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ABSTRACT

Bioactive glass has a phenomenal ability to interact when in contact with biological tissues
and promote healing through controlled ion release. In this study, bioactive glass was
synthesized using Vitamin C, which acts as a natural template. The synthesised material were
e characterized by UV-Visible Spectroscopy to confirm the formation of a glass network, by
dynamic light scattering (DLS) and zeta potential measurements to assess the hydrodynamic
size and surface charge of the dispersed particles, and Fourier Transform infrared
spectroscopy to analyse its structural properties. Further, the synthesized material was
incorporated into films consisting of Methyl Cellulose and Pectin. In this film, glycerol was
used as a plasticizing agent to reduce brittleness and boost the flexibility of the film. Methyl
Cellulose provided mechanical strength to the film and enhanced its transparency, while
pectin provided gelling and antioxidant potential. The film was prepared with an aim to

develop a platform suitable for biomedical applications.
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13 CHAPTER 1: INTRODUCTION

Dermal wound healing is a complex and precisely coordinated physiological mechanism
mvolving four interconnected stages: hemostasis, inflammation, proliferation, and tissue
remodeling. Among these, hemostasis occurs first. Additionally, the formed clots provide a
o viable and interactive framework for the migration of inflammatory cells and fibroblasts that
contribute to the advanced stage of wound healing. Thus, it is crucial to design a
multifunctional that can fulfill the needs of different phases of wound repair. Bioactive glass
structures represent a novel group of biocompatible materials with significant potential in
dermal tissue repair as they accelerate re-epithelialization, enhance vascular formation, and

modulate inflammation [1].

It has been more than 50 years since the term "bioactivity" was first used to describe one of

the functions of ceramics and glasses. Bioactive Glass is a glass material that has gained

significant attention in the medical field. BG has emerged as a promising class of biomaterial
for tissue engineering and bone regeneration [2] by interacting with the biological system to
promote osteogenesis, angiogenesis, and antibacterial activities through the release of ionic
products that stimulate osteoinductivity, depending on the type of ion released and its

concentration, specific properties can be achieved.

@ - @ioactive glass possesses the unique ability to bond directly with living bone through the
formation of a hydroxy carbonate apatite (HCA) layer on its surface. The controlled release
0 of therapeutic ions such as Si**, Ca®", P>* plays a crucial role in stimulating osteoblast

proliferation and extracellular matrix mineralization.

Several techniques have been reported for the fabrication of BG material, such as
microemulsion frame spray, laser spinning, or mostly synthesized by sol gel method using
organic solvents. In contrast, this work focuses only on bioinspired method at ambient
condition was developed by drawing inspiration from naturally occurring nanostructured
materials. Herein, we describe the synthesis of bioactive glass articles utilizing vitamin C as

a template following bio inspired route.

Out of many bioactive molecules, vitamin C has proven to be a promising contender due to
its substantial antioxidative and antibacterial capabilities, along with its essential role in
human health maintenance. BG has also been reported to be bioresorbable during tissue

repair. In the present study, we are fabricating a BG-incorporated film using methyl cellulose

9
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and pectin as biopolymer blends. The combination of pectin and cellulose enhances the
overall performance of wound dressing by improving mechanical strength, enhancing
moisture retention capacity, and promoting tissue regeneration. Thus, numerous studies have
explored methods to reduce the brittleness of edible films by incorporating plasticizers into
the film matrix. Generally, a plasticizer is used to improve the flexibility of the film. Glycerol
is @ common plasticizer used to reduce the brittleness of the film due to its lower molecular
weight, which makes it easily insert into the polymer chain [3]. Furthermore, we investigate
the effect of methyl cellulose and pectin films on wound healing with those using glycerol

as a plasticizer.

[
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J
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—
\ Enhanced Dermal Wound Healing
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Figure 1: Schematic representation of Vitamin C-templated BG synthesis and integration
into composite film for enhanced dermal wound healing
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CHAPTER 2: LITERATURE REVIEW

2.1. Bioactive Glass: (A Brief Historical Perspective)

Few developments in modern materials science have remained as influential as bioactive
glass. In the early 1970s, Larry Hench demonstrated that a silicate-baseiold ceramic could
do more than simply exist beside living bone it could chemically bond with it. This

breakthrough

established a lasting connection between chemistry and bogy that continues to shape research

today. The material, later known worldwide as 45S5 Bio-glass, consisted of a simple

o combination of silicon dioxide, sodium oxide, calcium oxide, and phosphorus pentoxide in

carefully balanced proportions.

In the years that followed, the field of Bioactive glass advanced significantly. As growing
with the improved compositions, it is founded that the replaced conventional high-
temperature melting techniques with the more controlled sol-gel method, and began
exploring broader possibilities for these materials. It focuses on the shifted from simply by
achieving bone bond by this the Research has made that these shown that these goals are
achievable in the given amount. Today we had seen the Bioactive Glasses are produced in

particle form.

Common linked feature which have the following applications in the fundamental concept
first recognized by Larry Hench. As it said that the Bioactive Glass does not remain stable
by a biological environment in it. This is been approached because of the Bioactivity, arises
from the controlled loss of the glass structure which causes the ions that promote for the

further, cellular growth, and tissue development.
2.2. Vitamin C found as Natural Agent

The concept made up of using organic molecules by taking as the direct in the structure of
Sol-Gel Derived Material is well established in their synthesis of their Mesoporous in the
silicas and related materials. The surfactant, block co polymers and biological macro
molecules will have all been used for the structure in the directing agents like by the
interacting through the developing of their inorganic network and leaves behind their
characteristic pore architecture when removed by Calcination. By their present work it has

founded that the Vitamin C and Ascorbic Acid conducting as the naturally derived from the

11
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Agent uses for BG particle synthesis for their broader movement toward greener, bio-inspired

synthesis in their methodology.

