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Introduction

Scientific discovery and scientific knowledge have been achieved
only by those who have gone in pursuit of it without any
practical purpose whatsoever in view.”

-Louise Pasture




Chapter 1: Introduction

1.1 Introduction

Since the origin of human existence, bacterial infections have become a challenge to
human life. Historically bacteria have been recognized to be planktonic (freely swimming) cells,
but recent studies have been evaluated that microorganisms remain aggregated into the complex
extracellular polymeric substance (EPS) known as a biofilm, in which cells adhered to each other
and the surface.! The microorganisms in biofilm experience cell to cell contact in a multicellular
structure.?® The broad range of bacteria can form biofilm include Gram-positive Staphylococcus
aureus to Gram-negative Pseudomonas aeruginosa. Biofilm grows on natural surfaces like teeth
and wounds and/or artificial surfaces like medical implants, medical devices, catheters, lab
equipment, and industrial setups.* Biofilm-related infections account for over 65% of human
microbial infections. Biofilm formed on the medical implants causes several infections and
expend a high amount for treating and diagnosing biofilm-related infections. Biofilm-associated

infections have affected millions of people and caused death worldwide.®

Micro-organisms that form biofilm are less sensitive to antibiotics and are highly
resistant to the host-immune system than their planktonic form. Resistance developed by micro-
organisms is due to frequent changes in surface antigens by the alteration in the gene
expressions.® Antibiotic resistance increases as the biofilm mature.” There are three hypotheses
for the development of antibiotic resistance. The first hypothesis suggests the lack of penetration
into the biofilm matrix which is due to the presence of many water-filled channels that causes
failure of the action. Second is the change in microenvironment of biofilm and the last one is that
subpopulation of bacteria in biofilm may differentiate into protective phenotypes.®

The development of antibiotic resistance is the most difficult to treat and to eradicate.
Human skin is one of the important, largest, and protective organs in the body. Each year several
people get affected by skin injury of both acute and chronic nature. Initially, micro-organisms of
a preparative stage of the infected process include Gram-positive bacteria like Staphylococcus
aureus (S. aureus) and Streptococcus pyogens (S. pyogens). Gram-negative bacteria such as
Pseudomonas aeruginosa (P. aeruginosa) and Escherichia coli (E. coli) are involved in the later
stages of infection.® The symptoms of wound infections are pus formation, spreading redness,
increased pain or swelling, and fever. Wound infections occur due to the growth and

development of micro-organisms within the wound area.’® The existence of drug-resistant

1
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Chapter 1: Introduction

bacteria in the wound infections cause delayed wound healing process when treated with
conventional antibiotics. The emergence of biofilm-associated wound infections can be partly
treated by different approaches like the use of antibacterial wound dressing materials, local
antimicrobial delivery, use of antimicrobial natural or synthetic peptides or use of phase
therapy.>12 However, these strategies have limitations like most of wound dressing materials
present in the market possess low mechanical properties, inadequate blood clotting ability, and
insufficient antibacterial activities. The use of local antimicrobial delivery system may show
initially high-burst release and low-tail release that create a danger of antibiotic resistance. Use
of antimicrobial natural or synthetic peptides is limited for large scale use. In phase therapy, the
detailed interaction mechanism with bacteria and human host is still unclear, which make its use
on large-scale. So there is an urgent need to develop an alternative strategy to treat drug-resistant

bacterial infections.?
1.2 Bacterial biofilm: Mechanism of formation and risk dissemination

Biofilm is the community of micro-organisms that remain enclosed in the self-generated
extracellular polymeric matrix (EPS)."*Along with EPS biofilm also contain carbohydrate-
binding protein, pili, flagella, extracellular deoxyribonucleic acid (DNA),and fibers. Steps
involved in the formation of biofilm are, (i) initial attachment (reversible stage), (ii) irreversible
attachment, (iii) micro-colonies formation, (iv) maturation, (v) dissemination or detachment from
the matrix.!* In the first step for biofilm formation bacteria get attached to any surface. Before
adhering, pre-conditioning of the surface occurs by organic or inorganic macromolecules.
Different factors such as roughness, hydrophobicity or hydrophilicity, porosity and pore
topology of the surface are responsible for the attachment of bacterial cells to surface.!* The
presence of flagella, pili, fimbrie and glycocalyx influences the degree of attachment. During the
second stage bacteria forms micro-colonies.*>**These micro-colonies produce an extracellular
polymeric substance by quorum sensing. It is cell-to-cell signaling that expresses the biofilm
specific genes that result in the formation of EPS matrix and maturation. In the final stage,
bacteria disperse from the matured biofilm and start a new cycle.!” The schematic representation
of biofilm development is given in figure 1.1

2
Centre for Interdisciplinary Research D.Y. Patil Education Society, Kolhapur



Chapter 1: Introduction

During the biofilm formation, the initial phase of attachment of micro-organisms to the
surface can be targeted to prevent biofilm development. The inhibition of early stages of

development includes targeting EPS production, and cell division.*®

2

Colonization
(Irreversible Attachmentt)

1

Reversible
Attachment ¢ 3

Growth & Cell Division

4

5 Formation of EPS
5 Matrix & Maturation
Dispersion of Microbial
Cells to New Sites

Figurel.l: Steps involved in biofilm formation. (1) Planktonic cells adhere to the surface
reversibly through their surface appendages like pilli, flagella (2) Motility is inhibited and
develop irreversible attachment to form microcolonies (3) Cells grow and divide (4)Bacteria
secrete slimy extracellular polymeric matrix of protein and polysaccharides. At this stage
maturation of biofilm take place (5) Detachment and reversion to planktonicform.®

1.3 Drug-resistance

Specific strains of bacteria have started to develop antibiotic resistance. They were
slowing down the action of antibiotics led to the release of new antibacterial drugs. The
introduction of the new molecule takes at least a decade, whereas microbes take only one or two
years to develop resistance and this highlights the urgent requirement of use of the other
antimicrobial therapies.?®? A possible mechanism of antibiotic resistance in a biofilm can be

explained by three hypotheses. The first hypothesis suggests that lack of penetration inside the

3
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Chapter 1: Introduction

matrix leads to the failure of antibiotic action. Some antibiotics with positive charge get bound to
a negatively charged biofilm matrix, and this interferes with the antibiotic’s entry to the biofilm
depth.” The second hypothesis suggests that the changes in the micro-environment of the biofilm
result in the failure in the action of antibiotics. Cells near the biofilm surface efficiently utilize
available nutrients and oxygen before they penetrate inside the deeper layers of the biofilm that
lead to the development of anaerobic conditions.?>?®Some antibiotics like aminoglycosides,
fluroquinolones and B-lactamases unable to show antibacterial action effectively in anaerobic
conditions.?*2°Also, the change in the osmotic environment induces the osmotic stress response
responsible for antibiotic resistance followed by reducing the number of entry channels like
porins in the cell that limit the permeability of cell membrane to antibiotics.?*° The third
hypothesis suggests that the subpopulation of bacteria within a biofilm may differentiate into a
protective phenotype similar to that of spore formation. This results in drug-resistance in this
population.®:3? Different hypotheses for the development of antibiotic resistance are given in

figure 1.2.

1 Slow Penetration of Antibiotics

2 Development of Resistant Phenotype

3 Nutrient Depletion or Waste Product
Accumulation Result in Antagonism
of Antibiotics

Figure 1.2: Different hypotheses of antibiotic resistance in biofilm (The surface to which biofilm
is attached shown at the bottom and antibiotics at the top) (1)Poor penetration of antibiotics in
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Chapter 1: Introduction
the surface layer of biofilm due to extracellular polymeric matrix (2) Development of persisters

(3) In the zone of nutrient depletion or waste product accumulation the action of antibiotics may

fail . *
1.4 Different approaches to control biofilm and planktonic cells of bacteria

Different antibacterial agents show variable efficiency towards he biofilm that can be

improved by enhancing the antibacterial activity of materials. Different materials can be used to
control biofilm in any infections including wound infections. These materials can inhibit biofilm
in different ways including preventing initial attachment of bacteria to a surface or by disrupting

biofilm during the maturation step or by destroying bacterial cells in wound infections.®*38 The

different antibacterial and antibiofilm agents are discussed below.®’

-derived Antimicrobial

Compounds

<
=

o

a-

Figurel.3: Schematic representation of different materials like plant-derived antimicrobial
antimicrobial peptides, biosurfactants,

ionic fluids,

compounds, polymers, enzymes,
polysaccharides and nanomaterials used to control biofilm by inhibiting different steps in biofilm

formation.383°
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Chapter 1: Introduction

1.4.1 Plant-derived antimicrobial compounds

Different plant extracts can be used to treat a variety of diseases. Compounds extracted
from plants are mostly the plant’s secondary metabolites which may contain different categories
of active ingredients. These materials are safe, cost-effective and exhibit activity without any
side effects.*04?

1.4.2 Polymers

The use of antimicrobial polymers has gained much more attention. A polymeric
hydrophilic coating with the use of polyethylene glycol (PEG), for the development of
antifouling surfaces, reduces or blocks the adhesion of the cells. However, the use of PEG is
restricted due to its tendency of auto-oxidation that forms aldehyde and lowers the protein
resistant ability in an alkaline condition.***3 Polymer films also can be used as drapes for the
surgical incision. Many studies suggested the use of polymers in dressing or as medical devices
for the improvement in the wound healing process.**® Polyurethane (PU) is used in many semi-
permeable dressings because of its ability to act as a good barrier, oxygen permeability, and
impermeability to bacteria and liquid. A drawback of such material is that these dressings are
non-absorbent that may cause the accumulation of exudates underneath such dressing films.
Natural polymers like alginate, fucoidan, silk sericin, keratin, collagen, chitosan, pectin, pallulan,

cellulose, and chitin are used for the preparation of wound dressing materials.*®
1.4.3 Enzymes

Deoxyribonuclease | (DNAses 1), lysostaphin, a-amylase, lyase, and lactonase are some
examples of matrix-degrading enzymes of one more emerging group of antimicrobial enzymes is
that of anti-quorum sensing enzymes. Acyl homoserine lactones (AHL) are the best-known
quorum sensing molecules. Quorum sensing enzymes like lactonases prevent AHL from binding
to the target regulators.*” However, costly enzyme production limits the use of enzymes in the

biomedical applications.*’~°

1.4.4 Antimicrobial peptides

Antimicrobial peptides (ABPs) target biofilm disruption via different mechanisms that
are degradation of signals in the biofilm, an increase in permeability, reduced activity of biofilm-
associated genes, preventing adhesion and, decreases motility. ABPs interfere with quorum

&sinq (QS) system and degrade signal producing molecules or secondary messengers (ppGpp)

6
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for example, DJK5, DJK6.>° Genes responsible for the biofilm regulation are also targeted by
some ABPs like ZAP1, ALS3.°! They target metabolically active cells within the biofilm as they
are of cationic nature. Motility of microbes affects the biofilm function as it is a pre-adhesive
stage when bacteria move to the surface. This action can be hampered by some ABPs like LL-37,
modified 1037.52 Anti-biofilm peptides show exciting broad-spectrum activity and are less
sensitive towards the development of resistance. They can also be used in combination with
conventional sensitivity towards the development of resistance. However, high production cost,
laborious synthesis procedures and potential toxicity limit their use. It has been reported that no
peptides have received approval for clinical applications by the United States, Food and Drug
Administration (FDA).%

1.4.5 Polysaccharides

Recent studies reported the ability of polysaccharides to inhibit biofilm formation. None
of the antibiofilm polysaccharides exhibited bacteriostatic or bactericidal activity. It acts as a
surfactant molecule and changes the physical properties of the cells and surfaces or by
modulating gene expression affecting biofilm formation or competitive inhibition of multi-valent
carbohydrate-protein interaction. However, no significant effect was observed on thoroughly
developed biofilm. The use of the antibiofilm polysaccharides in the medical and industrial fields
is favorable as they possess properties like broad-spectrum activity, biocompatibility, and
biodegradability.>*,%® However, much more research is required into their biological role to

validate their use as an alternative antibiofilm agent.>*>’
1.4.6 lonic fluids

lonic fluids are the liquid salts that consist of cations and anions which can be modified
independently. The activity of ionic fluid mainly depends upon their alkyl chain length. For
example, 1-alkyl-3-methylimidazolium, 1-alkylquinolium bromide are ionic fluids. These are
non-flammable, non-volatile fluids with thermal stability, chemical stability, density, solubility,
viscosity, melting point <100, good conductivity, solvating ability, and recyclability. These are

also termed as green solvents. But, their toxic nature limits their use in the medical fields.®

1.4.7 Bio-surfactants

»
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Bio-surfactants possess surface tension reducing properties, detergency, low-toxicity,
biodegradability, effectiveness in various conditions, and foaming. However, their large scale

production costs are expensive and limit their use in different fields.>*°
1.4.8 Nano-materials

Nanotechnology has attracted significant attention worldwide in the research field of
modern material science. Nanotechnology is currently developing fields that have extensive
applications in the scientific research area. The Greek word “nano” is derived from the word
“dwarf” and denotes a deduction in size, time, of 10, which is billionth of a meter or three to
five atoms in width equivalent to 10°A. The science and engineering used in the design,
synthesis, characterization, and applications of materials that contain the smallest particles of 1-
100 nm is “Nanotechnology”. The concept of nanotechnology has roots in the idea of last
century’s some scientists.2 On December 29, 1959, the American physicist Richard Feynman
had given a talk under the title “There’s Plenty of Room at the Bottom™ at an American Physical
Society meeting. In this talk, he described the importance “of manipulating and controlling
things on a small scale” and how they could “tell us much of great interest about the strange
phenomena that occur in complex situations”.®? The term “nano-technology” was first coined by
the Japanese scientist Norio Taniguchi of Tokyo University of Science, in 1974.%% However, this
term was not used until 1981, when Eric Drexler, who was completely unaware of Taniguchi’s
prior use of the term, published his first paper on nanotechnology. The American engineer K.
Eric Drexler developed molecular nanotechnology that leads to nanosystem machinery
manufacturing. He developed the principle of manipulation of an atom by atom, by the control of
the structure of matter at the molecular level, that can build molecular system with atom-by-atom
precision, yielding a variety of nanomachines.®* Nanotechnology has potential applications in
different fields like water decontamination, electronic devices, information technologies, drug
delivery, and production of lighter materials. The study of nanotechnology deals with the

material that possesses the following properties,
e Possess minimum of one dimension less than 10nm.
e Physical and chemical properties can be controlled through the synthesis approaches.

¢ Allows the manufacture of larger structures.

8
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Chapter 1: Introduction

In nature, nanotechnology is present for the synthesis of bioentities in the body, such as
proteins, enzymes, carbohydrates, DNA, RNA and, viruses, which form the components of the
cell. The size of many biological molecules possesses the size in the nanoscale range of 1-100

nm.

For the synthesis of nano-engineered materials and devices, precursors from solid, liquid
or gas phases with a different set of experimental techniques are used. In general, most of the
synthetic methods can be divided into two approaches: “top down” and “bottom up” approaches
or their combinations. In “bottom up” approach macroscale materials are broken down into
nanoscale materials physically or chemically and in “top down” approach nanoscale materials
are arranged atom-by-atom or molecule-by-molecule. Nanotechnology is an interdisciplinary
research field in which many physicists, chemists, biologists, material scientists and other
specialists are involved. It includes the production and applications of manipulated materials at
nanoscale in a variety of fields.®® % The amalgamation of nanoscience with technology provides
newly developed techniques, replacing older techniques. It is today’s most advanced technology
and also called as “extreme technology”, as it gives excellent accuracy to the molecule or atoms
size. The increasing scope of this new technology provides the size-dependent unique and
previously unnoticed properties and much more. These nanoscale materials are effective in
treating infectious diseases even in antibiotic-resistant strains, in vitro and, in-vivo models. This
phenomenon is due to large surface area to volume ratio that gives unique mechanical, chemical,

electrical, optical, magnetic and electro-optical properties that differ from bulk counterpart.®’

Nanomaterials have attracted greater attention than other antimicrobial agents. Silver
nanoparticles show antibacterial activity because of their dissolution and generation of Ag™*ions.
These ions get internalized and liberate reactive oxygen species. In the case of biofilm inhibition,
Ag" ions prevent the penetration of amine, thiols or carboxylates. Ag NPs tend to agglomerate
that can adversely affect their antimicrobial activity and therefore their surface functionalisation
is necessary before application.®® Gold NPs also exhibit antimicrobial activity by the additional
mechanism like inhibiting intra-cellular ATP synthesis and t-RNA binding. However, their use is
restricted by their killing ability of limited strains, poor storage stability, and high cost.%®"
Graphene-based NPs show size and shape dependent antimicrobial activity. They are less water-
soluble due to their hydrophobic nature and mainly possess contact killing ability but prevention

of biofilm is only minimal.™
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Recently zinc oxide NPs have gained even more attention as they possess the highest
toxicity against drug resistant micro-organisms. ZnO NPs exhibit a way of antimicrobial action
as that compared to other nanoparticles. They initially destroy the bacterial cell wall, then enter
the cell, and finally deposited in the cell membrane leading to death.”?The toxicity of ZnO NPs
does not always depend upon the internalization in bacteria; these NPs can alter the
microenvironment near the bacterial cell and liberates reactive oxygen species and induce their
solubility.” Among the nanoparticles these are highly preferred as ZnO is recognized as a safe
material by the US food and Drug Administration (21 CFR 182.899).”* ZnO fulfills the

requirements of ideal antibacterial and antibiofilm agent.”
1.5Properties of ideal antibacterial and antibiofilm agent:

Two approaches that can be considered to treat biofilm to prevent its formation or to
remove already formed biofilm. Biofilm formation can be hampered by avoiding the initial
attachment of cells to surface by surface modification or treating cells in such a way that it will
block the cell attachment. Physical activities like sloughing, erosion and dispersion can remove
preformed biofilm.”®""To act as ideal antibacterial and antibiofilm agent, the material should

possess following properties:
1.5.1 Biocompatibility

The materials to be used as an antibacterial and antibiofilm agent in the bio-medical field,
their toxicity towards mammalian cells should be evaluated. The materials which are used in
wound dressing applications are capable of being in contact with bodily fluids and tissues for

prolonged periods, so their adverse reactions should be studied before application.’®"®
1.5.2 Antimicrobial properties

The material should possess good antibacterial activity. Antimicrobial activity of material
mostly depends upon pH, type of micro-organism, population size, structural conditions such as
molecular weight, concentration, derivative form, source, morphology, temperature and, duration
of exposure, etc.8%81Some of the factors that affect antimicrobial activity are explained here. Guo
et al.®? synthesized imidazolium (Im), quaternary ammonium and 1, 4-diazabicyclo [2.2.2]
octane-1, 4-diium (DABCO-dium) cation-based small molecule cationic compounds, and their
corresponding side/main chain cationic polymers >small molecule cationic compound.

Devlieghere et al.®studied the effect of pH on the antimicrobial activity of chitosan. He observed
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that chitosan showed higher antimicrobial activity at low pH, as the amino group of the chitosan

gets ionized at pH <6.8
1.5.3 Surface

To prevent biofilm-related infections the material to be used should be biocompatible.
The material should be flexible so that the surfaces modifications that will target it towards

biofilm and can get interact with the biofilm structure.?4
1.5.4 Size and shape

Bacterial biofilm get protected in an EPS matrix. This matrix blocks the penetration of
the anti-biofilm agent from reaching the inside by the diffusion. The size and shape of an
antibacterial and antibiofilm agent are very significant factors that significantly influence the
degree of antibacterial and antibiofilm activity.®® As the bacterial cell ranges from 0.2-10 micron,
the smaller material can get readily penetrate the biofilm matrix and then into the bacterial cell.
For example, spherical carbon dots less than 10nm composed of sp®hybridized carbon exhibited
good antibacterial activity. The shape of the material has tremendous significant influence on the
intensity of antibacterial and antibiofilm activity during morphological interaction. Sharp edges,
spikes, pillars or protrusions on the surface of the antibacterial agent pierce and rupture the
bacterial cell due to high local stress.®8 Hicky et al.®” observed the degree of antibacterial activity
of gold nanoparticles having sphere, star and, flower-shape against Staphylococcus aureus and
concluded that flower-shaped gold nanoparticles comparatively showed more shape-dependent
activity.

1.5.5 Stability at different temperature and pH

Pourali et al.® evaluated the effect of two different temperatures on the antibacterial
activity of the biosynthesized silver NPs and showed that the biological silver NPs before heat
treatment were more bactericidal than heat treated silver NPs (100 and 300°C). TEM images

showed that the average size of the heated silver NPs was>100 nm and <100nm of non-heated
NPs. So, the temperature affects the size of NPs and the penetration inside the cell.

1.5.6 Other properties
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The antibacterial and antibiofilm agent should possess unique structure, be easy and cost-
effective to produce, attach firmly to the surface which is to be developed as an antibiofilm

surface and will not able to develop the resistance.®
1.6 Zinc oxide nanoparticles: Properties and biomedical applications

Zinc oxide NPs fulfills the requirement of the ideal antibacterial and antibiofilm agent.
Among all NPs, ZnO NPs have gained greater attention because of its unique properties such as
the high surface area to volume ratio, cost-effective material, and prolonged environment
stability.®*%! ZnO NPs are 11-1V semiconductors with wide bandgap energy, which is, 3.3eV and
high excitation energy, 60eV. Therefore it can sustain too large electric fields, high temperatures,
and high power operations.®It is highly applicable in solar cells, photocatalysis, and chemical
sensors.®%Zn0 occurs in wurtzite, zinc blend and rock salt structures. The wurtzite phase is
more stable thermodynamically at ambient conditions (figure 1.3). In a wurtzite structure Zn?*

and O? are alternatively stacked along the C axis.*®

Crystal Structure of ZnO

wurtzite

Figurel.4: Crystal structure of ZnO in wurtzite phase which is most stable in ambient condition

and so most common.%

12
Centre for Interdisciplinary Research D.Y. Patil Education Society, Kolhapur



Chapter 1: Introduction

ZnO NPs has been reported widely for their anti-microbial, anti-diabetic, anti-fungal,
anti-tumor and variety of other properties (figure 1.4). It is also commonly used in the cosmetic
lotions as it is also known to maintain UV blocking and has absorbing capabilities as well as
being an astringent in wound healing, anti-hemorrhoids, eczema, and excoriation in human

medicine.%

ZnO shows a high range of optical absorption in UVA (400 nm-315 nm) and UVB (315
nm-280 nm) region which enhances its antibacterial property. ZnO also possess strong ionic
bonding in Zn-0.9"%

Bio-Imaging I

Antidiabetic I ‘ Gene Delivery |

ZnO Nanoparticles

Immuno Therapy Anticancer |
D

Drug Delivery Antibacterial I

Bio-Sensing l Tissue Repair |

Antifungal I

Figurel.5:Different bio-medical applications of ZnO NPs.*
1.6.1 Anti-cancer activity

Among the other biomedical applications, the anticancer activity of ZnO NPs has been
well reported. It exhibits the anticancer property by the generation of reactive oxygen species
(ROS) and by inducing apoptosis. It possesses the good electrostatic properties that enhance its
use for anticancer activity.®® The isoelectric point of ZnO NPs is 9-10, so these NPs possess a
strong positive charge on their surface under the physiological conditions. In contrast, cancer
cells possess a high concentration of anionic phospholipids on the surface; so, they have large

considerable negative membrane potential. Thus, the strong electrostatic interaction takes place

13
Centre for Interdisciplinary Research D.Y. Patil Education Society, Kolhapur



Chapter 1: Introduction

in between positively charged ZnO and negatively charged cancer cells, enhancing the cellular

uptake, phagocytosis, and cytotoxicity of ZnO NPs.100.101
1.6.2 Bio-imaging

The inherent photo-luminescence properties are useful in biosensing applications.'®

Kang et al.1%

prepared a ZnO-gated nanoplatform for multimodality bio-imaging. ZnO NPs also
can act as a contrast agent for trimodal imaging in-vitro and in-vivo tumor diagnosis. ZnO NPs

can be used in the imaging of cultured cells.!*
1.6.3 Anti-diabetic activity

The zinc ions have an essential role in the synthesis of insulin, their storage, and
secretion.’® In some studies, ZnO NPs were proved as an anti-diabetic agent as compared with
ZnS04, which was proved by the improved glucose disposal, insulin levels, and zinc status. ZnO
Ps also can be tested in combination with the anti-diabetic drug, red sandalwood, and

vildagliptin,106.107
1.6.4 Anti-inflammatory activity

Nano-ZnO can enter the deep layers of allergic skin as compared with bulk-ZnO. Nano-
ZnO can suppress local skin inflammation and induces IgE antibody production. According to
the authors, this action is the result of non-specific reactions caused by the release of Zn?* ions
affecting the 1gE antibody production by B cells.%®

1.6.5 Anti-fungal activity

Surendra et al.1® synthesized ZnO NPs from M. oleifera which showed toxicity against
plant pathogens, namely Alternaria saloni and Sclerotium rolfii strains. Jain et al.'*%tudied the
effect of ZnO NPs on the viability of Candida albicans in which they observed the

concentration-dependent effect of ZnO NPs.
1.6.6 Antibacterial and antibiofilm activity

The antibacterial and antibiofilm activity of ZnO NPs is mainly due to their ability to
generate oxidative stress. ZnO NPs release Zn™ ions, that interact with the thiol group of
respiratory enzymes and inhibit their action.!® When ZnO NPs interacts with cell membrane it
generates reactive oxygen species (ROS) that include O, HO";, H202, and HO* that damages
cell by inducing oxidative stress response. The imbalance between generated ROS and their
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reducing equivalents is termed as oxidative stress. ROS irreversibly damages bacterial cell
membranes, DNA, and mitochondria, resulting in the death of bacterial cells.'**Another
important mechanisms for antibacterial and antibiofilm activity of ZnO NPs is the release of zinc
ions in an aqueous media that contain ZnO and bacteria. Other mechanisms include the
interaction of positively charged H2Oxthat can easily interact with the bacterial cell. It is reported
that, after membrane disruption by H>O. or HO", negatively charged ROS can easily penetrate

the cytoplasmic region, which enhances antibacterial and antibiofilm activity 12113
1.6.7 Wound-healing ability

ZnO NPs have been reported for their use in the wound-dressing applications due to their
strong antimicrobial properties and epithelialization stimulating the effect of zinc.1**

1.6.7.1 Wound

The wound is the damage of underlying tissue with disruption in anatomical structure and
function due to accidents, surgery, burns etc. The wounds can be classified into several types
based on wound depth, tissue loss, and type of injury, location or clinical appearance. In general,
they are classified into two types based on wounds with tissue loss and without tissue loss.
Wounds by tissue loss include second and third-stage burn wounds, diabetic foot ulcers etc. and
wounds without tissue loss include first stage burn wounds and other wounds, Based on the
period of the healing process, wounds are divided as acute and chronic wounds. The cute wound
takes about 8-12 weeks for healing, and chronic wound takes about 12 weeks for the healing
process. Wounds that involve the only epidermis are called as a superficial wound while wound
that includes the epidermis, deep dermal layer, and blood vessels is considered as partial-
thickness wounds. When wound consists of epidermis, dermis and sub-cutaneous tissue is

referred as full-thickness wounds.©
1.6.7.2 Wound-healing process

The wound healing process is a multistep process that consists of cell growth and tissue
regeneration. This process mainly includes coagulation or hemostasis, inflammation,

proliferation, and remodeling or maturation phase (figure 1.6).
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Figurel.6:Schematic  representation of wound-healing process, (i)Hemostasis, (ii)
Inflammation, (iii) Proliferation, and (iv) Remodeling.*®

The first phase in the wound healing process take places in first few minutes after injury.
In this phase, the body activates its emergency repair system, the blood clotting system, and
forms mesh to block the drainage. Blood clot releases cytokines and growth factors such as
interleukin-1 (IL-1)B, transforming growth factor (TGF), tumor necrosis factor (TNF), platelet-
derived growth factor (PDGF), basic fibroblast growth factor (bFGF), epidermal growth factor
(EGF), migration of neutrophils (after 6 h), and formation of initial matrix for early wound
healing by fibrins, lymphocytes and histocytes (after 12 h).

