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ABSTRACT

This thesis investigates the production of a mesh synthesised from a novel biocompatible,
resorbable, and biodegradable polymer, polyhydroxybutyrate (PHB), using electrospinning,
PHB is known for its biocompatibility, degradability and biomechanical properties, which
make it suitable for surgical hernia repair, tissue regeneration, and bone tissue repair. To
enhance the mesh, citric acid and 1,5-diaminonaphthalene (1,5-DAN)-synthesised carbon
nanodots (CNDs) wasincorporated at concentrations of 1%, 2.5%, 5%, and 10% w /v.

The CNDs impart antimicrobial properties, as they can release singlet oxygen species (a
reactive oxygen species that kills bacteria) when activated by UV or visible light on command.
Coaxial electrospinning was chosen for this process, with non-filled PHB as the core solution
and CNDs added to the PHB in the outer shell. Since CNDs are polar and cannot be directly
added, a PHB/CND solution was created, reducing PHB concentration to 5% to facilitate the
process.

Additionally, single-needle electrospinning of plain PHB (without CNDs) was performed to
compare the morphological, thermal properties, and cytocompatibility of the meshes. CNDs
were characterised for their optical properties using fluorescence and UV-Vis spectroscopy to
ensure visible light activation, which is more practical for hernia repair. XPS analysis wasused
to determine nitrogen content and distribution in the meshes across the varying CND
concentrations. Additionally,an MTT Assay wasperformed comparing different conditions to
which the fibres were subjected, to determine if the CNDs loaded fibre meshes were
biocompatible and could show potential asan implant to treat hernias.

Resulting from this research, a biodegradable mesh was created from PHB fibres. These fibres
were loaded with carbon nanodots, which exhibit fluorescent behaviour when activated by

visible light. This property suggests their potential application in hernia repair.

Keywords: coaxial electrospinning, core-shell electrospinning, single needle electrospinning,

carbon nanodots, polyhydroxybutyrate, hernia repair.
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Chapter1
Introduction

1.1 Background

A hernia occurs when an internal organ or tissue pushes through a weakened area in the
surrounding muscle or connective tissue. This condition commonly affects areas such as the
abdomen, groin, or diaphragm, leading to discomfort, pain, and potential complications such
as strangulation of the protruding tissue. A range of medical conditions, such as trauma,
diseases that weaken the abdominal wall or surgery can cause them. Hernias do not heal on
their own, and surgical intervention is often necessary to repair the defect and prevent further
harm [3], [4], [5].

Throughout history, hernias have been a condition that greatly affected the population, with
inguinal hernias being particularly concerning due to their higher incidence. Despite the
relatively slow progression of the disease, it eventually grows to a size that significantly hinders
the patient'sability to catry out daily activities. Thisis why, eveninancient times, both surgeons
and physicians sought solutions to address this distressing condition [3].

The ancient Egyptians, initially treated hernias by using bandages as external support. Over
time, this approach evolved into the use of custom-made hernia belts designed to keep the
hernia sac inside the body cavity. The first attempts at suturing techniques emerged in the 16th
century, led by Italian anatomist Gabrielle Falloppio, who proposed using gold stitches for
incisions. Gold was valued for its bioinert non-corroding properties, a tradition dating back to
ancient Greece. Over the years, other metals were introduced for sutures, including lead (by
the physician Physik in 18106), silver (such as Mettauerin 1822 and Bassini in 1887), and even
an inert metal such as tantalum (such as by the physician Burke in 1940). However, the
disadvantage of surgical interventions in the case of inguinal hernias, was the possibility of
sepsis and that to remove completely the hernia, the incision was performed for castration, or
to either cut and tie off the hernial sac or encircle the spermatic cord [3], [4].

Nevertheless, the emergence of hernia meshes have significantly transformed the field of
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hernia surgery [5]. Hernia meshes are medical devices made from synthetic or biological
materials, designed to reinforce the weakened tissue and reduce the likelihood of recurrence.
By providing structural support to the repaired area, these meshes distribute tension more
evenly, allowing fora more durable repair compared to traditional suturing methods alone.
The use of mesh-based repair has become the standard of care in modern hernia surgery,
particulatly for larger or more complex hernias. It offers numerous advantages, including
reduced recovery time compared to surgical sutures, lower recurrence rates, provides additional
support to the weakened tissue and there are minimal invasive options to allocate the hernia
such as laparoscopically [6], [7]. Despite these benefits, discussion remains around potential
risks associated with hernia meshes, such as infection, adhesion, or mesh migration, which
have prompted ongoing innovation in mesh design and materials.

Recent advances in hernia mesh technology focus on biocompatible and biodegradable
materials that degrade over time, eliminating long-term foreign body complications. Hybrid
meshes combine synthetic durability with biological materials that promote natural tissue
integration, reducing the risk of rejection. Some meshes also feature drug delivery systems,
releasing anti-inflammatory or pain-relieving agents directly at the surgical site to aid healing
and prevent infection. Additionally, nanotechnology-enhanced meshes incorporate
antimicrobial coatings and tissue regeneration agents, further promoting natural tissue repair
and reducing complications. These innovations aim to improve safety, healing, and overall

outcomes [7].

1.1.1  Aims

Hernia repair is essential to prevent severe complications, such as strangulation in inguinal
hernias, which can result from untreated hernias. While advances in surgical methods,
including laparoscopic and tension-free mesh repairs, have significantly improved outcomes,
post-operative infections remain a persistent challenge, compromising recovery and patient
safety. For this reason, it was decided to develop an enhanced electrospun mesh made from a
natural and biodegradable polymer, polyhydroxybutyrate. This mesh would be integrated with
light-activated carbon nanodots that when triggered could kill bacteria on instruction, reducing
the risk of infection and further advancing the safety and effectiveness of hernia repair

procedures.
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1.1.2  Objectives

I.  Use electrospinning to develop a mesh from a natural origin polymer
polyhydroxybutyrate (PHB).

II.  Enhance the mesh by adding light-activated carbon nanodots (CNDs) made from cittic
acid and 1,5-diaminonaphtalene (1,5-DAN) to provide a prophylaxis and antibactenal
application.

III.  Evaluate the addition of CNDs in concentrations of 0% (without the addition of
CNDs, asa control), 1%, 2.5%, 5% and 10%, being 2.5% the concentration reported
in literature to be biocompatible and effective against S. awreus (98.3%), E. coki
(99.99+%), P. aeruginosa (99.99+%) and B. subtilis (99.99+%) [8].

IV.  Generate fibre meshes with the addition of CNDs, via single needle electrospinning
(without CNDs, 0%) and using coaxial electrospinning (1%, 2.5%, 5% and 10%).

V.  Observe the morphology of the CNDs and coaxial fibres using electron microscopy
and compare the morphology differences between fibres of different concentrations
as well as calculate the fibre diameter using SEM Microscopy.

VI Characterise the synthesised CNDs through UV-Vis and Fluorescence Spectroscopy
and DLS size measurement.

VII.  Characterise the produced meshes and CNDs via ATR-FTIR Spectroscopy, thermal
techniques such as TGA and DSC, Contact Angle measurement and XPS Analysis.
VII.  Evaluate the cytocompatibility of the different fibre meshes using a MTT Assay.
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Literature Review

2.1 An Introduction to Hernias

A hernia can be defined as a condition where there is an abnormal protrusion of an organ or
tissue through a weakened area in the surrounding muscle or connective tissue, usually
occurring in the abdominal wall. This condition often results in a visible lump and can cause
pain or complications if left untreated. The hernia needs to be treated as urgently since this
condition only increases over time (Figure 2.1.7). Hernia repair is among the most commonly

performed surgical procedures globally.

Figure 2.1.1: Frank Lamb, a 69-year-old man, has a long history of left inguinal hernia, dating back to when he
was just9 years old while living as a slave in North Carolina. Information is sourced from the Otis Historical

Archives of the National Museum of Health and Medidne (Komorowski ez a/, 2014) [3].
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2.1.1  Typesof Hernias

As previously mentioned, hernias are mostly located in the abdominal wall (Figure 2.7.2), but

they can also be allocated upper thigh, chest cavity, lumbar region and in the pelvic region.

Epigastric

Ventral Umbilical

- Lumbar
Spigelian
Hypogastric
Inguinal Sciatic

Supravesical
Femoral
— Obturator

—— | Perineal

|

Figure 2.1.2: Anatomical representation of theloation of the mostcommon hernias [9].

Table 2.1.1 provides an overview of the most frequently encountered types of hernias shown
in Figure 2.1.2, including their anatomical locations, prevalence in men and women, incidence
rates in the general population, and key characteristics [6]. These hernias represent the majority
of cases seen in clinical practice and often vary based on factors such as age, gender, and
lifestyle. Understanding the distinctions between these common hernia types is crucial for

accurate diagnosis and effective treatment.
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Table 2.1.1: Most frequently occurring hernias [10].

Approximatel Encompassing term
11())1-)1 5% of a]ly used to describe Occur in all age
Anterior abdominal hernias that develop oUDbS butg
Ventral abdominal herni through the frontof groups, bt 11. 112
ernias . primarily in [11], [12]
wall the abdominal wall,
Motre common o adults over 50
in men such as, umbilical and
¢ incisional hernias
Incidence of
Along the 0.1-2% of all Often asvmptomatic Commonin
Spigelian Spigelian hernias, being uny;zlli adults between [13]
fascia more common Y 40-70 years old
in women
90% of cases Indirect hernias are
Groinarea are men congenital; therefore, Commonin
Inguinal Direct or | Represent 70- they can affect infants and [14], [15]
indirect 70-755% of all children adults over 40 ’
hernias Direct are acquired
More common | Presents asa bulge in
in women the upper thigh, .
Femoral Femoral (70%) associated with a Ji%lsigyaéféle
canal Represents 3- higher risk of 60 vears old [16], [17]
5% of all strangulation than Y
hernias inguinal hernias
Rep;f/seg? 1- Frequently associated
bd ’ inal with increased intra- c .
. . Epigastric abdomn abdominal pressure ommonin
Epigastric resion hernias due to obesiy; adults between (6], [12]
& Affects both ’ 20-60 years old ’
males and pregnarllicfy, or heavy
females g
In adults is 6-
0
1121(;2;]1 In adults is acquired, Commonin
Umbilical Umbilicus Tn children, up often post-pregnancy. infants and [12], [18]
t0 10-30° /; of Congenital in infants women
all newborns
Less than 2%
of abdominal .
Lumbar hernias. can Can be congepltal but More common
Lumbar . . tl’) h is often acquired by in adults over [1], [10]
reglon amf; ar(l)d trauma or surgery 40 ’
women
. Often confused with .
Hypo- Hypogastric Very rare other abdominal wall Mostly seen in
gastric region Y hernias adults [12]
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Sciatic .
. Extremely rare T Mostly in
L Notchin o Can cause sciatic pain
Sciatic . Less than 1% . eldetly 19
the pelvic . or discomfort . [19]
cavity of all hernias population
Rare,
Above the constituting .
Supra- bladder less than 1% url'\m/ljz p:fntto\:;flor G?ﬁegclllzﬂs (Teen
vesical Pelvic of all hernias Y symp - [20]
. discomfort population
cavity More common
in men
forztrriif?é Extremely rare Presen;s)mno 1P (;claﬁc Predominantly
Obturator | " . Less than 1% Symptoms, such as women over 70 21
the pelvic . abdominal pain or [21]
of all hernias N : years
bone intestinal obstruction
Rare, Caused by weakness or
represents less defectin the pelvic
Perineal than 1% of floor, specifically
. . o ! Occur mostly
Perineal region pelvic within the urogenital in elderly
through the surgeries diaphragm atients [22]
pelvic floor | Occurin both Presents perineal p
men and protrusion and pain or
women discomfort

These various hernia types highlight that even though abdominal hernias are the most
frequently observed, hernias could be present in a range of unusual locations throughout,
usually because of trauma or surgery, each withits own specific characteristicsand implications
for treatment.

Abdominal hernias can be classified as primary or secondary. Primary hernias (PH) or indirect
hernias, develop in the antetior abdominal wall either due to a natural weakness or defect such
as congenital hernias. Secondary hernias (SH) or direct hernias, occur through induced
anatomical weakness, such as a previous surgical incision, pregnancy, obesity or age.
Differences between these subtypes likely exist not only in size but also in clinical presentation
and inherent characteristics. Most studies analysing the outcomes of hernia repairs have

assessed PHs and SHs separately [25].

2.1.2  Pathophysiology of Hernias

To understand the pathophysiology of hernias, it is essential to recognise that they occur when
the network of muscles does not provide the necessary mechanical strength and flexibility to
support the internal organs inside the body cavity [23]. In case of the abdominal wall, the
stability can be compromised by several factors; such as age, gender, anatomical variations,
gestational defects that can assist in having congenital complications to generate certain types
of hernias and, additionally, external factors such family history and environmental elements.