The ascorbic acid is found to be the intriguing the candidate for this purpose. It will carrying
the multiple OH groups which is coordinated by the metal ions in the solution to form
hydrogen bond with the silanol species, by the influencing of their developing silica network.
Its mild behaviour in the Reducing Character adds another dimension, particularly through
the relevant if transition metal dopant are found in their glass. Therefore the use of a
biologically benign vitamin as in the template will found as the rather then by using the
synthetic surfactant in the organic solvent as it will reduce the potential for their residual
toxicity by their final material as in their of the important consideration of the given the
intended biomedical application. To the best of the authors knowledge |its been specific
approach for the BG particle synthesis which had not previously been reported to the

literature and making it as the novel and potentially significant.

After we know that the synthesis of the Vitamin C is been founded as the template is removed
during Calcination leaving behind BG particle whose size is being the morphology of the
and the surface properties will have been founded by the shaped by the template by making
of the matrix interaction. By using the characterization the particles using UV-Visible
spectroscopy by applying in the FTIR spectroscopy is been carried out to understand these
properties and to the evaluation in the whether for the vitamin C as this approach is been
used for the produces particles with the characteristics for the favourable in the biological

application.
2.3. Characterizing

By the material study we know that the lives or dies by the quality of its characterization.
Through the synthesis we been given as a powder or a film as it characterisation which tell
us whether that we made why it behaves the way it does and what might be improved in the
future. The characterization toolkit deployed in their present study spans optical
spectroscopy, particle sizing and the surface charge measurement and Vibrational
spectroscopy by its a combination that provide a reasonably complete picture of the synthesis

nanoparticle and the composite film into which they were incorporated.

UV Visible spectra will offered various optical properties for the particle for its system and

it is particularly useful for the monitoring the fate of the species having this during synthesis.
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In the context of this vitamin C templated for the BGPs this method can track the changes in
the optical signature for the Ascorbic acid as it interacts with the developing glass network,
providing the indirect evidence of template-matrix interaction for the completeness of

template removal after by the given calcination.

Analysis of the two complementary measurements such as the 1.Dynamic light scattering for
the hydrodynamic particle size, electrophoretic for the scattering of the zeta potential. The
hydrodynamic diameter|is been measured by their dynamic light scattering and it will reflects
the particle core so that the together we can make up with the surface for the adsorbed layer
in their shell of the associated solvent molecules and for the making it more relevant metric
for predicting colloidal behaviour to a geometric diameter alone. Zeta potential is mainly
used for the stability indicator in which the particles of an absolute values greater than
roughly by the estimation measures to the 30 mv which tend to be repel from one another so
that the sufficiently to remain dispersed with the lower value as it would for a tendency to
getting it forward [2]. For BGPs in the incorporation for the polymer films have the good
colloidal stability which would facilitate the homogeneous mixing and it will lead to the
helping as the to avoid the formation of large film to geeting the integrity and uniformity of

biological performance.

FTIR spectroscopy is been found to be the most informative single technique which is
available for the characterising bioactive glass as we have seen. The vib fingerprint of the
Si-O-Si appear to be as the strong asymmetric stretching which will ocuuer near at band of
1080 cm-1 while a seeing as the symmetric stretching of the band near at the 800cm™'. Silanol
groups is to be founded for the Reactive surface species responsible for initiating apatite
nucleation which will give a characteristic signal at around 950cm'. That will leads to the
phosphate into the glass is confirmed by bands near 1000 to 1220 wave numbers and a
doublet will appear at approximately 569 and 603cm’'. Together these features will provide
a confirmation for the glass network has formed a intended which had the key for the

functional groups necessary for bioactivity are present at the surface.

Techniques which will include such as the X-Ray diffraction which had the confirm the
amorphous nature of the glass as an important since it will leads to the crystallisation during
Calcination can reduce the activity while in the scanning of the electron microscopy reveal
particle morphology and the distribution of particle through the composite film. Energy
dispersive X-ray spectroscopy will allow to lextend the SEM imaging for the providing the
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localised for the elemental information confirming that calcium, silicon, and phosphorus are

all present in the expected in their proportions.

2.4. Pectin

2.4.1 Chemistry and Gelation

Pectin occupies a curious position in the scientific literature-it has been known and used in
food science for over a century, yet its potential as a functional biomaterial has only been
seriously explored in the past two or three decades. The polymer is extracted commercially
from citrus peel and apple pomace and consists primarily of galacturonic acid units linked in
a linear chain, with carboxylic acid groups that may be methylated to varying degrees. This
degree of esterification is the key structural parameter that controls how pectin behaves in

solution and in the solid state

Pectin is a versatile natural polymer whose properties depend largely on its degree of
methylation. High-methoxyl pectin, which contains more than 50% methylated carboxyl
groups, forms gels under acidic conditions and in the presence of high sugar concentrations
through hydrogen bonding and hydrophobic interactions. In contrast, low-methoxyl pectin
contains fewer methyl groups and more free carboxyl groups, allowing it to form gels in
the presence of divalent ions such as calcium through ionic crosslinking, commonly
explained by the egg-box model. Because of these different gelation mechanisms, pectin
can be used in a wide range of applications, including encapsulation systems, films, and

tissue engineering scaffolds.