The second phase called as defensive/inflammatory phase that includes the destruction of
bacteria and removal of debris. In this phase dead and damaged cells get cleared. White blood

cells, neutrophils, monocytes, and lymphocytes get differentiated into macrophages, for the
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destruction of bacteria. Neutrophils also release substances like proteases and reactive oxygen
species (ROS) that causes damage.

The proliferative phase starts from 3" day after wounding and lasts for about two weeks.
In this phase, fibroblast migration, deposition, collagen synthesis, angiogenesis and granulation
tissue formation takes place in the wounded area. Fibroblasts generate glycosaminoglycans and
proteoglycans that are major significant factors of the extracellular matrix (ECM).

In the last remodeling phase, the new tissue slowly gains strength and flexibility.
Therefore, vascular densities of the wound return to normal. Scar maturation is another

significant step in this phase of healing. Collagen remodeling may last for two years.''®

1.6.7.3 Wound dressings

The wound dressing materials are mainly used for healing the wound. These materials are
designed based on the type of wound, severity, and position of the wound. The process of wound
healing gets affected by a variety of factors like insufficient blood supply, foreign bodies,
infection types, topical steroids, and antiseptics. Any wound that is unable to heal within a few
weeks is expected by a healthcare professional. The type of micro-organisms infecting the
wound is an essential factor in patients with a skin wound. The risk associated with wound
infection is increased by the increased concentration of pathogens and the presence of vascular
disease, edema, malnutrition, diabetes, and corticosteroids. The important signs of soft tissue
infections are pus formation, swelling of the wound site, increased erythema, pain, odor and

fever in patients.©

The use of suitable dressing materials is an important factor for proper care of the wound
and a faster wound healing process. Previously, the wound dressing materials used for healing
are of bandages and gauze, with different degree of absorption. Nowadays, researchers have
focused on the newer type of dressings with quick healing capability, maintain a moist

environment, control of infection, control of wound exudates etc.'t’

Wound dressing materials can be classified into two types, traditional dressings, and
modern wound dressings. The traditional dressings include natural or synthetic bandages, cotton
wool, and gauze, while foam, hydrocolloids, alginates, hydrogel, composites, and antimicrobial

dressings are modern wound dressing materials.
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Gauze is the most commonly used traditional wound dressing made from woven or non-
woven gauze. Gauze can absorb exudates and act as a non-barrier material that promotes dryness
in wounds. But gauze dressing requires frequent changing to save healthy tissues from
maceration. These materials are cost-effective and easy to produce. Nevertheless, because of
excess wound drainage, dressings become moistened and get adhered to the wound that makes
painful during removal. Bandages are made up of cotton wool and cellulose. Synthetic bandages

are made up of polyamide materials.*'8

Modern wound dressings are designed to maintain and enhance wound-healing. These are
categorized as film, foam, gel, and hydrocolloids. Film dressings are useful for primary and
secondary wound dressings, made up of the sterile plastic sheets of polyurethane and coated with
adhesive. Films have capacity of autolytic debridement and impermeable to bacteria and liquid.
They are flexible and do not require additional tapping. These are majorly used in the

epithelializing wound, superficial wound and wound with less exudate. 11120

Foam dressings made up of porous polyurethane foam which is hydrophilic or
hydrophobic with or without adhesive borders. Generally, the outer layer is impermeable to
liquid due to its hydrophobic properties. It is permeable to water, oxygen, carbon dioxide and
water vapor. It is protective, thermally stable, and highly absorbent. They are applicable in case

of granulating wounds and lower leg ulcers.'?!

Hydrocolloid dressings consist of two layers an inner colloidal layer and outer water-
impermeable layer. An inner layer possesses properties like self-adhesive, gel forming, and
composed of hydrophilic colloid particles like pectin, gelatin, and elastomer. It can absorb
exudates and swells in a gel like mass over the wound. It also provides a moistened environment
and thermal insulation to the wound. The outer layer prevents the entry of bacteria and protects
from foreign substances, shearing, and contamination. Hydrocolloid dressings are available in a
variety of size/shapes and in powder, paste or granular form. They are applicable in case of
partial and full-thickness wounds with low-moderate exudates, necrotic wounds, minor burns

and ulcers. They are not applicable in case of clinically contaminated wounds.'?2

Hydrogel-based dressings are of natural or synthetic polymers. It is made up of a network
of water-soluble, hydrophilic, and polymer chains. Hydrogels dressings are highly flexible

similar to natural tissues as they contain high water content (70-90%). Hydrogels can be used as
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scaffolds in tissue engineering, drug delivery, and wound dressings etc. These dressings can
maintain a moist environment, cooling sensation, swelling ability and healing ability without

scar.1?®

Alginate dressing is prepared from the sodium and calcium salts in foam or fibrous sheets
form. Alginate can control wound exudates and bacterial infection. These types of dressings are
preferred in case of diabetic wounds, venous wounds, full-thickness burns, split-thickness graft
donor sites, ulcer, and cavity wounds. It also activates macrophages for the production of TNF-a

which starts inflammatory signals.!?

Bioactive wound dressings are biocompatible, non-toxic and biodegradable. These can be
derived from natural or artificial sources like collagen, hyaluronic acid, chitosan, alginate and
elastin. Growth factors or antimicrobial agents can be incorporated in these types of dressings to

enhance wound healing process.?®

The composite dressings are composed of multiple layers that give more than one
function for wound healing. It is made up of an adhesive border of transparent materials or
nonwoven fabric tape which helps in preventing sticking to granulating tissues, and middles
layer is made up of absorptive material that maintain moist environment. The outer layer protects
the wound from bacterial infections. These are preferred as primary or secondary dressings.'%°

Antimicrobial wound dressing reduces the risk of infection used in partial and full-
thickness wounds. These types of dressings are available in the market in the form of film,
sponge, impregnate, woven absorptive products, non-adherent barrier or combination of

materials.*?’
1.6.7.4 Properties of ideal wound dressings

The wound dressing material should be non-toxic, biocompatible, able to prevent
dehydration, maintain moist environment within wound area, allow the gas transfer, and prevent

the wound from bacteria and dust. Besides, it should be non-adhesive that can remove easily.*?®

19
Centre for Interdisciplinary Research D.Y. Patil Education Society, Kolhapur



Chapter 1: Introduction

High gaseous and

H,0 vapor
o transpof%

Maintain

m_—n ) Control ‘
huTnty/ exudates '
4 Wound o «
Mechanical dressing |
strength material b,N°"'t°"'F6| 1
,, properties '°°;"I’w
Oxygen barrier Blood-

capacity clotting
; abily
F—
Biodegradable |

Figure 1.7: Properties of ideal wound dressing materials.
The properties of ideal wound dressing materials are given in figure 1.7, which are listed below,

+ It should maintain high humidity condition within wound area.
It should possess high transport rate of gaseous and water vapor.
It should control the amount if exudates.

It should be non-toxic and biocompatible.

It should possess blood-clotting ability

It should be biodegradable.

- F F £ & ¢

It should have oxygen barrier capacity.
+ It should have enough mechanical strength.

1.6.7.4 Bio-materials used for wound dressing

Natural biomaterials have been used from long time in biomedical applications. These are
not only obtained from the biological source but materials are used in biomedical applications.
The natural biomaterials used for wound dressing applications are classified as polymers and
nanobiomaterials. In nanobiomaterials, ceramics and metals are included. Ceramic materials are
polycrystalline materials which are non-metallic in nature with good mechanical strength,

hardness, stiffness, low density, and corrosion resistance. However, due to sensitivity to cracks
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and other defects ceramic materials are used in limited amount as compared with metallic and
polymer materials. The metals have properties like electrical and thermal conductivity,
mechanical strength, corrosion resistance, and cheap. Therefore, these materials can be widely
used in biomedical fields and in wound dressing applications.?®

Polymers are biocompatible, flexible, easily available materials with good mechanical
strength. So they are widely used in biomedical applications like tissue engineering, drug-
delivery, wound healing and wound dressing applications.

On the basis of their origin polymers can be classified into natural (biopolymers) or
synthetic polymers. Natural polymers are obtained from renewable sources like animals or plants
and synthetic polymers are obtained from non-renewable sources. Natural polymers are
biocompatible, biodegradable and easy to produce as compared with synthetic polymers. 1
1.6.7.4.1 Biopolymers

Biopolymers are biological macromolecules that are classified into two types,
polysaccharides and proteins on the basis of sources from they obtained. The polymers obtained
from plant and animal resources, are polysaccharides (cellulose, chitosan, pectin), and protein are
obtained from collagen, o-keratin, etc. In addition, the polymers those are obtained from
microbes occur abundantly. Also they are fast and easy to grow from microbes than plants or
animal sources.!3!

Chitosan is abundantly used polymer produced by the deacetylation of chitin which is
other type of polymeric polysaccharide. Chitosan is mainly composed of D-glucosamine and N-
acetyl-D-glucosamine joined by glycosidic bonds. It is bioactive polymer with a wide range of
applications because of its properties like antibacterial activity, non-toxicity, easy modification,
and biodegradability. It is widely used in biomedical applications like controlled drug delivery,
tissue engineering, wound-healing, and gene delivery. It is also used in waste water treatment for
the removal of dyes, odor, organic pollutants, and inorganic heavy metal ions from industrial
waste water; also the hydrogels of chitosan can be used to carry dyes uptake and release studies.
In agriculture fields, chitosan are used as an excellent alternative to synthetic pesticides to lower
the harmful effect to the human and environment. It can be also used in the field of food
packaging, cosmetics, and paper making industries.!?

Cellulose is one of the most abundantly occurring organic polymers on the planet. It is

polysaccharide that contains a linear chain of several hundred to thousands of § (1— 4) linkages
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of d-glucose. It is insoluble in organic solvents. It is non-toxic, biodegradable polymer due to
which it is used in various fields like nanotechnology, pharmaceutical industries, food industries,
cosmetics, and textiles.**?

Collagen is obtained from fibroblasts and most abundant protein in the human body. It
enhances the wound healing process. Type | collagen can be obtained from animal sources. It is

degraded to produce gelatin.!®
1.6.7.4.2 Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
1.6.7.4.2.1 Sources of PHBV

PHBYV is a biopolymer produced by microorganisms with excellent biocompatibility and
biodegradability. The polymers obtained from bacteria are exo-polysaccharide, proteins, lipids,
and polyesters like polyhydroxyalkanoates (PHAS). These were observed by the Beijerinck in
1988 as inclusion bodies in bacteria. Later, in 1927 Lemoigne extracted and identified these
granular inclusions as poly (3-hydroxybutyrate) (PHB).These inclusion bodies are enclosed in
the cytoplasm of wide varieties of both Gram-positive and Gram-negative microorganisms when
they face nutrition deficiency in elements such as nitrogen, phosphorus, magnesium, and sulphur,
and in presence of excess carbon. It is widely reported that PHAs produced by Gram-negative
bacteria contain high levels of endotoxins, which can show inflammatory, pyrogenic, and other
reactions that restrict their application if not removed during purification. Therefore, PHB with
less endotoxin can be used for biomedical applications. This can be achieved by recombinant

Escherichia coli by NaOH digestion or by treating with hydrogen peroxide.!3*

The structure and molecular weight of PHAs can be modified by altering the growth
conditions. Varieties of PHAs and their co-polymers can be isolated from different types of
bacterial species. There are above 150 possible monomers which are divided on the basis of a
number of carbons in monomer via short chain length (scl) PHAs (example, PHB, poly (3-
hydroxyvalarate) (PHV), poly (example, PHB, poly (3-hydroxyvalerate-co-valerate) (PHBV),
medium chain length (mcl) PHAs (example, polyhydroxyoctanoate (PHO), polyhydroxynanoate
(PHN), polyhydroxyhexanoate (PHHXx), polyhydroxyheptanoate (PHHp) and long chain length
(Icl) PHAs.1®

1.6.7.4.2.2 Properties of PHBV
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Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is biocompatible, thermoplastic,
biodegradable and non-toxic polyester produced by bacteria that make it promising agent in the
biomedical field. The degradation product of PHBV, (R)-3-hydroxybutyric acid is a component
of blood that promotes its use in the different biomedical fields such as sutures, prosthetic
devices, drug delivery system and surgical clips. Many studies suggested that PHBV can
enhance cell proliferation, such as fibroblasts, keratinocytes, and neural cells. However, due to
its poor mechanical performance, high crystallinity, inherent rigidity, and hydrophobicity this
material is not explored much explored. PHBV biopolymer can be widely used in different
fields, but its applications have been restricted because of its poor mechanical properties, mainly
due to its fragility. Their defects can be overcome by the addition of various monomers in the
polymer chain to form copolymers.**® The biocompatible and biodegradable properties of PHBV
made it an excellent material for broad applications. In addition, its absorption ability, biological
origin, non-toxicity, piezoelectricity, and thermoplasticity make it a very outstanding material for
biomedical applications like drug release, absorbable surgical sutures, wound dressing material,

and medical packing.**’
1.6.7.4.2.3 Structure of PHBV

PHBYV is aliphatic polyester having the chemical structure as shown in the figure 1.8. It is
less toxic, biodegradable, and biocompatible to different types of cells having high degree of
crystallinity and resistance to ultraviolet radiation. However, it is rigid, with low melting
temperature than PHB, and soluble in chlorinated solvents. It possesses good oxygen barrier
capacity, chemical inactivity, viscosity, and good mechanical properties, like high surface
tension and high flexibility than PHB. The physical and mechanical properties of PHBV mainly
relay on the amount of 3HV present in the copolymer. For example, the PHBV with the
increased amount of 3HV degrades at a high rate as the crystallinity of PHBV increases with an
increase in 3HV content. The melting point of PHBV also decreases with an increase in the 3HV
content. So, the selection of PHBV with proper 3HV content is an important factor that depends

upon the type of application.
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Figurel.8: Chemical structure of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)PHBV.134
1.6.7.4.2.4 Molecular weight

The molecular weight of polymer gives the information of the polymer chain and degree
of polymerization that can affect mechanical and biodegradability properties, so it is an
important factor for the determination of polymer properties. The molecular weight of the
polyhydroxyalkanoates relies upon the type of microorganisms and the type of extraction method
employed.!®
1.6.7.4.2.5 Composite electrospun PHBV-PEO fibers

The applications of pure PHBV are limited due to their poor mechanical strength, and
fragility. To overcome this problem it should be blended with other polymers. The reinforcement
approaches used for the preparation of PHBV composites are the combination of PHBV and
other materials, like polymers, natural fibers, and different types of nanomaterials for expanding
their applications.**®

Poly (ethylene) oxide (PEO) is one of the most biocompatible hydrophilic synthetic
polymers. It is approved by the Food and Drug Administration for use in biomedical

applications.

O
H nOH

Figurel.9: Structure of Poly (ethylene) oxide (PEO).**

24
Centre for Interdisciplinary Research D.Y. Patil Education Society, Kolhapur



Chapter 1: Introduction

It possesses excellent properties like maximum solubility in water and organic solvents,
non-toxicity, non-immunogenicity, non-antigenecity, and low absorption of surface properties.
This polymer is easy to blend with PHBV by electrospinning technique. It is well reported that
the blending of PHBV with PEO improves mechanical, thermal, and physical properties. Bianco
et al'*investigated the improved properties of PHBV/PEO blends as compared with neat PHBV,
mainly influencing the addition of PEO in different amounts in morphology, thermal, and
mechanical properties. Structure of PEO is given in the figure 1.9.

The incorporation of ZnO NPs into PHBV polymer has gained much more attention in
the nanocomposite field as ZnO is widely reported for its strong antibacterial activity against a

broad spectrum of microorganisms.4°
1.7 Statement of the problem

Bio-contamination allows microbes to settle down at the infection site, where they
withstand antibiotic treatment, so reducing antibiotic sensitivity. It is well reported that specific
strains of microbes started to develop antibiotic resistance. Bacteria in a biofilm are more
effectively protected from the host immune system than from planktonic bacteria. Multidrug
resistance patterns in Gram-positive and Gram-negative bacteria are difficult to treat and indeed
untreatable with conventional antibiotics. Drug resistance in infectious wound bacteria is
difficult to treat with conventional antibiotics that delay the wound-healing process. Fast wound
closure is an important factor in the care of acute or chronic wound infections. Wound infection
mostly due to indigenous microflora or environments in the wound area. This can be cured by
protecting the wound with antibacterial dressing materials. Antibacterial agents control the
infections within the area of the wound. However, to treat infection by drug-resistant bacteria

there is an urgent need to use a new antibacterial agent rather than conventional antibiotics.

Among different metal oxide nanoparticles, ZnO NPs are widely reported for their
antibacterial and antibiofilm activities against a broad spectrum of Gram-positive and Gram-
negative bacteria with low toxicity to human cells at the appropriate concentration. Also, these
NPs reduce microbial adhesion, proliferation and biofilm growth due to their strong antibacterial
activity. ZnO NPs damage bacterial cells by formation of ROS including Oe-, HO";, H.O> and
Zn*2ions. They can also promote keratinocyte migration towards the wound site and improve the

healing process. However, the intensity of antibacterial and antibiofilm activity of ZnO NPs
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mainly depends upon the size of NPs. It is inversely proportional to the size of the nanoparticles.
ZnO NPs are widely reported for their antibacterial and antibiofilm activities against a broad
spectrum of micro-organisms. These nanoparticles can reduce microbial adhesion, proliferation,
and biofilm growth. ZnO NPs destroy bacterial cells by the formation of reactive oxygen species
including O, HO";, H20,, HO-, and Zn?*" ions. To make their potential use in antibacterial

wound dressing material their addition to polymers is important.

These nanoparticles should be blend into electrospun fibers for their wound dressing
applications. The large surface area and porosity of electrospun nanofibers make them good
agents for wound dressing applications that can protect the wound from bacterial penetration and
dehydration. These properties make them suitable for wound dressing material, for chronic

wounds.

Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a natural biopolymer that
possesses good properties like biocompatibility, biodegradability, non-toxicity and thermo
plasticity. However, due to its poor mechanical performance, high crystallinity, inherent rigidity,
and hydrophobicity this material is not explored much. To overcome this problem PHBV can
blend with other hydrophilic polymers. Among those polymers, polyethylene oxide (PEO) which
is certified by the FDA is highly preferred because of its excellent properties like
biocompatibility, hydrophilicity, and malleability. It is non-immunogenic, non-antigenic, non-
toxic and low adsorption capacity of surface proteins. Furthermore, from PEO it is easy to obtain
nanofibers by electrospinning technique than other polymers because of its high solubility in
water as well as in different types of organic solvents. The blends of PHBV-PEO has been

prepared earlier, but not used for the further antibacterial applications.

Based upon the above consideration this thesis highlights the synthesis and
characterization of ZnO NPs, ZnO incorporation in PHBV-PEO microfibers for antibacterial and
antibiofilm activities. In light of this problem we carried out the work in this thesis with the

following objectives:

e To synthesize the pure ZnO NPs by using different approaches like; (i) regular synthesis
in polyols, (ii) in the presence of sodium acetate, and (iii) increasing reaction time,
polyols used are diethylene glycol and triethylene glycols, by using the reflux method and

to study their morphological, thermal, spectroscopic and elemental properties.
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e To investigate their antibacterial, antibiofilm activities, hemocompatibility, and cell
viability properties of all synthesized ZnO NPs.

e To incorporate ZnO NPs with maximum antibacterial activity into the matrix of PHBV-
PEO and to investigate their morphology, thermal, mechanical, spectroscopic, and
swelling behavior.

e To evaluate their antibacterial, antibiofilm efficacy and to determine their

biocompatibility, cell viability ability.
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2.1 Introduction

Nanotechnology is related to the manufacture and applications of materials of size up to
100 nm. They are extensively used in different fields such as material science, agriculture, food
industry, cosmetic, medical and diagnostic applications.! At the nanometer size, the
characteristics of materials become different than those at the macro size. Nanosized inorganic
materials have exhibited remarkable antibacterial activity because of their unique properties like
a high surface area to volume ratio, varieties in morphology, stability at high temperature,
pressure, and unique chemical and physical properties.? Most of the inorganic nanoparticles with
antibacterial properties are metallic and metal oxide nanoparticles that include silver, copper,
gold, titanium oxide, and zinc oxide.>* Recently, among all inorganic nanoparticles zinc oxide
nanoparticles have gained much more attention as they possess the highest toxicity against
microorganisms. The advantage of the use of ZnO nanoparticles as an antimicrobial agent is that
they contain mineral elements are essential to human and show vigorous activity when
administered in a small amount. Zinc is organically known as helper molecule without which
about 300 enzymes for example, carbonic anhydrase, carboxypeptidase, and alcohol
dehydrogenase become non-functional. After iron, zinc is the essential trace element in the

human body.®

ZnO-NPs are also used in several industrial areas like UV-light-emitting devices, photo-
catalysts, pharmaceuticals and cosmetics. Desirable properties like non-toxicity, self-cleansing
property, biocompatibility and antimicrobial activity of ZnO nanoparticles make them
convenient for the use in sunscreens as a UV-blocker and lots of other medical applications. ZnO
is categorized as a “GRAS” (generally recognized as safe) substance by the US Food and Drug
Administration (FDA).® Also as compared with other metal oxide nanoparticles ZnO NPs are
cheap and relatively less toxic to a human being with excellent antibacterial, anti-cancer, wound

healing, anti-inflammation, anti-diabetic and bio-imaging applications.”®
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The antibacterial and antibiofilm activities of ZnO Nps mainly depend upon their
morphology. ZnO NPs exhibit varieties of morphology like nanocombs, nanorings, nanohelices,
nanobelts, nanowires, and nanocages. Their morphology mainly depends upon the type of
synthesis used. Different synthesis methods like chemical, physical, and biological methods are
employed for synthesis. For their application in wound dressing materials ZnO NPs should be

embedded in suitable materials that form nanocomposites.®

Nanocomposites (NCs) are the second generation in nanotechnology that deals with the
combination of homo or hetero nanoparticles for different applications. There is also a current
trend in which the combination of metal or metal oxide with natural polymers is performed for
their application in wound dressings. These materials require minimum processing, possess
antibacterial activity and enhance the wound healing process. ZnO NPs are one of the promising
materials that can be incorporated in polymers. The development of novel wound dressing
materials is an important task to treat wounds infected by drug-resistant bacteria. Micro-
organisms that form biofilm are less sensitive to antibiotics and are highly resistant to the host-
immune system than their planktonic form. Resistance developed by micro-organisms is due to
frequent changes in surface antigens by the alteration in the gene expressions. The continuous
development of antimicrobial resistance of specific strains toward antibiotics highlights the

importance of the use of innovative wound dressing materials.!2
2.2 Properties of bulk ZnO and nano ZnO

Zinc oxide (ZnQ) occurs within the earth’s crust as a mineral zincite, synthesis methods
prepare most of it which is used commercially. ZnO is less toxic and biocompatible with human
skin. As compared with bulk ZnO, the nanoscale ZnO has the potential to enhance the fabric
operation. Nanotechnology includes the synthesis, characterization, and exploration of materials
in the nanometer range (1-100nm). In nanotechnology, the materials show unique and advanced

properties of physicochemical and biological properties and functionalities due to the nanoscale
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range. These nano-materials confer larger surface area to volume ratio as compared with bulk
ZnO. Nano ZnO shows size-related properties significantly different from bulk ZnO.
Nanoparticles show more significant variation in their structures as compared with bulk.
Therefore, nano ZnO is applicable in varieties of fields.'®* General properties of zinc oxide

compound are given in table 2.1,

Table 2.1: General properties of ZnO compound

Molecular formula ZnO
Molecular weight 81.406g/mol
Band gap energy 3.3eV

Density 5.606g/cm’*
Melting point 1975°C (decomposes)
Boiling point 2360°C
Solubility in water 0.16 mg/100ml (30°C)
Odor Odorless
Color White
Stable phase at 30K Wurtzite
2.3 Synthesis approaches

Zinc oxide can be obtained in a variety of structures that depend upon the synthesis
methods used. Among the ways of synthesizing nanoparticles, there are chemical, physical, and

biological methods.
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Chemical methods consist of a liquid phase synthesis and a gas phase synthesis. The
liquid phase synthesis includes hydrothermal synthesis, precipitation, a polyol method, a sol-gel
method, colloidal methods, precipitation from microemulsion, and mechano-chemical processes,
while vapor-phase synthesis includes pyrolysis gas condensation method. The precipitation
method is a widely used method to produce ZnO, in which the reduction of zinc salt solution by
a reducing agent occurs that, restricts the particle growth to a specific dimension. The process of
co-precipitation can be controlled by adjusting parameters like pH, temperature, and reaction
time.® The sol-gel method is yet another simple means of synthesis. An advantage of this
method is the gain of the highly pure and uniform structure of ZnO.!%Solvothermal and
hydrothermal processes gives a variety of zinc nanostructures like thin films, bulk powders as
well as one dimensional (1D), 2D, and 3D forms. Shahid et al.}” have synthesized ZnO NPs by
using the solvothermal method, and they studied the effect of size of nanoparticles on the
inhibition of bacterial growth and the mechanism of antibacterial activity of zinc oxide
nanoparticles against methicillin-sensitive and methicillin-resistant Staphylococcus aureus. The
use of solvents for such processes as or calcination is not restricted in these synthesis methods
and this makes them an easy and convenient means of synthesis.!” The use of polyols in the
synthesis process allows nanoparticles to be produced with high crystallinity by avoiding
agglomeration and controlled morphology as they possess unique properties such as high boiling
point, a high dielectric constant and solubility of metal salt precursors.'® Pranjali et al.'°
synthesized ZnO NPs by using different conditions such as regular synthesis in polyols like
diethylene glycol and triethylene glycol, in the presence of sodium acetate and by
extending the reaction time. They observed size dependent antibacterial and antibiofilm
activity against Staphylococcus aureus and E.coli, from which it was, concluded that with
decrease in particle size, antimicrobial activity increases. The gas phase method of synthesis
mostly uses the technique of spray pyrolysis. Another method utilizes inert gas condensation

which is further divided into physical vapor deposition and chemical vapor deposition.?
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Table 2.2: Advantages and disadvantages of different synthesis approaches

Sr.| Synthesis
method
No

1. = Mechano-
chemical process

2. | Co-precipitation

method
3. | Sol-gel method

4, | Solvothermal-

hydrothermal

Method
5. | Microemulsion

method

6.  Biological

method

Advantage

Simple, can be used on a large
scale, low production cost, small

particle size, high crystallinity.

Simple, cheap, the reaction can be
controlled by controlling reaction
parameters

Simple, cheap, reliable,
Repeatable

The high degree of crystallinity,
high purity.

Easy, reversible,
thermodynamically stable

Cost effective, Eco friendly

Disadvantage

A large amount of impurities.?