7
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These elements include obesity, pregnancy, previous surgeries, smoking habits, ascites
betweenothers [1]. Various molecularand cellularmechanisms have been proposed to explain
the generation of hernias, but hernias are multifactorial, therefore, the biological underpinnings
have not yet been understood. Hernias can be categorised as congenital or acquired [24].

The most studied congenital hernia is the inguinal type; therefore, the pathophysiology of this
condition is the most studied amongst these type of hernias. Inguinal congenital hernias are
associated with an open processus vaginalis, which is an invagination of the parietal
petitoneum that forms prior to testicular descent through the inguinal canal during embryonic
development [1]. Discussions suggest that all congenital and indirect inguinal hernias may
result from a processus vaginalis that has never fully closed [25], [26]. In the case of inguinal
hernias, there is double the number of indirect hernias than direct inguinal hernias.

For other congenital abdominal hernias, such as umbilical and epigastric, they appear as a
protruding umbilicus. These hernias occur when after birth, the umbilical cord is no longer
necessary, and the muscles usually tighten as the baby matures. However, when muscles are
patent, a small opening is left and a loop of intestine or soft tissue, can penetrate the opening
and cause the hernia [18], [27].

One area of focus to explain the aetiology of all hernias in a cellular mechanism discussed by
different authors [28], is abnormal extracellular matrix (ECM) metabolism, particulady
collagen metabolism, which has been linked to the development of hernias [24], [25]. In both
primary and secondary hernias, there is not only a reduction in collagen but also an imbalance
in the collagen types, collagen type I and collagen type III; in case studies, there are reports
that mention that patients with inguinal hernias have a higher proportion of type III collagen
compared to type I collagen. Type I collagen is known for having higher tensile strength than
type III collagen [29], [30]. Additionally, factors such as growth factors, chronic inflammation,
nutrition (increase in adipose tissue), and changes in cell types that attribute to pathological
changes in the connective tissue have been suggested as contributing to hernia formation.
Among the cellular participants, fibroblasts play a key role in maintaining ECM integrity and

supporting the mechanical resilience of the abdominal wall [24].

2.1.3  Challenges in Hernia Repair: Recurrence, Infection and Current Advances Aiming

to Overcome these issues through Tissue Remodelling

Hernia recurrence is a common complication following a reconstruction surgery, often

attributed to the gradual weakening of the sutures or mesh over time. This weakening has been

8
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linked to disrupted collagen metabolism that prevents wound healing, driven by the underlying
cellular pathology of the hernia. Activitiessuchas lifting, bending, and coughing can exacerbate
the condition [7].

Approximately 20 million inguinal hernia repairs are conducted globally each year. The
estimated annual cost of hernia repairs is around $10 billion, a figure expected to grow as the
aging population contributes to more recurrences; with men facing a 27% lifetime risk of
developingan inguinal hernia, while women have a 3% risk [31]. It is reported that the number
of hernia recurrences continues to rise annually, as current treatments often lead to poor
recovery outcomes and various postoperative complications. Hence, when a hernia is
diagnosed, patients are kept under review due to complications that often occur after general
surgery, the most frequent being the opening or, delay in the closing, of the incision, chronic
pain and surgical site infections. Different approaches have been made in this field, such as
innovative surgical methods and various type of meshes, smart meshes being the most in
demand [1], [7].

Depending on the size, severity and location of the hernia, different repair techniques and
materials options are available. If the hernia is too severe, surgical intervention is required.
Nevertheless, the use of hernia meshes is the preferred method as they are associated with less
painful recovery, less invasive options and shorter hospitalisation periods compared to patients
treated using sutures [7]. Additionally, sutures have benefited from technological

advancements that have significantly decreased complications across various domains (Tuble

2.1.2) [32].

Table 2.1.2: Commonly used suture materials [32].

Chitin: Mild immune response; low tensile strength.
Natural absorbable Catgut: High degradation rate; significant antibody response.
Collagen: Slight immune response; non-scaring.

Natural non- Cellulose: High tensile strength; cheap material cost.
absorbable Silk: Good biocompatibility; mild bacterial adhesion.

Polyglycolic Acid (PGA): Good biocompatibility; high tensile strength.

Poly(lactic-co-glycolic) acid: High inflaimmation risk; water repellence.

Synthetic absorbable

Synthetic non- Polyamide (PA): Good elasticity; mild cell-mediated response.
absorbable Propylene (PP): High infection incidence; high tensile strength.
Metal Stainless Steel: Tissue damage reports; poor manageability.

Nickel-Titanium: High tensile strength; good biocompatibility.
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Surgical suture materials have explored different areas such as the use of biodegradable and
biocompatible materials, antiseptic biomaterialsor coatings, high tensile strength components,
the addition of biopharmaceutical agents that promote wound healing, anti-inflammatoty
drugs and growth factors [32]. Recent advancements in surgical sutures are contributing to
improvements across various surgical specialties, beyond just hernia repair.

In parallel, one of the most common approaches to surgical repair, particularly for hernias,
involves the use of mesh to close defects. Currently, there are three types of meshes available
for hernia repair. They are categorized based on their origin into three types: synthetic,
biological, and composite, the latter being a blend of both synthetic and biological materials
[7], [33]- They canalso be divided into prosthetic meshes and smart meshes or scaffolds. The
difference between prosthetic and smart meshes can be found in that prosthetic meshes are
often produced of synthetic materials and they are primarily designed to provide structural
support for tissue repair; while smart meshes, often incorporate advanced technologies or
materials that may include features such as drug delivery systems, sensors, or bioactive

components that promote healing or monitor conditions (Figure 2.1.3) [1].

Absorbable Meshes

Mixed-electrospun ﬁber rnernbrane

E.‘
‘3 pleeloctros mn film \
o
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2 ':'.‘j_‘l«

HYdrogel patches

Figure 2.1.3: Abdominal wall hernia repair meshes, prosthetic and smart meshes. (Saiding ¢# 4/, 2023) Sourced
from: [1]
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Additionally, efforts have been made to continuously innovate and improve hernia meshes.
Synthetic meshes are known to lower the hernia recurrence rate in ventral and inguinal hernia
repair, however, they are prone to infection in both clean and contaminated repairs, which can
necessitate further procedures to remove the infected mesh and address the larger hernia defect
which is produced. Biological tissue based meshes have been proposed as an alternative to
synthetic meshes to minimize infections.

It has been effectively used in contaminated cases to help prevent infections, thereby reducing
post-operative complications and the need for further procedures, reducing mortality and
morbidity due to infection caused by incarceration (the hernia becomes trapped in the
abdominal wall or muscle and cannot be pushed back into place, the pressure generated where
the hernia passes through the muscle wall cuts off the blood supply to the extruded tissue
leading to necrosis of this extruded tissue) [36]. Moreover, the hybrid meshes, fabricated using
a mixture of synthetic and biological components have been known to conserve the high
tensile strength and preserve their substantial biocompatibility.

One of the most investigated strategies has been modifying commercial meshes using
biocompatible agents like proteins, peptides, and engineered hydrogels to enhance the
histocompatibility of hernia meshes. Electrospinning has emerged as a leading technique in
tissue engineering for creating fibrous membranes with a high surface-area-to-volume ratio
and ranging from nano-to micro-sized fibres. Due to their versatile composition, electrospun
fibrous meshes have been explored in various applications, including wound dressings,
biosensors and drug delivery systems. The technique's ability to achieve ideal mechanical
strength in the fibres has made it a popular choice for abdominal wall hernia reconstruction in
recent years. However, the inert nature of the raw materials used in electrospinning results in
primarily hydrophobic fibres, which can hinder their histological integration during hernia
repair. To achieve the necessary biocompatibility and mechanical strength for hernia repair,
biodegradable polymers can be tailored by adjusting their concentration or incorporating more
polar materials. This customizationallows for the control of the resulting product's properties,

enabling the development of specific features that are ideal for effective hernia repair [1], [37].

11



Chapter 3 | Materials and Methods

2.2 Electrospinning in Mesh Fabrication

2.2.1  Introduction to Electrospinning Technology

Electrospinning has advanced rapidly over the past few decades into a highly versatile
technique for producing fibres with diameters ranging from micrometres to just a few
nanometres [34]. This method enables the creation of fibres with unique morphologies for a
vast number of applications across various fields. These include drug delivery, tissue
engineering, new textiles fabrication, water and air filtration and sensor development [35].
Before the emergence of electrospinning, researchers used the electrospraying technique to
disperse solutions and fine aerosols, harnessing electrical energy for fibre synthesis. In 1902,
John William Strutt, also known as Lord Rayleigh, pioneered research on the behaviour of
charged droplets during electrospraying, a concept that later became fundamental to the
development of electrospinning. This phenomenon, known as Rayleigh instability, was further
explored in depth by Zeleny in 1914, who expanded on Rayleigh's findings to deepen the
understanding of this principle [36], [37], [38].

The publication of a series of patents by Formhals between 1934 and 1944, alongwith Taylot's
groundbreaking research on electrically driven jets in 1969, significantly accelerated the
development of the electrospinning process. Following these advancements, numerous
research groups over the decades further studied and refined the technique. By the 1980s,
electrospinning had gained widespread popularity due to its high reproducibility and ease of
industrial-scale, cost-effective manufacturing [34], [37].

The principle of electrospinning begins with the application of an electric field to a liquid
droplet of a solution as they are expelled from the tip of a fine orifice connected to a syringe,
causing electrostatic charges to accumulate at its tip. At a distance, a grounded collector is
placed to create a charge repulsion counteracts the surface tension, transforming the droplet
from a spherical shape into an elongated cone, known as a Taylor Cone. From the tip of this
cone, a jet of liquid is ejected through a capillary spinneret. While the jet often follows a
complex, unstable path due to electric charge interactions, in the absence of a highly viscous
polymer solution, the liquid eventually disperses into tiny droplets called beads. This process
that underlies with the process of electrospraying. However, when the liquid contains a
dissolved polymer, its viscosity plays a crucial role; if sufficiently high, the polymer viscosity

prevents the jet from breaking into droplets, allowing fibre formation instead [34], [37].
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Figure 2.2.1: Electrospinning setup where positive high voltage is applied. Schematical illustration produced

using Biorender® (Canada).

2.2.2  Fabrication of Electrospun Meshes

Electrospinning technology allows for the creation of ultrafine fibres that form a non-woven,
scaffold-like structure, closely resembling the natural extracellular matrix found in many
connective tissues. These meshes have proven effective in tissue engineering applications
facilitating the repair of bone, skin, blood vessels, cartilage, nerves and the damages done to
abdominal wall such as a hernia [39], [40], [41], [42].

The creation of electrospun surgical meshes involves selecting a suitable polymer solution and
subjecting it to the electrospinning process. To produce a fibre mesh, a significant volume of
the polymer solution is needed to form a mat composed of layers of overlapping fibres. The
production of electrospun meshes offers several advantages. One of the key benefits is the
ability to selecta polymer tailored to the specific requirements of the intended application [43].
Additionally, these meshes can be easily modified to meet various needs. The manufacturing
process is often cost-effective, requiring minimal labour and allowing for scalability [34].
Moreover, electrospun meshes can be functionalized by incorporating drug delivery systems,
gene and immunotherapy, antibacterial and anti-inflammatory agents, and cell growth factors
among other enhancements. This versatility makes them suitable for a wide range of

applicationsin fields such as tissue engineering, wound healing, and regenerative medicine [39],

[41].
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2.2.3  Syntheticand Natural Polymers for electrospinning fibres

The selection of synthetic, natural, or a blend of both polymers, has a profound impact on the
properties of the resulting fibres. Furthermore, it is important to note that the utilisation of a
mixture of two polymers, referred to as a copolymer, can significantly influence the
characteristics of the fibres produced. Choosing to employ a copolymer is an advantageous
approach, asit allowsfor the integration of the unique properties of two distinct polymers into
a single material. This not only enhances the mechanical and physical properties of the fibre
mesh but also broadens its potential applicationsin the biomedical field [37], [43].

Synthetic polymers provide several advantages over their natural counterparts. Common
synthetic polymers in electrospinning include polycaprolactone (PCL), polyglycolide (PGA)
and polylactide (PLA) (Table 2.2.7). These polymers canbe engineered to offer a wider array
of characteristics, including tailored strength and viscoelasticity as well as controlled
degradation rates. Nevertheless, some synthetic polymers can suffer from being susceptible to
bacterial growth, reduced biocompatibility and prolonged biodegradation, which may limit
their application in certain contexts [[42], [43], [44].