Apart from its structural properties, pectin also offers several biological benefits that make
it attractive for biomedical applications. It is resistant to digestion in the upper
gastrointestinal tract but can be broken down by colonic microorganisms, making it useful
for colon-targeted drug delivery systems [5]. In wound-healing applications, one of its most
important characteristics is its antioxidant activity. Pectin can help neutralize reactive
oxygen species that accumulate at wound sites and may otherwise slow down tissue repair
and cell growth. This natural antioxidant property adds further value to pectin-based
composite films and supports their potential use in biomedical and wound-healing

applications [6].
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High methoxyl pectins, carrying more than fifty percent methylation of their carboxylate
groups, gel under acidic conditions and in the presence of high co-solute concentrations
through hydrogen bonding and hydrophobic interactions. Low methoxyl pectins, with fewer
methyl groups, expose a greater density of free carboxylate charges and gel rapidly in the
presence of divalent cations such as calcium through an ionic crosslinking mechanism
elegantly described by the egg-box model. This versatility in gelation chemistry makes pectin
a highly adaptable platform for encapsulation, film formation, and scaffold fabrication across

a wide range of conditions.[6]
2.4.2 Pectin in Film-Based Biomedical Applications

The development of the pectin-based film for the pharmaceutical and the biomedical use had
accelerated market over the past fifteen year as a result it is been driven by the growing of
natural polysaccharide film which will offer for the biocompatibility, tunablility, degradation
and functional versatility which will lead for the synthetic polymer film as it will often cannot
match [7]. Chitosan pectin films has been demonstrated for the two polymer which will be
combined to produce the material along with the mechanical properties superior to the either
polymer alone with their alone with electrostatic interaction between positively charged

chitosan and negatively charged pectin.

Researchers had took the concept for the developing of the pectin PLGA composite for tissue
regeneration. Their design is been made for the mechanical robustness of the hydrophobic
PLGA network with their biological Signalling the capacity of their hydrophilic pectin phase,
along their crosslinking of the calcium ion. Osteoblast culture on these composite which has
been confirmed that the pectin component facilitated cell adhesion and proliferation this will
illustrates that their biological character of the formation of the polysaccharide can actively

direct cellular for their behaviour within the composite.

The relevance of all this will leads to the present study is straight forward for the things.
Pectin brings a set of different functional property like the gel forming ability, antioxidant
activity, cell-interactive potential Thus that the complement is been founded duplicate the
contribution of the bioactive glass particles. Together, the two components like as the address
of the different aspect of their biological environment in which their composite will film

perform better with the polymer phase providing the structural strength.
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2.5. Methyl Cellulose: The Structural Backbone of the Film

Pectin will contribute for the gelling ability for the biological activity to the composite film
system, methyl cellulose contributes structural integrity and optical clarity. As it is been
derived from the cellulose nature thus the most abundant biopolymer on earth will been made
by the following by the partial methylation of the OH- group is founded as the backbone of
their chain, and the methyl cellulose is been dissolve and readily found in the cold water and
then it will foem the gell upon heating through a complex mechanism which is been found
in the inverse of most polymer gelation processes. In film form it will leads to the products
like as the coherent sheets that have long been use in pharmaceutical formulation as

controlled release matrices and tablet coating.

The contribution of the methyl cellulose for the composite of the polysaccharide films is well
eastblished. Its Semi crystalline for the chain architecture provide the of stiffnes which will
have the pure pectin film for the typically lack then for the reducing brittlenes and improving
the ease with which the film can be handled cut and applied. Optical transparency for the
another attribute worth noting in their dressing application the ability to visually inspect the

wound through the dressing by the disturbing it is clinically valuable.

While adding the glycerol addeding the plasticising agent in the present formulation work by
the inserting the itself between the polymer chain of both pectin and methyl cellulose
disrupting the Intermolecular hydrogen bond will lead to the would and otherwise give the
film a brittle, glassy character. This will result in the reduction as the effective glass transition

temperature and have the corresponding increase in film flexibility and elongation at break.

2.6. Literature About the Polymer-BG Composite

2.6.1 PVA and Chitosan Hybrid Systems

Mansur and Costa have produced some of the most systematically characterised polymer
bioactive glass hybrid scaffolds [8] in their early literature and working with PVA and
chitosan in combination with a 3degree SiO2-CaO-P,0s glass. As it will approach toward the
combining PVA solutions with a sol-gel glass precursor mixture and a surfactant generated
highly porous three-dimensional scaffolds with interconnected macro pores in the range of
10 to 500 mm. A pore architecture well suited to its bone in growth. FTIR and the small angle
X-ray scattering characterisation demonstrated as the polymer chain interacted with the glass
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network through H-bonding between —OH group of PVA and silanol groups on the glass
surface, and that the degree of hydrolysis of the PVA had influenced the both the kinetic of

gelation and the final mechanical properties of the scaffolds.

The MTT cell has show that neither the glass component nor the polymer phase introduced
measurable cytotoxicity by finding that it is independent of the PVA/glass ratio. This is the
important validation for concept. The elastic model has measured for these scaffolds and the
ranging from the approximately 2.6 to 6.0 Mega Pa for the fell within the range considered
appropriate for cancellous bone replacement, demonstrating for the mechanical design and

biological safety could be achieved simultaneously.
2.6.2 Natural Polymer Composites: Alginate, Chitin, Gelatin

The incorporation of BGNP into natural polymer has created a rich body of literature [9] by
the spanning a wide variety of the polymer chemistry and it’s structural format [10,11].
Although the polysaccharide has obtained from brown seaweed and then its is combined with
BGNP by Srinivasan to produce the composite scaffolds for periodontal tissue regeneration
[12]. The BGNP contributed improved biomineralisation and for the greater protein
adsorption, enhanced cell attachment with the ALP activity in the human periodontal
ligament for the fibroblast showing a characteristic peak at seven days that the author
attributed to the culmination of osteoblastic differentiation stimulated by the ionic dissolution

products of the glass.

Chitin BGNP composite which is been reported by researchers and showed that the glass
particles is dispersed for the homogeneously with the polysaccharide As it would show that
the freeze drying process and that their presence increased swelling, degradation rate and
apatite forming ability compare by the pure chitin scaffolds. Critically kwon as the human
primary osteoblast cell cultured on these composites formed the mineralised bone nodule in
the absence of the supplementary osteogenic factor which Deal with the compelling
demonstration that the material environment itself is being sufficient to direct cell

differentiation.