Agglomerated particles.??

Agglomerated particles, large
production is difficult.?®
High and

temperature are required.?*

pressure high

Require surfactants for stability,

limited solubilizing capacity for

substance  having  high
melting point.?®
Lack of uniform size

distribution.?®

Physical or mechanical methods of synthesis consist of high energy ball milling, physical

vapor deposition, sputter deposition, laser ablation melt mixing, and ion implantation. These
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methods are widely used for industrial processes that yield ZnO with high production rates.?’ For
ZnO synthesis the biological approach or green synthesis that uses green routes. These include
the use of micro-organisms such as bacteria, fungi, algae, and plants for the synthesis of
nanoparticles. Plants from the Lamiaceae family are widely used for synthesis as Anisochilus
carnosus, Plectranthus amboinicus and Azadirachta indica from the meliaceae family which
allows the formation of ZnO of various size, and shape with agglomeration. The size of
nanoparticles reduced with the increase in the amount of plant extract.?

By using microbes, ZnO can be synthesized either extracellularly or intracellularly. Jehad
et al.?® synthesized spherical shaped ZnO NPs from Aspergillus niger with an average diameter
between 39.4-114.6nm. Bacterium such as Aeromonas hydrophila was used to produce spherical
and oval ZnO nanoparticles with an average size of 57.72nm that showed antibacterial activity
against Pseudomonas aeruginosa and Aspergillus flavus.®® The advantages and disadvantages of

the different synthesis methods are given in table 2.2.
2.3.1 Importance of polyols in chemical synthesis of ZnO nanoparticles

In most of the other synthesis approaches, nanoparticles get agglomerated because of the
large specific area and high surface energy. Also, the bond formation of Zn-O-Zn among
nanoparticles due to the presence of water molecules in the synthesis process results in high
agglomerates, that limits the application of ZnO nanoparticles. So, the absence of water in

synthesis process is an essential criterion to prevent hard agglomeration of ZnO NPs.3!

Polyalcohols or polyols are the class of compounds with reducing properties used for the
preparation of metal nanoparticles, known as a “polyol process”. The term polyol was first used
by the Fievet, Lagier and Figlarzin 1989 to designate liquid-phase synthesis route to get metals
from their oxides, hydroxides or salts in polyols. The use of polyols offer several advantages, (i)
The presence of several —OH groups in polyols causes high boiling point, that permits synthesis

at relatively high temperature yielding highly crystalline materials, (ii) the reducing medium
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protects the prepared metal particles from oxidation, (iii) it co-ordinates metal precursors and
particle surface that minimizes agglomeration, (iv) their high viscosity favors diffusion control
that helps for particle growth for controlled structures and morphologies. Polyols themselves act
as a solvent and stabilizing agent that control the particle growth and reduces particles
agglomeration. Also the synthesis is easy to carry out and doesn’t require multiple steps or
advanced experimental condition or types of equipments.32

Chemically, the polyol family starts with ethylene glycol (EG). Based on the EG, the
polyols consist of two main series of molecules: i) diethylene glycol (DEG), triethylene glycol
(TEG), tetra ethylene glycol (TrEG), and so on upto polyethylene glycol (PEG).The use of
proper precursor is an essential step for the successful formation of nanomaterials. At a particular
temperature, sudden precipitation of ZnO takes place. As polyols act as chelating agents, the
surface of growing particles gets complexed by the polyols. Because of this chelation, the grain
growth is restricted and agglomeration of particle doesn’t occur. The particle size of ZnO NPs
mainly depends upon glycol chain length. With increasing glycol chain length, the particle size

of ZnO NPs also gets increased.®
2.4 Factors affecting antibacterial and antibiofilm activity of ZnO NPs

ZnO NPs destroy the integrity of bacterial cell membrane, minimize cell surface
hydrophobicity, and lowers the expression of oxidative stress-resistant genes in bacteria. ZnO
NPs also can destroy biofilm formation and inhibit hemolysis by hemolysin toxin produced by
pathogens. However, their antibacterial and antibiofilm activity get affected by different factors

described below,
2.4.1 Solubility and concentration
The toxicity of ZnO NPs is due to Zn?" ions released in the aqueous medium. The

antibacterial and antibiofilm activity is mainly due to the interaction of ZnO NPs with microbial

cells. Zn?* ions are released by the extracellular dissolution of zinc oxide nanoparticles.3*At low
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concentration of ZnO NPs, the antibacterial and antibiofilm activity is relatively less, but at
higher concentrations (100ug/ml), they show toxicity against different pathogens. The
concentration of generated ROS is directly proportional to the concentration of ZnO NPs.**ROS
induces the decrease in mitochondrial membrane potential leading to apoptosis. It was also
suggested that increasing concentration and solubility could stimulate the leakage of lactate

dehydrogenase and alters the morphology of the cell at a concentration of about 50-100 mg/L.%
2.4.2 Shape

Many studies reported that the intensity of antibacterial and antibiofilm activities gets
affected by the morphology of ZnO NPs. The morphology depends upon the type of synthesis
process used. Therefore, according to the type of application the synthesis parameters such as
type of precursor, solvents, and physicochemical parameters like temperature, pH is controlled.®’
The shape-dependent activity of ZnO NPs can be correlated with the number of active facets
present in the NPs. Synthesis and growth methods determine the holding of numerous active
facets in NPs. Rod structure of ZnO has (111) and (100) facets in nanoparticles; while spherical
nanostructures mainly include (100) facets. High atom density facets with (111) facets show
higher antibacterial activity.®The shape of ZnO NPs can affect their mechanism of
internalization like rod and wire shaped NPs can get easily penetrated the cell wall of bacteria
than spherical ZnO NPs.* Also the larger number of polar surfaces that possess a higher number
of oxygen vacancies enhances the antibacterial activity, as higher number of the oxygen

vacancies increases the generation of ROS species.*°
2.4.3 Size

The size of ZnO NPs plays the leading role in the intensity of antibacterial and
antibiofilm activity. It is inversely proportional to the size of the nanoparticle. ZnO NPs with the
smaller size can easily get internalized into the bacterial membrane because of their large surface

area, therefore increasing their antibacterial activity.** Large numbers of studies reported the
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effect of particle size on the antibacterial activity, and it is crucial to control the small particle
size (high specific surface area) to obtain the best antibacterial activity. The amount of release of
H20, mainly depends upon the surface area of ZnO.*? The larger surface area and the high
number of oxygen species on the surface of ZnO NPs show more significant antibacterial activity
by smaller particles.**#4 Mahamuni et al'® reported that among all synthesized ZnO NPs, a
particle of least size ~15 nm in size exhibited maximum antibacterial and antibiofilm activity
against Gram-positive Staphylococcus aureus and Gram-negative Proteus vulgaris. It was
concluded that the size of the ZnO NPs is inversely proportional to the size and directly
proportional to the concentration. The size-dependent bactericidal activity of ZnO NPs is due to
penetration and deposition of NPs inside the cells until the NPs reached the cytoplasmic region.?

2.4.4 UV illumination effect

ZnO shows higher photocatalytic activity among all inorganic photocatalytic materials.
ZnO NPs can absorb UV light that enhances its conductivity. The increased conductivity mainly
enhances the interaction of ZnO NPs with bacteria. The photoconductivity can be related to the
surface electron depletion region that deals with negative oxygen species (02, 02) that remain
adsorbed on the surface.”® ZnO NPs in an aqueous solution under the influence of UV radiation
show phototoxic effect that can generate ROS such as hydrogen peroxide, and superoxide ions.
These generated ROS can get penetrated inside the cells and Kill bacteria.*® This property makes
the use of ZnO NPs in medical fields for antibacterial applications. It is reported that the
antibacterial activity of ZnO NPs gets changed under UV light and in the dark to Kill the
bacteria.*” The photo-excitation of ZnO NPs results in the removal of the oxygen molecules from
the surface that leads to decreased surface potential and photoconductivity of ZnO NPs.
Generation of oxygen species such as H,02, O and OH" by the UV light is harmful to bacteria

and destroy active enzymes, DNA, and protein.*®

2.4.5 Surface defects
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The surface defect is one of the factors that affect the mechanism of antibacterial and
antibiofilm activity. This is because the surface of ZnO NPs contains numerous edges and
corners, and so possess potential reactive sites. Surface defects strongly affect the toxicity of
ZnO NPs. Some reports suggested that the antibacterial activity of ZnO NPs is because of
membrane injury by the surface defects like edges, and corners on the surface of ZnO. For the
use of ZnO NPs in the desired applications, the surface defects, impurities, and associated charge

carriers can be controlled.*%:°°

The material to be used as an antibacterial agent should possess properties like
biocompatibility, antimicrobial properties, surface activity, appropriate size and shape, and
stability at different pH and temperature. ZnO NPs possess all these properties for their use in

wound dressing applications as an antibacterial and antibiofilm agent.
2.5 Nanomaterials and wound dressing materials

Wound dressings have been traditionally used to protect the wound from external
contamination. The wound dressing materials like cotton and wool that behave as a passive
barrier and replaced by many advanced dressings to create a protective barrier. Variety of
combinations of both synthetic and natural materials have been adapted as sponges, hydrogels,

films, hydrocolloids, and nanofibrous mats etc.>!

Nanotechnology studies the synthesis, structure, and dynamic of atomic and molecular
nanomaterials. Due to the antibacterial properties of metal oxide nanoparticles,they act as an
ideal candidate for the integration in wound dressing materials. The different types of

nanomaterials used for wound treatment are shown in figure 2.1.
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Figure: 2.1Different types of nanomaterials used in wound treatment

Nanomaterials can be designed in varieties of structures. Nanoparticles can be used in
two approaches: (i) NPs that possess properties for wound closure, (ii) NPs can be used as a
carrier for therapeutic agents. In metal or metal oxide nanoparticles silver, gold, and zinc
compounds because of their unique properties, antibacterial activity, and biocompatibility. Their
toxicity depends upon morphology, surface fictionalization, surface charge and polydispersity

index.52

Nanocapsule encloses an active agent within it and shows controlled releases at a specific
time interval. They enhance the penetration of active ingredients into deep layers of the dermis.
The disadvantage is that the activity of the substances may get reduced.>® Nanospheresare
composed of a porous polymer matrix on which active substances like amino acids, minerals, or
organic substances can bind. Therefore, active compounds get stable and show increased
biocompatibility.>* Nanocarriers are synthetic, non-ionic surfactants. Also, they represent surface
receptors for binding to specific loci that enhanced the activity of active agent by reducing
adverse reactions.>* Nanoemulsions are homogenous, thermally stable oil-in-water emulsion.

Their droplet size is of 100nm that also include a surfactant and active substances. Their
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drawback is the uncontrolled deposition of active substances in the reticular dermis.>®
Nanocolloids consist of non-ionic metal nanoparticles (1.5-5nm) highly dispersed in
demineralized water because of Brownian movement that permits them to internalize in

prokaryotic and eukaryotic cells and to show antimicrobial activity.®!

The nanomaterials have a large number of fascinating materials with unique physical and
chemical properties. These consist of nanoparticles or quantum dots, nanowires, nanorods,
nanofibers, nanotubes, and nanosheets. Among these nanomaterials, nanofibers possess great
potential for various applications. The nanofibers possess unique properties like a high surface
area to volume ratio and high porosity, make them promising agents in many advanced
applications.5?

2.5.1 Zinc oxide embedded biomaterials for wound dressing applications

Zinc oxide NPs is promises stable antibacterial agent by interacting with the bacterial cell
membrane. Zinc is an essential element for living cells, and essential in the wound healing
process particularly in delayed wound healing and burns. The topical application of zinc reduces
inflammation, enhances re-epithelialization, and inhibits the growth in chronic wounds.*® Zinc
element is co-factor in enzyme metalloproteinase, and also crucial in the enhancement of
regeneration of ECM. ZnO NPs possess antibacterial, anti-inflammatory, and antiseptic
properties and also widely used in the production of cosmetics, skin creams, ointments.®” The
intensity of wound healing depends upon the size and concentration of the nanoparticles. ZnO
shows high antibacterial activity because of small size and high surface area to volume ratio.
ZnO NPs promotes keratinocytes migration and re-epithelialization when added in hydrogel
wound dressings.®® The microporous chitosan hydrogel-ZnO NPs dressing shows the high
capacity of absorbing wound exudates and forms hemostatic blood clots with antibacterial

properties. The nano-formulation of ZnO with the biocompatible polymer can promote the
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activity at minimum doses. ZnO NPs acts in a biphasic manner that releases Zn ions. Its rapid

hydration occurs to form hydrated ZnO that act as an antibacterial agent.>®

Shalumon et al.° prepared sodium alginate/poly(vinyl alcohol)/ZnO NPs (with a
concentration of 0.5, 1,2 and 5%) nanofibrous mats by the electrospinning technique. They
observed antibacterial activity against bacterial strains Staphylococcus aureus and Escherichia
coli. The zones of inhibition in both strains were increased with increased concentration of ZnO
NPs, while cytotoxicity results showed the decreased cell viability with increased concentration
of ZnO NPs.

Chen et al.%! prepared gelatin-ZnO fibers by side-by-side electrospinning for wound
dressing application. They exhibited better antibacterial activity against Staphylococcus aureus
and Escherichia coli with more than 90% reduction in bacteria and showed no cytotoxicity.
These biodegradable, nontoxic and antibacterial fibers can be used as a potential candidate in

wound dressing materials.

Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is biocompatible, thermoplastic,
biodegradable, and non-toxic polyester produced by bacteria that make it promising a agent in
the biomedical field.®? The degradation product of PHBV, (R)-3-hydroxybutyric acid is a blood
component that promotes its use in the different biomedical fields. Many studies suggested that
PHBV can enhance cell proliferation, such as fibroblasts, keratinocytes, and neural cells.53%4
However, due to its poor mechanical performance, high crystallinity, inherent rigidity, and
hydrophobicity this material is not explored much.®® Therefore, defects of PHBV can be
overcome by blending them with hydrophilic polymers such as gelatin,®® chitosan,®’ PLA,5°
and poly(ethylene oxide) (PEO).®® Among these polymers, polyethylene oxide (PEO) which is
certified by the FDA is highly preferred because of its properties like biocompatibility,
hydrophilicity, and malleability. It is mainly used in biomedical fields, mostly in blood-

contacting devices because of its non-immunogenicity, non-antigenicity, non-toxicity and low

49
Center for Interdisciplinary Research D. Y. Patil Education Society, Kolhapur.



Chapter 2: ZnO nanoparticles as an antibacterial and antibiofilm agent:
Survey of development

adsorption of surface proteins. Furthermore, from PEO it is easy to obtain nanofibers by
electrospinning technique than other polymers because of its high solubility in water as well as in
different types of organic solvents.”® The incorporation of ZnO NPs into PHBV polymer has
gained much more attention in the nanocomposite field as ZnO is widely reported for its
vigorous antibacterial activity against a broad spectrum of microorganisms. ZnO nanofibers have
been synthesized by using materials like natural polymers, synthetic polymers, carbon based
nano-materials, semiconducting nanomaterials and composite nanomaterials. Out of all current
methods used to synthesize nanofibers, electrospinning is the most reliable and widely used

technique.
2.5.1.1 Electrospinning technique

It is composed of a syringe with a nozzle, an electric field source, a counter electrode,
and a pump. It’s principle is based upon the concept of electrostatics in which for the synthesis,
the electrostatic repulsion forces under high electrical field are used.”*The solution to be
electrospun is filled in a syringe nozzle and a large electric field is applied across them. When
the solution is released, their droplets at the tip forms a cone shaped deformation as there is
potential difference between the nozzle and the grounded target. As the charged jet promotes, the
solvent in the solution evaporates and forms stable continuous nanofibers on the grounded target.
The properties of nanofibers get affected by parameters used, such as solution properties,

temperature, humidity, tip-counter distance, applied electric voltage, and flow rate.”

Other than the conventional electrospinning technique, several modifications in this
method have been reported later. This includes the multineedle, needleless, and co-
electrospinning technique. In recent years the increasing emergence of novel strategies for the
generation of nanofibers in a larger scale is used likeCO- laser supersonic drawing, solution blow

spinning, centrifugal jet spinning, and electrohydrodynamic direct writing.”

2.6 Mechanism of antibacterial and antibiofilm activity of ZnO NPs
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Cells in biofilm develop more resistance than planktonic bacterial cells
towardsantimicrobialagents.Inthisregard,thefunctionsofZnOnanocompositesareveryimportant,ast
heypossessmorepropertiesofmultiplematerialsthanthepureformofZnO.Thaya et al.”* synthesized
chitosan coated silver-zinc oxide nanocomposite (Cs/Ag/ZnO) and performed antibiofilm
activity against Gram-positive bacteria like Bacillus licheniformis and Bacillus cereus and
Gram-negative bacteria like Vibrio parahaemolyticus and Proteus vulgaris where they saw a
more efficient inhibition of biofilm in Gram positive bacteria than that of Gram negative bacteria
at 30pg/ml concentration. Also, they showed that the hydrophobicity index and extracellular
polymeric substance (EPS) production in both Gram-positive and Gram-negative bacteria
decreased after treatment with Cs/Ag/ZnO nanocomposite. The antimicrobial effect of ZnO is
considerably more with polymer chitosan and Ag nanoparticles, and these provide a
development of biomaterials and an effective agent in controlling microbial infections.” Zinc
oxide nanoparticles show a great antibacterial ability that can limit the growth of
microorganisms. Different properties of ZnO that enhance their potential use as an antibacterial
and antibiofilm agents are shown in figure 2.2. Researchers proposed multiple mechanisms for
the damage of cells induced by ZnO nanoparticles. However, the actual mechanism is not fully
understood and is still controversial. Nevertheless, distinctive mechanisms have been proposed
that include direct interaction with a bacterial cell, damage to cell integrity, the liberation of ROS
species and antimicrobial Zn?* ions, damage of lipids, proteins, carbohydrates, and DNA by
oxidative stress, lipid peroxidation that disrupts vital cell functions.” Many studies suggested
that the intensity of antibacterial activity was significantly affected by morphology.’® The shape
of nanoparticles affects their mechanism of internalization so that rod and wire shaped
nanoparticles are penetrated more easily than spherical shaped nanoparticles. Mahamuni et al.*°
found that among all synthesized ZnO nanoparticles, a particle of at least with ~ 15 nm in size
exhibited maximum antibacterial and antibiofilm activity against Gram-positive Staphylococcus
aureus (NCIM2654) and Gram- negative Proteus vulgaris (NCIM2613). It is widely reported

that the antibacterial activity of ZnO nanoparticles is inversely proportional to the size and
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directly proportional to concentration.!® Commonly studied mechanisms are explained as

follows.
*Easy Biofilm Penetration ‘ *Affects Cytoxicity
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Water Channels Sphere Bacterial Cell
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Figure 2.2: Size and shape, surface and interior properties of ZnO NPs that enhance their use in

biofilm related infections. "

Size of pores generally ranges from 10nm up to few micrometers, with nanometer
size ZnO NPs can easily get penetrated through EPS and water channels. Variations in shape

enhance the morphological interactions. Hydrophobicity enhances their penetration in complex

52
Center for Interdisciplinary Research D. Y. Patil Education Society, Kolhapur.



Chapter 2: ZnO nanoparticles as an antibacterial and antibiofilm agent:
Survey of development

structure and makes them applicable in bloodstream infections. Interior properties promote their

antibacterial activity in the presence and absence of UV light.
2.6.1 Liberation of reactive oxygen species (ROS):

This is the most widely reported and accepted mechanism for the antibacterial activity of
ZnO. Reactive oxygen species include highly reactive ionic species, free radicals such as O,
HO-+2,H20,and HO- that damage cells by inducing an oxidative stress response.’”’8 Disturbance
of the balance between generated ROS and their reducing equivalents is termed as oxidative
stress.”®As ZnO possesses enormous considerable exciton binding energy(60meV), they generate
bound electron-hole pairs when exposed to photons with A<390nm.& When ZnO is under UV or
visible light, it liberates electron or whole pairs with free electrons in the conduction band(e-cg)
and valence band (h+vg). These pairs produce OH"and H* by interaction with water, then the
conduction band electron with oxygen undergoes several of reactions and produces intermediates
like O" HO«2, H20, and HO- on ZnO surface.®! Negatively charged anions cannot enter the
cytoplasmic membrane, only H,O, can be internalized and damage the cell.®2 The concentration
of ROS species increases as the concentration of ZnO NPs increases. Raghupathi et al.2® studied
the effect of UV irradiated ZnO on bacteria. He observed complete removal of viable cells of S.
aureus after 30 minutes of exposure to UV. This activity under the presence of UV highlights the
critical role of ROS the in biocidal activity. lonization of carboxylic, phosphate and amino
groups on the cell surface gives a negative charge to the cell that significantly affects the
accumulation of ZnO NPs on the cell surface. Because of the negative charge on the cell surface,
ZnO NPS are internalized in a thick peptidoglycan layer of Gram-positive bacteria readily than
thin layer of Gram-negative bacteria.®* Generation of ROS is contradictory. Several studies
reported this mechanism under light while some reported it in a dark condition.®>8 Surface
defects in ZnO crystals are mainly responsible for the liberation of ROS in dark conditions. ROS
generation is followed by the release of electrons under dark condition through the following

steps,
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Oote’(fromdefects) ——» O ..o, (2.1)
OztH2O ——  HOZHHO ..o, (2.2)
HO2+HO*2 — Hx0+02........ccoeiiiiiininen. (2.3)
H202+0; —— HO+HO™+02 ...oooeeeiiiiieen, (2.4)

2.6.2 Release of Zn?* ions:

One of the essential mechanisms for the antibacterial activity of ZnO is the generation of
zinc ions in an aqueous media containing ZnO and bacteria. The mechanism of attachment of
ZnO to the cell surface and its transport inside the cell is different for that of Gram-positive and
Gram-negative bacteria because of the differences in cell wall composition. Gram-positive
bacterial cell contains a thick layer of peptidoglycan along with teichoic acid and lipoteichoic
acid. These acids act as chelating agents for Zn?* ions and transport inside the cell.®” However,
Gram -positive bacteria are less sensitive to the damage due to Zn*2 ions. This is because
entrapment of Zn*2 ions into thick negatively charged peptidoglycan layers causes less toxicity
than that of thinner peptidoglycan layered Gram-negative bacteria.®” A thin layer of
peptidoglycan in Gram negative bacteria showed less resistance for internalization of ZnO
nanoparticles. Zang et al.®* suggested that water chemistry has an essential role in the toxicity
mechanism of ZnO in water. In this study, they used five different aqueous media which is:
ultrapure water, 0.85% NaCl, phosphate buffer saline (PBS), minimal Davis (MD) and Luria
bertani. In this media combined results of antibacterial activity showed toxicity, is because of
free zinc ions and labile zinc complexes. The toxicity of ZnO in five media was like that of
ultrapure>NaCI>MD>LB>PBS. These results highlight the role of aqueous media in the physic-
chemical properties of nanoparticles and the physiological function of the organism. Release of
the Zn*2 ions is strongly affected by the morphology of nanoparticles. Spherical nanoparticles

release more Zn*2 ions than rod shaped ZnO, due to a smaller surface area and high equilibrium
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solubility. Zn*? ions cause conformational changes in enzymes leading to the distortion of active
sites in enzymes resulting in competitive or non-competitive reversible inhibition. Zinc ions
mainly interact with cystein, aspartate and histidine side chains of proteins or enzymes and cause
inhibition of enzymes like glyceraldenydes 3 phosphate dehydrogenase, aldehyde
dehydrogenase, protein tyrosine phosphatases (PTPs). Zn*2 is a competitive inhibitor of aspartate
and magnesium.*® The number of Zn*?ions increases by balancing pH less than or greater than 6
above because the solubility of ZnO increases at these pH values.3

2.6.3 Other possible mechanisms:

Mainly negatively charged ROS cannot quickly enter the bacterial cell; however,
positively charged H>O: can easily interact with the bacterial cell. It is considered that, as soon as
membrane disrupts by H>O0. or HOe, negatively charged ROS can easily penetrate the
cytoplasmic region, which enhances antibacterial activity.*’Released HO, strongly interacts
with cystein, thiol residues in intracellular space and deactivates enzyme glyceraldehydes-3
phosphodehydrogenase. Physical interaction of ZnO with the bacterial cell also causes
antibacterial activity. It is reported that positively charged ZnO possesses zeta potential value of
+24mV.% A bacterial cell has a negative electrostatic surface charge at physiological pH values.
These opposite charges significantly enhance interaction between them. The size of nanoparticles
is also an important factor for internalization with bacteria; smaller nanoparticles interact and
accumulate on the outer surface and the plasma membrane leads to increased surface tension and
membrane depolarization by neutralizing surface potential. This causes membrane permeability
and results in cytoplasmic fluid leakage that leads to cell death. However, many reports state that
this is not the only mechanism responsible.3* It is also reported that the interaction between cells
and nanoparticles increases cell permeability. Surface defects, surface charges, and the presence
of numerous edges and corners of ZnO nanoparticles affect the intensity of antibacterial activity.
Prasanna et al.2® studied the antimicrobial activity of microparticle, nanoparticle and capped

nano-ZnO in dark and light conditions, and concluded that ROS are mainly produced from an
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aqueous suspension of ZnO in dark. Further, they also concluded that surface defects on ZnO
played an important role in presence and absence of light. They observed the highest
antimicrobial activity for nano-ZnO, and lowest for micro ZnO with capped ZnO that highlighted
the important role of surface defects in ROS generation. ZnO NPs are excellent antibacterial
agents because of their good antimicrobial property. However, the precise mechanism of ZnQO is
not fully understood. Studies should be focused on theoretical experiments and quantum
chemistry calculations that will provide basic and routine toxicity experiments, such as simple
assays for oxidative stress and measurement of metal ion release and ROS generation.
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Experimental Techniques

Outside their laboratories, the physicians and chemist are soldiers
without arms on the field of battle.” - Louise Pasture




Chapter 3: Experimental techniques

3.1. Introduction

The selection of the method of synthesis carries a significant role in the morphology of
ZnO nanoparticles, which in turn makes it potential material with desirable properties for
biological applications. ZnO Nps are synthesized by chemical methods and their properties are

improved with further functionalisation.