In contrast, natural polymers typically exhibit low immunogenicity and supetior
biocompatibility. They usually possess the capability to bind cells, offering promising clinical
results, which makes them particulatly relevantin tissue regeneration. Frequently used natural
polymers used in electrospinning include chitosan, gelatine and silk. (Table 2.2.7) However, the
use of natural polymers in electrospinning can present challenges, such as quicker degradation
compared to their synthetic counterparts, partial denaturationand fabrication issues depending

associated to the selected polymer.[37], [43]

Table 2.2.1: Some of the most commonly used polymers for electrospinning [37]

Bone regeneration and tissue
engineering
Surgical sutures and bone
Synthetic regeneration

Polycaprolactone (PCL)

Polyglycolide (PGA)

Surgical sutures and plastic
materials

Polylactide (PLA)

Chitosan Bone regengratiop and tissue
engineering

Gene delivery and bone

Natural regeneration

Gelatine

Wound repair and skin
regeneration

Silk
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In the case of copolymers when electrospinning, the performance of copolymer-based
electrospun meshes can be significantly superior to those made from homopolymers.
However, producing copolymer meshes for applications like hernia repair can be challenging
due to their potentially higher hydrophobicity, which results from the large number of
polyester bonds in the material. These polyesters bring strong mechanical properties to the
product but, they typically lack cell affinity, which is important for tissue engineering
applications. This issue can be addressed by incorporating a hydrophilic polymer component
or segment, which improves cell compatibility. Additionally, copolymers allow for the
customisation of fibre morphology, structure, biodegradability, and mechanical properties,
further expanding their potential in electrospinning applications [37], [43].

Choosing the right polymer is not the only critical factor in preparing the polymer solution,
selecting the appropriate solvent is equally important. Solvents must be chosen wisely. They
must possess optimal boiling points, volatility, vapour pressure, solubility of the polymer and
other key properties to ensure the integrity of the polymer solution. The solvent greatly

influences both the morphology of the fibres and its spinnability [37].

2.2.4  Pobhydroxybutyrate (PHB) as natural polymer for electrospinning
Polyhydroxybutyrate belongs to the group of the polyhydroxyalkanoates (PHAs). PHAs are

biopolyesters derived from 3-hydroxyalkanoic acids, synthesised and accumulated by bacterial
cells as intracellular carbon and energy reserves in response to stress conditions. PHB is one
of the most commonly observed forms of PHAs and is composed of tightly packed R-3-
hydroxybutyrate (R-3-HB) monomers [45], [46], [47].

O

Ho
(0] CH CcC —C——

CHs;

Figure 2.2.2: Poly[®-3-hydroxybutyric add] chemical structure. Chemical Structure drawn using ChemDraw®

online software.

PHB is a carbon-based biodegradable, highly biocompatible, hydrophobic, non-toxic,
biopolymer. The benefit of using of a biodegradable polymer in electrospinning is that it

creates fibre matrices, which offers numerous advantages, with the most significant being their

15



Chapter 3 | Materials and Methods

ability to biodegrade into oligomers and monomers that can be metabolized through normal
physiological pathways. However, one notable disadvantage is their considerably higher cost
compared to conventional petroleum-based polymers. Despite this, PHAs exhibit great
potential in drug delivery and tissue engineering due to their excellent biocompatibility and 7
vivo degradability. The most extensively studied PHAs include poly(3-hydroxybutyrate) (PHB)
and its co-polymer poly(3-hydroxybutyrate-co-valerate) (PHBV), which are commercially
available [47], [48].

2.3 Nanotechnology in Medical Devices
2.3.1  Role of Nanotechnology in Enbancing Materials

To explain the role of nanotechnology in enhancing materials used in medical devices, first,
we must define medical devices. Medical devices (MDs), according to the definition provided
by the World Health Organization (WHO) [49], are any instrument, software, appliance,
implant, reagent for in vitro use, material, or related article intended by the manufacturer for
human consumption for one or more specific medical purposes [50], such as:

= Diagnosis, prevention, monitoring, treatment, or alleviation of disease or an injury.

o Investigation, replacement or modification of anatomical structures or physiological

processes.

s Supporting or sustaining life and contraception.

= Disinfection of medical devices.

s Providing information through 7# wifro examination of specimens derived from the

human body.

They serve as an essential tool for the diagnosis, prevention, monitoring, and treatment of
distinct medical conditions, while also enhancing patie’ts' quality of life [50].
The concept of nanotechnology was first introduced in 1959 by physicist Richard Feynman,
who proposed the innovative idea of producing materials and manipulating matter at the
atomic and molecularlevels. It can be defined as a scientific discipline focused on phenomena
that occur at the nanoscale. It encompasses the synthesis, characterization, and production of
various devices, systems, and structures for a wide range of applications across multiple fields
in the?1st century, nanotechnology is recognized as a promising field, opening new avenues
for research in medicine and materials science [51]

The concept of nanotechnology was first introduced in 1959 by physicist Richard Feynman,
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who proposed the innovative idea of producing materials and manipulating matter at the
atomic and molecular levels. In the *1st century, nanotechnology is recognized as one of the
most promising fields, opening new avenues for research in medicine and materials science
[51].

Nanotechnology plays a vital role in several medical fields, including wound care, antibacterial
treatments, preventative medicine, and diagnostic procedures, where different types of
nanomaterials are utilised. The table below provides an overview of the most common types
of nanomaterials used in medical applications, highlighting their applications and

characteristics [51], [52].

Table 2.3.1: Most common types of nanomaterials and their characteristics in the medical field [52].

Detection of metal
ionl7iomoleculesles, drug
Nanodots NDs) | Carbon-based. 1 to 10 nm. molecules, drug delivery, [52], [53]
antibacterial applications
and bioimaging.
Polymeric.
Nanoparticles Carbon-based. Drug de.hvery,. gene
b 1 to 100 delivery, biosensing and [54]
(NP9 Metal-based. nANOMEtres. bioimaging.
Lipid-based.
Could self-
Triboelectric ouc se-powet
Varies nanodevices and
Nanogenerators Piezoclectric nanome tr;,s o | manosystems to provide [55]
centimetres. movement, such as
Pyroelectric muscle movement.
Carbon-based.
Pesticides, drug delivery
Nanotubes (NTS) Silicon. Up to 20 nm. and nanofiltration. [50]
Gallium.
Quantum Dots Carbon-based. Bioimaging, diagnostics,
(QDs) 2-15 nm. and drug delivery. [52]
Bismuth-based.

Regarding hernia repair, in recent years, research has increasingly concentrated on the

development of bioengineered meshes and wound repair scaffolds that mimic the diverse
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characteristics of the native extracellular matrix (ECM). Notably, these nanotechnology-based
medical devices offer superior surface-to-volume ratios, enabling them to engage deeply with

the biological targets at the damaged tissue on sight [51].

2.3.2  Antimicrobial Strategies Using Nanomaterials in Surgical Meshes

In recent years, infectious diseases caused by bacteria and bacterial biofilms, such as
pneumonia, meningitis, sepsis, and chronic infections, have emerged as a significant threat to
global public health. Since the discovery of penicillinin 1923, antibiotics have played a crucial
role in clinical practice, effectively saving patients by preventing infections that were once
lethal. However, the misuse and overprescription of antibiotics have led to the emergence of
antibiotic-resistant strains, which are now commonly found in hospitals [57].

The prevalence of infections caused by drug-resistant bacteria is rising alarmingly,
unfortunately, coinciding with the present antibiotic resistance crisis. Prolonged or excessive
use of broad-spectrum antibiotics can disrupt or eliminate beneficial normal bacterial strain
populations in a human being, resulting in a weakened immune system. Many pathogenic
bacteria not only exhibitinherent resistance to antibiotic treatment butalso increasingly acquire
resistance to multiple antibiotics, significantly diminishing treatment efficacy or rendering it
ineffective altogether [57]. In a hospital environment, patients acquire these infections aftera
major surgical procedure, usually presented in the form of surgical site infection or urinary site
infection, increasing the hospitalisation duration of their stay from 2 to 7 days up until 30 days
[58], adding to additional costs that the patient did not have considered.

Therefore, to treat this emergent increase on infections, specifically in surgical site infections
and nosocomial infection, measures have been taken to preventinfectionin all fields, including
hernia repair. These measures include the use of meshes that have been functionalised into
including nanomaterials that provide an antibacterial effect [59], [60], [61]

In contrast to traditional antibiotics, nanomaterials offer a range of intrinsic passive
antibacterial mechanisms that specifically target biological sites affecting within or on the outer
shell of the bacterial cells, thereby reducing the likelihood of resistance. Nanotechnology has
been studying this occurrence and continues to advance and integrate into the field of
antimicrobials, as viable biological alternatives to antibiotics [57], [62], [63].

Novel antibacterial agents based on nanomaterials has progressed rapidly over the past decade.
These agents provide several advantages, such as broad-spectrum antimicrobial activity, high

efficacy, and low toxicity to the patient, but most relevantly they also employ multiple
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mechanisms to synergistically enhance their antimicrobial effects, effectively reducing over
time the rise of bacterial resistance. To give an example, nanomaterials can exert their
antimicrobial properties through direct physical interactions with bacterial cells, such as the
release of reactive oxygen species (ROS), either directly or indirectly [64].

Furthermore, the ability to be able to empirically adjust and optimise the physicochemical
properties of these nanomaterials makes them highly desirable for use in in clinical research to
be, lateron, able to release them to the public. This versatility enablesthem to meet the specific
requirements of different antibacterial applications and strains effectively [64], [65].

In the case of medical meshes, one of the most critical areas of research focuses on biofilm-
forming bacteria. According to estimates from the NIH and CDC, these bacteria are
responsible for over 60% of nosocomial infections. Nosocomial infections pose significant
risks in healthcare, contributing to chronic infections related to implanted medical devices,
surgical-placed mesh implants, intravenous access line-induced bloodstream infection, and
orthopedic procedures [64], [65].

Given the severity of these infections, various strategies have been investigated to mitigate the
threats posed by these persistent pathogens. One promising approach involves using
nanomaterials to disrupt the metabolism and signalling of cyclic dimeric guanosine
monophosphate (c-di-GMP); this molecule that acts as a second messenger in bacterial

processes, including biofilm formation [64], [65].

2.3.3  Light Activated Carbon nanodots (CNDs) for Antimicrobial Applications

Carbon nanodots (CNDs) are classified as nanoparticles with an amorphous, crystalline or
semicrystalline core structure, which are easy and cost-effective to synthesise. They are smaller
than traditional nanoparticles, ranging from 1-10 nm. At this size, they exhibit quantum
confinement and fluorescence properties, similarly to quantum dots; nevertheless, carbon
nanodots are primarily composed of carbon. They may have additional surface functional
groups, but their core is typically made of carbon-based materials when they go through a
process called doping, while quantum dots are typically made from semiconductor materials

Some advantaged that carbon nanodots offer are bright luminescence, low cytotoxicity, high
biocompatibility, and tunable emission properties, making them highly versatile for various

applications (Figure 2.3.7) [53].
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Figure 2.3.1: Diffetent applications for C-dots and their possible synthesis method. (Chai ez a/, 2022) Sourced
from: [60].

CNDs are a novel class of carbon-based nanomaterials. They are gaining attention due to their
unique electronic properties and the simplicity of their synthesis methods. This ease of
synthesis sets CNDs apart from other materials, which often require more complex and labor-
intensive processes. During synthesis, the sp? hybridized carbon core structures, along with
functional groups like carboxyl, hydroxyl, amine, between others, depending and being
obtained from both the precursor and activating agents [53], [66]

Furthermore, researchers have made significant progress in enhancing the tunability of the
fluorescent properties of CNDs, positioning them as excellent alternatives to high-
performance, more toxic nanomaterials, such as inorganic nanoparticles and quantum dots.
CNDs offer strong chemical inertness, tunable photoluminescence, and minimal
environmental impact. Additionally, their antibacterial properties are activated by prolonged
exposure to light, typically in the ultraviolet range. However, there are exceptionswhere carbon
nanodots are activated by lightin the visible spectrum, allowing themto be employed for direct

biomedical and clinical applications [53], [60]
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The origins of the characteristic fluorescence and the molecularinsights of the CNDs has been
studied vastly by researchers in order to understand the antibacterial capability and this has
caused current debate amongst the research community. To date, factors such as
multichromophoric regions, doping elements (when occurred), core structures, passivating
molecules, and a wide variety of sizes are widely accepted as models for the fluorescence origins
in most optical studies of CNDs [53].
Additionally, properties such as solvation and fluorescence polarisation are vital for CNDs.
CNDs also exhibit anisotropic behaviour, similar to quantum rods, meaning their properties
can differ based on direction, indicatinga more robust and durable structure. Furthermore,
recent studies have shown that low temperatures can significantly influence various organic
segments, therefore, affecting the fluorescence [53], [67].
Furthermore, on the optical properties of the CNDs and photoluminescence, certain carbon
nanodots have the capacity to perform antibacterial inactivation onlight command. This ability
occurs due to a process called antimicrobial photodynamicinactivation (aPDI). This technique
utilises a non-toxic photosensitiser combined with light illumination to generate antimicrobial
reactive oxygen species (ROS) from environmental oxygen. The ROS can form through two
primary mechanisms: one mechanism produces hydroxyl radicals, superoxide, or hydrogen
peroxide, while the other generates singlet oxygen ('O;) [8], [53], [68]
These species react non-specifically with cellular or viral components, resulting in significant
oxidative damage that effectively inactivates a wide range of microbial agents, including
bacteria, viruses, fungi, and even parasites [60], [61]. This inactivation through ROS-mediated
oxidative damage has notable advantages [53], [69]:

" Microorganisms that resistant to traditional antibiotics are inactivated at levels

comparable to their drug-susceptible counterparts.
= Since it is non-specific damage caused by ROS makes the development of resistance
highly unlikely.