As the Gelatin based BGNP composite provide another example [13]. As the researchers
examined that the influence of BGNP size on the properties for their gelatin based
nanocomposite scaffold and found that the smaller particle had been produced for the
stronger and stiffer material as well found the greater bioactivity It will creates the double

benefit as it will leads to the increased surface area which has enhanced the particle.
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2.6.3 Silk Fibroin Films: A Particularly Instructive Comparison

The work on the silk fibroin or the nano bioactive glass composite film [14]. It will deserve
particular attention here not only because it represents one of the more thorough
characterisation of the natural polymer BGNP film system as it will consists because it is in
the experimental design and then closely parallel for the approach to adopted in their present
study. Silk fibre is being chosen as the polymer part because of its excellent bio compatibility
and for the film forming properties as it shares with many natural polymer the limitation of
being biologically inert. As it is to promote the formation of a mineral interface with bone

tissue.

Composite film is fabricate by solvent casting and characterise by their FTIR As we all know
that the water contact angle for the measurement or in immersion for 1.5x SBF. By the FTIR
analysis it is been confirmed that the Si-O-Si and Si-O-Ca characteristic the band of the glass
are identifiable for the composite spectra alongside the amide band of the silk fibre and
importantly, that the secondary structure of the protein which have the balance between
random coil and betasheet conformation. As it was not significantly disrupted by their
presence of the glass particle. This is a meaningful finding because the mechanical properties

of silk fibre.

As the hydrophilicity measurement shown that the NBG incorporation had the progressively
improved for the wettability of the composite films and with the statistically significant
difference becoming the apparent for the loading of 10 wt.%. As the immersion in SBF
increases for the seven day to produced the conspicuous deposits of the hydroxy carbonate
apatite on the composite film with the glass loading of 4 wt.% and above As we know that
the pure silk fibre and composites with only 1 wt.% NBG showed no observation on the
point. For the threshold loading below the density to exposed for the glass particle is
insufficient to nucleate for the apatite effectively. Osteoblast have the culture study which
have shows progressive improvement in both proliferation and ALP activity with increasing
the glass content for the 10 wt% composite significantly for the outperforming the pure

polymer.
@ 2.7. Bioactive Glass for the Soft Tissue and for the Wound Healing
As we have seen that the bioactive glass is an exclusively a bone material. Then for the same

ionic dissolution of the product which can we stimulate their osteogenes part which will also
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influence their behaviour of fibro blasts, endothelial cells, and and their keratinocytes in the
cell of their types which is mostly directly involved in their wound healing [15]. Researcher
had found the bioactive glass particle stimulated to their release of their vascular endothelial
growth factor from the cultured rat fibroblasts which is been pointing towards a pro-
angiogenic mechanism that could accelerate the neovascularisation of the healing wounds
[16]. Then the subsequent work confirmed that the silicon and calcium ions is being release
from the glass to activate the signalling pathways, which result in the tissues exposed from
the bioactive glass dissolution for the products tend to the develop richer vascular network

more quickly than from its control [17].

The electrospun poly (epsilon-caprolactone) composite membranes which have the silver-
cobalt doped BGNPs specifically used for the wound healing purposes [18]. The rationale
for doping was well considered and the silver ions are among the most effective natural
antibacterials and been founded to be the disrupting the bacterial cell membranes which will
include the RNA and DNA replication and blocking the cellular respiration across the broad
spectrum of the pathogens. Cobalt, meanwhile the hypoxic signalling in which the body uses
to trigger angiogenesis it activates the hypoxia-inducible factor which in turn regulates the

production of the erythropoietin and various growth factors.
The important observation from the study is that the cobalt-doped BGNP not produce the

hydroxyapatite deposits upon SBF immersion. Then it might be appear to be the limitation
from their bone tissue of their engineering perspective, it is actually desirable for soft tissue
wound for the dressings where the mineralisation of the dressing would be inappropriate and
potentially harmful. This will lead to the example illustrates from the broader principle in
composite biomaterial design. Thus the response must be matched to the target tissue and the

composition of the glass.

The composite film system is been developed at the present work and it takes about the
somewhat different approach to the wound relevant for the functionality [19] and then on
relying at the antioxidant properties of pectin and the controlled ion release of the BGNP
rather than metal ion doping. This represents a complementary strategy By using of the
inherent biological activity of the polymer alongside the bioactivity of the glass rather than

engineering all biological functionality into the inorganic component.
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Figure 2: Diagrammatic illustrations of natural polymer with BG to create Composites

2.8. In Vitro Bioactivity Testing for the Simulated Body Fluid

Kokubo had published their protocol for preparing the simulated body fluid in the early 1990s
and they provided the biomaterial field with one of the most widely adopted screening tools
[20]. SBF is a solution in which the ionic composition is being broadly consists of the human
blood plasma and the logic of the test is straightforward If a material can induce the formation
of a hydroxyapatite layer on surface when immersed in SBE. So it is likely to do the same
when implanted in the body and bone. This simplicity of the test and the relatively is found
to be modest in the equipment requirements and the accumulated body of comparative data
in the literature have made SBF testing a near-universal first-line characterisation for any

material intended for hard tissue applications.

The polymer BGNP composite films is made up of the SBF testing as it will reveal the
important information beyond the merely confirming bioactivity. The thickness and the
density of the apatite layer it will forms the timescale over which it appears and its
distribution across the film on its surface it all reflect the accessibility of the glass particles
within the polymer and their capacity to nucleate mineral deposition. As the result showed

in their silk fibre NBG study, there is the minimum glass loading below which apatite
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formation is not observed, because too many of the particles are found within the polymer

bulk and cannot interact with the fluid.

Thus the mechanism which will lead by their bioactive glass which induces the apatite

formation is well characterised. Thus the silicon ions released from the glass surface they are

g been deposited on their polymer chains thus where the Si-OH groups will act as nucleation

sites for calcium phosphate crystallisation. Simultaneously, calcium ions released from the
glass increase the ionic activity product of the surrounding fluid with respect to apatite,
lowering the supersaturation threshold for mucleation! Together, these effects accelerate
apatite formation well beyond what would occur spontaneously in SBF at body temperature.
In composite systems containing pectin, the carboxylate groups of the polysaccharide may
provide additional nucleation sites, further enhancing the mineralisation potential of the

material- a synergy that has been noted in other natural polymer-glass composite systems.
2.9. Mechanical and Physical Properties of Composite Film

A composite film which is promising for the mechanically making of the limited clinical
value. Thus the mechanical requirement for the biomedical film will vary widely depending
on the application for a wound dressing which must be flexible enough to get the conform
on the wound surface it will resist for the tearing during application and removal while a
tissue engineering scaffold which will must provide the adequate structural support for the
cell during the regeneration process. Therefore the mechanical properties of a composite film

which is therefore takes the prerequisite for assessing fitness for purpose.