After synthesis, the primary step is the characterization of the material. The material
characterization provides information by which one could decide its applicability for directed
applications. The material needs characterization that depends upon its application. This led to
the advancement of different techniques in the field of analytical science. The phase analysis,
compositional analysis, surface characterization, structural analysis and activity of synthesized
nanoparticles toward biofilm forming pathogenic microorganisms and mammalian cells were
characterized by various techniques like UV-visible (UV-Vis) spectroscopy, X-ray diffraction
(XRD), Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM),
Energy dispersive microanalysis (EDX), Fourier Transform Infra-Red (FTIR) Spectroscopy,
Thermogravimetric analysis (TGA),Differential Scanning Calorimetry (DSC), Swelling studies,
Dynamic mechanical analysis (DMA) and toxicological studies: cytotoxicity studies, hemolysis
studies. This chapter explains the principles and operations of mentioned analytical techniques

used for characterization.
3.2 Synthesis of ZnO nanoparticles

In material science, zinc oxide is classified as a semiconductor in group I1-VI, with band
gap energy (3.37 eV), high bond energy (60 meV) and high thermal and mechanical
stability.!, ?Avariety of techniques are used to synthesize zinc oxide nanoparticles as chemical,
physical and biological methods. The chemical method includes a liquid phase synthesis and gas
phase synthesis. The liquid phase synthesis consists of hydrothermal synthesis, precipitation,
polyol method, sol-gel process, colloidal method, precipitation method. The use of polyols in the
synthesis process allows nanoparticles to be produced with high crystallinity by restricting
agglomeration and controlled morphology as polyols possess unique properties like high boiling

point, a high dielectric constant and solubility of metal salt precursors.® Physical or mechanical
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methods of synthesis consist of high energy ball milling, physical vapor deposition, sputter
deposition, melt mixing and ion implantation. These methods mostly preferred in industrial
processes that yield ZnO with high production rates.* The biological method or green synthesis
method include the use of green routes that include use of micro-organisms like bacteria, fungi,
algae and plants in the ZnO NPs synthesis. For the purpose of monodispersed and reduced size
particles, chemical method is used for the synthesis of ZnO nanoparticles.”** Benefits and

drawbacks of synthesis methods are described in chapter 2.
3.2.1 Electrospinning technique

With the development in nanotechnology, the electrospinning technique has received
much more attention because of its versatility and potential for applications in various fields. The
remarkable applications include tissue engineering, biosensors, filtration, wound dressings, and
drug delivery. The fine fibers are produced under the strong electric field on polymer solution.
The electrospun fibers possess different properties like a high surface area to volume ratio,
controlled porosity, and varieties of compositions in order to get desired properties. From a long
time, more than 200 polymers have been used to design electrospun fibers for various
applications. Furthermore, a DC voltage of kVs is important to generate the electrospinning. This
process is carried out at room temperature. There are two standard setups of electrospinning,
vertical and horizontal. A typical setup is shown in figure3.1. This system composed of three
major components: a high voltage power supply, a spinneret, and a grounded collecting plate and
uses a high voltage source to inject polymer solution or melt, which is collected towards a
collector plate. Most of the polymers are dissolved in some solvents and added into the capillary
tube for electrospinning. A polymer solution is subjected to an electric field and electric charge is
generated on the liquid surface. When an applied electric field reaches a higher level, a charged
jet of the solution is released from the tip of Taylor cone and gets collected on plate that leads to
the evaporation of the solvent, leaving polymer behind. There are varieties of polymers used in
the electrospinning process. Poly (3-hydroxybutyrate-co-3-hydroxyvalerate)(PHBV), is a
member of polyhydroxyalkanoates (PHA), is bio-degradable, biocompatible, and nontoxic
polyester produced from bacteria. Also, PHBV have good mechanical strength and its

degradation product (R)-3-hydroxybutyric acid, which is a normal component of human blood.
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So, PHBV can be extensively used as biomaterials. However, its use is restricted due to high
crystallinity, fragility and poor hydrophilicity. So to overcome the defects of PHBV, it can be
blended with other polymers. Poly (ethylene oxide)(PEO)is a biocompatible, hydrophilic
polymer which is easy to electrospun and possesses greater solubility not only in water but also
in organic solvents.’> Here in the present study we have blended hydrophobic PHBV with
hydrophilic PEO and incorporated ZnO NPs and tested for their antibacterial and antibiofilm

applications against pathogenic microorganisms.

7
Collector

Syringe Polymer solution
Spinneret

| B RO} mum o)

- |

Fibers

High Voltage l

Figure 3.1: Schematic representation of electrospinning process. *2
3.3 Characterization techniques

3.3.1. Structural and phage analysis

3.3.1.1. X-ray Diffraction (XRD)

The discovery of X-ray was done by Wilhelm Roentgen (1895) who suggested that any
produced radiation could find out that travel to the opaque matter. X-ray Diffraction technique
(XRD) is a non-destructive very important technique which is commonly used to characterize the
material. X-ray diffraction provides useful information such as crystal structures, crystal defects,

stresses, grain size and orientation, the composition of phases, film thickness and identification
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of unknown materials. In XRD, diffraction that ranges from 0.7 to 2A° typically occurs when the
wave motion’s wavelength is of the same magnitude as the repeat distance between scatterings
points. This diffraction by the crystalline phases in the specimen is given by Bragg’s law and
formulated by the mathematical expression which is represented in equation 3.1

2dSiNO =Nh....coovvervieieenenen. (3.1)

Where,
d = interplanar spacing
0 = diffraction angle
A = wavelength of X-ray
n = order of diffraction

Generally, four types of diffraction techniques are considered as Laue photographic
method, Bragg X-ray spectrometer method, Rotating crystal method, and the powder method.
The extensively used X-ray diffraction technique is the powder technique. This method is used
throughout the proposed work where the value of A is constant and the value of 0 is variable.
This technique requires only a small quantity as 1 mg of sample for the study. Finely powder
samples are kept in the monochromatic X-ray beam. Each particle randomly rotated with respect
to the incident X-ray beam. In the powder method, rotation is not necessary, because the sample
contains micro-crystals that move in all possible orientations. Figure 3.2 shows the X-ray
diffractometer. A diffractometer is commonly constructed on the basis of Bragg-Brentano
geometry. Mostly it consists of an X-ray source and detector for detection of diffracted X-rays
and figure3.2 (b) shows bench top X-ray instrument. In a crystallite, solid atoms undergo in the
particular repeated pattern referred with its inter-atomic spacing comparable to wavelength of X-
ray (0.5-2.5 A%.Y* The orientation of diffracted X-rays gives information of the atomic
arrangements and phase formation and crystal structure can be ensured by X-ray diffraction

studies.
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Figure 3.2: (a) Schematic representation of X-ray diffractometer technique®™ (b) Image of X-ray

diffraction instrument®’

Phase identification

Phases can be determined from the d-spacing, with the help of standard JCPDS powder
diffraction file generated by the International Center for Diffraction Data (ICDD) and reflection
is matched with Miller indices. If the average crystallite size is very tiny (below ~2000 A
diameter), there is an additional broadening of the diffracted X-ray beam. From this broadening

of a peak, crystallite size can be determined by Scherrer equation 3.2

0 (3.2)

- Bcos6B

Where,

D = particle size,

6 = diffraction angle

A = wavelength of X-rays

B = line broadening at Full Width at Half Maxima (FWHM).
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Figure 3.3: A typical XRD pattern of pure ZnO nanoparticles.!’

The Specifications of the instrument Rigaku 600Miniflex X-ray diffraction instrument (XRD)
with Cuk o radiation (1 =1.5412 A) in the scanning range of 10°-80°. Figure 3.3 represents
typical XRD pattern of ZnO nanoparticles.

3.3.1.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a powerful analytical technique that was developed in the 1970s to characterize
organic and inorganic compounds by using infrared absorption of molecules. Its working is
based upon the principle that particular molecules absorb light energy of a particular wavelength,
termed as their resonance frequencies. The energy transfer is in different forms like bond
vibrations, electron ring shifts, rotations, and translations. So, the confirmation of specific
functional groups or chemical bonds is easily possible as each will show different patterns of
absorption.'®*° Therefore, to confirm functionalisation of ZnO nanoparticles, we have used FTIR
technique throughout the presented work. The basic components of the FTIR are shown in figure
3.4. Infrared radiations with broad band of different wavelength get emitted by the infrared
source. It passed through an interferometer where infrared radiations get modulated. The

interferometer activates an optical inverse Fourier transform as soon as IR radiation enters. The
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gas sample receives the altered IR beam where it gets absorbed to a various extent at different
wavelengths by the different molecules present in a test sample. Finally, the detector which is a
liquid-nitrogen cooled MCT (Mercury-Cadmium-Telluride) detector detects the intensity of the
IR beam. Then the detected signal is digitized and Fourier transformed by the computer to obtain
the IR spectrum of the sample gas. The main part of the spectrometer is the interferometer.
Figure3.4 (a) is showing a Michelson type plane mirror interferometer in which only one sliding
mirror is present. The generated interferogram by this sliding get converted by a Fourier
transformer. The wavelength of the absorption relies on the force constants of the bonds,
geometry of atoms and the relative masses of the atoms. This result in vibrations of the chemical
groups on the material surface and give rise to closed packed absorption bands that are expressed
in terms of transmittance (T) or absorbance (A). The specification of the instrument that is used
throughout the proposed work is JASCO INC 410,Japan,in a range of 400-4000 cm—1.

(b) @

REFEREANCE

MONOCHROMATIC
SYSTEM

Figure 3.4: (a) A FTIR instrument and (b) Schematic representation of FTIR. %%
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Figure 3.5: FTIR spectrum of pure ZnO nanoparticles.

Figure3.5 represents a FTIR spectrum of zinc oxide nanoparticles with a characteristic
peak at 436 nm.
3.3.1.3. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis is the analytical technique in which the mass of a sample is
monitored against time and temperature. The widely accepted definition of thermogravimetry is,
““It is a technique whereby the weight of a substance, in an environment heated or cooled at a
controlled rate, is recorded as a function of time or temperature.” This analysis is carried out for
the following purposes:

(i) To observe the weight loss, weight gains that occurs because of decomposition and oxidation
of the sample.

(i) To get the thermal stability of the material at a higher temperature.

(iii) To determine constituents of the material.

Generally, there are three types of thermogravimetric analysis, (a) Quasistatic
Thermogravimetry, (b) Dynamic Thermogravimetry, and (c) Isothermal or Static
Thermogravimetry. In quasistatic thermogravimetry, the sample is heated with a constant weight
with gradual rise in temperature. In the dynamic thermogravimetry, heating is done with a

constant rate. Lastly, in the isothermal or static thermogravimetry, weight of sample is observed
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with respect to time at a constant temperature.*® For TG analysis, the sample is placed in a small
pan, connected to microbalance and heated for a specific time in a controlled manner. To avoid
the oxidation of sample, an inert gas like nitrogen is released in the balance. The obtained results
are presented in the form of graph plot of weight change vs. temperature or time.
Thermogravimetric analysis of materials performed throughout the proposed work which is done
on instrument PerkinEImer STA-5000model of TA Instruments Inc., USA. Figure 3.6 (a) shows
a typical thermogravimetric analyzer and figure 3.6 (b) shows a schematic representation of
thermogravimetric analysis, while figure 3.7 shows a TGA curve of zinc oxide nanoparticles, in
which horizontal pattern shows the absence of weight loss and curved region represents weight

loss.

Balance ®

SAMPLE

High Temperature
Fumace

Purge Gas
(oxidizing or inert)

Figure 3.6: (a) Typical TG instrument and (b) Schematic representation of TGA.%
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Figure 3.7: TGA curve of pure ZnO nanoparticle.?*
3.3.1.4. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry is a thermoanalytical analysis in which the difference in
the quantity of heat needed to increase or decrease the temperature of a sample and reference is
measured as a function of temperature. Sample and reference are kept at nearly the same
temperature throughout the experiment. The calorimetry detects the changes in phase transitions.
Different biochemical reactions can be studied by using DSC, where a single molecule gets
transformed into another form. Thermal transition temperatures (Tt: melting points) of the
samples can be also determined in solution, solid, or mixed phases such as suspensions. In DSC
analysis, energy is supplied to a sample cell and reference cell. The temperature of both cells is
increased simultaneously over time. The difference in the given energy needed to match the
temperature of the sample to that of the reference sample will be the amount of excess heat
absorbed or released by the molecule in the sample. Due to the presence of a test molecule, more
amount of energy is needed to maintain the sample to the same temperature as the reference. So,
the concept of heat excess displays into the picture. Factors that play a major role in the folding
and stability of biomolecules can be investigated by DSC. Changes in the Cp reflect the

disruption of the forces stabilizing the original protein structure.?® The analysis of DSC is

Qerformed bx the data curve of heat flux vs. temperature or time. The data curve detects the
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enthalpies of transitions. These calculations are done by combining the peak corresponding to the

transition. The enthalpy of transition can be determined by the following equation,

Where,
A H = enthalpy of transition

K = calorimetric constant

A = area under the curve

b) Reference Sample Heat Sink
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{
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Thermocoupe (Heat Flux)
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Heat Resistor

Figure 3.8: (a) A typical DSC instrument, %(b) A block diagram of DSC working.*’
The specification of the DSC instrument used throughout the proposed work is Model Q10 DSC,
TA Instruments, and New Castle, DE, USA. A typical DSC instrument and block diagram is
represented in figure 3.8(b).
3.3.1.5. Ultra violet- Visible (UV-Vis) spectroscopy

UV-Vis spectroscopy is also termed as absorption spectroscopy or reflectance
spectroscopy in the UV-Vis spectral region. UV-Vis spectroscopy is mainly used for the
quantitative detection of different analytes in the field of analytical chemistry, such as highly
conjugated organic compounds, transition metal ions, and biological macromolecules.
Absorption spectroscopy uses electromagnetic radiations in a range of 190nm to 800nm and
further divided into the ultraviolet (190-400nm) and visible (400-800nm) regions.
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Figure 3.9: (a) A typical Ultra violet- Visible (UV-Vis) spectroscopy instrument, (b) Schematic

representation of UV-Vis spectroscopy.”®
Light is a form of energy and when it is absorbed by the matter causes the energy of the

molecule to rise. The potential energy of a molecule is given by equation 3.3.

Where,
E = energy of a photon, h = Planck’s constant, v = frequency (of associated wave), A =
wavelength, ¢ = speed of light.

The internal energy of themolecule depends upon its electronic, Vibrational and
rotational energies. The algebraic form of these statements follows,

AEtotal= AEelect AEvib+ AErot ............... (3.4)
Where, AEgec, AEyip, and AE, are the changes in electronic, vibrational and rotational energy
respectively. Photons of UV and visible light have enough energy that causes the transitions
between the different electronic energy levels. The amount of energy required to move an
electron from a lower energy level to a higher energy level is the wavelength of light absorbed.
The basic principle of the UV-Vis spectroscopy is based upon Beer-Lambert law.

1=10x 207" (3.5)

Where ¢ is the molar absorptivity or molar extinction coefficient, and 1 is the path length. Putting
this equation together with that connecting absorbance and light intensity gives the expression

equation 3.6:
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where, A is measured absorbance and c is the concentration of the analytes.”

The specification of UV-visible (UV-vis) spectroscopy instrument used throughout the proposed
work is Agilent Technologies Cary 60 UV-vis with the wavelength range of 200-600nm. A
typical UV spectrum of pure ZnO nanoparticles is shown in figure3.10. It shows the absorption

peak in a range of 360-380nm.*

0.6

374 nm

Abs

0 1 I L l L
300 400 500 600

Wawelength (nm)

Figure 3.10: UV-Vis spectrum of pure ZnO nanoparticle.®
3.3.2 Elemental analysis
3.3.2.1 Energy Dispersive X-ray spectroscopy (EDX)

Energy dispersive X-ray spectroscopy (EDX) is a standard method used to identify and
quantify elemental compositions in a very small amount of sample material (even a few cubic
micrometers). This method is employed with conjugation of a scanning electron microscope
(SEM). In properly equipped SEM, the electron beam causes the excitation of the surface atoms
that emits a specific wavelength of X-rays that are characteristic of the atomic structure of the
elements. Appropriate elements are assigned, gives the composition of the atoms on the sample
surface. Incident X-ray hits the detector. This results in the formation of a charge pulse that gets

converted into a voltage which is quantified. The mechanism of EDX is represented in
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figure3.11(a) and the EDX spectrum of ZnO is shown in figure3.11(b).The specification of the
instrument used throughout the proposed work is JSM-6701F, JOEL, Japan.

Incident Radiation from Pure ZnO NPs
(a) Primary X-ray Source

M-Shell electron
fil Vv ]
fills vacancy
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K-Shell
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> O L-Shell
\

electron

~C

ul Scaie 2606 cts Cursor 2520 (105 ¢ts)

Figure 3.11:(a) Schematic representation of EDX,® (b) EDX spectra of pure ZnO
nanoparticles.®

3.3.3Morphological analysis

3.3.3.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscope is employed to study the surface which gives better
resolution and depth of field. The interaction between the electron beam and atom present in the
sample causes inelastic and elastic scattering. The elastic scattering emits high energy electrons
known as back scattered electrons while those emitted by elastic scattering are termed as
secondary electrons. When the beam scans the sample’s surface, the interaction between the
sample and electron beam generates variety of electron signals at or near the specimen surface.
These signals get collected, processed, and translated in the form of pixels on a monitor and
produce a three-dimensional image of the specimen’s surface topography. Excitation of
secondary electrons with low-energy on the sample’s surface is the most common signal
detected. The lower surface of specimen emits high-energy backscattered electrons and X-rays
that provide information of specimen composition.** The schematic representation of SEM is
shown in figure 3.12 (a) and figures 3.12 (b) display SEM of ZnO nanoparticles. The details of
the instrument in the present work are Micro Analysis System and Model Phoenix, Cambridge,
England, U.K.
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Figure 3.12: (a) Ray diagram of SEM* (b) SEM image of ZnO nanoparticles. *
3.3.3.2. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is a very powerful technique of
characterization mostly used for measuring particle size, shape, size distribution, and
morphology of the compound. The real space image of atomic distribution in nanostructures can
be obtained. TEM analysis provides detailed information at atomic resolution and lattice images
at a spatial resolution of 1 nm or less. It consists of an imaging system of the objective lens and
one or more projector lens. Objective lenses provide detailed information at different degrees of
resolution. The initial image of the illuminated part of the specimen in a plane is formed by the
objective lens which is further enlarged by the projector lenses. The projector lens projects the
final magnified image on the screen. In TEM, electrons of high power have used that pass from
the object. Initially the electron beam enters through the electromagnetic condenser lens and
beam gets concentrated on the sample. Some amount of electrons pass through object while other
hit molecules in sample and get scattered. This beam then passes through an objective lens,
projector lens and on fluorescent screen where final image get displayed. The image provides
interior view of the object as electron beam passes entirely through the object. The ray diagram
of TEM instrument is represented in figure 3.13 (a). For the analysis purpose, the sample should
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not be extremely thick and should be in the range of 0.1 to 1.0um. Preparation of the sample is
the key step in the analysis. The standard procedure for the preparation of sample includes
spreading of specimen in the solvents like water to form a colloidal solution. From this solution
only one drop is kept on a conducting copper or silver grid (sq. size is ~1um) and allowed to dry.
This dried grid is used for the analysis of the specimen. The typical TEM image of ZnO NPs is
shown in figure 3.13 (b).
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Figure 3.13: (a) Ray diagram of TEM*%and (b) TEM image of ZnO nanoparticles.*
3.3.4 Mechanical Properties

Forces exerted on the fibers may cause in the permanent change in structure or failure.
Therefore there is need to detect the mechanical properties of single nanofibers. Universal testing
machine (UTM) is used to study the physical characteristics of materials like polymers or
metallic films deposited onto polymeric subsrates. The mechanical testing systems are available
commercially to analyze smaller (10um in diameter) fibers. In the working principle, UTM
works by the hydraulic transmission of load from the test sample to a separately housed load
indicator. This setup is convenient as it avoids transmission of load through knife edges, which
are easy to wear and damage because of shock on rupture of test samples. The load is put into
ram which is hydrostatically lubricated and main cylinder pressure is transmitted to cylinder of
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pendulum dynamometer system housed in the control panel. The cylinder is self-lubricating
design. Proper gripping and proper alignment of specimen is important. Because of small size of
specimen conventional mechanical grips are not convenient for gripping the two ends of the
fiber. Young’s modulus or modulus of elasticity quantifies the stiffness of material. The dynamic
mechanical analyzer is shown in figure 3.14. In the present thesis, mechanical properties are

tested on dynamic mechanical analyzer (RSA3, TA Instruments, USA).

e - |

EnviconmentalChambes

Figure 3.14: Dynamic mechanical analyzer.*®

3.3.5. Biological Characterization
3.3.5.1. Biocompatibility

In this study, the compatibility of the material with the biological system is tested. This
study provides information about the interaction of materials with the human body and their
harmful physiological effects.?’ In the detailed study of nanocomposites to test biocompatibility
is an important area of research. In the present thesis, this is carried out by studying

hemocompatibility and cytocompatibility or cytotoxicity.

3.3.5.1.1. Cytocompatibility study
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Cytotoxicity is one of the most important indicators for biological evaluation in vitro
studies. The development of nanotechnology has led to increased research on the toxic effects of
nanomaterials on human health and the environment. In this regard, the detailed investigation of
nanoparticles toxicity has become an important aspect of research. Among commercially
available nanoparticles, ZnO is the most used, mainly due to their antibacterial activity. For safe
in vivo application of ZnO NPs, the biocompatibility study is crucial. The use of appropriate
assay for investigation of biocompatibility is important because nanoparticles can become redox
active by adsorbing dyes. If results indicate only minimal or neutral effects in the used
concentrations, then samples are further tested in vivo on animals that are closely related to the
human model. If that is safe, then the product can be considered for FDA approval and for first
human trials. Different assays are used to investigate biocompatibility. Different in-vitro toxicity
assays are used for toxicity studies on mammalian cell lines and explained briefly in table 3.1.
The use of suitable assay is important for the assessment of nanomaterials toxicity. In the
proposed work, MTT assay was employed to determine the cytotoxicity of ZnO nanoparticles to
mammalian cell lines (L929). In vitro assays are the earliest and simplest techniques designed
for biocompatibility evaluation of the materials. In the MTT assay, the reduction of tetrazolium
salts is considered to examine cell proliferation. The yellow 3- (4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide (tetrazolium MTT) gets reduced by metabolically active cells by
the dehydrogenase enzymes, to liberate NADH and NADPH. In this reduction process,
intracellular purple formazan get formed which can be solubilized and quantified
spectrophotometrically. The MTT assay measures the cell proliferation rate. In the absence of
cells, the MTT doesn’t produce high background absorbance values.*® The cell viability can be

determined by the using following equation,
Cell viability = A treated/ A control x 100.................... (3.6)

Where, Atreated aNd A contror are the test sample and control sample respectively.
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Table 3.1: List of cytotoxicity assays commonly used to detect toxicity of ZnO NPs

39

Cytotoxicity assays based on different

principles

Examples of assays

Proliferation assay

(It measures cellular metabolism by assessing
metabolically active cells)

Apoptosis assay

(It detects generated excessive free radicals due
to cell apoptosis and DNA damage)

Necrosis assay

(Necrosis is measured by the integrity of
membrane and commonly used to determine
the viability of the cells)

Oxidative stress assay

(measures ROS and RNS i.e. reactive nitrogen

species)

MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide
Assay

DNA Fragmentation

Terminal deoxynucleotidyl
Transferase dUTP Nick End-Labeling
assay (TUNEL),

Cytochrome c release assay

Neutral Red assay, Tryptan blue assay

lipid peroxidation C11-BIODIPY assay and
TBA

assay for malondialdehyde

3.3.5.1.2. Hemocompatibility

To understand the biocompatibility of nanoparticles, its exact interaction with the

biological system should be revealed. Different factors such as size, shape, composition, and

route of administration of nanoparticles confirm the fate of the nanoparticles. Also, their

interference and unwanted effects on the host system decide their biocompatibility. Varieties of

assays can be employed to investigate the hemocompatibility such as erythrocyte composure

(hemolysis and hemagglutination), thrombogenicity, cytokine assays, complement activation,

and phagocytosis. In proposed work, the percentage of hemolysis was calculated. *°

3.3.5.2. Swelling behavior
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Swelling behavior of the material results in the increase of volume of material due to the
absorption of a solvent, mostly in the case of polymers. It determines the water uptake capacity
of the material. In this method, the prepared microfibers are dipped in phosphate buffer saline
(PBS) solution at pH 7.4 at room temperature till saturation and swelling ratio of microfibers can
be calculated by measuring the weight of swollen films divided by the weight of completely
dried films. This water uptake capacity is important for wound dressing application, as this
measures the absorption capacity of wound exudates. The swelling ratio can be calculated by
using the formula given in equation (3.7),

Degree of swelling = [(Wt - Wd)/Wd] x 100 ................ (3.7)

Where, Ws is the weight of the swollen microfiber sample, Wd is the dried weight of the sample
dipped in the buffer medium, measured by drying microfiber in an oven at 40° C for 10 min to

obtain constant weight. **
3.3.5.3 Antibacterial activity

In regard to the attractive antimicrobial properties of ZnO nanoparticles, it is important to
discuss different techniques used to screen antibacterial activities. Varieties of methods are
available to evaluate or screen the in vitro antimicrobial activity of antibacterial agents or other
substances. These are listed below,

e Agar well diffusion method
e Agar disc diffusion method
e Shake flask method

3.3.5.3.1. Agar well diffusion method

In the agar well diffusion method, the agar plates are inoculated by a volume of bacterial
inoculum over the whole plate. Then a hole of the diameter of about 6-8 mm is made by using a
sterile cork borer or tip and about 80-100ul volume of ZnO nanocomposites are introduced into
the well with the help of sterile micropipette. Then, agar plates are incubated in the incubator
under suitable conditions as per test organisms. ZnO NPs diffuse in agar plate and inhibits the

grovvth of microbial strain and the zone of inhibition is measured. Adgar well diffusion method is
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presented in figure3.15. In the present work, we have used agar well diffusion method and

discussed accordingly in detail in respective chapters.

Before growth After growth
s Bacterial
Agar e / Growth
Plate
0 0 Incubation at 37°C /’ Vi
Agar well for 24 hours 7
B
Agar medium ® \ //
Tested sample

Zone of inhibition

Figure 3.15: Schematic representation of agar well diffusion method

3.3.5.3.2. Agar disc diffusion method

The disc diffusion method is simple, easy, and widely used in the study of antibacterial
activity. In this method, test organisms are spread over the surface of the nutrient agar medium
and then the discs of antibacterial agents are placed on the surface of the sterile nutrient agar

medium plate. Tested samples are kept in the refrigerator for 10 minutes.

Before growth After growth
Bacterial
Agar Growth
Plate:
O O Incubation at 37°C
Disc of antibacterial for 24 hours
agent _—
Agar medium 0 0

Zone of inhibition

Figure 3.16: Schematic diagram of agar disc diffusion method.
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After incubation of plate at 37°Cfor 24 hours, the zones of inhibition around each disc are
measured by using the millimeter scale. The schematic representation of this method is given in
figure 3.16.

3.3.5.3.3. Minimum Inhibitory Concentration

Minimum inhibitory concentration (MIC) can be defined as the least concentration of
antibacterial agents that inhibit the visible growth of the bacteria. The MIC of the antibacterial
agents can be performed by the two different methods listed below,

e Agar dilution method
e Broth dilution method

In the agar dilution method, a known number of bacterial cell suspension is inoculated
directly onto the nutrient agar plates with different concentrations of antibacterial agents. The
method is mostly used for antibiotics available in ample amount. This method determines the
large number of bacterial species at a time.

In the broth dilution method, the liquid medium is used for the determination of MIC. In
this method, the liquid growth medium is containing increasing concentration of antibacterial
agents. The microdilution is carried out in the microtiter plates by using < 500 ul per well. The
appearance of the samples shows the growth of the organisms, after the incubation period. Both
methods evaluate the least concentration of antibacterial agent that inhibits the growth of
bacteria.*?