These benefits make proxylaxis techniques using aPDI particularly appealing for preventing
the spread of nosocomial and surgical site infections from drug-resistant pathogens [53].
However, these materials can also provide other applications, such as the disinfection of
surfaces and materials for sterilisation purposes.
Despite these remarkable advantages, in the case of a clinical hernia application it must be
noted that the activation should be realised with carbon nanodots that provide cell
proliferation properties or at least good cytocompatibility and they must be activated in
prophylaxis opportunities as well as for surgical site infection (SSI) treatment [8], [64].
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Nonetheless, while antimicrobial photodynamic inactivation (aPDI) offers several advantages,
it is important to emphasize that it isa non-specific technique. This means it can affect healthy
tissue surrounding the infection while also reducing the bacterial population [8], [69]. Despite
this limitation, carbon nanodots have demonstrated significant potential in anti-cancer
photodynamic therapies due to their excellent cytocompatibility, high biodegradability, and

water solubility, which reiterates that harm is minimal if performed correctly.
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Figure 2.3.2: Jablonski Diagram of aPDI Mechanisms (Haleen, 2023) Sourced from: [51].
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Chapter 3

Materials and Methods

3.1 Materials

The materials and reagents shown in Table 3.1.1 were used for electrospinning of Coaxial

PHB and PHB/CND fibres.

Table 3.1.1: Coaxial electrospinning of PHB solution as the Cote Solution and PHB/CND solution

as the Shell Solution, materials and reagents.

Chloroform €2432
PHB and PHB/CND
solution Poly[(R)-S—hydroxybutyﬂc 363502
acid]
PHB/CND solution and Clrric acid Slgm%—?frmh, 2P
CND solutions 1,5-Diaminonaphthalene D21200
Ethanol 34852-M
CND solution before
freeze_dry]ng Whatman@ UNIFLO@ 25 WHA9914-2502
syringe filters

3.2 Methods

3.2.1  Carbon nanodots (CNDs) Synthesis
CNDs were synthesised according to [70], using a one-pot solvothermal method with the mass
ratio of citric acid to 1,5-diaminonaphthalene of 1:2. 1,5-DAN (260 mg, 1.64 mmol) and CA
(130 mg, 0.68 mmol) were added to absolute ethanol (130 mL). This solution was subjected to
ultrasonic bath treatment at 80 kHz Frequency (Fisherbrand™ 112xx Series Advanced
Ultrasonic Cleaner, Fisher Scientific, USA) for 10 minutes until suspended and then transferred
into an oven, where it was heated at 200°Cfor 9h. Afterwards, the solution was subjected to

rotary evaporation to remove the ethanol. Subsequently, the particles were resuspended in
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water. The resulted product was filtered using a Acrodisc 0.2 um Membrane Syringe Filter
(Sigma-Aldrich, USA) and went through tip sonication for 5 minutes with the conditions of
10% amplitude and one second pulse-on and pulse-off timing. Finally, the solution was freeze-

dried for 3 days to obtain dark purple-brown CND particles.

3.2.2  Electrospinning solutions preparation (PHB and PHB/ CND Solutions)

3.2.2.1 PHB and PHB/ CND Solutions for coaxial electrospinning

The PHB Solution without the addition of CNDs was carried out by dissolving poly[(R)-3-
hydroxybutyric acid] (PHB) in chloroform to make a 10%wt solution (1 g/10 mL). The
solution was stored in a glass vial with a sealed lid to prevent evaporation and was stirred
continuously using a magnetic stitrer in an oil bath at 55°C for 1 hour.

The PHB/CND solutions wete produced by weighing different concentrations of CNDs. 10
mg, 25 mg, 50 mg and 100 mg (1%, 2.5%, 5% and 10%w /v) of the previously synthesised
CNDs were added into a glass vial with a sealed lid (Tuble 3.2.7). Afterwards, 2 mL of
chloroform were added to create a suspension. This suspension is subjected to 5 minutes of
ultrasonic bath treatmentat 80 kHz Frequency (Fisher Scientific, USA) and following this, 500
mg of PHB powderand 8 mL of chloroform are added to them to make a 5%wt PHB solution
in 10 mL. The solution was stirred continuously using a magnetic stirrer in an oil bath at 55°C

for 1 hour.

Table 3.2.1 Weights and volumes used to prepare PHB and PHB/CND solutions.

0 0 10

1 10

2.5 25 10
5

5 50

10 10
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3.2.2.2 PHB Solution for single needle electrospinning, for comparison

The solution was synthesised in the same manner as the PHB solution for coaxial
electrospinning where, poly[(R)-3-hydroxybutyric acid] (PHB) was dissolved in chloroform to
make a 10%wt solution (1 g/10 mL). The solution wasstored in a glass vial with a sealed lid

to prevent evaporation and was stirred continuously using a magnetic stirrer in an oil bath at

55°C for 1 hour.

3.2.3  Electrospinning Setup and Parameters for coaxial electrospinning

A horizontal setup was used to carry out the electrospinning experiments. The PHB and
PHB/CND solutions wete loaded onto a 10 mL disposable plastic sytinges connected to a
blunt-ended metal coaxial needle (18Ginnerdiameter, 14G outerdiameter, Vita Needle, USA).
Each syringe was then attached to two programmable syringe pump drivers, where each
independently controls the flow of the solutions out of the syringes to become the core (18G)
and shell (14G) portion of the fibres. The rate of solution flow was controlled by the syringe
pump driver (NE-300, New Era, USA)at 0.25 mL/h and the tip of the needle was connected
to a clamp that carries the high voltage. A ground wire clamp was connected to a bespoke 3D
printed rotating drum used as a collector (10 cm in diameter), configured at a speed of 400
rpm, covered by aluminium foil to collect the fibres (Figure 3.2.7). For safety, the
electrospinning setup is placed in a designated cupboard grounded throughout. The distance
between the needle tip and the collector was set at 12 cm. After doing voltage screening
between —10 kV to —-25 kV, it was determined that —21 kV was optimal. After the
electrospinning process concludes, the aluminium foil was collected and afterwards cut into

5x10 cm pieces and stored to avoid light exposure.
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9)
b) Core Solution d) Hl%’: \Iigltage Grqund
- wire
connection
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c) Shell Solution RGt3tihg Rt

collector at 12
cm distance
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pump
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Figure 3.2.1: Electrospinning set-up used. a) waxial needle b) syringe containing PHB solution (core solution),
O sytinge containing PHB/CND solution (shell solution), d) high voltage wire connection, ¢) sytinge pump
driver controlling outflow of solution from needle towards, f) a rotating wllector covered in aluminium foil

with g), ground wite connection. Schematical illustration produced using Biorendet® (Canada).

3.2.4  Electrospinning Setup and Parameters for single needle electrospinning

The single needle electrospinning setup wassimilar to that of the coaxial needle electrospinning
system, except thatin this setup, the PHB solution were loaded onto a single 10 mL disposable
Luer Lock plastic syringe (Fisher Scientific, USA) connected toa blunt-ended metal disposable
needle (21Ginner diameter) (AGANI Needle, Japan). The syringe wasthen attached toa single
programmable syringe pump driver (NE-300, New Era, USA). The pump rate was set at 0.5
mL/h. After doing the voltage screening between —10 kV to —25 kV, it was determined that —
18.5 kV was chosen for the single needle electrospinning. Additionally, the distance between
the needle tipand collector (12 cm), the position of the voltage and grounding clamps remained
the same as the coaxial electrospinning setup (Figure 3.2.2). The designated cupboard was used
and after the electrospinning process concludes, the aluminium foil was collected and cut into

5x10 cm pieces and stored avoiding light.
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f)
O c) High Voltage Ground
Fibres -18.5kV wire
connection
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pump cm distance

Figure 3.2.2 Electrospinning set-up used. a) needle b) syringe containing PHB solution, ¢) high voltage wire
connection, d) syringe pump driver controlling outflow of solution from needle towards, ) a rotating cllector
overed in aluminium foil with f), ground wire connection. Schematical illustration produced using Biorender®

(Canada).

3.3 Characterisation

3.3.1  Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) was employed to evaluate the architecture of the mesh
and the formation of core-shell fibres. A scanning electron microscope (FEI Inspect F, FEI
Company, Oregon, USA) located in the Nanovision Centre, Queen Mary University of
London, was utilised for this purpose. Samples were prepared by cutting them into circular
shapes with a radius of 1 cm and mounting them onto adhesive carbon-coated metal stubs.
Subsequently, the specimens were sputter-coated witha 10 nm layer of gold-palladium using
an Agar auto sputter coater (Agar Scientific Ltd, UK). Micrographs were captured at a high
voltage of 10 kV, a working distance of 10 mm, a spot size of 3.5 and an aperture setting of 6
for imaging. For Energy Dispersive X-ray spectroscopy (EDS) analysis, micrographs were
taken at the same voltage and working distance, but with a spot size of 4.5 and an aperture of
4. Additionally, SEM micrographs were analysed to determine the average fibre diameter and
distribution using Image]® software (NIH, USA).

27



Chapter 3 | Materials and Methods

3.3.2  Transmission Electron Microscopy (ITEM)

TEM microscopy was used to identify the core-shell structure coaxial fibres and the
morphology and arrangement of the carbon nanodots. Sample was prepared using the drop
casting method, where the sample was placed on Lacey carbon films on Copper TEM Grids
(Agar Scientific, UK). The samples selected were prepared using two methods:

* For the CNDs, a 10 mg/mlL solution was prepated with ultrapute deionised water and
subjected to an ultrasonic bath at 80 kHz Frequency (Fisher Scientific, USA) for 5
minutes. The solution was then filtered using an Acrodisc 0.2 pm Membrane Syringe
Filter (Sigma-Aldrich, USA). The drop casting method was performed using a
micropipette with 20 pulL of the solution and dropping it on the copper TEM grid,
leaving it to dry overnight.

* For the coaxial fibres, a small 1 mg weight piece was cut and placed in a glass vial
containing 5 mL of acetone. Afterwards, the solution containing the dispersed fibres
was subjected to ultrasonic bath treatment at 80 kHz Frequency (Fisher Scientific,
USA) for 5 minutes. The drop casting method was realised using a micropipette with
20 uL of the solution and dropping it on the copper TEM grid.

The samples were thenimaged using a JEM-F200 Multi-purpose Electron Microscope (JEOL,
Japan) at an accelerated voltage of 200 kV in emission with a Spot size of 1. TEM imaging was

performed at the NanoVision Centre in Queen Mary, University of London.

3.3.3  Dynamic Light Scattering (DL.S)

Particle size measurement wasanalysed using a Malvern Nano ZS SERIES Zetasizer. (Malvem
Panalytical, UK). The carbon nanodots dispersed in ultrapure deionised water were analysed
using a disposable Polystyrene Cuvettes for UV and Visible Wavelengths (Fisherbrand™
FB55923, Fisher Scientific, USA) with a wavelength analysis range from 340-900 nm. The
concentration determined to analyse the sample was 0.5 mg/mL, dispersed for 3 minutes in

an ultrasonic bath treatment at 80 kHz Frequency (Fisher Scientific, USA).

3.3.4 _ATR-FTIR Spectroscopy

This measurement was chosen to be able to confirm the formation of the composite fibres
and compare the spectras for different additions of CNDs. The FTIR spectra were
documented using a Bruker Tensor 27 FTIR spectrometer (Bruker, USA) with an ATR

accessory. The samples were tested directly on the equipment. Transmittance mode was
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utilised to measure the samples and scans were acquired across the 4000—400 cm™ wavenumber
range at a resolution of 4 cm™ with 16 scans performed per spectrum. These scans were later
analysed using the equipment’s OPUS® software (Bruker, USA). 7 samples were tested: the
CNDs, PHB powder for comparison, 0%, 1%, 2.5%, 5% and 10% of added CNDs fibre

meshes.

3.3.5 UWV-Vis Spectroscopy

UV-Vis Spectroscopy analysis was taken with a Perkin Elmer Lambda35 UV -vis spectrometer
(Perkin Elmer, USA). This equipment has a scanning double-beam spectrometer. The sample
selected was the carbon nanodots alone and they were dispersed in ultrapure deionised water
were analysed in a wavelength range from 190 - 1100 nm using a UV quartz cuvette (Sigma-

Aldrich, USA). The concentration determined for use was 5x10° mg/ml..

3.3.6  Fluorescence Spectroscopy

The fluorescence analysis was taken using a Perkin Elmer LS55 spectrofluorometer with
Xenon pulsed flash lamp (Perkin Elmer, USA). The carbon nanodots were dispersed in
ultrapure deionised water were analysed in a wavelength range from 200-650 nm using a
Hellma® Fluorescence quattz cuvette (Sigma-Aldrich, USA). The chosen excitation

wavelength for the sample was .= 300 nm. The concentration used was 1x10"* mg/mL.