Thus performing the tensile testing it is found the standard approach for the characterizing

the behaviour of thin film thus the measuring on the Young's modulus therfore the ultimate

9 tensile strength and elongation is at the break. Thus the addition of the rigid nanoparticle to

a polymer which is been typically increases the stiffness but it will reduces the extensibility
as the particle to restrict the chain mobility and if it is present at the sufficient densityit will
act as the stress concentrators as it will take that the initiate fracture to lower strains. Thus
the magnitude of these will effect and it will depend upon the critically on the quality of their
particle dispersion. It is well distributed about the nanoparticle. As while it is been made the
cluster concentrate stress and can reduce strength than enhance it. By achieving the
homogeneous dispersion as it is found the important and processing the objective of the

achieving adequate.

21

Z'l—.l turnltln Page 27 of 47 - Integrity Submission Submission ID  trn:oid:::27535:143403957




L]

L]

le—.l turnitin Page 28 of 47 - Integrity Submission Submission ID _ trn:oid::27535:143403957

Studies had provided the complementary information about their the film it will behave in a
wet biological environment. Although the most natural polysaccharide will leads to the film
absorb water readily and monitoring the kinetics of swelling and mass loss in physiological
buffer gives a useful indication of the material lifetime as it will lead to the increase at the
rate of which it will release the incorporated bioactive agents. The presence of BGNP will
lead to the modulate their kinetics and in a obvious way. Thus therfore the ionic dissolution
of their glass creates the local alkaline of the micro environment that can be buffer for the
acidic degradation of their product of some polymer and their potentially to be extending

their material lifetime.
2.10. Biocompatibility: Cell Studies

No matter how is the elegant is the chemistry is for the low impressive thus the mechanical
properties had make a material intended for the biomedical application which must ultimately
can demonstrate the it will does not harm the living cells. Cytotoxicity will leads to the
assessment that is why therefore a non-negotiable component is been responsible for the
biomaterial study and the approach and then it will used in the literature which will reflect
the diversity of the biological questions. Thus the most commonly used for the tool of the
assessing the cell is been founded as the viability and their metabolic activity as it will contact
for the with to test the material. This will assay exploit the ability of their metabolically active
cells to reduce the given yellow tetrazolium salt of the purple formazan product, with their
intensity of the colour being proportional to the number of viable active cells. Thus the
critically it will result in the consistent were came to the across the range of composition
therefore it would been suggesting that the biocompatibility of the composite was robust as

it will rather than narrowly optimised.

More and more the detailed and the biological assessment are been made and been move for
the beyond simple it is found the viability to examine how cell is been interact with the
material and how they adhere it strongly spread effectively, and it will proliferate over the
extended period, and ultimately causes for the differentiate into the specialised cell type for
the relevant to the targeted tissue. Researchers has been demonstrated that level of rigour in
their silk fibre in NBG study showing that not only that osteoblasts remained viable on the
composite film as it proliferated more actively and been expressed for the higher level of

alkaline phosphatase in the glass content increased. Thus the morphological characterisation
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is of the cell by SEM imaging at day three showed the filopodia extending between adjacent

cells, indicating active intercellular communication and engagement.

For the pectin methyl cellulose of the BGNP composite film of the present study cell which
studies will be the ultimate arbiter of the material's biomedical potential. The combination of
their pectin which carries the biological pedigree as in the ECM mimicking the
polysaccharide with the pro cellular ionic micro environment created by the dissolving
BGNP suggest that the material design been is likely to be cell compatible. Whether it
actively promotes the cellular responses relevant to its intended application wound healing
soft tissue engineering or a more generalised the biomedical platform remains to be

established by this experiment.

Antibacterial Applications

agent of BG

Bone tissue

o Implant dentistry
engineering

Figure 3: Various Applications of Bioactive glass
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CHAPTER 3: MATERIALS AND METHODOLOGY

3.1 Materials

e Bioactive glass material were synthesised _
$2889), calcium acetate (CaAc) (C.N. 1086334), and natural template Vitamin C (MW=
©  176.12, purity 99%) are procured from Sigma-Aldrich Company.

Other chemicals required for film preparation, such as Methyl Cellulose, Pectin, and
@  glycerol, were purchased from Sigma-Aldrich. All chemicals were of analytical reagent
grade and used as received without further purification.

@  Milli-Q water was used throughout all experiments. All other reagents used for experiments
were of analytical reagent (AR) grade. The chemical structure of chemicals/biochemicals,
along with the manufacturing company used in this study, is listed in Table 1.