In the present work antibacterial activity is tested by agar well diffusion method. The
MIC was done by the broth dilution method.
3.3.5.4. Antibiofilm activity

Different methods like tube method, Congo red agar method, microtiter plate assay, plate
counting of biofilm-embedded bacteria, PCR, mass spectrometry, confocal laser scanning
microscopy (CLSM) etc are available for the identification of biofilm by microorganisms and
antibiofilm activity of compounds. Investigation of antimicrobial activity of agents against
biofilm production is most commonly performed by microtiter plate assay. The standard protocol
for this assay is described as follows: Bacteria are inoculated in the sterile tryptic soy broth and

incubated for 24 h at 37°C. 200ul of medium with the sample is inoculated with 10ul of bacterial
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suspension and incubated for 24 h at 37°C. After incubation, the wells are drained, washed with
phosphate buffer saline, fixed with cold methanol and then stained with 1% crystal violet for 30
min. Biofilm formed in the well is resuspended in 30% of acetic acid. The intensity of
suspension is measured at 570 nm by microtiter plate reader and the percentage of biofilm

inhibition is calculated by using the equation (3.8) given below.
Percentage of biofilm inhibition = OD of control-OD of test/ OD of control *100...... (3.8).%

In the present thesis, 96 well microtiter plate assay is used with slight modifications and

discussed in detail in respective chapters.
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Chapter 4: Synthesis and characterization of zinc oxide nanoparticles by

using polyol chemistry

4.1 Introduction

Nanomaterials exhibit unique properties like variations in size, shape and high surface
area to volume ratio that plays a key role in antibacterial and antibiofilm applications due to
improved physical, chemical, biological properties and functionality. Therefore, to synthesize
nanomaterials with controlled morphology and their processing are involved in the first step in
nanotechnology.! The use of simple, easy and effective methods for the synthesis of
nanomaterials has become more important to control the size, shape and morphology of
nanomaterials. The use of the chemical method for the synthesis allows the easy tailoring of
synthesis parameters throughout the whole reaction process that results in the production of

particles with defined size, dimension, composition and structure. 2

The present chapter focuses on the facile polyol mediated synthesis and characterization
studies of ZnO NPs. The ZnO NPs are synthesized by applying the following approaches, (i)
regular synthesis in polyols, (ii) in the presence of sodium acetate and (iii) increasing reaction
time. The synthesis method involves the reflux of zinc acetate dihydrate precursor in diethylene
glycol (DEG) and triethylene glycol (TEG) in presence and absence of weak base sodium acetate
for varied time reaction time. Further, these are characterized by X-ray diffraction (XRD), UV-
visible spectroscopy (UV), thermogravimetric analysis (TGA), Fourier transform infrared
spectroscopy (FTIR), field emission scanning electron microscopy (FESEM), transmission
electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDX) technique.

4.2. Experimental

All chemicals used were of analytical grade and used without further purification. Zinc
acetate dehydrate (CH3CO,),. 2H,0, diethylene glycol (DEG) and triethylene glycol (TEG) from
Loba fine chemicals, Mumbai, India. Double distilled water was used throughout the
experiments.

4.2.1. Synthesis of ZnO NPs by using diethylene glycol and triethylene glycol
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ZnO NPs were synthesized by the reflux method.®* In brief, the precursor 0.1M
CH3(C0O0),.2H,0 is added to diethylene glycol (DEG)/triethylene glycol (TEG) in a flat bottom
flask and kept for reflux action at 180°C/220°C in the presence and absence of weak base sodium
acetate(0.01M). DEG/TEG was used to assist the hydrolysis of zinc acetate. The reaction time
was varied from 2 hours to 3 hours. Before the refluxing process, the solution was kept on the
magnetic stirrer at 80°C for 1h. After completion of the reaction, white colloidal solution formed
at the bottom of the flask. The samples were centrifuged at 8000 rpm for 15 minutes and washed
with distilled water and ethanol for three times. Further it was dried at 80°C for overnight.
Fig.4.1 shows the schematic representation of the synthesis of ZnO NPs by using different

approaches by using a reflux instrument.

[Reﬂux at 180°C O
. , © 0
/220°C for 2/3 hours -~ [ Wash by water and o9 o

F ethanol 3 times, dry at | O o o
=€ 5= 80°C overnight OO
I%‘ = ;_%

— $\

Figure 4.1: Schematic representation of DEG and TEG mediated synthesis of ZnO NPs.
Reaction mechanism of ZnO NPs:
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In this study, the reflux method was employed to synthesize ZnO NPs as mentioned
above. The mechanism of the ZnO NPs formation can be proposed as follow,
nZn (CH3COO,). 2H,0O n + nDEG /TEG ———» [Zn(OH),-DEG /TEG]N....... (4.2)
[Zn(OH),-DEG /TEG]n ——> (ZNO-DEG/TEG) + HyO.oooooeevveeee, 4.2)
Formation of ZnO NPs takes place in two steps, (i) hydrolysis reaction and, (ii)
condensation reaction. The hydrolysis reaction requires water molecules in the reaction. The
absence of water in the reaction leads into failure of next step that is condensation reaction.
Firstly, the reaction between zinc acetate dehydrate and DEG/TEG leads to the formation of
Zn(OH),. Further its dehydration results into formation of ZnO NPs.”
Table4.1: Reaction conditions used for the synthesis of ZnO NPs.

Polyol used Zn(CH3CO0); CH;COONa Reaction time and
.2H,0 temperature
0.01M Refluxed for 2h at
All 8 samples were | 1g0%¢
Not used )
DEG 0.1M kept on the magnetic
stirrer at 80°C for 1
0.01M h Refluxed for 3h at
180°C
Not used
0.01M
Refluxed for 2h at
TEG 0.1M Not used 220°C
0.01M
Refluxed for 3h at
Not used 220°C
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The basic approach of use of sodium acetate is the addition of excess acetate ions that
gives different morphology than particles synthesized in absence of sodium acetate. Further the
prepared solutions are washed with distilled water and then ethanol three times. Then samples
are dried overnight at 80°C (Table 4.1).

4.2.2. Characterization Studies
4.2.2.1. Structural analysis

The synthesized all ZnO NPs were characterized using X-ray diffraction (XRD) (Rigaku
600 Miniflex X-ray diffraction instrument) in the scanning range of 10°-80°.
4.2.2.2. Spectroscopic analysis

The UV-visible absorption spectra of all synthesized ZnO NPs were recorded in the
wavelength range of 200 nm to 600 nm using Agilent Technologies Cary 60 UV-Vis. For the
detection of functional groups on the surface of the ZnO, Fourier transform infrared (FTIR)
spectra of all prepared ZnO NPs were observed by using JASCO INC 410, Japan, in the range of
400-4000 cm’™.
4.2.2.3. Morphological analysis

The surface morphology of all synthesized ZnO NPs was studied by field emission
scanning electron microscopy (FESEM) and transmission electron microscopy (TEM).
4.2.2.4. Elemental analysis

Elemental analysis was performed by energy-dispersive X-ray (EDX) spectroscopy by
using JSSM-6701F, JOEL, Japan).
4.2.2.5. Thermal analysis

Thermal gravimetric analysis (TGA) was carried out to observe the thermal stability of
all ZnO samples on the instrument PerkinEImer STA-5000. All samples were heated from 50-
900°C at the rate of 10°C/min.

4.3. Results and Discussion
4.3.1. Structural analysis
4.3.1.1. X-ray diffraction

Figure 4.2 represents the XRD data of ZnO NPs. The ZnO NPs are used for the analysis
of XRD. The XRD of all samples having26 values are showing diffraction peaks at 31.72° (100),
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34.39° (002), 36.23° (101) and 47.44° (102) correspond to JCPDS card No. 36-1451. These all
diffraction peaks fit well with the hexagonal wurtzite structure of ZnO which proves the
preparation of ZnO NPs. The absence of any other peaks of other phases shows that single phase
wurtzite zinc oxide nanoparticles have been obtained. The intensity of peaks is sharp and narrow,
confirming of high quality of the sample with good crystallinity and fine grain size. The
crystallite sizes of ZnO NPs are calculated from FWHM of the most intense peak (reflection
plane used for calculation is 101) by using the Debey Scherrer formula (equation 3.2).° The
crystallite size of ZnO NPs is in the range of 15-23nm. ZnO NPs prepared by refluxing DEG for
3 h showed the least crystallite size (~15nm) as compared with other ZnO NPs. The calculated
crystallite size of ZnO NPs is given in table 4.2.

Table 4.2: Calculated crystallite size of ZnO NPs

ZnO samples Crystallite size
from XRD in nm

DEG 2h ~22nm
DEG 2h with sodium acetate ~23nm
DEG 3 h ~15nm
DEG 3h without sodium acetate ~18nm

TEG 2h ~20nm

TEG 2h with sodium acetate ~21nm

TEG 3h ~18nm

TEG 3h without sodium acetate ~18nm

The crystallite sizes of ZnO NPs are calculated are consistent with the size calculated by
FESEM and TEM analysis. The crystallite size of ZnO NPs synthesized in DEG and TEG
increased with increase in the chain length of polyols. Also, the presence of weak base sodium

acetate affected the crystallite size of the particle.’
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Figure 4.2: (A) XRDs of ZnO NPs synthesized in DEG 2h (a), DEG 2h with sodium acetate (b),
DEG 3h (c), DEG 3h with sodium acetate (d), (B) TEG 2h (a), TEG 2h with sodium acetate (b),
TEG 3h (c), TEG 3h with sodium acetate (d).
4.3.2. Spectroscopic analysis
4.3.2.1. UV-visible spectroscopy

The UV-vis spectroscopy study of all synthesized ZnO NPs is represented in figure
4.3.The absorption peaks are recorded in each spectrum in the range of 360-380 nm which is a
characteristic band of pure ZnO. The absence of any other peak confirms the successful
production of pure ZnO NPs. ® It is revealed that the intensity of absorption peak in the UV-
visible spectrum depends upon the particle size of nanoparticles. With a decrease in particle size,
the absorption peak shifts towards the lower range. Briefly, in the DEG and TEG mediated
synthesis of ZnO NPs, DEG 2h sample showed an absorption peak at 366 nm while, DEG 2h
sample with sodium acetate shows an absorption peak at 368 nm. In the same way, all other
samples showed blue shift with decrease in particle size from which it can be concluded that the
intensity of an absorbance peak shows a slight blue shift with a decrease in particle size. It can be
suggested that, the results obtained by UV-Vis spectroscopy are in good agreement with the
XRD results of all ZnO NPs particle size detection. Different factors like, type of polyols used,

temperature and reaction time affect on the absorption peak.’
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Figure4.3: UV-visible spectroscopy of ZnO NPs synthesized in, (A) DEG 2h (a), DEG 2h with
sodium acetate (b), DEG 3h (c), and DEG 3h with sodium acetate (d), and (B) TEG 2h (a), TEG
2h with sodium acetate (b), TEG 3h (c), and TEG 3h with sodium acetate(d).
4.3.2.2. Fourier Transform Infrared Spectroscopy

The FTIR analysis is done to confirm the functional groups present on the surface of
ZNO NPs. Figure 4.4 (A) and (B) represents the FTIR spectra of DEG and TEG mediated
synthesized ZnO NPs. The peak appearing at ~3433cm™ is assigned to stretching vibration of
hydroxyl groups>°and peaks at ~2922 cm™are attributed to —CH stretching showing the presence
of —CH,, -CHj3 groups.’® The peaks at around ~1586cm™ and 1412cm™ are directed to symmetric
and asymmetric C=0 stretching.'’ The peak at 1125 cm™ is attributed to —CH deformation
confirming —CH,, -CH3 bending. Because of interatomic vibrations, metal oxides generally show
the absorption bands in the fingerprint region below 1000cm™.*? In the infrared region, the peaks
at around 415-480cm™ corresponds to ZnO that shows the stretching vibration of Zn-0.'* This
study indicated that, DEG or TEG molecules get adsorbed on the synthesized ZnO NPs. The
difference in the particle size may lead to different wave numbers and frequencies are consistent
to the reported literature. ** The results of the FTIR analysis are in good agreement with the

results obtained from TGA analysis.
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Figure 4.4: FTIR of ZnO NPs synthesized in, (A) DEG 2h (a), DEG 2h with sodium acetate (b),
DEG 3h (c), DEG 3h with sodium acetate (d), (B) TEG 2h (a), TEG 2h with sodium acetate (b),
TEG 3h (c), TEG 3h with sodium acetate (d).

Frequency Range (cm™) Functional groups
3433 -OH vibration
2922 Stretching of —-CH,, CH3 groups
1586, 1412 Symmetric and asymmetric stretching of C=0
1125 -CH deformation
415-480 Stretching vibration of Zn-O

Table 4.3: FTIR analysis of ZnO NPs

4.3.3. Morphological analysis

4.3.3.1. Field Emission Scanning Electron Microscopy (FESEM) and Transmission
Electron Microscopy (TEM)

Field emission scanning electron microscopy is used to study the surface morphology of
the synthesized ZnO NPs. Surface morphology of all ZnO NPs are presented in figure 4.5. It is
observed that the ZnO NPs obtained by refluxing diethylene glycol and triethylene glycol for 2h
and 3h in the presence and absence of sodium acetate have uniform shape and size with different
morphology. An images depict addition of sodium acetate, use of different polyol and change in
the reflux time from 2h to 3h result in difference in morphology from oval to rod shape with
average particle size of ~15-100 nm. FESEM and TEM analysis reports DEG refluxed for 3h in
the absence of sodium acetate showed the least particle size of ~15 nm.

Transmission Electron Microscopy (TEM) is very important technique used for the
measurement of particle size and to determine morphology of the sample. The TEM analysis is
performed to measure the size of synthesized ZnO NPs. Figure 4.6 represents the TEM analysis
of ZnO NPs. Herein, we are reporting the TEM images of only DEG 3h, DEG 3h with sodium
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acetate, TEG 3h and TEG with sodium acetate as these ZnO NPs possess comparatively smaller
size than other ZnO NPs which is calculated from the XRD result.

From the figures 4.5 and 4.6, it is observed that the difference found in the morphology
of the ZnO NPs depends upon the release rate of OH" ions. The average particle size observed is
consistent with XRD data. FESEM and TEM analysis reports DEG refluxed for 3h in the
absence of sodium acetate showed the least particle size of ~15 nm. The size gained from the
TEM images are consistent with the crystallite size calculated from XRD patterns of ZnO NPs.
In the presence of sodium acetate the release rate of OH" ions become slow due to its weak
hydrolyzing ability of acetate ions, which affects on the condensation and nucleation process, so
particles show elongated rod-shaped morphology.*>*® Also, from FESEM images it is observed
that the effect of the addition of sodium acetate on the morphology is more pronounced in case
of samples prepared in TEG than in DEG. This is because, in the case of DEG, the glycol is
forming an ester bond with the acetate ions from the zinc acetate dehydrate. However, since
when using the sodium acetate as a source of hydroxyl ions (as it is alkaline), it is also forming
esters with the glycol of DEG which is more easily available from zinc acetate. Therefore,
maybe there is no conclusive change observed in FESEM images of ZnO synthesized in DEG.
While, in case of TEG, there are more glycol functional groups to trap the acetate ions from zinc
acetate as well as sodium acetate and that is why we got a better results as a larger part of added

zinc acetate is getting converted to zinc hydroxide ions in presence of sodium acetate. *’
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Figure 4.5: FESEM images of ZnO NPs synthesized in, DEG 2h (a), DEG 2h with sodium
acetate (b), DEG 3h (c), DEG 3h with sodium acetate (d), TEG 2h (e), TEG 2h with sodium
acetate (f), TEG 3h (g), TEG 3h with sodium acetate (h).
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Figure 4.6: TEM images of ZnO NPs synthesized in DEG 3h (a), DEG 3h with sodium acetate
(b), (B) TEG 3h (c), TEG 3h with sodium acetate (d).
4.3.4. Elemental analysis
4.3.4.1. Energy Dispersive X-ray

The elemental analysis of all ZnO NPs is carried out by EDX spectroscopy. Figure 4.7
shows the EDX of all ZnO NPs. It is revealed the presence of Zn and O indicates the synthesis of
impurity-free ZnO nanoparticles.'® The absence of any other peaks confirmed the formation of

impurity-free ZnO NPs.
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Figure 4.7: EDX studies of ZnO Nps synthesized in DEG 2h (a), DEG 2h with sodium acetate
(b), DEG 3h (c), DEG 3h with sodium acetate (d), TEG 2h (e), TEG 2h with sodium acetate (f),

TEG 3h (g), TEG 3h with sodium acetate (h).

4.3.5. Thermal analysis

4.3.5.1. Thermogravimetric analysis

The thermal decomposition behavior of all synthesized ZnO NPs is analyzed by TGA.
All samples are heated from 50°C-900°C at the rate of 10°C/minute. Figure 4.8 (A) and (B)
shows the thermal decomposition of DEG and TEG mediated synthesized ZnO NPs respectively.

The two successive decompositions are observed in all samples. The initial weight loss observed

is observed in the range of 145°C-257°C and further 2" stage of decomposition is observed in
the range of 452° C-490°C.

Center for Interdisciplinary Research D. Y. Patil Education Society, Kolhapur.



Chapter 4: Synthesis and characterization of zinc oxide nanoparticles by

using polyol chemistry

4145°C 257°C  (A)|=0CA 2hourels) 150°C —
L . - =DEG 2 hours with sodium acetate(b) 100 4N\ ;- 233°C ® — 152 g ::u::(:)lh sodium acetate(b)
: (a) DEG 3 hours(c) EGSH e W
4 DEG 3 hours with sodium acetate(d) TEG 3 hz:::(:)rm sodium acetate(d)
452°C % - 455 o
%8 — . 492°C
: 490°C :
:\‘: : ° 96
£ E
> (=
‘® 96 2
= = 944
- 92
94 4 :
90
92 T T - T T : : :
T L T A T b T -
200 400 600 800 1000 200 400 600 800 1000

Temperature’C Temperature’C

Figure 4.8: TGA of ZnO NPs synthesized in, (A) DEG 2h (a), DEG 2h with sodium acetate (b),
DEG 3h (c), and DEG 3h with sodium acetate (d) and, (B) TEG 2h (a), TEG 2h with sodium
acetate (b), TEG 3h (c), and TEG 3h with sodium acetate (d).

The initial weight loss is observed in the range of 145°C-257°C because of the
evaporation of surface adsorbed water and moisture'® and further 2" stage of decomposition is
observed in the range of 452-492°C due to loss of the adsorbed DEG/TEG molecules in all
samples and which is consistent with the results of FTIR. The thermal stability supports the
presence of surface adsorbed molecules.?

4.5. Conclusions

In the present investigation, we have synthesized ZnO NPs by applying different
approaches, (i) regular synthesis in polyols, (ii) In presence of sodium acetate, and (iii)
increasing reaction time. It has been suggested that it is possible to control the shape and size of
nanoparticles through these approaches. XRD analysis revealed the phase purity. The
synthesized nanoparticles have crystallite nature having hexagonal wurtzite structure. UV
spectroscopy showed that the absorption edges are shifted to lower wavelength showing blue
shift due to decrease in crystal size. FTIR and TGA analysis showed that DEG and TEG
molecules are adsorbed on ZnO nanoparticles. The most interesting observation found in present
study is that all synthesized nanoparticles exhibited nicely organized oval and rod-shaped

morphology with different size. In case of nanoparticles synthesized by using polyol DEG, it is
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observed that, addition of sodium acetate and increase in reflux time from 2h to 3h changes
morphology of nanoparticles from oval to rod shape, while in case of nanoparticles synthesized
by using polyol TEG all particles showed rod shaped morphology and increase in size with
addition of sodium acetate and increase in reflux time from 2h to 3h which highlights the role of
sodium acetate in change of morphology. Out of all ZnO NPs, ZnO NP synthesized by refluxing
zinc acetate precursor in DEG for 3h in absence of sodium acetate exhibited the least particle
size of ~15nm. All these data obtained revealed that the use of different approaches in the

synthesis of ZnO NPs could yield the differences in the morphology.
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Chapter 5: Comparative study of antibacterial and antibiofilm activity of
ZnO NPs synthesized by using polyols

5.1. Introduction

Biofilm are the communities of varieties of micro-organisms that remain attached to any
biological or non-biological surface that remains enclosed in self-produced hydrated polymeric
matrix. Microorganisms in biofilm transcribe different genes than the genes present in
planktonic bacteria.® It has been reported that the maximum number of bacterial infections
treated in hospitals is associated with bacterial biofilm.? The microorganisms in biofilm get
escaped from phagocytosis and, develop high resistance to antibiotics that make them difficult
to treat. Their resistance to antibiotics is a slow but serious threat to public and domestic health.
Both Gram-positive and Gram-negative bacteria can cause chronic infections. In this regard,
Staphylococcus aureus and Proteus vulgaris are biofilm-forming pathogens that produce severe
biofilm associated infections such as urinary tract infection, muscoskeletal infection and
respiratory tract infection. * As reported earlier, S. aureus and P. vulgaris are drug-resistant
bacteria that are critical to treat and indeed untreatable with conventional antibiotics like
ampicillin, amoxicillin, methicillin, oxacillin and 1% generation of cephalosporin. So there is an
urgent need to search an alternative approach to treat bacterial infections caused by drug-
resistant microorganisms.**

Until now, zinc oxide nanoparticles are widely reported for their antimicrobial and
antibiofilm activities against a broad spectrum of microbes with low toxicity to human cells. It
has been reported that the intensity of antibacterial activity is inversely proportional to the size
of the ZnO nanoparticles. Smaller sized ZnO NPs indeed possess high antibacterial and
antibiofilm activity than larger particles.

In the present chapter, the comparative study of antibacterial, antibiofilm activity,
biocompatibility and hemocompatibility of ZnO NPs prepared by using different approaches
like by refluxing diethylene glycol (DEG) for 2h and 3h in the absence and presence of sodium
acetate and by refluxing triethylene glycol (TEG) for 2h and 3h in the absence and in presence
of sodium acetate has been studied in detail, from which the better one can be used as a
potential candidate for the incorporation in the polymer to prepare microfibers for further
wound dressing applications.

5.2. Experimental
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5.2.1. Reagents and Materials
All glassware used was cleaned with distilled water and sterilized in an autoclave at
121°C for 20 min before use. The microorganisms S. aureus (NCIM 2654) and P. vulgaris
(NCIM 2613) were collected from the National Collection of Industrial Microorganisms
(NCIM), Pune, India. The media were purchased from HiMedia Laboratory. A blood sample
used was obtained from the slaughter house and it doesn’t have any ethical issues for human and
animal rights in the ethical statement section. The present work does not involve the use of
human and animal subjects. All the reagents used were supplied by analytical grade (AR grade)
and used as it is without further purification. Double distilled water was used throughout the
experiments.
5.2.2. Bacterial sample preparation
The bacterial cultures were maintained at 4°C in the nutrient agar medium. The
composition of nutrient agar media used for the growth of bacteria is given below. The cultures
were allowed to grow at 37°C on the rotary shaker maintained at the speed of 150 rpm for 16 h.
The bacterial concentration was maintained to the desired level by recording optical density at
600nm (OD 600nm). For safety, all bacterial cultures were autoclaved at 121°C for 20 minutes to
destroy bacteria before disposal and all glassware used were autoclaved before and after
experiments.
Composition of Nutrient broth
e Peptone (1%)
e Beef extract (1%)
e Sodium chloride (0.5%)
e pH after sterilization 7.3
The OD of bacterial cultures was adjusted to the concentration of approximately 1x 10" CFU/ml.
6
5.2.3. Determination of Antibacterial activity by Agar Well Diffusion assay
Antibacterial study of all synthesized ZnO NPs was carried out by the agar well diffusion
method. The comparative antibacterial activity of these samples is studied against both Gram-
positive S. aureus (NCIM 2654) and Gram-negative P. vulgaris (NCIM 2613) bacteria. In this
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assay, in each well 1mg/ml concentration of all ZnO NPs was inoculated on nutrient agar plates
which were previously seeded by 100ul of 24h old bacterial inocula. ZnO samples were
sonicated for 15 min. in distilled water before inoculation. Then the plates were kept for
incubation at 37°C for 24h for the growth of microorganisms. Antimicrobial activity was
observed by measuring the inhibition zone diameter (mm).

5.2.5. Determination of Minimum Inhibitory Concentration (MIC)

Minimum inhibitory concentration is the lowest concentration that can inhibit visible
bacterial growth. Micro dilutions and agar dilutions are the quantitative methods used to
determine MIC values. In the present study, the determination of MIC was performed in the
sterile Muller-Hinton broth at the concentration of ZnO NPs in the range of 10mg to 50mg/ml.
This assay was carried out in 96 well plates by using a tryptic soy broth medium. For this, 200 pl
volume of tryptic soy medium was added in each well and inoculated with 24h old 10ul of
bacterial inocula. One well was maintained without the addition of nanoparticles, used as a
control. The microplates were kept for incubation at 37°C for 24h. After incubation OD was
recorded at 600nm. From the graph, the minimum inhibitory concentration and the percentage of
each concentration were determined. The MIC concentrations values help in diagnostic
laboratories to confirm the resistance of microorganisms to antimicrobial materials. Also, the
antibacterial activity of new antimicrobial agents can be monitored. This method is clinically
used to detect the concentration of antibiotic/test samples that will be effective in the patient and
the type of antibiotic to be utilized. ’

5.2.6. Determination of Growth curves of bacteria

Growth curves were determined by bacterial cells without exposure to ZnO NPs used as a
control and with exposure to ZnO NPs at the concentration of 20ug/ml in nutrient broth. The
bacterial cell concentration was maintained at 10° CFU/ml. Culture flasks were kept for
incubation in a shaking incubator at 150 rpm at 37°C. The bacterial cell growth pattern was
examined for every 2h at 600 nm wavelength.®
5.2.7. Antibiofilm activity

The antibiofilm activity was tested by using a microtiter plate method. In this assay, the
test organisms were inoculated in sterile tryptic soy broth and incubated for 24h at 37°C. Then
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the samples were centrifuged at 5000rpm and the pellet was suspended in phosphate buffer (pH
7.0). 1mg/ml stock of all ZnO samples was prepared. In a brief, 200ul medium with known
concentrations of ZnO was inoculated with 10 pl of bacterial sample and incubated for 24h at
37°C. After incubation, the wells were drained, washed with phosphate buffer saline (PBS), fixed
with cold methanol, and then stained with 1% of crystal violet for 30 min. Biofilm formed in the
wells was resuspended in 30% of acetic acid. The intensity of the suspension was measured at
570nm and the percentage of biofilm inhibition was calculated by using the equation 3.8 given in
chapter 3.°
5.2.8. Hemocompatibility

Goat blood was collected from a slaughterhouse and stabilized in EDTA. The density
gradient centrifugation was used for the separation of RBCs from the collected blood. 5ml of
whole blood was gently poured on the top of 5ml of PBS solution and then allowed for
centrifugation at 2000rpm for 30 min. The superrnatant was removed, and red blood cells were
collected. Later, RBCs were rinsed with phosphate buffer saline (pH 7.4) and allowed for
centrifugation at 2000rpm for 30 min. A stock solution of RBCs was prepared without serum at
2% (v/v) using phosphate buffer (pH 7.4). After that, 2ml of the diluted RBC solution was added
to 2ml Eppendorf tubes containing all ZnO NPs. The negative and positive blood samples were
prepared in the same way without NPs and deionized water, respectively. All Eppendorf tubes
were kept for incubation for 2h at 37°C. At an interval of 30 min, tubes were gently shaken and
were allowed for centrifugation at 1500g for 10 min at room temperature. The supernatant of
PBS was transferred to another 96 well microtiter plate and hemoglobin (Hb) release was
observed on a spectrophotometer (OD 550nm) at 541 nm with the microtiter plate reader
(Tecan). The hemolysis percentage can be calculated by the considering that 100% RBC lysis
takes place in mixing blood with distilled water at 1:1 (v/v) ratio. The hemolytic percentage was

calculated by using the following equation:
HP% = (Dt - Dnc)/ (Dpc — Dnc) x 100 .............. (5.1)

Where Dt is the absorbance of the test samples and Dpc and Dnc are the absorbances of positive

and negative control respectively. *°
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Schematic representation of hemolytic assay is given in fig. 5.1.
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Figure 5.1: A schematic representation of the hemolysis assay.
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5.2.9. Cell viability study of ZnO NPs

The cell viability of synthesized ZnO NPs samples was investigated by MTT assay with
the help of mammalian fibroblast L929 cell lines.'! Dulbecco’s minimal essential medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic penicillin
(2000U/mL penicillin G), and 100 pg/mL streptomycin was used for culturing of the cells. Then
cells with the density of 1x 10* cells/well with DMEM containing serum were transferred into 96
well plates and incubated overnight in a humidified incubator. The NPs were added at a
concentration of Img/ml in serum-containing media and kept for incubation for 24h, 48h, and 72
h at 37°C. Blank that is well without ZnO NPs was used as a control. After incubation, the media
was discarded. Cells were rinsed with phosphate buffer saline (pH 7.2) and 100 pL of MTT
(0.5mg/mL) prepared in serum-free medium was added to each well and kept for incubation for
4h. Then the medium was decanted and dimethyl sulphoxide (DMSO) was poured to each well
for solubilization of formazan crystals. The concentration of formazan was investigated by a
multiwell plate reader at 570nm absorbance. The cell viability was calculated by using equation
3.6 given in chapter 3.
5.3 Results and discussion
5.3.1 Antimicrobial activity of ZnO NPs
5.3.1.1 Determination of the antibacterial activity of all synthesized ZnO NPs

Antibacterial activity of synthesized all ZnO NPs is carried out by agar well diffusion
assay, as shown in fig.5.2. Gram-positive S. aureus (NCIM 2654) and Gram-negative P. vulgaris
(NCIM 2613) bacteria are used as test organisms.
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Figure 5.2: Antibacterial activity of DEG and TEG mediated synthesized ZnO NPs (1mg/ml)
against Gram-positive S. aureus (NCIM 2654) (A) and Gram-negative P. vulgaris (NCIM 2613)
(B), In the plate (I) and (I1I) samples inoculated are (1) DEG 3h, (2) DEG 3h with sodium
acetate, (3) DEG 2h, and (4) DEG 2h with sodium acetate and in plate (I1I) and (IV) samples
inoculated are (1) TEG 2h with sodium acetate, (2) TEG 3h, (3) TEG 3h with sodium acetate,
and (4) TEG 2h.