3.3.7  Contact Angle Measurement of Sessile Drops | Drop S hape Analysis
Contact angle measurements were taken of the 0%, 1%, 2.5%, 5% and 10% added CNDs
synthesised fibres as well as the CNDs sample. This was carried out at room temperature. A
10 ul sized droplet of ultrapure deionised water was dropped on the mesh and CNDs surface.
Contact angles were determined using an Kruss DSA100 drop shape analyser (KRUSS

Scientific, Germany).

3.3.8  Thermogravimetric analysis (1 GA)
Thermogravimetric analysis (TGA) was conducted on 0%, 1%, 2.5%, 5% and 10% of added

CNDs synthesised fibres as well as CNDs to determine the degradation temperature of each
product. Samples weighing 2-6 mg were placed in the TGA equipment (TGA 5500, TA
Instruments, USA), and thermal degradation was carried out under nitrogen gas supply from

room temperature to 900°C for the fibre meshes and from room temperature to 1000°C for
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the CNDs at a heating rate of 10°C/min. All data are presented as temperature versus weight

change.

3.3.9  Differential scanning calorimetry (DS C)
Differential scanning calorimetry (DSC) was performed on 0%, 1%, 2.5%, 5% and 10% added

CNDs synthesised fibres as well as the CNDs to determine the temperature-related transitions
of each product before the degradation temperature. Samples weighing between 2-6 mg were
placed in the DSC equipment (DSC 25, TA Instruments, USA), and the procedure was carried
out under nitrogen gas supply from -5°C to 230°C for all the samples at a heating rate of
5°C/min. It was decided to use a cyclic procedure, where two cycles were performed for

compatison. All data were presented as temperature versus Normalized Heat Flow (W/g).

3.3.10 X-ray photoelectron spectroscapy (XPS ) Analysis

X-ray Photoelectron Spectroscopy (XPS) was employed to characterise the chemical elements
present on the surface of the single needle and coaxial synthesised fibres (0%, 2.5% and 10%
addition of CNDs on mesh) and the synthetised CNDs. X-Ray Photoelectron Spectroscopy
(XPS) was carried out on a Thermo Scientific, Nexsa® spectrometer under UHV at ambient
temperature. XPS results were analysed using Avantage® software. (ThermoFisher, USA),

with a micro-focused X-ray source at 100 pm.

3.3.11 MTT Assayusing 1.-929 cell line
The cell line utilised for the experiment was L.-929 cells obtained from Sigma-Aldrich (USA,

catalogue number CCL-1). These cellsare a murine fibroblast cell line whichis commonly used
for cytotoxicity studies. The experiments were performed in a sterilised Class II Biological
safety cabinet (Mars, Labogene, Denmark) and left for incubation periods on a Binder CO,
Incubator model C150 from Binder GmbH (Germany).

The reagents used in the analysis of 0%, 1%, 2.5%, 5% and 10% of added CNDs in the fibre

meshes experimentsare listed in Table 3.3.1.
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Table 3.3.1: Reagents utilised during the cell culture experiments.

Cell culture flasks T-75 (75 cm?) Thermo Fisher Scientific, USA 156499
Dulbecco’s Modified Eagle’s Medium, . .
low glucose (DMEM) Sigma Aldrich, USA D6046
Ethanol Honeywell, USA 24194
Foetal Bovine Serum (FBS) Sigma Aldrich, USA F9665
Penicillin-Streptomycin (P/S) P4333
Phosphate Buffered Saline Thermo Fisher Scientific, USA D8537
Sterilin X700 container aseptice 7 ml. Fisher Scientific, USA 12799985
no label
Trypan blue solution, 0.4% 15250061
Thermo Fisher Scientific, USA
TrypLE™ Express Enzyme 12604021
12-well Clear TC-treated Multiple Well 10253041
Plates
Fisher Scientific, USA
96-Well, Cell Cultu.re—Treated, Flat- 10695951
Bottom Microplate

The 1.-929 cellline (mouse fibroblast cellline) wasused as itis established in continuous culture
and a well-known cell line for cytotoxicity testing of biomaterials. The 1.-929 cells was
employed to assess the cytotoxicity of the fibre meshes, as the use of this cell line is
recommended in ISO 10993, Part 5, Annex C: MTT cytotoxicity test [50]. Cells were cultured
from passage 5-7 and kept in sterile conditions in a CO2 incubator. The L-929 cells were
cultured in a media solution containing 79% Low-Glucose Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented by 20% foetal bovine serum (FBS) and 1%
Penicillin/Streptomycin (P/S) in T-75 flasks. Cells were incubated at 37°Cat 5% CO2 until
approximately 80-90% confluency was reached. Media was changed every 2-4 days.

Once confluency was reached, the cells were harvested utilizing TrypLETM Express Enzyme
and manually counted using a haemocytometer using 10 pl. Trypan blue and 10 pL. of the
suspension of cells. After this procedure, 1.-929 cells were seeded into 96-well plates with a
50ul cell suspension in each well, at a concentration of 1x105 cells/mL. Subsequently, the cells

were incubated at 37°Cat 5% CO2 for 48 hours.

31



Chapter 3 | Materials and Methods

3.3.11.1 Sample preparation and sterilisation
Electrospun fibre mesh material with the addition of 0%, 1%, 2.5%, 5% and 10% of CNDs

were manually cut into 1cm? samples and with an approximate weight of 5 mg. They were
stetilised using a solution of 70% v/v ethanol (Honeywell, USA). Samplesleft on the solution
inside the Class II Safety Cabinet (Mars, Labogene, Denmark) in a sterile environment and left
to dry overnight. Dried samples were then subjected to an hour of UV light irradiation to

sterilise them.

3.3.11.2 Mesh wetting

To realise the wetting process, triplicatesof the different concentrations of the fibre mesh were
used (0%, 1%, 2.5%, 5% and 10% added CNDs). The triplicates were placed ina 7 mL sterile
container (Fisher Scientific, USA), to which 5 mL of the media solution were added. Full
wetting of the product at room temperature was necessary for the MTT Assay. The meshes
tended to float due to its hydrophobic nature but would remain submerged after they were
completely wetand they did not degrade during the maximum of 72 hours of culture. This was
intended to be able to compare if, in an application, it would be beneficial to place the mesh
in the patientimmediately orif it would be necessary to pretreatitto ensure thatall the solvents

were eliminated. Therefore, 4 sample testing groups were designated (Tuble 3.3.2).

Table 3.3.2: Different ime durations for submerging the fibre samples.

Mesh was placed in
the container and
incubated at 37°C at
5% CO, for 24
hours. Afterwards,
the mesh  was
removed and the
media was stored in
the fridge untl
further analysis.

Mesh was placed in
the container and
incubated at 37°C at
5% COx for 72 houts.
Afterwards, the mesh
was removed and the
media was stored in
the fridge until further
analysis.

Mesh was placed in the
container and incubated

at 37°C at 5% CO; for 24
hours. Afterwards, the
media inside the

container was aspirated
and the same volume of
new media was added.
After 24  hours of
incubation, the mesh was
removed and the media
was stored in the fridge
until further analysis.

Mesh was placed in the
container and incubated
at 37°C at 5% CO; for
72 hours. Afterwards,
the media inside the
container was aspirated
and the same volume of
new media was added.
After 72 hours of
incubation , the mesh
was removed and the
media was stored in the
fridge untl  further
analysis.
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3.3.11.3 MTT Assay Procedure after sample conditioning

The previously produced test media eluted from the meshes was warmed up to 37°C and
placed in a sterile environment in a Class II Safety Cabinet (Mars, Labogene, Denmark). The
96-well plates with cells were examined in the microscope and when 80-90% confluency was
reached, the remaining media wasaspirated carefully and then 100 uL of the test media (Tuble
3.3.2) wasadded into each well. A triplicate of positive control cells was made, where DMEM
media was added. Following this, all the plates were left to incubate at 37°C for 24 hours.
After this period, the test media was discarded along with the DMEM media and SDS via
aspiration. After this, 50 pl. of serum-free media and 50 uL. of MTT Reagent were added into
each well where the test media, the positive control was placed using a multichannel pipette
(VWR, USA). Forbackground control wells, 50 u. MTT Reagentand 50 uL. cell culture media
was added (no cells). The plates were incubated at 37°C and 5% CO, for 3 hours. After
incubation, 150 uL. of MTT Solvent wasincorporated into each well, as directed by the assay
protocol [71], [72]. The plates were wrapped in aluminium foil and placed on an orbital shaker
for 15 minutes (GyroTwister™ 3D Laboratory Orbital Shaker, Labnet, USA). Thereafter, the
plates were read in absorbance mode at OD=590 nm at room temperature using the
SPECTROstar Nano plate reader (BMG LABTECH, Germany). The data waslater analysed
using Mars software (BMG LABTECH, Germany).

When calculating cell viabilityinan MTT assay with adjustments for background (no cells),
the formula needs to account for this factor to provide a more accurate representation of live

cell viability. It was calculated in this manner:

Corrected data = Raw data (Sample or Positive Control) — Background

Where:
* The sample is the cells subjected to the experimental test media.
* Positive control refers to the live cells that were not subjected to the test media.

* Background means a well with no cells, just media.
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Moreover, the formula for calculating percentage viability adjusted with the background [71],

[73], 1s represented as:

Sample (Corrected)

Cell Viability (%) = ( ) 100

Positive Control (Corrected)
A product is considered to be a potentially cytotoxic if cell culture viability decreases to less
than 70% compared to the positive control, which was designated with 100% viability

according to ISO 10993, Part 5, Annex C: MTT cytotoxicity test [39]. The average viability
percentages for each group were then calculated based on the results from three repetitions

of each experiment and results were using GraphPad® Prism Software (USA).
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Material Synthesis and Characterisation

4.1 Introduction

The technique of electrospinning can be considered to be one of the most widely used
methods to produce fibres with a uniform structure at the determined optimised
electrospinning parameters. Hence electrospinning is a widely used technique in the
industry for the fabrication of fibres from diverse materials and applications [34], [74].
Nonetheless, there are many variables that may affect the electrospinning process which, in
response, may affect the morphology of the spun fibres. The electrospinning process was
optimised in the polymer concentration and core-shell arrangement for the coaxial fibres
The aim was to synthesise single needle electrospun PHB fibre meshes to compare to
coaxial PHB fibre meshes, where the shell structure of the coaxial fibres would have
different concentrations of added CNDs in them for comparison. 2.5% of added CNDs
would be the ideal since according to literature [70], this concentration is enough to kill

bacteria on light command. 1%, 5% and 10% were used for comparison.

4.2 Synthesis: Results and Discussions

4.2.1  Carbon nanodots (CNDs) Synthesis

The CNDs were a dark purple-brown colour after lyophilisation. When suspended in water or
another organic solvent as shown in Figure 4.2.1, the solution was a dark purple and when
filtered with Acrodisc 0.2 pm Membrane Syringe Filter (Sigma-Aldrich, USA), it became a
waterier golden solution. The yield of the reaction was approximately 61.6%, it is given as

approximate because of the filtering process which may have reduced the actual yield.
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Additionally, the synthesis of CNDs can create many subproducts which can be considered if

they are appropriately eliminated.

Figure 4.2.1: Carbon nanodots (CNDs) images of a) CNDs after lyophilisation, b) CNDs suspended in
ultrapute deionised water in a concentration of 10 mg/mL¢ Same suspension as before butafter filtration by
Acodisc 0.2 um Membrane Syringe Filter (Sigma-Aldrich, USA) with a volume loss because of acrodisc

filtration and d) compatison in Eppendoff tube of CNDs suspension before and after filtration.

When carbon nanodots (CNDs) are synthesised using citric acid and 1,5-diaminonaphthalene,
the process involves heating the precursors (Figure 4.2.2),leading to thermal carbonization.
This results in the formation of carbon-based nanoparticles with functional groups on the
surface, originating from the initial reactants. Citric acid acts as the primary carbon source
undergoing decomposition at high temperatures to form the carbon-rich core of the nanodots,
while 1,5-diaminonaphthalene introduces nitrogen-containing functional groups that not only
modify the surface chemistry but also affect the structural and electronic properties of the
nanodots by enabling nitrogen doping within the carbon network. Nitrogen doping can
modify the electronic structure of the carbon, introducing new electronic states that enhance

properties like conductivity, photoluminescence, and catalytic activity.

a) NH; b)

HO OH
NH, OH

Figure 4.2.2: Carbon nanodots (CNDs) reagent composition chemical structures: a) 1,5-diaminonaphtalene and

b) Citric add. Chemicl Structures drawn using ChemDraw® online software.
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The surface chemistry of the resulting CNDs is characterized by a variety of functional groups,
including amine groups from the 1,5-diaminonaphthalene and carboxyl groups derived from
incomplete decomposition of citric acid. These surface groups not only stabilize the nanodots
but also provide reactive sites for further chemical modifications, which can be tailored to
specific applications. The combination of a carbon core with nitrogen-rich functionalization
gives the nanodots improved optical properties, such as enhanced fluorescence, and increased
solubility in aqueous environments, making them highly versatile for uses in bioimaging and
chemical sensing. Ultimately, the interplay between citric acid’s carbon framework and 1,5-
diaminonaphthalene’s nitrogen-based functional groups leads to the creation of highly tunable
carbon nanodots with a broad range of potential applications.