Table 1: Chemical structure of chemicals/biochemicals used in the study

S.No. Name of the Chemical Structure

chemicals/Biochemicals

1. Tetraethyl orthosilicate /
(TEOS) O

TrietyIphosphiate .
(TEP) (C.N. 821141) |
N
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3. Sodium acetate (NaAc) o]
(C.N. S2889) .\
Na
o
4. Calcium acetate (CaAc) 0 0
(C.N. 1086334) /H\ /[L cat
(0} (0]
5. Vitamin C (MW= HO
OH
176.12, purity 99%)
\
(0]
O : OH
OH
6. Methyl Cellulose
OR
RO
OR
Q
Y
RO OR
R=H o __CHj OR
7. Pectin
COOH OH COOH OH
Q o) O o) o]
OH OH OH @ >/
e} O 0 (0)
OH COOH OH COOH
Pectin
Poly-a-(1— 4)-galacturonic acid — Section of the pectin main chain
8. Glycerol OH
HO OH
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3.2. Methodology

3.2.1. Preparation of Bioactive glass

0 BG particles were synthesized using a previously reported bio-inspired technique with
Vitamin-C serving as a biocompatible and green templating agent to regulate the nanoparticle

formation and surface properties.

o Briefly, the vitamin-c template (1mg/ml) was dissolved in 10mM TRIZMA buffer at pH 8
under continuous stirring at physiological temperature, followed by the addition of BG
precursors, namely TEOS(92.9¢g/1), TEP(10g/1), NaAc(63.6g/1), and CaAc(42.1¢g/1), each at
0 an interval of 30 min to allow controlled hydrolysis and condensation in the order as
mentioned above. After that, the reaction mixture was maintained in a water bath for the next
24 hours at 37 °C to allow complete particle formation. Then the sample was centrifuged
g (10,000 rpm, for 15 min) to obtain deposits and the pellet was washed with 70% v/v ethanol

to remove unreacted precursors and residues. The washed nanoparticles were dried in an

oven and stored in a desiccator until further use.
3.2.2. Preparation of Methyl Cellulose-Pectin Composite films

Biopolymer films incorporating BG particles were synthesized using a solvent casting
method. To prepare MCPF (functional film), Methyl Cellulose (0.75g,2.5%w/v), Pectin
(0.756g, 2.5%w/v) were each dissolved in 30ml Milli-Q water at an interval of 30 min with
continuous stirring to ensure homogeneous distribution of particles throughout the matrix.
m Then, BG particles were dispersed in the above solution at a concentration of 1 mg/mL (0.03
g in 30 mL) for 30 min with continuous stirring. Glycerol (0.25 g) was added as a plasticizer

to improve film flexibility and reduce brittleness.

The final film-forming solution was poured into a glass petri dish and allowed to dry in an
oven for 24-48 hours. The dried films were carefully peeled off after complete drying and

stored in a desiccator [for further characterization.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Characterisation of Bioactive Glass Particles (BGPs)
The BGPs were synthesized using a bio-inspired aqueous method at a physiological
temperature (37 °C). As most lab syntheses push much higher temperatures, here we

maintained physiological temperature for the BGPs synthesis. Vitamin C was used as a

g natural templating agent. The precursors TEOS, TEP, sodium acetate, and calcium acetate

were added sequentially at an interval of 30 minutes into a 10mM TRIZMA Buffer at pH 8
under continuous stirring. This gradual addition was important to allow controlled hydrolysis
and condensation of the silicate network without everything crashing out at once in the
solution. The prepared solution was placed in a water bath, and after 24-48 hours, the
suspension was centrifuged, washed with ethanol, and then dried. The washing step was one

of the key steps that we found out in further analysis.

To analyze the synthesized BGPs, several characterization techniques, such as UV-Visible
spectroscopy, FTIR spectroscopy, Zeta potential, and UTM for film characterization, were

used.

UV-Visible spectroscopy: UV-Visible spectra were recorded for BGPs. All the samples were
finely crushed and dispersed in a suitable solvent at an appropriate concentration to ensure
sufficient transmittance. Baseline correction was performed using a suitable solvent before
sample analysis. The suspension was then transferred to quartz cuvettes of path length lcm,
and analysis was done at a resolution of 1nm, within the range of 200-600 nm. The absorption
spectra were recorded to identify significant absorption peaks associated with electronic

transitions of the constituent molecules and functional groups present in the sample.

o FTIR recording: To evaluate the FTIR data, a Perkin-Elmer FI-IR instrument was used in

the ATR mode. The data was acquired with a 4cm 1 resolution with 8 scans per run. For

scanning, neat samples were implemented on the scanning window.

Zeta Potential Measurements: Using a Zetasizer based on the light scattering principle

(Malvern Instruments, UK) instrument, the Zeta-potential of BGPs was monitored in trizma
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buffer pH 8. Before the measurements, the BGPs were dispersed using ethanol as a dispersing

medium. A minimum of three readings was recorded for the given sample.

Tensile Testing: To evaluate the elastic modulus, elongation at break (EB), and tensile
strength (TS), for MCPFs, a universal testing machine (ZwickRoell, Z010, USA) with a force
range of 10 kN, following ASTM D882-10. MCPFs were cut into 50 mm X 5 mm
dimensions, and the moving speed of the grip was adjusted to 12.5 mm/min. The maximum

tensile force (Wy,,x(N)) and the strain (%) values were recorded.

4.1.1 UV-Visible Spectroscopic Analysis of BGPs

The UV-Vis absorption spectrum was recorded in the range of 190-600 nm. The most
prominent feature was the sharp peak at 203 nm, with an absorbance value of 2.0. Then the
absorption sharply declined, and at 240 nm it reached 0.4 and stayed at about 0.08 to 600

nm. In general, it looked like a clean spectrum.

That sharp peak at 203 nm corresponds to the electronic transitions in the Si—O—Si network
that formed during TEOS condensation. These are 1 = m* and n — ¢ transitions, perhaps
with some changes from the phosphate groups in TEP. The rapid decrease in absorbance
instantly after the peak, and the lack of any other features between 250 and 600 nm, is very
reassuring. Washing with ethanol significantly removed the unreacted organics and any metal

traces.

Since there was no absorption peak at 261 nm, directly pointing that there was no free vitamin
C, specifically from its lactone ring chromophore. This means free, unbound ascorbic acid
was removed during washing. What remains must be physically or chemically entrapped

within the glass network, not merely on its surface [21,22].
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Figure 5: UV-Visible absorption spectrum of BGPs
4.1.2 FTIR Spectroscopic Analysis of BGPs

FTIR had also given us a far more detailed picture about the structure and molecular
composition of our synthesised material. The spectrum was observed over a range of 4000-
400 cm™?! . Initially, the peaks confirms two things that we were looking for i.e., the
formation of silicate glass network and confirms preservation of vitamin C into the structure

of our material.