From figure 5.2 and data indicated in table 5.1, it is observed that among all synthesized
ZnO NPs the smallest ZnO NPs synthesized in DEG for 3h showed significant zone of inhibition
(14mm) against Gram-positive S. aureus (NCIM 2654) and Gram-negative P. vulgaris (NCIM
2613). The intensity of antibacterial activity is size-dependent that is it is inversely proportional
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to the size of ZnO nanoparticles. It’s small size and high surface area to volume ratio may help
for more interaction with bacterial cells, than other ZnO NPs with comparatively greater size.*
Table 5.1: Diameter of zone of inhibition by ZnO against S. aureus (NCIM 2654) (A) and P.
vulgaris (NCIM 2613)

Sample Zone of inhibition diameter(in mm)
S. aureus P. vulgaris
DEG 3 hours 14 6
DEG 3 hours with sodium acetate 6 4
DEG 2 hours 6 2
DEG 2hours with sodium acetate 1 1
TEG 2 hours with sodium acetate 1 1
TEG 3 hours 7 4
TEG 3 hours with sodium acetate 4 3
TEG 2 hours 4 1

5.3.1.2 Determination of minimum inhibitory concentration of all synthesized ZnO NPs

The minimum inhibitory concentration of synthesized ZnO NPs for S. aureus (NCIM
2654) and P. vulgaris (NCIM 2613) is determined by the serial dilution method. From the results
evaluated in fig 5.3, it is concluded that the minimum inhibitory concentration for all samples is
in the range of 10-20ug/ml concentration of ZnO NPs. It is revealed that among all samples DEG
3h sample showed significant % of inhibition for S. aureus it is 32.67% and for P. vulgaris it is

22.38% at 50ug/ml concentration respectively.
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Figure5.3:Percentage of inhibition of all ZnO NPs at different concentrations of all ZnO NPs
against S. aureus (NCIM 2654) (A) and P. vulgaris (NCIM 2613) (B), (1) DEG 3h, (2) DEG 3h
with sodium acetate, (3) TEG 3h, (4) TEG 3h with sodium acetate, (5) TEG 2h, (6) TEG 2h with
sodium acetate, (7) DEG 2h, and (8)DEG 2h with sodium acetate.
5.3.1.3 Determination of growth curve of bacterial cells

Figure 5.4 (A) and (B) denote the growth curve of all synthesized ZnO NPs for S. aureus
(NCIM 2654) and P. vulgaris (NCIM 2613). The results indicated that the exposure of ZnO NPs
to bacterial cells decreased cell growth as compared to control. The absorbance of the sample
increases with the increase in bacterial cell growth. In this experiment, ZnO NPs have slightly
more activity against S. aureus than P. vulgaris at a concentration of 20pug/ml. Since the Gram-
positive bacteria are more susceptible towards the metal nanoparticles as previously reported.™
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Figure 5.4: Growth curves of ZnO NPs samples against (A) S. aureus and, and (B) P. vulgaris.

5.3.1.4 Determination of antibiofilm activity

Effect of all synthesized ZnO NPs on biofilm formation on S. aureus (NCIM 2654) (A)
and P. vulgaris (NCIM 2613) (B) is shown in fig 5.5A and B. From these graphs it can be
predicted that all ZnO NPs synthesized by using DEG and TEG, inhibited the activity of biofilm
formation. Out of all synthesized ZnO NPs, ZnO synthesized by refluxing DEG for 3h without
sodium acetate showed a significant percentage of inhibition in S. aureus as compared to P.
vulgaris at each concentration. All ZnO samples showed an increased percentage of inhibition

with an increase in concentration. At 250ug/ml concentration of ZnO synthesized by DEG for 3h
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exhibited a maximum of 67.3 and 58.18% biofilm inhibition against S. aureus and P. vulgaris

respectively.
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Figure 5.5:Percentage of biofilm inhibition of ZnO samples at different concentrations of ZnO
NPs against S. aureus (NCIM 2654) (A) and P. vulgaris (NCIM 2613) (B), (1) DEG 3h, (2)
DEG 3h with sodium acetate, (3) TEG 3h, (4) TEG 3h with sodium acetate, (5) TEG 2h, (6) TEG
2h with sodium acetate, (7) DEG 2h, and (8) DEG 2h with sodium acetate.
e Mechanism of antibacterial activity of ZnO NPs

The most widely reported and accepted mechanism for the antibacterial activity of ZnO
NPs is the release of reactive oxygen species (ROS). The mechanism of antibacterial and
antibiofilm activity of ZnO NPs is represented in figure 5.6. ROS includes highly reactive ionic
species, free radicals such as O~, HOs,, H,0, and HO- that destroy cells by induction of
oxidative stress. The imbalance between generated ROS and their reducing equivalents is termed
as oxidative stress.™ It destroys cellular biomolecules such as DNA, lipids, and proteins. All these
factors trigger the apoptosis pathway and ultimately kill the bacterial cell. Another important
mechanism of the antibacterial activity of ZnO Nps is the release of zinc ions in an aqueous media
that contain ZnO NPs and bacteria. Zn*? ions mainly cause the conformational changes in
enzymes that result in distortion of active sites in enzymes resulting in competitive or non-

competitive reversible inhibition.'® Zinc ions mainly interact with cystein, aspartate and histidine
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side chains of proteins or enzymes and cause inhibition of enzymes like glyceraldehydes 3

phosphate dehydrogenase, aldehyde dehydrogenase, protein tyrosine phosphatase (PTPs).*®
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Figure 5.6: Schematic representation of the antibacterial and antibiofilm activity of ZnO NPs."
o Different factors affecting the antibacterial and antibiofilm activity of ZnO NPs
Various factors affect the antibacterial and antibiofilm activity of ZnO NPS such as size,
shape, concentration, and surface area to volume ratio. ZnO NPs with greater antibacterial
activity could be a potential candidate in the various research areas and different fields like
pharmaceuticals, food packaging, cosmetics, and wound dressing applications. The size of ZnO
NPs is the most important factor that determines the degree of antibacterial activity because it
affects on the internalization of NPs inside the cell. Smaller nanoparticles interact and get
accumulated on the outer surface and plasma membrane that increases the surface tension and
membrane depolarization by neutralizing surface potential. This results in increased membrane
permeability and results in cytoplasmic leakage that leads to cell death. As the bacterial cell
ranges from 0.2-10 micron, the smaller material can get readily penetrated the biofilm matrix and
then into the cell.’® In the reported study, it is observed that the ZnO Nps with comparatively
least particle size (~15nm) showed maximum antibacterial and antibiofilm activity against S.

aureus and P. vulgaris. It is also reported that the interaction between cells and nanoparticles
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increases cell permeability. Surface defects, surface charges, and the presence of numerous edges
and corners of ZnO NPs have a great impact on the intensity of antibacterial activity. Another
important factor affecting antibacterial activity is the shape of the nanoparticles. The presence of
sharp edges, spikes, pillars or protrusions on the surface of ZnO NPs pierce and rupture the
bacterial cell due to high local stress.™

Also, the antibacterial and antibiofilm activity of ZnO NPs depends upon the
concentration of NPs. It is reported that the more the concentration and larger surface area of
NPs maximum antibacterial and antibiofilm activity. The intensity of antibacterial activity can be
increased with an increase in concentration and surface area. Also, the synthesis process
employed for ZnO NPs production has an impact on the antibacterial activity. The synthesis
methods include the chemical precipitation method, hydrothermal, sol-gel, simple thermal,
combustion, polymerized complex method, vapor-liquid-solid techniques and biological
methods. Out of these techniques, chemical methods are widely used as they can control the size
of NPs by controlling reaction parameters. Other factors like types of solvent used, precursor,
temperature, pH also affect the antibacterial and antibiofilm activity of ZnO Nps. 2
5.3.2 Biocompatibility study of ZnO NPs
5.3.2.1 Hemocompatibility of all synthesized ZnO NPs

Hemocompatibility is a very important method to prove the in vitro biocompatibility of
compounds by using RBCs isolated from blood. As per ASTMF-756-08, the hemolytic
percentage below 2% is considered as non-hemolytic, 2-5% is slightly hemolytic and more than
5% is considered as hemolytic. Figure 5.6 (A) and (B) show the percentage of hemolysis of
DEG and TEG mediated synthesized ZnO NPs at concentration of 1mg/ml. It is reported that
the smaller NPs exhibit higher hemolytic activity than larger once. % From the obtained results
it can be concluded that all ZnO NPs showed below 2% hemolysis, so these NPs can be used as

a promising agent in biomedical fields.
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Figure 5.6: Hemocompatibility of DEG mediated ZnO NPs (A), (a) DEG 2h, (b)DEG 2h with
NA, (c)DEG 3h, (d) DEG 3h with NA and TEG mediated ZnO NPs (B), (a) TEG 2h, (b) TEG
2h with NA, (c) TEG 3h and, (d) TEG 3h with NA.
5.3.6 Cell viability study of all synthesized ZnO NPs

The cell viability studies of all synthesized ZnO NPs are investigated by using MTT

assay and represented in figure 5.7 (A) and (B).
(A) I 24h (B) I 24h
B 48h . 48h
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Figure 5.7:Percentage of cell viability of ZnO NPs synthesized in (A) (a) DEG 2h, (b) DEG 2h
with NA, (c¢) DEG 3h,and (d) DEG 3h with NA, and (B) (a) TEG 2h, (b) TEG 2h with NA, (c)
TEG 3h,and (d) TEG 3h with NA.
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This assay is carried out by using L929 fibroblast cells. The well without ZnO NPs is
used as a control. It is observed that the cell viability is slightly increased after 24h for 48 and
72h. As previously reported, it can be suggested that the intensity of cytotoxicity is inversely
proportional to the size of NPs. From these results, we can say that ZnO NPs with the least size
had maximum cytotoxicity and less percentage of cell viability.

5.4 Conclusions

The present study evaluated the comparative study of the antibacterial and antibiofilm
activity of ZnO NPs synthesized by using different approaches. Also, their hemocompatibility
and biocompatibility were studied. It was observed that all synthesized ZnO NPs possess
antibacterial and antibiofilm activity against S. aureus and P. vulgaris. However, the ZnO NPs
synthesized in diethylene glycol for 3hours in the absence of sodium acetate with comparatively
least particle size (~15nm) showed maximum antibacterial and antibiofilm activity. This study
revealed the size dependent efficacy of ZnO NPs. These ZnO NPs showed antibacterial activity
against both Gram positive and Gram negative bacteria. Additionally, it exhibited a higher zone
of inhibition against S. aureus as compared with P. vulgaris at 1mg/ml concentration. ZnO
synthesized by using diethylene glycol for 3h showed maximum zone of inhibition against S.
aureus as compared with P. vulgaris than other ZnO NPs synthesized. The obtained results
depicted that the zone of inhibition increased with a decrease in particle size. Similarly, in case
of antibiofilm activity, ZnO NPs synthesized in DEG 3hshowed maximum percentage of
inhibition 67.3% and 58.18% against S. aureus and P. vulgaris, respectively at 250ug/ml
concentration. The minimum inhibitory concentration of all ZnO NPs is in range of 10-20 pg/ml.
We also observed the growth patterns of S. aureus and P. vulgaris at 20 pug/ml concentration
which showed all ZnO NPs affected the growth of these bacteria. All ZnO NPs exhibited
percentage of hemolysis below 2%. According to ASTMF-756-08, the hemolytic percentage less
than 2% is considered as non-hemolytic. The ZnO NPs with the least particle size showed a
maximum percentage of hemolysis. However, it is suitable for further biomedical applications.
Also cell viability study showed that all ZnO NPs are biocompatible. Based on these results we
have concluded that the ZnO NPs with the least particle size (~15nm) is a potential antibacterial
candidate that can be further incorporated in the polymers for the wound dressing applications.
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Chapter 6: Synthesis and characterization of hybrid PHBV-PEO-ZnO

microfibers prepared by using the electrospinning technique

6.1 Introduction

In recent years, researchers have extensively focused on the development of newer and
advanced technology for biomedical applications. For the prevention of initial colonization of
biofilm forming bacteria, varieties of techniques have emerged for the synthesis of bio-friendly
nanofibers with antibacterial and antibiofilm properties. There are various techniques developed
for the synthesis of polymer nanofibers such as drawing, template synthesis, phase separation,
self-assembly and electrospinning. But, as compared with other methods, electrospinning
possesses the superiority for the preparation of one-by-one continuous fibers from few
micrometers to nanometer range in simple, cheap and versatile way." It also gives the high
surface area and ability of various surface modifications. In this method, the nanoparticles with
antibacterial properties can be reinforced into the matrix of polymers. These polymers can be
used in biomedical applications.?*

Nowadays, the preparation of wound dressings with antibacterial and antibiofilm
properties based on ZnO NPs blended into polymeric matrix has become an important topic in
the research field.* Reinforcement of ZnO NPs in polymers is suitable because of its good tissue
adhesive property and antibacterial properties. Also, it provides the flexibility to enhance the

biocompatibility and hemocompatability.>®

The present chapter highlights the synthesis and characterization of electrospun poly (3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) / Polyethylene oxide (PEO) microfibers
reinforced with previously reported ZnO NPs. Poly (3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) is biocompatible, thermoplastic, biodegradable and non-toxic polyester produced by
bacteria that makes it a promising agent in the biomedical field. But due to their poor mechanical
performance, high crystallinity, inherent rigidity, and hydrophobicity this material should blend
with other polymer.”® Polyethylene oxide (PEO) is certified by the FDA and highly preferred
because of its properties like biocompatibility, hydrophilicity, non-antigenicity, non-
immunogenicity, non-toxicity, and low adsorption of surface properties.® The present study is
aimed to report the physical-chemical properties of microfibers. The reinforcement of ZnO NPs
is performed in such a way that it will be suitable for end application of wound dressing. Also,

their morphology, thermal stability, mechanical properties were evaluated.
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6.2 Experimental

Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with (MW12, 00,000) and, poly
(ethylene oxide) (PEO) with (MW 300,000) powder were purchased from alfa aesar) and
chloroform (CHL) (CHCIs 99.94%) was supplied by Merk, Mumbai, India. All reagents and
solvents were of analytical grade and used as purchased without any further purification. Double

distilled water was used throughout the experiments.
6.2.1 Electrospinning technique

Electrospinning is a highly flexible method that can process solutions or melts, mainly of
polymers, into continuous fibers with a diameter of few micrometers to nanometers. It is mainly
based upon the electrostatic forces on the droplets of liquid polymer or polymer solution. The
polymers to be used in the electrospinning process can be modified chemically and their
properties can be tailored with the additives. Electrospinning is an intricate process that depends
upon a multitude of molecular process and technical parameters used throughout the
electrospinning process. This process requires a high voltage power supply, syringe with small

diameter needle and conductive collector. 2

6.2.2 Importance of incorporation of ZnO NPs in polymers

Nanomaterials have a wide range of applications in biomedical fields. Recently many
researchers have suggested the design and development of nanoparticles, mainly inorganic metal
oxide, ZnO NPs as potential agent for application in pathological conditions, including wound
healing. As per reports, various nano-therapies have been used to treat different stages of wound
healing. Two approaches can be used in wound healing; (i) NPs play a role of drugs that act
intrinsically in wound healing, (ii) nanomaterials behave as vehicle or carrier to deliver
therapeutic agents for wound healing.™*As per reports, ZnO NPs possess strong antibacterial and
antibiofilm activity. So they can act intrinsically in the wound healing process. However, these
NPs can have toxic effects as therapy in humans. Optimization of ZnO NPs concentration to
nonhazardous levels without changing their functional properties would diminish the cytotoxic
effect of this system. This issue can be achieved by their incorporation into a polymeric matrix

for their wound dressing application. Nanofibers have been received great attention as a scaffold
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in tissue engineering because of structural resemblance to the extracellular matrix and high
surface area to volume ratio. Among all methods for the synthesis of nanofibers, electrospinning
technique is a simple, cheap and versatile method. So it is widely used to design nanofibers for
different applications. Zinc is an essential trace element that found as a cofactor in many
enzymes. Nanoform zinc such as ZnO NPs has been widely studied for applications in wound
healing. The production of ROS species, cell migration and adhesion ability help in the wound

healing process by activating growth factor mediated pathways.'***

6.2.3 Synthesis procedure
6.2.3.1 Preparation of PHBV-PEO-ZnO electrospinning solution

The 10% of the polymer solution containing PHBV and PEO (8:2) was prepared and kept
on magnetic stirrer overnight.*> This solution was mixed with previously prepared ZnO NPs'®
with different concentrations of (0, 1, 3, and 5wt %) in chloroform solutions and kept for
sonication for 1 hour. The final solutions were kept for stirring for 12 hours before the
electrospinning process.

6.2.3.2 Electrospinning process

The PHBV-PEO-ZnO microfibers were prepared by the electrospinning process with
slight modifications.!” The conditions used as: the applied voltage as 10 kV, the feeding rate as
0.3mh/h, and tip-collector distance as 14 cm. The solution was filled in a 10ml syringe equipped
with a metallic needle (0.70x38mm) and rectangular steel plate covered with aluminum foil
paper was used as a collector. The schematic representation of electrospinning process is given

in figure 6.1.
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Figure 6.1: Schematic representation for preparation of PHBV-PEO-ZnO nanofibers through the
electrospinning process (Polymer ratio PHBV:PEO, 4:1 is kept constant and ZnO NPs
concentration is varied as 1, 3 and 5 by wt% , Conditions used for electrospinning process are,
applied voltage 10kV, feeding rate 0.3ml/h, tip-collector distance 14cm).
6.2.3.3 Characterization of prepared microfibers
6.2.3.3.1 Spectroscopic analysis

The functional groups present on synthesized microfibers were examined by using
Fourier transform infrared spectroscopy (FTIR). FTIR spectra were observed on [PerkinElmer,
Spectrometer |, FTIR diffused reflectance (DRIFT) mode, USA] in the range of 4000-400cm™.
6.2.3.3.2 Morphological analysis

The morphology of the electrospun microfibers was studied by SEM (scanning electron
microscopy), model (Micro Analysis System and Model Phoenix, Cambridge, England, U.K.).
6.2.3.3.3 Elemental analysis
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Elemental investigation of the microfibers was performed by the EDX which was
connected to the scanning electron microscope.
6.2.3.3.4 Thermal analysis

The thermal properties were studied by TGA (thermogravimetric analysis), model SDT
model Q600 of TA Instruments Inc., USA, under the continuous flux of nitrogen at 100 mL/min.
Differential scanning calorimetry (DSC) was investigated by using model Q10 DSC, TA
Instruments, New Castle, DE, USA. The measurements were performed at a heating rate of
10°C/min in 25-600°C.
6.2.3.3.5 Mechanical Properties

The mechanical properties of prepared microfibers were studied by the dynamic
mechanical analyzer (RSA3, TA Instruments, USA) at ambient temperature. Electrospun mats
were cut into 20 x 0.5 cm? wide shape. The tensile strength, Young’s modulus, and elongation at
break were determined.
6.2.3.3.6 Swelling studies

The swelling studies of PHBV-PEO-ZnO microfibers were carried out by a previously
reported method.'® It was analyzed by placing a known weight of nanofiber mat in phosphate
buffer saline (pH 7.4) at 37°C. These mats are removed from the medium after 24 hours. The

percentage of the degree of swelling was calculated by using equation 3.7 given in chapter 3.
6.3 Results and discussion
6.3.1 Spectroscopic analysis

The functional groups present on PHBV-PEO-ZnO microfibers are analyzed by FTIR.
ATR-FTIR spectra of PHBV/PEO electrospun fibers with different concentration of ZnO NPs is
given in figure 6.2 (1) and (II). As per literature reports, for all PHBV/PEO electrospun fibers,
the peak at 1722 cm™depicts the stretching band of ester group C=0.° The spectrum of ZnO
shows a broad peak at the center of 3450 cm ™ is attributed to the stretching of hydrogen bonded
—OH groups on the nanoparticle surface. The peak becomes more intense than that of

PHBV/PEO which is in agreement with increasing concentration of ZnO nanoparticles.™
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Figure 6.2: (A) FTIR spectra of PHBV/PEO electrospun fiber with different concentration of
ZnO nanoparticles in 400-4000cm™ range, (B) FTIR spectra of PHBV/PEO electrospun fiber
with different concentration of ZnO nanoparticles in 400-1000cm™ range (a) PHBV-PEO, (b)
PHBV-PEO-ZnO (1 Wt %), (c) PHBV-PEO-ZnO (3 Wt %), (d) PHBV-PEO-ZnO (5W1t%)

The spectrum of ZnO shows a broad peak at the center of~3450cm * which is attributed
to hydrogen-bonded —OH groups stretching that become more intense with the increased
percentage of ZnO NPs in PHBV-PEO microfibers. The sharp peak appears at ~440cm’
Lattributed to the stretching of the Zn-O bond that is increased with an increase in the percentage
of ZnO NPs.?® The peaks at around 2930cm™ correspond to asymmetric and symmetric
stretching of —CH, and intense peak at 1731cm™ assigned to C=0 stretching of ester group;® the
peaks at 1280cm ™ and 1262cm™ are attributed to asymmetric and symmetric stretching of C-O-
C; peaks at 1133cm™ and 1100cm ™ are assigned to asymmetric and symmetric stretching of C-
O; peak at 1232cm™ thought to be -CHjs vibration; peak at 1187cm™ depicts C-O-C stretching
and peak at 1055cm™ is assigned to C-O stretching and CH, rocking.* The frequency range
and related functional groups are given in table 6.1.

v T "
1000
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Table6.1: FTIR analysis of PHBV-PEO and PHBV-PEO-ZnO microfibers (1,3 and 5 wt% of
ZnO NPs)

Frequency Range (cm™) Functional groups
3450 -OH stretching
2890-2980 Symmetric and asymmetric stretching of —CH,
group
1722,1731 Stretching of ester group C=0
1262,1280 Symmetric and asymmetric stretching of C-O-
1232 E:CHg, vibration
1187 C-O-C stretching
1100, 1133 Symmetric and asymmetric stretching of C-O
1055 Stretching vibration of C-O
440 Stretching of Zn-O

6.3.2 Morphological analysis

Typical morphologies of PHBV-PEO (4:1) and PHBV-PEO reinforced with various
concentrations of ZnO are shown in figure 6.3. It is observed that as compared to PHBV-PEO
microfibers, ZnO reinforced microfibers possess a slightly higher diameter. PHBV-PEO hybrid
microfibers obtained have diameter of 2.04-2.2 um, whereas all other microfibers with different

ZnO concentrations showed diameter of 2.2-3.1 um.
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Figure 6.3: SEM images of PHBV-PEO (a) and microfibers reinforced with ZnO of 1 wt% (b),
3% (c), and 5% (d)

It is noted that the diameter distribution of microfibers become wider upon the addition of
ZnO nanoparticles with uniform morphology. It is also revealed that with an increase in ZnO
contents, the fiber diameter increased from to 3% concentration of ZnO nanoparticles and
reduced for 5% concentration of ZnO NPs. This reduction in diameter of microfibers may be due
to increased electric field because of increased charge density, the conductivity of

electrospinning solution during the electrospinning process.”®
6.3.3 Elemental analysis

The elemental analysis of PHBV-PEO and ZnO reinforced PHBV-PEO microfibers are
performed by Energy Dispersive X-ray (EDX).
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Figure 6.4: EDX spectra of PHBV-PEO (a), PHBV-PEO-ZnO 1wt% (b), PHBV-PEO-ZnO
3wt% (c) and PHBV-PEO-ZnO 5wt% (d)

It is revealed that Zinc and oxygen are present. EDX results confirmed the successful
incorporation of ZnO NPs in PHBV-PEO microfibers. Also, it can be revealed that the
percentage of ZnO NPs is increased from PHBV-PEO to 5 wt % of PHBV-PEO-ZnO
microfibers. The increasing peaks of Zn from 1wt% to 5wt% of PHBV-PEO-ZnO microfibers
confirms the successful incorporation of ZnO NPs in increasing amount from 1wt% to 5wt% in

PHBV-PEO microfibers. The EDX spectra for respective microfibers are shown in figure 6.4.