The likely resulting chemical structure is an amorphous or graphitized carbon core, which
would be composed mainly of sp* carbon networks (similar to graphitized structures) with
some sp® carbon regions, this arises from the carbonization of citric acid. The possible surface
functional groups would be carboxyl groups (-COOH), amine groups (-NH, ) and nitrogen
doping (N) into the carbon core, forming pyrrole or pyridine-like sites. Furthermore, a possible
surface functional structure would include the presence of nitrogen and oxygen atoms on the

surface which may generate amine acid-like structures or amide bonds (-CONH).

4.2.2  Electrospinning: coaxial and single needle, solution preparations and results

The PHB and PHB/CND solutions shown in Table 3.1.1 wete prepared and electrospun as
described in section 3.2 using a rotating drum collector coveredin foil. The ambient parameter
conditions could not be controlled and oscillated around 18.8-25.6°C and humidity oscillated
between 23-73%, which in turn, affected fibre reproducibility.

Three different needle gauges were used to change the size of the resulting fibres. In Table
4.2.1, the internal diameters (ID) of each of the selected needle gauge sizes are shown, where
14G is the largest diameter. Additionally, the outer diameter (OD) is considered because the
18G is inside the 14G needle as this is the coaxial needle design creating a smaller cross
sectional area than that portrayed when it is an independent needle. When subjected to a high
voltage both needles create fibres maintaining a stable Taylor’s cone under stable ambient

conditions.
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Table 4.2.1: The different needle gauge sizes utilised in the electrospinning experiments. Approximate
ID values were obtained from Sigma Aldrich (USA) [2].

21 (single needle) 0.495 0.813 0.192
18 (coaxial, inner needle) 0.838 1.270 0.552
2.010 (effectively
14 (coaxial, outer needle) 1.600 2.108 since it is a coaxial
needle)

The resulting fibre meshes created were different shades of white, light pink and dark purple
depending on the concentration of CNDs added to the shell solution. As showed in the Figure
4.2.3 a) to ¢), when no CNDs were added, that is, the only single needle electrospinning, the
fibre mesh was white, and then the colour increased until a dark purple was seen with the
highest concentration (10%) for the coaxial fibre meshes. The colour shade variations sustain

that macroscopically the addition of CNDs on the fibre meshes wasaccomplished.

Figure 4.2.3: PHB fibre meshes where different concentrations of CNDs were added and, therefore, it affected
macroscopically its colour a) 0% b) 1% o 2.5% d) 5%, and ¢) 10% of CNDs were added. f) Nature of the

fibres. g) Membrane formed after leaving the PHB solution in room temperature for 2 minutes.
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When prepating the PHB solutions and PHB/CND solutions for electrospinning, they had to
be kept warm (40-55°C). This wasbecause, after approximately 1 minute at room temperature,
the solution would start turning into a membrane-like structure that is difficult to dissolve.
After the complete dissolution of the polymer had occurred, the solution was then transferred
to a syringe and electrospinning started immediately. It was noticed that the PHB created
thicker fibres compared to other commonly used polymers such as polyacrylonitrile (PAN)
under the same electrospinning conditions After electrospinning, the fibre meshes had a

cottonwool-like nature with a notable resistance to stretching (Figure 4.2.3 f)).

4.3 Characterisation: Results and Discussions

Figure 4.3.1: SEM micographs used to measure fibre diameter of the PHB fibre meshes a) with 0%, b) 1%, ¢
2.5%, d) 5% and ¢) 10% of added CNDs. These micographs were aptured at a magnification of 1000X. f)
Higher magnifiation on Panel b) at a magnification of 3000X. Sale bars a)-¢) 100 um, f) 40 um.

During SEM imaging, fibre alignment was relevant. This alignment was produced by the
rotating drum collector, which pulls the fibres while they are being formed in the jet stream.
The fibre diameter for each of the analysed fibres is listed in Table 4.3.7. It can be observed

that the fibres became thinner as more carbon nanodots were added; this can be explained by
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considering that the solutions containing more CNDs have higher viscosity. A viscous
electrospinning solution improves fibre formation because, according to literature [34], [74], it
reduces solvent evaporation, which allows for better control over the spinning process and
helps in maintaining the integrity of the fibres as they are formed. Furthermore, the polymer

chainsare betteraligned and more thoroughly stretched, resulting in stronger and more durable

fibres.

Table 4.3.1: Fibre diameter of PHB fibre meshes with the addition of 0%, 1%, 2.5%, 5% and 10%.
Fibre diameter were calculated and using Image]® softwate (USA). The diameters of 50 fibres were
measured for each type of fibre mesh to determine the average fibre diameter. Table column colours

change from white to purple showing the different shades of the fibre meshes.

PHB fibre mesh with 0% added CNDs 229 £0.48
PHB fibre mesh with 1% added CNDs 2.18 £0.69
PHB fibre mesh with 2.5% added CNDs 1.84 £0.76
PHB fibre mesh with 5% added CNDs 1.82 £0.70

Energy-dispersive ~ X-ray  spectroscopy  (EDXS)  analysis was chosen  for
compositional/elemental analysis of the fibre meshes analysed by SEM Microscopy. It was
selected to investigate if, when increasing the concentration of carbon nanodots (CNDs) in
the meshes, the amount of nitrogen would increase in the sample, thus increasing the polarity
of the external layer of the product.

As presented in Figure4.3.2, the EDXS maps showed the presence of nitrogen in the meshes
that had CNDs included, with a gradual increase in volume as the concentration grew higher.
However, the fibre samples being polymeric are sensitive to high voltage and to a larger
aperture than in imaging mode (in order to increase the signal), this rapidly degraded the
sample; therefore, the EDXS spectrum was not a reliable source on determining the chemical
composition of all the meshes, as they degraded rapidly during EDXS. The scanning time for
each sample to obtain sufficient signal wasaround 5 minutes.

Thus, it wasdecided to try a more sensitive technique to analyse the surface composition and

chemical states of the samples as a result XPS analysis was done.
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C

a) PHB
Fibres with
0% CNDs

b) Coaxial
Fibres with
1% CNDs

C
c) Coaxial
Fibres with
2.5% CNDs

100pm
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d) Coaxial
Fibres with
5% CNDs
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10% CNDs

W0

Figure 4.3.2: Energy-dispersive X-ray spectroscopy (EDXS) maps identifying the spatial distributions of C
(blue), O (green), and N (red) of a) PHB fibre mesh with 0%, b) 1%, ¢ 2.5%, d) 5% and ¢) 10% of added
CNDs. These images were captured at a magnification of 1000X. All sale bars are 100 pm.
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4.3.2  Transmission Electron Microscopy (TEM)
For TEM imaging, Figure 4.3.3 shows two micrographs where in Figure 4.3.3 a) the synthetised

CNDs seem to be presenting a turbostratic carbon structure, a distinct type of carbonaceous
solid with structural organization that falls between amorphous carbon and crystalline graphite.
The amorphous phase is a mixture of sp? and sp’ bonds, it has no long-range crystalline order
and typically contains hydrogen and nitrogen in its structure. On the other hand, the graphite
phase is made up of carbon atoms bonded in sp® hybridization, nonetheless, in the case of
turbostratic carbon, unlike in graphite, where the layers stack in a well-ordered fashion, the
layers in turbostratic carbon are misaligned and do not stack neatly on top of one another.
Instead, they are slightly bent, twisted, or randomly arranged, giving it a more disordered
structure while still retaining some graphite-like characteristics [75], [706].

The carbon nanodots displayed a mean diameter of 20.32 £ 5.66 nm. This size is larger than
reported in the literature [77] by other groups, but it can be optimised in future work using

more dispersive treatments.

Figure 4.3.3: TEM micographs of a) CNDs and b) coaxial fibre with 10% CNDs added. Scale bars a) 50nm, b)
500nm.

In Figure 4.3.3b), the core-shell arrangement of the 10% CNDs added electrospun coaxial fibre
mesh was noticeable. The TEM images show that the thickness of the shell layer was variable
among fibres and thickerin some areas. The core layer was approximately 58.9% of the fibre

thickness, where the shell layer varied along the length of the fibre.
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4.3.3  Dynamic Light Scattering (DLS)

To determine the average hydrodynamic diameter of the CNDs, Dynamic Light Scattering
(DLS) was used, as it is a widely recognised method for analysing the size distribution of
nanoparticles in suspension, providing accurate insights into their behaviour and potential
aggregation in solution. However, this technique does not provide information about the
quantity of particles or their scattering efficiency, o [78]. Additionally, the formation of large
aggregates cannot be entirely ruled out, as the CNDs, though initially well dispersed in water
and yet filtered to minimise agglomerates, were observed to slowly agglomerate and settle to
the bottom after a few minutes. To re-disperse them for analysis, they had to be subjected to

an ultrasonic bath again.

—— CNDs resuspended in water at 0.5 mg/mL
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Figure 4.3.4: Average hydrodynamic size diameter of aarbon nanodots suspended in water at 0.5 mg/mL

obtained by DLS.

The average hydrodynamic particle size was determined to be 57.76 nm in volume with a
standard deviation of 26.27 nm (Figure 4.3.4). The carbon nanodots showed a unimodal
distribution in size with a Polydispersity Index (PDI) of 0.18, suggesting thatis a uniform

sample size.
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4.3.4 ATR-FTIR Spectroscopy

FTIR showed small changes in the chemical structure of PHB after being subjected to
electrospinning. This indicates that the chloroform used to dissolve the solution was
completely evaporated. Characteristic peaks of the PHB fibre meshes with 0%, 1%, 2.5%, 5%
and 10% of added CNDs are: at 2976 cm™ corresponding to the aliphatic C-H bonds
corresponding to the backbone of the polymer; a very strong band at 1720 cm™ due to the
stretching vibrations of the carbonyl C=O bonds in the esters; and finally, a band for the
stretching vibrations of the C-O present in the esters at 1261 cm™. While the characteristic
peaks for the CNDs are a band for the stretching vibrations of the N-H from the presence of
amines at 3390 cm™'; a band at 3232 cm™ associated with aromatic ring vibrations; a band at
2982 cm corresponding to aliphatic C-H bonds on the surface of the CNDs chemical
structure; a very strong band at 1716 cm™ representing the carbonyl stretching vibration of the
C=0 bonds in the carboxylic acid groups added by the incorporation of citric acid; an
intermediate intensity band at 1628 cm™ showing the stretching of the C=C double bond in
an alkene;abroad band at 1182 cm™ due to the stretching vibration of the C-N bond of amines

and finally, a band for the stretching vibration of C-O the carboxyl acids at 1023 cm™ (Figure
4.3.5) [79].
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Figure 4.3.5: Stacked FTIR Spectra of synthetised CNDs, PHB fibre meshes with 0%, 1%, 2.5%, 5% and 10%
of added CNDs.

The addition of CNDs into the different fibre meshes has been shown to not be detectable by
the ATR-FTIR; this is because there is only a very small percentage of the characteristic CNDs
functional groups that are added into the whole fibre mesh. Even though it is a coaxial fibre
mesh, most of the fibre mesh is the PHB polymer, demonstrating this on the ATR-FTIR
Spectra. Techniques that are more sensitive can be used to detect the incorporation of the

carbon nanodots in the structure.
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4.3.5 UV-Vis Spectroscopy

The CNDs solution at 5x10~ nm in water presents two absorption bands at 230 and 316 nm
in the UV—vis absorption (Figure 4.3.6). In UV-Vis spectroscopy, different chromophores
absorb light at specific wavelengths, corresponding to their electronic transitions. In the case
of the synthesised CNDs, the reagents utilised to their production are 1,5-diaminonaphtalene
(1,5-DAN) and citric acid. 1,5-DAN has an aromatic naphthalene ring with amino groups,

which are key functional groups for this absorption bands.

10 —— CNDs at 5x10°° mg/mL

230 nm

0.8 4

o
@
1

Absorbance
o
o
1

316 nm

0.2 1

0.0

I ’ T . T T T T
250 300 350 400 450
Wavelength (nm)
Figure 4.3.6: UV-Vis Absorption Spectrum of the CNDs displaying a bimodal distribution at with an
absorption peak at 230 nm and 316 nm.