A wide band was observed around 3482 cm™ is visible when examining the higher
wavenumbers initially. Water that has been adsorbed on the surface and surface silanol (Si-
OH) groups are the sources of this band, which is caused by O-H stretching. Its breadth fits
our aqueous production process and is typical for amorphous silica solids. Critically, when
these —OH groups were added to simulate body fluid, helping to initiate the deposition of
hydroxycarbonate apatite (HCA). This is essential in demonstrating the bioactivity of
bioglass material [23].
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The C-H stretching was observed to be a weak band around 2982cm-1 which is reassuring
as it shows that the Vitamin C is still present even after washing it with ethanol. It wasn’t just
stuck on the surface but got trapped inside the silicate matrix. That’s how it is supposed to

work in the bio-inspired templating process, as stated. [22].

Asymmetric and symmetric COO™ stretching was observed around bands at 1553 and 1403
cm™ as the fingerprint region. These are from acetate-derived species. As we have used
sodium acetate and calcium acetate as precursors in our synthesis. Moreover, the band near
1342 cm™ suggests some C—O interaction between the inorganic matrix and retained

template.

@ The most significant peak was observed with a strong broad band around 1021 cm™. [This is

due to the S1i—=0=Si asymmetric stretching, the fingerprint region of the silicate network.
The bending peaks around 637 and 461 cm™ further confirms that a proper glass network

was synthesised successfully.
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Figure 6: FTIR spectrum of BGPs
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4.1.3 Particle Size Distribution and Zeta Potential Analysis

Analysis showed a major particle size distribution centred around 1300-1400 nm. The
measured zeta potential was approximately =5 mV. The observed negative surface charge is
attributed to the presence of deprotonated silanol (Si—O~) and phosphate (PO4+*") groups on
the surface of BGPs, which is in good agreement with the FTIR analysis as already discussed.
The relatively low magnitude of the zeta potential indicates limited electrostatic stabilization

of the dispersion. This suggests a distinct tendency toward particle aggregation.

It is important to note that DLS measures the hydrodynamic diameter of the species present
in suspension rather than the size of individual primary particles. The micron-scale
hydrodynamic dimension obtained here is therefore most reasonably attributed to the
agglomeration of smaller primary particles into larger aggregates within the ethanol medium,
rather than to the intrinsic size of the individual particles. Consequently, the measured value
should be interpreted as representing particle aggregates dispersed in ethanol. These

measurements confirm the formation of a bioactive glass-derived particulate material.
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4.2 Characterisation of Methyl Cellulose-Pectin Composite Film (MCPF)

4.2.1 FTIR Spectroscopic Analysis of MCPF
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The Composite film (MCPF) was prepared using the solvent casting method. Methyl
cellulose (2.5% w/v) and pectin (2.5% w/v) were dissolved sequentially m Milli-Q water
with continuous stirring; BGPs were incorporated at 1 mg/mL, and glycerol was added as a
plasticiser, and the mixture was poured onto the glass Petri dishes and dried in an oven. Once

dried, the film was carefully peeled off from the Petri dish using forceps.

The FTIR spectrum of the MCPF was recorded over the same range from 4000-400 cm™.
Instantly, the spectrum looked very different from the BG spectrum, which is expected

because this was predominantly organic and polysaccharide-based material.

The most distinguished feature is a deep, broad absorption band near 3336 cm™, with the
transmittance dropping to 65%. This is the region of O—H stretching, and the sheer breadth
and depth of this band point is extensive to intermolecular hydrogen bonding between the
—OH groups of carboxyl, hydroxyl groups of pectin and methyl cellulose. In practical terms,
that level of polymer-polymer interaction is exactly what we were looking for in film

cohesion [24].

Peak around 2902 cm™, signifies a C—H symmetric stretch from the methyl groups on the
methyl cellulose backbone, which confirms that the component is present and that it was
accounted for. The band around 1638 cm™ is assigned for C=0 stretching from the
galacturonic acid units present in pectin, though it could also include some O—H bending

bounded by water retained in the hygroscopic matrix after drying the sample.

The bands around 1377 and 1231 cm™ reflects the C—H bending and asymmetric C=0—C
stretching, attached to methyl group deformations in MC and the ether linkages running
through both side chains of polysaccharides. The band at 1046 cm™ appears to be the
strongest peak in the fingerprint region, dropping to a transmittance of 30% for the glycosidic
C—0O—C stretch. Representing the fundamental repeating bond in both pectin and methyl
cellulose, so its intensity at equal polymer concentrations makes sense. Further deformation

modes around 496 cm™' conclude the skeletal features [25,26].

One thing that needs to be observed is the Si—O—Si peaks from the BGPs (expected at 1021
and 461 cm™) aren't clearly visible in the film spectrum. This occurs due to the loading issue
at 1 mg/mL; the BGP contribution is quite small relative to the dominant polysaccharide
matrix, and the polymer absorptions in that region simply overlaps and mask up the glass
peaks. It doesn't mean the BGPs are not present, as it just means that at this loading, FTIR

alone isn't sensitive enough to detect them.
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Figure 7: FTIR spectrum of MCPF

4.3 Mechanical Properties of MCPF: Tensile Testing

Universal Testing Machine (UTM) was used to evaluate how the film would actually hold
up to physical and tensile strength testing following ASTM D882-10 standards. Film strips
a . @0 mm x 5 mm) were pulled at a crosshead speed of 12.5 mm/min. The resulting stress-

strain curve were shown in Figure 6.

Stress-Strain Behaviour and Tensile Strength

As the curve is rising steeply and non-linearly from the origin. There is no separate yield
point, just stress going up and up. The film reached a maximum tensile strength of
approximately 23.9 N/mm? (MPa) at about 4.4% strain and then suddenly failed. The stress

vertically dropped almost +to zero. No gradual yielding, no necking, just done.