6.3.4 Thermal analysis

Thermal analysis is performed by using thermogravimetric analysis (TGA). Figure 6.5
shows two distinguishable thermal decomposition peaks correspond to PHBV-PEO-ZnO
components. The analysis is done at a heating rate of 10°C/min in 25-600°C. It is observed that
PHBV-PEO-ZnO fibers showed two weight losses. Two successive decompositions are observed

in all samples. The first decomposition weight loss is in range of 215-310°C and second weight
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loss is in range of 345-417°C. The temperature of the maximum weight loss is 220-262°C and
373-410°C respectively. PHBV-PEO displayed approximately 86% of initial mass loss and it is
attributed to the degradation of polymer themolecule.’® No significant weight loss is observed at
100°C which shows the absence of water molecules in fiber composition. Functionalisation of
fibers with ZnO NPs with ZnO showed ~ 80%, ~83% and ~ 89% of weight loss for 1%, 3% and
5% ZnO NPs respectively. As the percentage of ZnO NPs increases, the degradation temperature
of microfibers also increases. The shifting of the curve of PHBV-PEO microfibers to the high

temperature suggests better thermal stability, which may be due to the crystalline structure of
NPs 24,25
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Figure6.5: TGA curves of (a) PHBV-PEO, (b) PHBV-PEO-ZnO (1 Wt %) , (c) PHBV-PEO-
ZnO (3 Wt %), and (d) PHBV-PEO-ZnO (5%).%

It is very important to study the crystallization and melting behavior of polymer
nanocomposite as it affects on the crystalline structure, morphology and macroscopic properties
of the materials. Non-isotheral melt crystallization of PHBV-PEO and their nanocomposites is
studied by DSC analysis, and their cooling and heating thermograms are shown in figure 6.6(A),
(B) respectively. The thermal parameters obtained from DSC curves are collected in table 6.2. In
DSC thermograms, ZnO crystallization peak is not detectable due to the low amount in the

blend.?” With the increase in ZnO content new melt crystallization temperature is slowly
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decreases which shows the addition of ZnO decreases crystallization rate of PHBV-
PEO.”Appearance of 1% melting peak is around 40°C and 2" melting peak around 95°C for all
samples suggests that addition of ZnO does not affect main crystal structure and lamellar size.
The intensity of the 2" melting peak is decreased as compared with PHBV-PEO due to
decreased mobility of polymer chains. With an increase in the ZnO content, Tm, for PHBV and
PEO is slightly shifted towards a lower degree. The PHBV-PEO and PHBV-PEO-ZnO
composites exhibit similar cooling scans decreasing crystallization enthalpy (AH¢) and T. with
ZnO addition, suggesting decreasing degree of crystallization of PHBV-PEO.? In the first
heating process of DSC, it is observed that Tm does not affect significantly before and after the

incorporation of ZnO NPs.

Table6.2: Melting temperature (T,), crystallization temperature (T.), melting enthalpy (AHp,),
crystallization enthalpy (AH), and crystallinity degree () of PHBV-PEO and PHBV-PEO-ZnO

microfibers.
Sample First Heating First Cooling Second
heating
Tm;(° AH X1 Tc AHcl Tm2 (°C)
C) m(J/g) (%) 1(°C) (J/g)
PH
PEO | PHB | PEO | PHB | PEO |PH | PE | PHB | PEO | PHB | PEO BV
Vv Vv B|O Vv Vv
\Y/ m21 | m22
PHBV-PEO
61 60 6 9 3 5 |9 |5 7 8 1 49 |57
PHBV-PEO-
Zn0O (1%) 2 61 7 0 3 6 |1 |6 4 0 0 46 | 56
PHBV-PEO-
Zn0 (3%) 2 59 0 3 0 0 |6 |5 2 2 0 46 | 57
PHBV-PEO-
Zn0 (5%) 3 60 9 0 7 |4 |6 1 9 1 46 | 58

From these results, it is observed that the addition of ZnO NPs does not affect the basic

crystalline structure of microfibers. The relative crystallinity lowers after the addition of ZnO
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NPs confirming that they behave as a retarding agent for the crystallization in the electrospun

microfibers.

Many studies reported that the crystallinity of the polymer matrix increases with addition
of nanomaterials which acts as a nucleating agent. Here in this study, the crystallinity of the
electrospun microfibers does not increase after the addition of ZnO NPs but it decreases. Yu et
al.?” suggested the retarding effect of the addition of ZnO particles on the crystallization of
PHBV-nanofibers and showed null effect on T, value. This observation is attributed to the
hydrogen bonds formation between ZnO and PHBV, disturbing PHBV chains mobility and
decreasing crystallinity.

—@ (B)
— (b)

(c)
——(d)

Heat Flow (W/g)
Heat Flow (W/g)

T L ] L ] T 1
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Figure 6.6: DSC thermogram of (a) PHBV/PEO, (b) PHBV/PEO/ZnO (1 Wt %) , (c)
PHBV/PEO/ZnO (3 Wt %), (d) PHBV/PEO/ZnO (5%) (A) heating scan, (B) cooling scan.

6.3.5 Mechanical properties

The room temperature static mechanical properties of PHBV-PEO-ZnO microfibers are
evaluated and represented in figure 6.7. Their values of the tensile strength (o), Young’s
modulus (E) and elongation at break (gp) are plotted as a function of ZnO concentration in figure
6.7 A-C. From these results, it can be concluded that mechanical properties are mainly affected
by the presence of ZnO NPs. ZnO NPs might have a role in effective stress transfer through the
polymer matrix as tensile strength is observed to increase with ZnO addition into PHBV-PEO

matrix. Young’s modulus values are reduced slightly with increased addition of ZnO NPs. The
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addition of ZnO into the PHBV-PEO matrix remarkable increased elongation break. These
results are in good agreement with the DSC findings since lower crystallinity is related to higher
ductility. In general, mechanical properties of fibers are affected by factors such as the
interaction between ZnO and PHBV-PEO, fiber diameter and porosity.*

0.40 -
2.0 -1 (A)
0.35
E T 0.30-
o R
S 154 s
= 2
m —
E ] .§ 0.25 4
k7 £
Q [7:]
B 104 2 0.20
= . =1
= 2
] 0.15
0.5 0.10
(a) (b) (c) (d) (b) (c)
PHBV-PEO-ZnO (Wt%) PHBV-PEO-ZnO (Wt%)

(©)

;!
.
;)
.|
1_

(@) (b) ()
PHBV-PEO-ZnO (Wt%)

Elongation to break(%)

Figure 6.7 :Mechanical properties of (a) PHBV-PEO, (b) PHBV-PEO-ZnO (1 wt %), (c) PHBV-
PEO-ZnO (3 wt %), and (d) PHBV-PEO-ZnO microfibers (5 wt %). (A) tensile strength, (B)
Young’s modulus, and (C) elongation to break

(d)
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6.3.6 Swelling behavior

Figure 6.8 shows the percentage of weight gain of PHBV-PEO MFs, 1% ZnO-PHBV-
PEO MFs, 3% ZnO-PHBV-PEO MFs and 5% ZnO-PHBV-PEO MFs. PHBV-PEO microfibers
showed higher percentage of weight gain than PHBV-PEO-ZnO microfibers. The addition of
ZnO NPs slightly reduces the percentage of weight gain as microfibers with ZnO had lower
porosity than PHBV-PEO microfibers. This can be attributed to the fiber diameter. The fibers
with the finest diameter showed maximum swelling and fibers with thicker diameter showed

relatively poor swelling.”
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Figure 6.8: Percentage of weight gain of (a) PHBV-PEO, (b) PHBV-PEO-ZnO (1 wt %), (c)
PHBV-PEO-ZnO (3 wt %), (d) PHBV-PEO-ZnO microfibers(5 wt %)

The results concluded that 1 and 5wt% NFs have good uptake capacity than other 3% of

ZnO microfibers.®
6.4 Effect of reinforcement of ZnO NPs in PHBV-PEO microfibers

For the electrospinning process, the solution of PHBV-PEO and ZnO at different
concentrations i.e. 1, 3, and 5% are taken in chloroform solution. The ratio of PHBV-PEO (4:1)

for all samples is kept constant. The FTIR spectra of all samples show that the functional groups

139
Center for Interdisciplinary Research D. Y. Patil Education Society, Kolhapur.



Chapter 6: Synthesis and characterization of hybrid PHBV-PEO-ZnO

microfibers prepared by using the electrospinning technique

are present in microfibers. The morphological analysis reveals that with the addition of ZnO
NPs, the diameter is increased upto 3% of ZnO, while for 5% of ZnO NPs it is slightly reduced.
This reduction in diameter of microfibers may be due to excess addition of ZnO NPs that
increased charge density and the conductivity of electrospinning solution. The addition of ZnO
NPs affected the mechanical properties of PHBV-PEO microfibers. It may have a role in
effective stress transfer across the polymer matrix since the tensile strength is increased. It also
increases the percentage of elongation break. However, Young’s modulus is decreased with
increased concentration of ZnO NPs. These results are with correspondence with DSC findings.
The effect of ZnO on swelling behavior is that the addition of ZnO increased the fiber diameter.

So, the swelling ratio is lowered with an increase in ZnO NPs concentration.
6.5 Conclusions

The high surface area of ZnO reinforced PHBV-PEO microfibers provide potential
dressing material for antibacterial wound dressing. The ZnO NPs which were previously
prepared with least particle size and maximum antibacterial activity is incorporated into PHBV-
PEO microfibers. In FTIR analysis the increased order in the intensity of peaks at ~ 440 cm’
lassigned to the stretching of Zn-O bond confirms the successful addition of ZnO NPs in
increasing order in PHBV-PEO microfibers. Other peaks were also in agreement with the
presence of functional groups of ZnO, PHBV and PEO showing the proper blending of PHBV-
PEO-ZnO in microfibers. The SEM analysis showed that ZnO reinforced microfibers exhibit
slightly higher diameter (2.2-3.1um). The change in fiber diameter confirms the successful
reinforcement of ZnO NPs into PHBV-PEO microfibers. The elemental analysis was carried out
by EDX spectroscopy which shows that synthesized microfibers are impurity-free, suggesting
incorporation of ZnO NPs into PHBV-PEO matrix. Absence of any other peak showed the purity
of microfibers. The TGA analysis showed the better thermal stability of PHBV-PEO-ZnO
microfibers as compared with PHBV-PEO microfibers highlighting the role of ZnO NPs for
thermal stability. The DSC analysis showed the retarding effect of ZnO NPs on the
crystallization behavior of PHBV-PEO polymers. The mechanical properties i.e. tensile strength
and percentage of elongation break increased and Young’s modulus decreased with increased

concentration of ZnO NPs. The swelling ratio slightly decreased with an increase in the
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concentration of ZnO NPs. The fibers with finest diameter showed the maximum swelling and
fibers with thicker diameter showed relatively poor swelling. From this analysis it can be
concluded that the microfiber and microfibers with 1 and 5% of ZnO NPs will have good uptake
capacity of exudates as compared with 3 wt% of PHBV-PEO microfibers. The obtained results

promote the use of ZnO-PHBV-PEO microfibers for further wound dressing applications.
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Chapter 7: Antibacterial, antibiofilm and biocompatibility studies of PHBV-
PEO-ZnO microfibers

7.1 Introduction

Skin is the largest organ in the human body that works as a protective barrier from the
harmful physical and chemical environments and adhesion of bacteria. Skin and soft tissue
infections (SSTIs) are a very commonly occurring infections.! It is reported that about 14 million
people every year get affected by SSTIs in the United States. Gram-positive cocci such as S.
aureus, S. epidermis, Streptococcus and Gram-negative bacilli like E. coli, P. aeruginosa, K.
pneumonia and Proteus species are most common pathogens isolated from the wounds.>® As
previously reported, S. aureus is most common wound- infecting Gram positive multiple drug
resistant bacteria causing hospital-acquired and community-acquired infections.* Another
common Gram negative bacteria P. aeruginosa that occur in wound infections has been detected
to be resistant to the variety of antibiotics.” In a normal human being, the infection can be cured
by the immune system by diminishing invaded pathogens. However, if the immune system is
weak and unable to clear pathogens then infection persists and results in physiological damage
like damage of granulation tissues, growth factors, and extracellular components that interfere in
the general process of wound healing process.® Therefore, it is crucial to develop wound dressing

material that can prevent bacterial adhesion or inhibit bacterial growth.’

Inorganic metal oxide nanoparticles have attracted significant attention due to their
significant antibacterial activity. Until now, ZnO NPs have been widely used as an antibacterial
agent.® However, the intensity of antibacterial activity is size dependent. It is inversely
proportional to the size of the nanoparticle.® For their application in wound healing ZnO NPs
must be incorporated into an appropriate polymer. The electrospun fibers are extensively used in
different medical applications like tissue engineering, drug release, wound healing, and

fabrication of antimicrobial agents that contain biopolymer nanofibers.***

In the present chapter, we have studied PHBV-PEO and PHBV-PEO-ZnO (1, 3, and 5

wt% of ZnO NPs) microfibers for their antibacterial, antibiofilm and biocompatible properties.
7.2 Experimental

7.2.1 Reagents and materials
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All glasswares were rinsed by using distilled water and sterilized in an autoclave at 121°C
for 20 minutes before use. The two bacteria Gram-positive S. aureus and Gram-negative P.
aeruginosa were used as test organisms for antibacterial and antibiofilm activity. All media used

in this experiment were purchased from Himedia laboratories.
7.2.2 Determination of Antibacterial activity

The disc diffusion method was used to evaluate the antibacterial activities of synthesized
microfibers against pathogenic bacteria Gram positive Staphylococcus aureus (NCIM 2654) and
Gram negative Pseudomonas aeruginosa (NCIM 5032) In this method, bacterial cultures were
used which was obtained by growing bacteria on nutrient agar medium for overnight. 100 ul of
cell suspension of culture was poured on the agar plates with the help of the sterile glass
spreader. The discs of microfibers were kept under UV light for half an hour for the sterilization
purpose. Then, discs were placed on the surface of agar plates with the help of sterile forceps.
Then the plates were kept for incubation at 37°C for 24 hours. After 24 hours incubation, the

zones of inhibition were observed on the plates and measured in mm.*?
7.2.3 Determination of antibiofilm activity

Determination of antibiofilm activity of PHBV-PEO-ZnO microfibers against Gram-
positive bacteria (Staphylococcus aureus) (NCIM 2654) and Gram-negative bacteria
(Pseudomonas aeruginosa) (NCIM 5032) was performed by previously reported method with
slight modifications.® These bacteria were inoculated in the sterile tryptic soy broth and
incubated for 24h at 37°C. Synthesized membranes were sterilized with the help of 99% ethanol.
Then membranes were allowed to dry inside laminar airflow aseptically and transferred to sterile
24 well plates that contain 1.5ml of sterile nutrient broth. 150 pl of bacterial suspension from the
log phase was added to the wells containing sterile tryptic soy broth. The microtiter plate was
incubated at 37°C for successive three days for the biofilm formation. Membrane without ZnO
NPs was used as a control. Membranes deeped in sterile media without any bacterial growth
were also used as a control. Once biofilm is grown on the membranes, the membranes were
carefully transferred to new 24 well plates that contain media and incubated at 37° C. After

incubation quantification is performed by crystal violet assay. The biofilm formed on the
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membrane was washed three times with sterile PBS buffer (pH 7.4). Then biofilm was stained by
500 ul of 0.4% crystal violet dye for 15 minutes. Unattached dye was discarded with PBS buffer
wash for 3 times. Crystal violet retained by biofilm was solubilized in 500 ul of 33 % acetic acid
and absorption was determined at 620 nm by microtiter plate reader.’*'* Percentage of biofilm

inhibition was calculated by using equation 3.8 given in chapter 3.
7.2.4Biocompatibility
7.2.4.1Hemocompatibility study of synthesized microfibers

A blood sample was collected from goat in a slaughter house and was added in EDTA for
stabilization. Density gradient centrifugation was used to separate the RBCs from whole blood.
5ml of whole blood was gently added on the top of 5ml of PBS solution and then allowed for
centrifugation at 2000 rpm for 30 min. The supernatant was decanted, and red blood cells were
collected. After that, RBCs were rinsed with phosphate buffer saline (pH 7.4) and kept for
centrifugation at 2000 rpm for 30 min. A stock solution of RBCs was prepared without serum at
2% (v/v) using phosphate buffer (pH 7.4). After that, 2ml of the diluted RBC solution was added
to 2ml eppendorf tubes containing PHBV-PEO and PHBV-PEO-ZnO microfibers (1%, 3%, and
5%). The negative and positive blood samples were prepared in the same way without
microfibers and deionized water, respectively. All eppendorf tubes were kept for incubation for
2h at 37°C. After the interval of 30 min, tubes were gently shaken and allowed centrifugation at
1500qg for 10 min at room temperature. The PBS supernatant was transferred to another 96 well
microtiter plate and hemoglobin (Hb) release was observed spectrophotometrically (OD 550nm)
at 541 nm with microtiter plate reader (Tecan). The percentage of hemolysis can be calculated by
the considering that 100% RBC lysis takes place in mixing blood with distilled water at 1:1 (v/v)

ratio.”> Hemolytic percentage was calculated by using the equation 5.1 given in chapter 5

7.2.4.2Cell viability study of Microfibers

The cell viability of all synthesized microfibers was investigated by MTT assay by using
mammalian fibroblast L929 cell lines.® Microfibers were sterilized under UV light for
overnight. Dulbecco’s minimal essential medium (DMEM) supplemented with 10% fetal bovine

serum (FBS) and 1% antibiotic penicillin (1000U/mL penicillin G), and 100 pug/mL streptomycin
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was used for the culturing of the cells. Then cells with a density of 1x 10* cells/well with
DMEM containing serum were transferred into 96 well plates and incubated overnight in a
humidified incubator. The sterilized microfiber mats were transferred in serum-containing media
and kept for incubation for 24h, 48h, and 72 h at 37°C. PHBV-PEO microfibers were used as a
control. After incubation, the media was discarded. Cells were rinsed with phosphate buffer
saline (pH 7.2) and 100 pL of MTT (0.5mg/mL) prepared in serum-free medium was added to
each well and incubated for 4h. Then the medium was discarded and dimethyl sulphoxide
(DMSO) was added to each well for solubilization of formazan crystals. The concentration of
formazan was investigated by multiwell plate reader at 570 nm absorbance. The cell viability
was calculated by using the equation 3.6 given in chapter 3.

7.3 Results and Discussion

7.3.1 Determination of the antibacterial activity of synthesized PHBV-PEO-ZnO

microfibers

The application of antibacterial agents is mainly to treat infections and for wound
healing. The incorporation of nanoparticles into the polymeric matrix makes them effective
biomaterial from toxicological and biocompatibility point of view. The antimicrobial activity of
nanoparticles or fibers is because of the high surface/volume ratio.'” Therefore, in this study ZnO
NPs are incorporated into the PHBV-PEO matrix for preparing antibacterial membrane by
electrospinning technique. The antibacterial activity of the control sample (PHBV-PEO) and
microfibrous composite membranes with different ZnO NPs concentration are observed by

measuring the zones of inhibition of S.aureus and P. aeruginosa as shown in figure 7.2.
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Figure 7.2: Antibacterial activity of (C) PHBV-PEO, PHBV-PEO-ZnO (1%), PHBV-PEO-ZnO
(3%), PHBV-PEO-ZnO (5%) microfibers against (A) S. aureus (NCIM 2654) and (B) P.
aeruginosa (NCIM 5032).

The zones of inhibition are given in table 7.1. It can be clearly observed that PHBV-PEO
microfiber which is used as a control showed no zone of inhibition, while composite microfibers
with 1, 3 and 5% of ZnO NPs showed zone of inhibition against S. aureus and P. aeruginosa are
(1, 3 and 4mm) and (1, 2 and 3mm) respectively. The antimicrobial activity of ZnO NPs has
been widely reported in the literature.® The mechanism of ZnO Nps antibacterial action in the
PHBV-PEO matrix involves the slight contact with the cell wall rather than the penetration that
alters the microenvironment, enhancing the solubilization of metal or ROS species that destroy
the cell membrane.® The maximum antibacterial activity is observed for the samples with 5wt
% ZnO.
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Table 7.1: Diameters of zone of inhibitions of PHBV-PEO and PHBV-PEO-ZnO (1, 3

and 5wt% of ZnO Nps) against S. aureus and P. aeruginosa

Sample Zones of inhibition (in mm)

S. aureus P. aeruginosa
PHBV-PEO 0 0
PHBV-PEO-ZnO (1%) 1 1
PHBV-PEO-ZnO (3%) 3 2
PHBV-PEO-ZnO (5%) 4 3

7.3.2 Determination of antibiofilm activity

Effect of all synthesized PHBV-PEO-ZnO microfibers on biofilm formation of
Staphylococcus aureus (NCIM 2654) and Pseudomonas aeruginosa (NCIM 5032) is shown in
figure 7.3. This graph indicated that ZnO incorporated PHBV-PEO microfibers inhibited biofilm
formation. Among all 5% PHBV-PEO-ZnO microfibers showed maximum % of inhibition
against S. aureus (28.17%) as compared with P.aeruginosa (24.51%), while PHBV-PEO-ZnO
(1%) and PHBV-PEO-ZnO (3%) microfibers showed 10.17% and 19.18% of inhibition against
S. aureus and 18.28% and 24.51% against P.aeruginosa respectively. S.aureusand P.aeruginosa
are opportunistic pathogens that have the ability to form biofilm on medical implants and in
wounds. The wound infections are difficult to eradicate due to antibiotic resistant nature of
biofilm.® This result shows that the antibiofilm activity is dependent on ZnO NPs concentration
in the PHBV-PEO matrix. ZnO NPs are well reported for their antibacterial and antibifilm
activity.?’ Therefore, the incorporation of ZnO NPs in the development of the antimicrobial
surface is a promising way for developing biofilm resistant surfaces. The results obtained from
this study demonstrated that microfibers incorporated with ZnO NPs exhibited remarkable

antibiofilm activity.
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Figure 7.3: Antibiofilm activity of PHBV-PEO microfiers (0%) and PHBV-PEO microfibers
with 1, 3 and 5 Wt% ZnO NPs against S.aureus (NCIM 2654) and P.aeruginosa (NCIM 5032)
7.3.3 Mechanism of antibacterial and antibiofilm activity of PHBV-PEO-ZnO microfibers

The antimicrobial activity of ZnO NPs or composite nanofibers mainly depend upon their
high volume/surface area.’ In the present study, ZnO NPs are incorporated in different
concentartionsinto the PHBV-PEO matrix as a wound dressing materialthrough the
electrospinning technique. The intensity of antibacterial and antibiofilm activity is different
against S.aureus and P.aeruginosa. This can be related to the difference in the cell wall structure.
Gram-positive bactreia have single cytoplasmic membrane and thick wall composed of
multilayers of peptidoglycan, while Gram-negative bacteria have a more complex cell wall
structure with outer membrane of lipopolysaccharide, middle thin layer of peptidoglycan and
cytoplasmic membrane. The mechanism of ZnO NPs in the PHBV-PEO microfibers may involve
the slight contact with the cell wall rather than penetration.S. aureus has a smaller negative
charge as compared with P.aeruginosa. This would allow the maximumlevel of penetration of

negatively charged free radicals from ZnO such as superoxide radicals anions and peroxide ions
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that causesdestruction and cell death to S.aureus at a compratively less concentartions than
required to damage P.aeruginosa. In both bacteria damage of cell membrane that leads to

leakage of cell content and cell death.??%
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Figure 7.4:Schematic representation of antibacterial action of PHBV-PEO-ZnO microfibers.
7.3.4 Biocompatibility
7.3.4.1 Determination of hemocompatibility

Hemocompatibility is one of the most important methods to prove the in vitro
biocompatibility of polymeric materials that uses RBCs isolated from blood. As per ASTMF-
756-08, the hemolytic percentage below 2% is considered as non-hemolytic, 2-5% is slightly
hemolytic and more than 5% is considered as hemolytic.*® Figure 7.5 shows the percentage of
hemolysis of PHBV-PEO and PHBV-PEO-ZnO microfibers. The results show that the
percentage of hemolysis of PHBV-PEO-ZnO microfibers is higher than that of PHBV-PEO
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microfibers. The hemolysis percentage is 0.8%, 1.1%, 1.8% and 1.9% for PHBV-PEO, PHBV-
PEO-ZnO (1%), 3% and 5 % respectively.
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Figure 7.5: Hemocompatibility of PHBV-PEO-ZnO microfibers showing hemolysis below 2%.
The percentage of hemolysis is increased with increase in ZnO NPs concentration indicating
concentration dependant hemolytic activity. The percentage of hemolysis observed is below 2%

indicating non-hemolytic nature of all microfibers.?*

The hemolysis percentage of all microfibers is below 2% indicating that microfibers are
non-hemolytic in nature. The observed results demonstrates that the hemolysis percentage is
increased with increasing concentration of ZnO NPs. ZnO NPs are responsible for hemolysis
when they come in contact with blood in a concentration dependent manner.?* The results show

that these microfibers can be used for wound dressing applications.
7.3.4.2Cell viability study
7.3.4.2.1 Selection of cell line

The toxicity of nanomaterials depends upon the organ and type of cell lines because of

differences in cell physiology, the proliferation of the cell, membrane characteristics and
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phagocytic properties. The important aspect in the determination of cytotoxicity assay is to select
appropriate cell types, optimizing the number and condition of the cells.”®To evaluate the exact
effect of nanomaterials on the cells of interest, the cells must be chosen in a way that will
represent the exposure route and organs targeted by the nanomaterials. Among the commonly
used cell lines, fibroblast cells are suitable for the trial. In addition, cancer cells are also suitable
than normal cells as they possess enhanced growth rate, metabolic activity and easy to handle. 2
In the present chapter, L929 mouse fibroblast cell lines have used for the study of
biocompatibility of prepared PHBV-PEO-ZnO microfibers. These cell lines are commonly used

to evaluate the biocompatibility of materials.
7.3.4.2.2 Selection of Cytotoxicity assay

Selecting appropriate cytotoxicity assay is an important aspect of the assessment of
nanomaterials toxicity. As compared with animal studies, cellular assay is less ethically
ambiguous, easy to control, reproducible, and cost-effective. For the selection of cytotoxicity
assay,it is also important to observe that whether NPs can adsorb dyes and be redox active.
Common methods used for evaluation of cytotoxicity are observation of cell morphology
(structure) before and after exposure to sample, assay to evaluate the degree of DNA damage.
Each assay varies in terms of time required and suitability. Different types of assays are
represented in fig. 7.6. Among all assays MTT assay is most commonly used and easy to handle.
Therefore, in the present study, the cytotoxicity assay has been determined by using MTT assay
to minimize the errors and to get accurate data. The assay is cost-effective and easy to handle. 3-
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium bromide (MTT) get reduced in the
metabolicallyactive cells and measures the cell proliferation.
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Figure 7.6: Overview of different cytotoxicity assays. %’
7.3.4.2.3 MTT assay of synthesized PHBV-PEO-ZnO microfibers

The cell viability studies of PHBV-PEO and PHBV-PEO-ZnO (1%, 3%, and 5%)
microfibers are evaluated and represented in fig. 7.7. Material to be used for a wound dressing
purpose should be non-toxic and biocompatible. This study is performed by using L929
fibroblast cells by using MTT assay. PHBV-PEO mats are used as a control. It is revealed that
the cell viability is decreased for 24h, 48h, and 72h as the concentration of ZnO NPs are
increased. It is also investigated that the cell viability of PHBV-PEO-ZnO microfibers slightly
increased after 48h and 72h of incubation than 24h incubation for PHBV-PEO-ZnO microfibers.
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Figure7.7: Cytotoxicity of PHBV-PEO and PHBV-PEO-ZnO (1, 3, and 5%) microfibers in
L929 fibroblast cells by MTT assay.