The absorption at 230 nm is likely due to the n to ©* transitions of the aromatic naphthalene ring.
Aromatic rings typically absorb in this range because of their conjugated n-electron systems [80] . At
316 nm, the absorption could be related to the extended conjugation involving the naphthalene ring,
potentially with interactions involving the amino groups. The extended n-system of naphthalene and
its derivatives can show absorption in this range. Citric acid generally absorbs at higher wavelengths
due to the presence of carboxyl groups, but in combination with 1,5-DAN, any absorption of this
molecule would be around 316 nm. This specific absorption might be influenced by the interactions
between the naphthalene and citric acid components in the CNDs, reflecting extended conjugation or

specific interactions between the two substances.
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4.3.6 Fluorescence Spectroscopy
To investigate the optical properties of the carbon nanodots (CNDs) in water, a highly diluted
solution (1x10"* mg/mL) was prepatred. Fluorescence spectra was obtained from this solution
to determine if both UV and visible light could activate the CNDs. Visible light irradiation is
preferred for hernia repair applications, as it offers a safer and more versatile approach for
clinical use, making it more suitable for human patient exposure. However, due to the inherent
properties of the CNDs, the solution exhibited such intense fluorescence that it exceeded the
detection limits of the equipment. A lower concentration solution was made to reduce this
problem, but the CNDs seemed to be more affected by the light emission above 1x10%"
mg/mL, were they appeared to be degrading, givinga broader and itregular peak as the solution
was more diluted. Therefore, the initial concentration was selected, to display the resulting

bands that correspond to the sample.

—— CNDs suspended in water at 1x10"'2 mg/mL
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Figure 4.3.7: Fluorescence Spectrum of the CNDs with emission peaks at 300.2 nm, 332.2 nm and 599.5 nm.

The obtained fluorescence spectrum with emission peaks at 300.2 nm, 332.2 and 599.5 nm in Frgure
4.3.7, generated with an excitation wavelength of 300 nm, can be explained as follows [80]:
* 300.2 nm: This peak is too close to the excitation wavelength, which could be
attributed to Rayleigh scattering; that is elastic scattering where the emitted light is at
the same wavelength as the excitation light. But since it is a very strong peak, another

less likely possibility is that it is due to absorption of the emitted light, where the
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molecules in the CNDs would absorb some of the emitted photons and re-emit them
at nearly the same wavelength.

" 332.2 nm: For this peak, since CNDs have naphthalene rings in their chemical
structure originating from 1,5-DAN, it is likely due to a transition from an excited state
of the aromatic system back to the ground state, since aromatic compounds often
exhibit fluorescence in the UV range.

* 599.5 nm: This emission might indicate a more complex behaviour, such as
interactions between the molecules in the solution, like charge transfer between 1,5-
DAN and citric acid or a secondary emission process, which might involve another
part of the molecule. The visible peak at 599.5 nm, which falls in the orange-red range,
suggests a greater energy loss from excitation to emission. This could be due to factors
such as extended conjugation in the molecule or interactions with other components
in the solution.

Since the application is to activate the material with visible light for biomedical applications,
the emission at 599.5 nmis particularly important. This emission in the visible range suggests
that the material could be responsive or active when irradiated with visible light, making it
potentially useful for applications such as hernia repair, where visible light can safely penetrate

skin and the underlying soft tissue to reach the hernia repair implant site without causingharm.

4.3.7 Contact Angle Measurement of S essile Drops/ Drop Shape Analysis

Contact angle measurement analysis was performed to examine the solid surface properties
and wettability of the PHB fibre meshes with different added concentrations of CNDs and

compared to the CNDs alone (Figure4.3.8).

a) b) <) d) e) )

Pure CNDs (°)

PHB Fibrewith 0% | Coaxial Fibrewith | Coaxial Fibrewith | Coaxial Fibrewith | Coaxial Fibre with

Average CNDs (%) 1% CNDs (%) 2.5% CNDs (%) 5% CNDs (°) 10% CNDs (%)
Contact
‘ansle 108.79 = 4.28 66.64 = 22.10 99.23 = 6.77 110.25 + 5.84 101.05 £ 16.71 o

Figure 4.3.8: Contact angle measurements of a) PHB Fibre with 0% CNDs, b) coaxial fibre with 1% of added
CNDs, o oaxial fibre with 2.5% of added CNDs, d) caxial fibre with 5% of added CNDs, ¢) coaxial fibre
with 10% of added CNDs and ¢) synthesised CNDs.
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According to literature, a surface with a contact angle more than 90° is considered
hydrophobic, a contact angle below 90° hydrophilic and a contact angle of 0° is considered to
have ideal wetting or spreading [81]. The synthesised CNDs presented a contact angle
approaching 0° which indicates a high surface energy. The different PHB fibre meshes
displayed a contact angle higher than 90° except for the coaxial PHB fibre mesh with the
addition of 1% CNDs. This mesh appears to be displaying hydrophilic behaviour, providing a
higher surface energy compared to the other fibres.

The fibres analysed have are synthetised from long-chain hydrocarbons, which contributes
their hydrophobic nature. This chemical structure minimizes interactions with polar water
molecules. Furthermore, these long chains have polar groups like carbonyl groups coming
from the ester structure. Subsequently, the hydrophilic fibre mesh could have had a better
arrangement of these polar groups from the shell solution while being electrospun and, in

consequence, is more hydrophilic in comparison.

4.3.8 Thermogravimetric analysis (1GA)

Figure 4.3.9 displays the thermogravimetric analysis of PHB fibre meshes with the addition of
0%, 1%, 2.5%, 5% and 10% compared to the pure synthetised CNDs. It should be noted that

in the Table 4.3.2 and the residue percentage presented in weight (%0).
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Figure 4.3.9: Representative TGA airves of PHB fibre meshes with the addition of 0%, 1%, 2.5%, 5% and 10%
compared to the synthetised CNDs alone.

Table 4.3.2: Thermal properties of PHB fibre meshes with the addition of 0%, 1%, 2.5%, 5% and
10% compared to the synthetised CNDs alone.

Pl fibre mesh with 232.84 767.73 0793
Plf(i ggzzgnéﬁgfh 230.12 773.33 0.66
P;]f/oﬁzgemdeé}&‘gf‘ 242.97 762.28 0.69
PEIOIZ fg;ee;néslggsiﬂl 241.16 781.73 0.33
243.53 787.44 0.87

92.77 & 401.77 973.80 5.74
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In Table 4.3.2, the thermal degradation of the PHB fibre meshes in a nitrogen atmosphere
occurs above 230 °C and as a higher concentration of CNDs, a higher temperature is needed
to reach the onset temperature and start the degradation process. The mesh without carbon
nanodots added was used as a control and needs a lower temperature to degrade; hence, the
residue wasunder 0%, which can be classified as machine error. The synthetised CNDs had
twodegradation curves, where the first one is the elimination of residual water, and the second
one is where the degradation begins. The equipment had a 1000°Climitation; according to the
data collected another machine that could operate at higher temperatures, would be needed to

reach complete degradation of the CNDs.

4.3.9 Differential scanning calorimetry (DSC)

Figure 4.3.10 displays the DSC analysis of PHB fibre meshes with the addition of 0%, 1%,
2.5%, 5% and 10% compared to the pure synthetised CNDs. As it is displayed, the fibre
meshes showed relatively similar behaviour while the CNDs display a melting point (onset) at
alower temperature. The important parameters to analyse for each sample are shown in Table
4.3.3 It must be noted that the equipment utilised could not handle degraded or broken
samples, therefore, the maximum temperature was the temperature just before the degradation

process occurs (onset temperature on TGA).
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Figure 4.3.10: Representative DSC curves of PHB fibre meshes with the addition of 0%, 1%, 2.5%, 5% and
10% compared to the pure synthetised CNDs.

Table 4.3.3: Calorimetric properties of PHB fibre meshes with the addition of 0%, 1%, 2.5%, 5% and

10% compared to the pute synthetised CNDs.

Pg; Sszigléslgg;m 147.01 182.52 88.74 3091
Plfoi Sggeeénéslggsith 150.66 182.99 83.86 29.21
Pg/oﬁ;’;:lgleé}ﬁ‘g? 150.30 179.60 86.63 30.17
PI;,i fsgeeglésﬁgsith 184.20 181.53 84.11 29.29
147.96 180.27 81.02 28.22
162.84 165.54 50.38 17.55
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The selected parameters for evaluation are:

* Glass Transition Temperature (T,), whichis a crucial parameter that indicates the
temperature at which a polymer changes from a glassy to a rubbery state, significantly
affecting its mechanical properties and usability [82].

* The Melting Temperature (T,,) is vital for semi-crystalline or crystalline polymers,
marking the point where the material changes from solid to liquid, which is essential
for processing and application conditions [82].

* Enthalpy of Fusion (AHy) provides insight into the heat required for melting, which
is related to the’polymer's degree of crystallinity and can influence its performance
characteristics [82].

* % Crystallised: The percentage of crystallinity in a polymer significantly influencesits
thermal and mechanical properties. Higher crystallinity generally leads to increased
mechanical strength and stiffness, as the crystalline regions provide structural integrity,
while amorphous regions contribute flexibility. Additionally, the degree of crystallinity
affects thermal behaviour, with more crystalline polymers typically exhibiting higher
melting temperatures and greater thermal stability [82].

Together, these parameters are critical for understanding the thermal behaviour and suitability
of polymers. When considering the results, we must understand that the PHB fibre meshes
melt at around 181-184°Csuggesting that the polymer is likely semi-crystalline, as amorphous
polymers do not have a defined melting point. Semi-crystalline polymers typically exhibit both
crystalline and amorphous regions, resulting in a melting temperature where the crystalline
portions transition to a liquid state. Additionally, observing the % crystallised we can see that
the fibres as well as the CNDs are semi-crystalline, furthermore justifying that the carbon

nanodots have a turbostratic carbon structure.

4.3.10 X-ray photoelectron spectroscapy (XPS ) Analysis

XPS analysis was conducted on PHB fibre mesh with 0% added CNDs and the synthesised
CNDs as controls, alongside coaxial fibre meshes containing 2.5% and 10% added CNDs. To
examine the chemical composition and surface structure of each sample, X-ray Photoelectron
Spectroscopy (XPS) was performed, with the data analysed using Avantage® software. Each
spectrum was charge-corrected to the dominant C 1s peak at 284.81 eV, corresponding to
adventitious carbon. To assess sample uniformity, spectra were collected from three different

locations on each sample [83], [84].
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Figure 4.3.11: XPS Spectra of a) PHB fibre mesh with 0% CNDs, b) synthesised CNDs, ¢ caxial fibre mesh
with 2.5% added CNDs and d) coaxial fibre mesh with 10% added CNDs.

The XPS spectra in Figure 4.3.11 a), showed the characteristic elements of a PHB fibre, with a
C Ispeak at 286 eV and O 1s peak at 532 eV. In Figure 4.3.11 b), the characteristic peaks for
the synthetised CNDs can be observed, witha C 1s peak at 286 ¢V, O 1s peak at 533 ¢V and
a N 1s peak at 400 eV. These samples were kept as a control to be able to analyse the coaxial
fibres and how the addition of the CNDs may affect in their carbon, oxygen and nitrogen
percentage.

Figure 4.3.11 ¢) and d), shows the peaks of a PHB fibre mesh with 2.5% added CNDs and a
PHB fibre mesh with the addition of 10% CNDs, witha C 1s peak at 287 ¢V, O 1s peak at
532 eV and a N 1s peak at 400 eV. Both samples showed that after the addition of CNDs in
the electrospinning solution, even in different concentrations, nitrogen is seen on the surface
layer of the sample (atomic percentage of nitrogen).

To explain the previous spectra, we must mention that in the case of carbon, most relevant

peak was at around 286 and 287 eV, most likely related to the presence of C-O and C=0O
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bonds, being in the case for all the samples. In the case of the CNDs, the citric acid when
decomposed provides the C-O and C=0O groups to the sample and for the fibre meshes, the
PHB molecule and therefore, the fibres are a polyester. In the case of oxygen, the most
prevalent peak wasaround 533 eV signifying the carbonyl groups previously mentioned, C=0.
In the case of nitrogen, in the PHB mesh without the addition of CNDs an N 1s peak, is not
seen but the in the other samples it is present. When comparing the peaks, the characteristic
peak at 400 eV from the CNDs, which can be interpreted as a C-N peak, can be observed in
the surface layer of the coaxial fibres. The CNDs by themselves do not contain much nitrogen
when compared to carbon and oxygen, this is probably due to the carbonisation process it
went through and how the structure was formed. Nevertheless, even on the sample with 2.5%
added CNDs, nitrogen is observable, increasing as the concentration increases. The presence
of nitrogen in the surface layer of the coaxial fibres increased the polarity of the outer-most

layer of the fibres. The percentagesare listed in the Table 4.3.4.

Table 4.3.4: XPS element percentages of the PHB fibre meshes and the synthesised CNDs as shown
in Fignre4.3.11.