That fracture behaviour confirms the film fails in a relatively brittle manner, without

significant plastic deformation beforehand.

Interpretation of Mechanical Performance
The tensile strength of about 23.9 MPa is quite a remarkable one considering that this is from

a biopolymer composite film. There are two factors responsible for this phenomenon. The
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first is that there is substantial intermolecular hydrogen bonding between methyl cellulose

and pectin, as explained by the FTIR data; this gives cohesion in the matrix itself. The other

factor is that BGPs act as the reinforcing agent themselves, preventing the mobility of chains

during stress application [25,27].

The 4.4% elongation at break reflects the intrinsic rigidity of both MC and pectin as

polysaccharides-neither is particularly flexible once film-cast, and the synthesized particles

only add to that stiffness. The initial steep slope tells us that the elastic modulus is high and

the film resists deformation well under normal handling conditions. This kind of profile-high

strength, limited elongation, brittle fracture is typical behaviour of biopolymer films loaded

with bioactive glass particles, as stated in the literature [25,26].
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Figure 8: Stress-strain curve obtained from tensile testing for MCPF

Page 41 of 47 - Integrity Submission

35

Submission ID  trn:oid:::27535:143403957




L)

L]

le—.l turnitin Page 42 of 47 - Integrity Submission Submission ID _ trn:oid::27535:143403957

CHAPTER 5: CONCLUSIONS AND FUTURE
RECOMMENDATIONS

5.1 Overall Summary

This project started with our main aim: To find out whether we could make bioactive glass
material using a greener, more gentle approach and then to use them so we can improve
simple polysaccharide film. Looking back, I think the work had achieved that aim fairly well,
even though along the way there were plenty of moments of uncertainty, especially when
interpreting the spectroscopic data for the first time.

The idea of using Vitamin C is used as a template during the sol-gel synthesis of bioactive
glass was inspired by the previously reported work which showed that sugar based agents
could guide the formation of silicate particle under mild, near physiological conditions. Their
fructose liked system demonstrated by the organic molecules with multiple OH" groups could
interact with the condensing with the silica network during gelation, producing particles with
high surface area and retained organic content. Based on that concept, Vitamin C (ascorbic
acid) was selected for this study because it is readily available, non-toxic, and carries both
lactone and diol functional group that could be potentially participate in hydrogen bonding
or coordinate weakly with the silicate frameworkmuch in the way fructose was proposed to
function in the earlier work.

The synthesis was carried out at 37 °C in a TRIZMA buffer at pH 8 conditions that were
chosen purposely to keep the process as biocompatible and environmentally friendly as
possible. The precursors used TEOS for silicon, TEP for phosphorus, sodium acetate, and
calcium acetate for the sodium and calcium components, are all relatively mild reagents
compared to the harsher acid or alkali catalysts commonly used in conventional sol-gel
bioactive glass synthesis. This kind of room-temperature, aqueous sol gel route has been
advocated with the Bioactive glass literature as a way of producing materials with better
compositional homogeneity and more reactive surfaces than melt-derived glasses [2,28].
Once the Bioactive glass particles were made, they were incorporated into a methyl cellulose-
pectin composite film (MCPF) by a simple solvent casting method. Films based on
polysaccharide blends have been of interest for biomedical and food packaging applications
because both methyl cellulose and pectin are biocompatible, edible, and capable of forming

reasonably strong films on their own. The idea of adding inorganic particles to reinforce or
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functionalise the polysaccharide matrices is not entirely new similar approaches we have
been explored with hydroxyapatite, silica, and zinc oxide nanoparticles, but the specific
combination of a Vitamin C templated bioactive glass with the methyl cellulose-pectin matrix
does not appear to have been reported before, which gave this study some novelty.

Characterisation of the BGPs was carried out using UV-Visible spectroscopy and FTIR
spectroscopy, and the film was evaluated by FTIR and tensile testing on a Universal Testing
Machine (UTM). These techniques were chosen because they were available in the
laboratory, appropriate for the sample type, and collectively sufficient to answer the main
questions about whether the synthesis had worked and whether the film had reasonable
mechanical properties. Further, a complete picture of the nanoparticle system would ideally
include particle sizing by DLS, morphology by TEM, and confirmation of amorphous
structure by XRD, but those are left as recommendations for future work, which is discussed

later.

Overall, this study successfully demonstrated the synthesis of Vitamin C-templated bioactive
glass material and their incorporation into a methyl cellulose-pectin composite film. UV-
visible and FTIR analyses confirmed the formation of the bioactive glass and showed that
the characteristic functional groups of both polymers remained intact after film preparation.
The composite film also exhibited a tensile strength of about 23.9 MPa, indicating good

mechanical stability and reinforcement from the dispersed nanoparticles.

Each component of the film plays an important role. The bioactive glass particles provide
controlled ion release and potential bioactivity, while pectin contributes antioxidant and gel-
forming properties that may support wound healing. Methyl cellulose improves the structural
strength and transparency of the film, and glycerol enhances flexibility by reducing

brittleness.

Although the results are promising, further studies are needed to evaluate bioactivity in
simulated body fluid and to assess cytotoxicity using relevant cell lines. Additional
optimization of synthesized material and glycerol content may further improve the balance

between strength and flexibility.

Initially, our driving force was to synthesize bio-inspired templating approach for nanoscale
bioactive glass formation but the absence of direct morphological characterization techniques
such as TEM or SEM prevents definitive confirmation of nanoparticle morphology and size.

DLS analysis indicated micron-scale hydrodynamic dimensions, which may reflect particle
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agglomeration in suspension. Therefore, the present work conservatively describes the
synthesized product as a bioactive glass particulate material rather than conclusively
claiming nanoparticle formation. Further Characterization using TEM, SEM, and XRD is
recommended to determine the primary particle size, morphology, and structural

(amorphous/crystalline) properties.

friendly biomaterial with potential applications in wound dressing and other biomedical

g In conclusion, the developed composite film represents a promising and environmentally

fields.
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