo molecular interactions of the scaffolds with
the wound while quantitatively evaluating the components like inflammation, gene
expression of ECM components and proteases. A detail evaluation of these bilayer
scaffold incorporated into wounds sections, will help in understand the distribution of the
cells, and ECM which will further help in designing the scaffolds for tissue engineering

applications.
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