Cell viability of PHBV-PEO microfibers is 98% for 24h and 99% for 48h and 72h of
incubation. However, the cell viability is 84% after 24h incubation and 85% after 48h and 72 h
incubation for 1% of ZnO content in PHBV-PEO microfiber, 80% after 24h incubation and 81%
after 48h and 82% after 72 h incubation for 3% of ZnO and 73% after 24h incubation and 75%
after 48h and 72 h incubation for 5% of ZnO content in PHBV-PEO microfibers. From this

investigation, it can be concluded that these microfibers are non-toxic to cells.?®
7.3.4.2.4 Mechanism of cytotoxicity of synthesized microfibers

The properties of metal oxide nanomaterials make them suitable for wound-dressing
applications. Along with their use, it also leads to nanosized related toxicity. In microfibers,
nanoparticles are embedded therefore it is important to evaluate their potential toxic effects of
nanoparticles. Nowadays the toxic effects of nanoparticles on the environment and humans are
the hot research topic that received much more attention. ZnO NPs show toxicity by different

mechanisms mentioned below,

e ZnO NPs release corresponding toxic ions.
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e ZnO NPs generate excess reactive oxygen species.

e Their toxicity mainly affected by thesize, shape, surface charge, chemical stability.

The mechanism of ZnO NPs toxicity in cell lines occursin different ways. ZnO NPs get
dissolve in the extracellular region and increase the intracellular level of Zn*? ions. Increased
level of Zn*? ions increases acidic condition that damage cytoskeleton of the cell and also
reduces the activity of Zn-dependent enzymes and transcription factors. Reactive oxygen species
(ROS) that involve superoxide anion (O;"), hydrogen peroxide (H,0;), hydrogen radical (HO«)
released by ZnO NPs result in major cell damage by inducing genotoxicity, inflammation, and
destruction of biomolecules like DNA, protein and lipids. This process leads to cell apoptosis
and damage to cells.* In another mechanism, ZnO NPs enter inside the cell and disrupt Zn-
dependent enzymes and transcription factors. The intensity of toxicity also depends upon size,
shape and surface charge of nanoparticles. The minimum size of NPs permits it to enter inside
the cell easily.”® The spherical NPS are faster and easier for endocytosis than rod shaped NPs.
The total charge on the surface of NPs enhances the adsorption of ions and biomolecules. As
compared with anionic particles, cationic particles are stable and show maximum cytotoxicity
effects. Toxicity of ZnO NPs can be minimized by combining the ZnO NPs with other
biocompatible and biodegradable materials.®****? Therefore in the previous work we have
incorporated ZnO NPs into PHBV-PEO microfibers.

7.4 Conclusions

This chapter presents the study of antibacterial, antibiofilm and biocompatibility study of
synthesized PHBV-PEO-ZnO microfibers prepared by electrospinning technique. The
antibacterial study of PHBV-PEO-ZnO microfibers showed the maximum zone of inhibition at 5
wt% concentration of ZnO NPs against S. aureus as compared with P. aeruginosa. The
antibiofilm activity of PHBV-PEO-ZnO (5 wt %) was maximum as compared with other
microfibers of PHBV-PEO-ZnO (1 and 3 wt %) against S. aureus as compared with P.
aeruginosa. Biocompatibility study was done by hemocompatibility, and cytocompatibility
assay. The percentage of hemolysis of all microfibers was below 2% indicating non-hemolytic
nature of all microfibers. Cytocompatibility study showed PHBV-PEO-ZnO microfibers with 5
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wt% of ZnO NPs showed minimum cell viability (73-75%) after 24h, 48h and 72h of incubation
as compared with other microfibers indicating non-toxic nature of microfibers. All these data
revealed that the prepared PHBV-PEO-ZnO microfibers are biocompatible and can be used as
antibacterial and antibiofilm candidate in the wound dressing applications.
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Chapter 8: Summary and conclusions

8.1 Introduction

Wound infection causes microbes to settle down at the infection site, where they can
sustain antibiotic treatment, so developing antibiotic resistance. It is widely reported that specific
strains of microbes have started to develop antibiotic resistance. The World Health Organization
(WHO) recently ranked microbes that should be seriously considered for the development of
new antibiotics. Drug resistance in planktonic microorganisms is attributed to the mutation or
exchange of antibiotic-resistant genes. They gain susceptibility to antibiotics when they disperse
from the biofilm; Bacteria in the biofilm are more effectively protected from the host immune
system than from the planktonic bacteria. Antibiotic resistance increases with the maturation of
the biofilm. Multidrug resistance behavior in Gram-positive and Gram-negative bacteria is
critical to treat and indeed untreatable with conventional antibiotics that can delay the wound-
healing process. Wound infections mostly caused by indigenous microflora or an environment
that grows in the wounded area. To treat infection by drug-resistant bacteria there is an urgent

need to use a new antibacterial agent rather than conventional antibiotics.

Hence, the present thesis is focused on the synthesis of novel microfibers incorporated
with ZnO NPs for wound dressing applications. PHBV, PEO, and ZnO NPs are used for the
synthesis of novel microfibers. PHBV is a natural biopolymer that possesses excellent properties
like biocompatibility, biodegradability, non-toxicity and thermo plasticity. However, due to its
poor mechanical performance, high crystallinity, inherent rigidity, and hydrophobicity this
material can blend with other hydrophilic polymers. Among those polymers, PEO, which is
certified by the FDA, is highly preferred because of its excellent properties like biocompatibility,
hydrophilicity, and malleability. It is non-immunogenic, non-antigenic, non-toxic, and low
adsorption capacity of surface proteins. Furthermore, from PEO it is very easy to obtain fibers by
electrospinning technique than other polymers because of its high solubility in water as well as in
different types of organic solvents. The blends of PHBV-PEO has been prepared earlier, but not
used for the further antibacterial applications. To make their potential use as an antibacterial
wound dressing the addition of inorganic materials such as metal oxide nanoparticles is needed.
Among different metal oxide nanoparticles, ZnO NPs are widely reported for their antibacterial
and antibiofilm activities against a wide range of Gram-positive and Gram-negative bacteria with

low toxicity to human cells at the appropriate concentration. Therefore, in these studies, firstly
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ZnO NPs are synthesized by using different approaches like; (i) regular synthesis in polyols, (ii)
in presence of sodium acetate, (iii) increasing reaction time, polyols used are diethylene glycol
and triethylene glycols, by using the reflux method and to study their morphological, thermal,
spectroscopic and elemental properties. Secondly, these all prepared ZnO NPs are studied for
their antibacterial, antibiofilm activities, and hemocompatibility and cell viability studies.
Thirdly, among these ZnO NPs, the ZnO NPs with good antibacterial and antibiofilm activity
with different concentrations are incorporated into the unique blend of PHBV-PEO polymers.
The prepared microfibers are subjected for the mechanical study, thermal stability, morphological
study, swelling, biocompatibility, hemocompatibility, antibacterial and antibiofilm study. Finally,

these microfibers are evaluated for the potential wound dressing applications.

8.2 Competent component of the thesis

The principle aim of this thesis is to develop antibacterial and antibiofilm microfibers

based on the PHBV-PEO polymers and ZnO NPs for wound dressing application.

The antibacterial properties of the materials are a prime important factor in the field of
wound management. From the last few decades, the properties of wound dressings based on the
ZnO NPs with polymers have become hot area of research. ZnO NPs have gained much more
significance due to their good antibacterial, antibiofilm properties, tissue adhesive property, and
biocompatibility. Also, these nanoparticles reduce microbial adhesion, proliferation, and biofilm
growth. ZnO NPs damage bacterial cells by the formation of ROS that is O, HO,", H,O,, HO",
and Zn** ions. However, their intensity of antibacterial and antibiofilm activity gets affected by
the varieties of factors like size, shape, concentration, UV illumination, surface modification, and
surface defects. The size and shape can be controlled by selecting an appropriate synthesis

method.

The modified reflux method is used for the synthesis of ZnO NPs. In this method,
different approaches were used like, (i) in the presence of sodium acetate, (ii) by using two
different polyols (diethylene glycol and triethylene glycol), (iii) change in the reaction time. The
main benefit of this method is the size of synthesized ZnO NPs is smaller. Also, the use of the
above different approaches affected the size and morphology of ZnO NPs. The synthesis method
is simple, easy, gives high purity and homogeneity at the molecular level. All synthesized 8 ZnO
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NPs were characterized by different analyses. The structural and spectroscopic characterization
of the synthesized ZnO NPs is performed by XRD, UV-vis spectroscopy and FTIR techniques.
The size and morphology of synthesized ZnO NPs were characterized by FESEM and TEM
analysis. These analyses offered different morphology from oval to rod shape with an average
size of ~15-100nm. The ZnO NPs obtained by refluxing DEG for 3hours in the absence of
sodium acetate exhibited the least particle size of ~15 nm. The UV vis-spectrum showed the
intensity peaks which are related to the particle size of NPs. As the particle size decreased, the
absorption peak shifted towards the lower range that is a blue shift. Also, the type of polyols
used, temperature and reaction time affect on the absorption peak. The phase identification and
crystallite size of all synthesized ZnO NPs were examined by the XRD analysis. All the
diffraction peaks fit well with the hexagonal wurtzite structure of ZnO. The average crystallite
size of all nanoparticles is in the range of ~15-23nm. The ZnO NPs synthesized in DEG in
absence of sodium acetate for 3hours showed the least size of ~15nm.The molecular structure of
ZnO NPs is revealed by FTIR spectroscopy. The thermal analysis is performed by the TGA,
which showed two successive decompositions. All the XRD, UV, FTIR, and TGA results
suggested that ZnO NPs synthesized by using different approaches showed the varieties in
properties. The surface morphology of ZnO NPs is examined by FESEM and TEM. The results
indicated that the addition of sodium acetate, use of different polyols, and change in the reflux
time from 2h to 3h gave a difference in the morphology from oval to rod shape with an
average particle size ~15-100nm. The ZnO NPs refluxed in DEG for 3h in the absence of

sodium acetate exhibited the least particle size.

The biological characterization study is done by using antibacterial activity, antibiofilm
activity, minimum inhibitory concentration (MIC), in-vitro cytotoxicity, and hemocompatibility.
Antibacterial study of all synthesized ZnO NPs is carried out by agar well diffusion method
against pathogens like Gram-positive Staphylococcus aureus and Gram-negative Proteus
vulgaris. The results concluded that the degree of antibacterial activity is size-dependent. It is
inversely proportional to the size of nanoparticles. Out of all synthesized ZnO NPs, ZnO NPs
prepared by using DEG for 3hours in absence of sodium acetate with the least particle size
~15nm exhibited remarkable antibacterial activity against both pathogens. Also, it is revealed

that the antibacterial activity is the maximum against S. aureus as compared with P. vulgaris
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because of differences in cell wall compositions in Gram-positive and Gram-negative bacteria.
MIC of all ZnO NPs is in the range of 10-20ug/ml. ZnO NPs with the least size showed a
significant percentage of inhibition against S. aureus than P. vulgaris, which is 32.67% and
22.38% respectively at 50ug/ml of concentration. Also, these ZnO NPs showed the highest
zone of inhibition as compared with other ZnO NPs against S. aureus (14mm) than P. vulgaris

(6mm).

Antibiofilm activity of all ZnO NPs is tested against S. aureus and P. vulgaris by using 96
well-plate microtiter plates. All ZnO samples showed an increased percentage of inhibition with
an increase in concentration. ZnQ NPs with the least size exhibited maximum percentage of
biofilm inhibition that is 67.3% and 58.18% against S. aureus and P. vulgaris respectively at
the concentration of 250ug/ml.

Hemocompatibility is a very important method to prove the in-vitro biocompatibility of
materials by using RBCs isolated from blood. It is reported that smaller nanoparticles exhibit
higher hemolytic activity than larger once. All ZnO NPs showed hemolysis below 2%, which

showed that these nanoparticles can be used as a promising agent in the biomedical field.

The cell viability of all ZnO NPs is investigated by using MTT assay in 1929 fibroblasts
cells. Results concluded that the intensity of cytotoxicity is inversely proportional to the size of
nanoparticles. It is revealed that ZnO NPs with the least size had maximum cytotoxicity and
less percentage of cell viability. The cell viability of ZnO NPs with the least size showed 92%
after 24h, 94% after 48h, and 72 h. The cell viability is slightly increased after 24h for 48h and
72h. The results suggested that among all synthesized ZnO NPs with the least size showed
good hemocompatibility and biocompatibility which can be further used in wound dressing

applications.

The next part of the thesis is the addition of ZnO NPs into the unique blend of PHBV-
PEO polymers (4:1) for wound dressing applications. To make previously prepared ZnO NPs
with comparatively good antibacterial and antibiofilm activity compatible for further wound
dressing applications, these ZnO NPs are reinforced into the blend of PHBV-PEO polymers by

using the electrospinning technique.
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There is well-reported literature on the addition of ZnO NPs into the PHBV matrix for
antibacterial applications. Also the preparation, characterization of PHBV-PEO blends in the
different ratios, the influence of PEO on the properties of PHBV, the effect of ZnO addition on
the crystallization behavior of PHBV is reported. However, no study is reported on the addition
of ZnO NPs into blends of the PHBV-PEO matrix for their antibacterial and antibiofilm

applications.

The incorporation of ZnO NPs in the PHBV-PEO blends is done by using the
electrospinning technique. Of all available strategies for the synthesis of one-dimensional
nanofiber, electrospinning is one of the most adopted and widely advanced techniques. The
advantage of this method is that it can yield continuous nanoscale fibers with diameters in the
sub-micrometer to nanometer range by using high voltage power supply. Also, they possess

outstanding properties like high porosity, small diameter, and high surface to volume ratio.

The role of incorporated ZnO NPs on the structural and morphological characteristics is
studied. ZnO NPs are incorporated into PHBV-PEO blends at different concentrations like 1%,
3%, and 5%. The ratio of the PHBV-PEO blend used is4:1. During the process of synthesis of
PHBV-PEO blends the ZnO NPs concentration is varied.

The surface morphology is determined by FESEM analysis. The FESEM analysis
observed, as compared with PHBV-PEO microfibers, ZnO reinforced microfibers exhibited
slightly higher diameter. The average diameter of PHBV-PEQO microfibers is 2.04-2.2um,
whereas microfibers with different ZnO concentration showed an average diameter of 2.2-

3.lum.

The spectroscopic analysis of prepared microfibers is done by the ATR-FTIR analysis.
The elemental analysis is done by the EDX analysis. The results suggested the successful
addition of ZnO NPs in the increasing order. The EDX results also confirmed the successful

incorporation of ZnO into PHBV-PEO microfibers.

Thermal analysis is done by DSC and TGA analysis. TGA analysis showed that PHBV-
PEO microfibers possess better thermal stability due to the crystalline nature of ZnO NPs. DSC

analysis showed that the incorporation of ZnO NPs doesn’t have any effect on the crystalline
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nature of PHBV-PEO microfibers. The relative decrease in crystallinity due to the addition of

ZnO NPs, confirmed that they act as a retarding agent for the crystallization in the microfibers.

The next characterization study of microfibers is swelling behavior. It is observed that
PHBV-PEO microfibers showed a higher percentage of weight gain than PHBV-PEO-ZnO
microfibers. The incorporation of ZnO NPs slightly reduced the percentage of weight gain as
microfibers with ZnO had lower porosity than PHBV-PEO microfibers.

The mechanical properties are mainly influenced by the presence of ZnO NPs. Tensile
strength is increased with the addition into PHBV matrix. Young’s modulus values are reduced
slightly with increased addition of ZnO NPs, while the incorporation of ZnO into the PHBV-PEO
matrix significantly increased elongation break. It is concluded that the obtained results of
mechanical properties were sufficient for wound during application as compared with PHBV -

PEO microfibers.

The successful dressing application of microfibers is possible after confirming their
biological study. The biological characterization study is done by using antibacterial activity,

antibiofilm activity in-vitro cytotoxicity, and hemocompatibility and cell adhesion study.

The antibacterial study of PHBV-PEO and microfibers with different ZnO concentrations
is done by the disc diffusion method. It is observed by measuring the zones of inhibition against
wound infection-causing pathogens, Gram-positive S. aureus and Gram-negative P. aeruginosa.
It is clearly observed that PHBV-PEO microfibers showed no zone of inhibition, while
composite microfibers with 1, 3, and 5% of ZnO NPs showed zone of inhibition against S.aureus
and P. aeruginosaare (Imm, 3mm, 4mm) and (Imm, 2mm, 3mm) respectively. It is observed
that the intensity of the antibacterial activity is increased as the ZnQO Nps concentration

increased.

The antibiofilm activity of PHBV-PEO and PHBV-PEO-ZnO microfibers are studied
against S. aureus and P. aeruginosa. It is observed that among all 5% PHBV-PEO-ZnO
microfibers showed the maximum percentage of inhibition against S.aureus (28.17%) as

compared with P. aeruginosa (24.51%), while 1% and 3% microfibers showed 10.17%and
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19.18% against S. aureus and 18.28% and 24.51% against P. aeruginosa. The results concluded

that the intensity of antibiofilm activity is increased as ZnO NPs concentration increased.

For wound dressing application, hemocompatibility and cell viability study are important
that can decide the ability of the material to be used for the in-vitro application.
Hemocompatibility study showed that the percentage of hemolysis of PHBV-PEO-ZnO
microfibers is higher than PHBV-PEO microfibers. It is 0.8%, 1.1%, 1.8% and 1.9% for PHBV-
PEO and PHBV-PEO-ZnO (1, 3, and 5%) respectively. These results concluded that these

microfibers are non-hemolytic as the hemolysis percentage of all microfibers is below 2%.

The cell viability study of microfibers is performed by using the L.929 fibroblast cell line
with MTT assay for 24h, 48h, and 72h incubation. It is observed that the cell viability decreased
for 24h, 48h, and 72h as the ZnO concentration increased. It is also investigated that the cell
viability of microfibers slightly increased after 48h and 72h of incubation than 24h of incubation.
Cell viability of PHBV-PEO microfibers is 98% for 24h and 99% for 48h and 72h incubation.
The cell viability is 84% after 24h, 85% after 48h and 72h incubation for 1% ZnO content, 80%
after 24h, and 81% after 48h, 82% after 72h incubation for 3% of ZnO content, 73% after 24h,
75% after 48h and 72h of incubation for 5% of ZnO content in PHBV-PEO microfibers. From
this investigation, it is concluded that these microfibers are non-toxic to cells. From all the
above observations, it is concluded that ZnO incorporated PHBV-PEO microfibers can be

used as a potential candidate in the wound dressing application.
9.3 Summary of thesis

Chapter 1 introduces all the necessary part in brief like biofilm-related information, biofilm
formation, drug resistance, different approaches to control biofilm and planktonic cells,
properties of the antibacterial and antibiofilm agent, ZnO NPs properties and biomedical
application, wound dressings, wound healing process, properties of ideal wound dressings,

biomaterials used for wound dressing, use of PHBV and PEO for wound dressings.

Chapter 2 introduces the theoretical background regarding ZnO NPs and their use in wound
dressing applications. ZnO NPs are well reported for their antibacterial and antibiofilm

applications. For the application of ZnO NPs in the wound dressing, application their
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incorporation in polymers is an important factor. Different polymers can be used for the
incorporation of ZnO NPs for wound dressing applications. PHBV-PEO hybrid microfibers have
gained a lot of interest in the development as a wound dressing material. However, to use them

as a wound dressing material antibacterial agents like ZnO NPs can be incorporated in it.

Chapter 3 focuses on characterization techniques for wound dressing materials. This chapter
discusses characterization techniques that are used to determine physical, chemical, mechanical,

swelling capacity, and biological properties.

Chapter 4 deals with the synthesis of pure ZnO NPs in polyols by using a modified reflux
method with the application of different approaches. It also covers the physical, chemical studies

of pure ZnO NPs.

Chapter 5 deals with the comparative study of the antibacterial and antibiofilm activity of all
ZnO NPs synthesized by using polyols. This chapter covers the brief comparative study of these
synthesized ZnO NPs for antibacterial and antibiofilm activity against pathogens. Besides, it
includes a comparative study of hemocompatibility, cytotoxicity study by using the L929
fibroblast cell line.

Chapter 6 focuses on the synthesis of hybrid PHBV-PEO-ZnO microfibers by using the
electrospinning technique. This chapter covers a brief study on the hybrid PHBV-PEO-ZnO
microfibers. It includes spectroscopic, morphological, mechanical, elemental, thermal, and

swelling studies.

Chapter 7 focuses on the antibacterial and antibiofilm study of the synthesized PHBV-PEO-ZnO
microfibers. ZnO NPs were incorporated in different concentrations. All antibacterial study is
performed against wound infection associated micro-organisms such as Gram-positive S. aureus
and Gram-negative P. aeruginosa. This chapter also covers the hemocompatibility, cytotoxicity

study in L929 fibroblast cells and cell adhesion and proliferation study.
Chapter 8 deals with the summary and conclusions of the thesis.

9.4 Major conclusions
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The ZnO NPs are successfully synthesized by the modified reflux method by using
different approaches like (i) in presence of sodium acetate, (ii) by using different polyols like
DEG and TEG, and (iii) change in the reaction time. Out of these approaches ZnO NPs
synthesized by using DEG in the absence if sodium acetate refluxed for 3h exhibited the least

crystallite size of ~ 15nm.

The physicochemical characterization of all synthesized ZnO NPs investigated by
employing structural and spectroscopic analysis confirmed the proper synthesis of pure ZnO
NPs. Besides, it provided basic information on materials such as size, shape, structure, chemical

bonding etc.

The phase identification is confirmed by XRD analysis as the hexagonal wurtzite

structure of ZnO. The average crystallite size of all ZnO NPs is in the range of ~15-23nm.

The UV-visible spectroscopy showed that the absorption peaks in 360-380nm which is a
characteristic peak for ZnO NPs. Also it is observed that the absorption peaks shifted towards a

slightly shorter wavelength with a decrease in crystalline size that is blue shift.

FTIR analysis showed all the peaks that correspond to the molecular structure of ZnO.

This analysis also revealed the adsorption of DEG/TEG molecules on the surface of ZnO NPs.

FESEM and TEM analysis revealed the morphology of synthesized ZnO NPs. These
analyses confirmed the differences in the morphology from oval to rod shape with an average
particle size of ~15-100nm. The size obtained from the FESEM and TEM images is consistent
with the crystallite size calculated from the XRD patterns of ZnO NPs.

The thermal analysis showed two successive decompositions. The first decomposition
occurred in the range of 145-257°C which is due to evaporation of surface adsorbed water and
moisture, while the second decomposition occurred in the range of 452-490°C which is due to
the loss of adsorbed DEG/TEG molecules in all samples. This investigation is consistent with

FTIR results that confirmed the adsorption of DEG/TEG molecules on the ZnO NPs.

The antibacterial study of all synthesized ZnO NPs showed the size-dependent

antibacterial activity. It is concluded that the intensity of antibacterial activity is inversely
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proportional to the size of nanoparticles. Out of all synthesized ZnO NPs the ZnO NPs with the
least particle size (~15nm) showed maximum antibacterial activity against S. aureus as compared

with P. vulgaris.

The minimum inhibitory concentration of synthesized ZnO NPs is in the range of 10-
20pg/ml. It is concluded that among all samples ZnO NPs with least size exhibited maximum
percentage of inhibition for S. aureus (32.67%) than P. vulgaris (22.38%) at a concentration of
50pg/ml.

The growth curve pattern of S. aureus and P. vulgaris in the presence of all ZnO NPs
indicated decreased bacterial cell growth. From these results it can be concluded that the ZnO

NPs show slightly more activity against S. aureus than P. vulgaris.

ZnO NPs with the least size exhibited maximum percentage of biofilm inhibition as
compared with other synthesized ZnO NPs against S. aureus and P. vulgaris that is 67.3% and
58.18% respectively at the concentration of 250pug/ml.

The hemocompatibility study of all ZnO NPs showed below 2% hemolysis. Smaller NPs
showed higher hemolytic activity than larger once. From the obtained results it can be concluded

that all ZnO NPs can be used as a promising agent in biomedical fields.

The in vitro cytotoxicity studies of all synthesized ZnO NPs showed the nontoxic nature
of all nanoparticles carried out by using the fibroblast L929cell line by using MTT assay. From
these results, it is concluded that these nanoparticles are biocompatible and can be further used

for wound dressing application.

Novel PHBV-PEO microfibers reinforced with uniformly dispersed ZnO NPs are
successfully prepared by using the electrospinning technique. The physical, chemical and

morphological characteristics are studied by using different spectroscopic techniques.

The FTIR analysis showed peaks that suggest the successful incorporation of ZnO NPs in
different concentrations like 1, 3, and 5% in PHBV-PEO microfibers.
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The FESEM analysis observed that as compared with PHBV-PEO microfibers, ZnO
incorporated microfibers exhibited a slightly higher diameter. The average diameter of PHBV-
PEO microfibers is 2.04-2.2um, whereas microfibers with different ZnO concentration showed

an average diameter of 2.2-3.1um showing the successful incorporation of ZnO NPs.

EDX analysis confirmed the successful incorporation of ZnO NPs in different

concentrations like 1,3 and 5% in PHBV-PEO microfibers.

Thermal analysis is performed by TGA and DSC analysis. TGA study showed that
PHBV-PEO microfibers possess better thermal stability due to the crystalline nature of ZnO NPs.
It can be concluded that the addition of ZnO NPs into PHBV-PEO microfibers increased thermal
stability. DSC analysis showed that the incorporation of ZnO NPs doesn’t have any effect on the
crystalline nature of PHBV-PEO microfibers showing the retarding action of ZnO NPs for the

crystallization in electrospinning microfibers.

The mechanical study of these microfibers suggested that, ZnO incorporated PHBV-PEO

microfibers possess sufficient mechanical properties as compared with PHBV-PEO microfibers.

The swelling study suggested that the fibers with finest diameter showed maximum
swelling and fibers with the thicker diameter showed relatively poor swelling. It also showed that

ZnO incorporated microfibers have better uptake capacity of exudates.

The in vitro antibacterial study showed that PHBV-PEO-ZnO (5%) exhibited a maximum
diameter of zone of inhibition against S. aureus (4mm) as compared with P. aeruginosa (3mm).It
can be concluded that the degree of antibacterial activity is increased with an increased

concentration of ZnO NPs.

The results of the antibiofilm study revealed that the intensity of antibiofilm activity is

increased with an increase in the concentration of ZnO NPs in PHBV-PEO microfibers.

Hemocompatibility study suggested that these microfibers are non-hemolytic, as a

hemolytic percentage of all microfibers were below 2%.

The in vitro cell viability study by using L929 fibroblast cell line showed that all

microfibers have 73-99% cell viability, showing that these microfibers are non-toxic.
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The biocompatibility, non-toxicity, hemocompatibility, swelling property, better thermal
and mechanical properties suggested that it can be employed as a potential antibacterial

candidate in wound dressing applications.
9.5 Future scope of the thesis

¢ Zinc oxide nanoparticles: Alternative to drug-resistant microorganisms

The synthesized all ZnO nanoparticles have good antibacterial and antibiofilm activity.
Additionally, they are biocompatible. To treat different infections caused by drug-resistant
bacteria, ZnO NPs can be used as a potential antibacterial candidate rather than the use of

conventional antibiotic therapy to treat infections.

+ Reinforcement of ZnO NPs in PHBV-PEO microfibers: Can be significantly utilized

in the wound dressing applications

The prepared PHBV-PEO-ZnO microfibers possess better antibacterial and antibiofilm
activity. Also they show a biocompatible nature. These microfibers can be significantly utilized

for industrial and commercial purposes by carrying in-vivo experiments on animals.
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