PHB fibre mesh with 28.22
0% added CNDs 69.98 0.00
Synthetised CNDs 72.02 28.08 490

PHB fibre mesh with 28.55
2.5% added CNDs 67.29 1.49

PHB fibre mesh with 2213
10% added CNDs 7453 3.4

4.3.11 MTT Assayusing 1.-929 cell line
The samples were weighed and stored in sterile plastic vials (Figure 4.3.12). Triplicate sets were
prepared for each of the four testing groups: 24D, 72D, 24C, and 72C, as previously described
in subsection 3.3.11.2 (Mesh Wetting). PHB fibre meshes containing 0%, 1%, 2.5%, 5%, and 10%
CNDs were tested, with the fibre mesh without CNDs serving as a control to assess whether

the inclusion of CNDs induces cytotoxic effects on the final product.
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Figure 4.3.12: PHB fibre meshes cllected for MTT Assay. PHB fibres with a) 0%, b) 1%, 9 2.5%, d) 5% and
¢) 10% added CNDs.

After the meshes removal from the aluminium foil covering the rotating drum collector, the
fibre meshes exhibited strong electrostatic behaviour, as they resisted detachment from metal
tools and other metal surfaces. Since the meshes were created using electrospinning, they were
subjected to electric fields, which could have charges the fibres. This made them particulady
difficult to manoeuvre during the disinfecting and wetting process (Figure 4.3.13), as they
needed to be placed in individual well plates using metal tweezers.

During the sterilisation process, fibres containing CNDs tinted the ethanol solution in varying
shades of purple. Wells with meshes containinglower CNDs content were lighter, while those
with 10% added CNDs produced the darkest purple. This behaviour is likely a release of the
CNDs into the organic solution, as they are highly hydrophilic. However, not all CNDs
appeared to dissolve; once the ethanol evaporated, macroscopically the fibres retained their
characteristic colour. It seems that only the CNDs in the outermost layer of the mesh were

released into the solution.
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Figute 4.3.13: PHB fibre meshes subjected to disinfection with 70% v/v ethanol for MTT Assay in 6-well
plates. PHB fibres with a) 0%, b) 1%, ¢ 2.5%, d) 5% and €) 10% added CNDs.

During the wetting process, the fibres seemed to resist full immersion remaining near the
surface of the media solution. This behaviour could be attributed to the hydrophobicity of the
meshes, as they possess a lower surface tension compared to the media solution; therefore,
they tend to float. Additionally, the intricate physical structure and texture of the polymer fibre
mesh may further inhibit liquid penetration.

After the MTT Assay was performed (Figure 4.3.14), cell viability was calculated using the
formula previously described in subsection 3.3.77.3 (MTT Assay Procedure after sample
conditioning). Evenafter48 hours of cell growthand a confluence of around 80-90% on all wells,
the positive control as well assome wellscontaining cells subjected to the test media, presented
a yellow colour, which represents cell death when interpreted according to the interpretation
of the MTT Assay. From the wells that displayed a higher intensity of purple colour they
contained test media representing cell proliferation. Therefore, this wasinvestigated under the
microscope to see why the positive controls appeared as dead cells, and after the visualisation
under the microscope, it was noticed that there were cells present but it they was not as
confluent as those wells that are purple. Therefore, at first sight you one cannot tell cell death.

This could be due the wse an old MTIT Reagent and Solvent
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Figure 4.3.14: 96-well plates containing the cells subjected to the MTT Assay after reading the results on the

SPECTROstar Nano plate reader (BMG LABTECH, Germany). a) positive control plate, b) 24C plate, ¢ 72C
plate, d) 24D plate and ¢) 72D plate.

A One-way ANOVA followed by a post-hoc Tukey test was conducted to analyse the MTT
results for the 24D, 72D, 24C, and 72C groups. These groups represent different incubation
conditions for 1.929 cells. The 24D group consists of 1.929 cells incubated for 24 hours with
the test media alone (Figure4.3.15 a)), while the 72D group consists of cells incubated for 72
hours with the test media alone (Figure 4.3.15 b)). For the 24C group, 1.929 cells were incubated
for 24 hours with the test media, after which the media was aspirated and replaced with fresh
media, followed by an additional 24-hour incubation (Figure 4.3.15 ¢)). Finally, the 72C group
involved 1.929 cells incubated for 72 hours with the test media, followed by aspiration and
replacement with fresh media, and an additional 72-hour incubation (Figure 4.3.15 d)). The C
subgroup was designed to test whether residual chloroform in the fibre meshes could affect
cell viability, whichisimportant for determining whetherany pre-treatment is necessary before

potential clinical applications.
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Figure 4.3.15: MTT Assay Results, a) 24C plate, b) 72C plate, ¢ 24C plate and d) 72D plate results. *p<0.05, **

p<0.01, *** p<0.001, **** p<0.0001. Dotted line indicates 70% limit for cytotoxidty. Graphs were generated

using GraphPad® Prism Software.
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According to the ISO 10993, Part 5, Annex C: MTT cytotoxicity test [39],in 24D testing group,
the meshes with 2.5% and 10% added CNDs are considered cytotoxic, as their cell viability
results were below the 70% threshold, at 51.8% and 53.4%, respectively. In contrast, the
meshes with 0%, 1%, and 5% added CNDs showed no cytotoxic effect, with all samples
demonstrating cell viability above 80% (85.4%, 84.4%, and 89.4%, respectively).

It can be observed that the two meshes are significantly different from the positive control
(100%), with a p-value of < 0.01. However, when comparing the meshes between each other
as in, 1% of added CNDs to 2.5%, 1% to 2.5%, 2.5% to 5% and 5% to 10% shows that all the
differences are statistically significant (p < 0.05); which means there is less than a 5% chance
that the differences in the data occurred by random chance.

In Figure 4.3.15 b), the 72D group is analysed. It is evident that all the meshes are
cytocompatible, as they exhibit cell viability above 70%, with no significant differences
between them. In Figure 4.3.15 ¢), the results show that the meshes with 2.5% and 10% added
CNDs (displaying 54.3% and 50.2% cell viability, respectively) are once again considered
cytotoxic in the 24-hour incubation group, in this case the 24C group. Additionally, the mesh
with 1% CNDs, compared to the 24D group, is also deemed cytotoxic, exhibiting even greater
cytotoxicity than the other two meshes, with a cell viability of 46.8%. Simultaneously, the 0%
and 5% are deemed cytocompatible with 71.3%and 75.4% cell viabilitiesexhibited. In the 24D
group, we can find a statistical significance (p < 0.01) between the positive control and the
2.5% added CNDs mesh. Additionally, we can find a highly significant difference (p < 0.001)
when comparing the positive control and the 1% added CNDs mesh and when comparing the
positive control with the 10% added CNDs mesh.

In Figure 4.3.15 d), it is evident that all the meshes can be classified as cytocompatible, as they
demonstrate cell viability greater than 70%. Notably, the control mesh (0% added CNDs) and
the mesh with 1% added CNDs exhibit increased performance, with cell viabilities of 154.9%
and 120.8%, respectively. This suggests that these fibre meshes not only support cell viability
but may also enhance cell proliferation, suggesting that they could be suitable for applications
in tissue engineering and regenerative medicine, where maintaining cell viabilityand promoting
proliferation are critical. Regarding the 2.5%, 5% and 10% they exhibited excellent
cytocompatibility with 95.6%, 98.5% and 98.5% respectively. When comparing the meshes we

can identify that there are statistical significant differences as shown in Table4.3.5.
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Table 4.3.5: Statistically significant differences in the 72C group against control.

1% added CNDs to 2.5% » p < 0.05: statistically
added CNDs significant.
0 o
0% added ng)B 20 1% added ok p < 0.01: very significant.
Positive control to 2.5% added St p < 0.0001: extremely
CNDs significant.
1% added CNDs to 2.5% otk p < 0.0001: extremely
added CNDs significant.
. p < 0.0001: extremely

significant.

p < 0.0001: extremely
significant.

KRk

To gain a deeper understanding of the results from the MTT Assay, it is important to note that
the groups with a 24-hour incubation period consistently performed worse than their 72-hour
counterparts. Empirically, the 1.929 cell line required approximately 48 hours to achieve 80-
90% confluence in the wells, rather than the expected 24 hours, during both the passage and
seeding processes. This longer proliferation time could be a key factor contributing to the more
biocompatible performances observed in the 72-hour incubation groups.

Additionally, the 24C group, which was tested with freshly incubated media following a media
change, was compared to the 72D group, which underwent testing without a media change.
This comparison aimed to identify any residual solvents (such as chloroform) or other
superficial cytotoxic agents that might have been eliminated through the media change.
Despite this, the 72D group still demonstrated better performance than the 24C group with
the media change.

The 24C group exhibited the poorest performance among all groups, which may be attributed
to potential temperature fluctuations or errors during the aspiration process. Since the media
must be removed from the incubator for aspiration and replacement, these factors could have
negatively impacted the cell viability.

The 72C group demonstrated the highest performance among all groups, even surpassing the
positive control group in terms of cell proliferation. These results suggest that a pre-treatment
protocol may be the most effective approach to eliminate any residual solvents prior to

potential clinical applications.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

From the results presented in this thesis, the following conclusions can be drawn:

1.

The synthesis of CNDs was realised using a one-pot solvothermal method and the
obtained percentage yield wasof 61.6%.

Electropinnability of the polymer PHB was greatly influenced in the concentration,
being 10% of PHB the ideal concentration for consistent fibres in single needle and
for the core solution of the coaxial electrospinning. This concentration needed to be
kept warm (above 40°C), to be able to electrospin the solution.

In coaxial electrospinning, in the fabrication of the shell solution (the one that
contains the different concentrations of CNDs), the solution had to be produced
with a smaller percentage of polymer than the core solution in order to obtain a
homogeneous spread of CNDs in the fibres.

The use of the rotating drum collector allowed a better alignment of the fibres
because of the tension generated by this type of collector.

The fibre diameters obtainedin single needle and coaxial electrospinning were highly
correlated with the polymer’s electrospinning characteristicsof making thicker fibres
than other heavily commercialised polymers such as polyacrylonitrile (PAN) under
the same electrospinning conditions.

The CNDs morphology showed a turbostratic carbon structure under the TEM
microscope. Under the TEM and SEM microscopes the different concentration of
the fibres showed a similar fibre diameter being the thickest diameter size the single
needle electrospinning PHB fibres and the thinnest fibres, the coaxial fibre meshes
with 10% added CNDs.

EDXS maps revealed the presence of nitrogen in the meshes containing CNDs, with

a gradual increase in volume corresponding to higher concentrations.
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8.

10.

11.

12.

13.

14.

The average hydrodynamic particle size was determined using DLS analysis and was
57.76 nm in volume with a standard deviation of 26.27 nm, showing a unimodal

distribution.

The ATR-FTIR Spectra showed the characteristic peaks of the different fibre meshes
and the CNDs. Unfortunately, it wasnot possible to determine the additionof CNDs

into the different fibre meshes as it was not detectable by the ATR-FTIR equipment.

The UV-Vis Absorption Spectrum of the CNDs displayed a bimodal distribution at
with absorption peaksat 230 nm and 316 nm. The peak at 230 nm s likely due to n-
7* transitions in the aromatic naphthalene ring and the peak at 316 nm could reflect
interactions between the naphthalene and citric acid components in the CNDs,

indicating extended conjugation or specific interactions.

Fluorescence Spectrum of the CNDs showed a trimodal distribution with emission
peaks at 300.2 nm, 332.2 nm and 599.5 nm. The first peak is most likely related to
Rayleigh scattering. The second peak at 332.2 nm is potentially because of a return
from the excited state of the aromatic system in 1,5-DAN to its ground state, and,
finally, the last peak might be due to factors such as extended conjugation in the

molecule or interactions with other components in the solution.

All the PHB fibre meshes exhibited contact angles greater than 90° signifying a
hydrophobic behaviour, except for the coaxial PHB mesh containing 1% CNDs,
which showed hydrophilic characteristics. In contrast, the synthesised CNDs had a

contact angle near 0°, indicating ideal wetting or spreading.

The thermal degradation of the PHB fibre meshes in a nitrogen atmosphere occurs
above 230 °C and asa higher concentration of CNDs, a higher temperature is needed
to reach the onset temperature and start the degradation process. In the case of the
synthetised CNDs, it displayed two degradation curves, with the first one at around
90°C, most likely the elimination of residual water, and the second one is where the

degradation begins at around 400°C.

The PHB fibre meshes meltataround 181-184°Csuggesting that the polymer is likely
semi-crystalline, as amorphous polymers do not have a defined melting point. Semi-
crystalline polymers typically exhibit both crystalline and amorphous regions,
resulting in a melting temperature where the crystalline portions transition to a liquid
state. Additionally, observing the % crystallised we can see that the fibres as well as

the CNDs are semi-crystalline, furthermore justifying that the carbon nanodots have
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15.

16.

17.

a turbostratic carbon structure.

Regarding the DSC analysis, the PHB fibre meshes melted at around 181-184°C
suggesting that the polymer is semi-crystalline. Furthermore, if we observe the %
crystallised we can see that CNDs are also semi-crystalline, furthermore justifying

that the carbon nanodots have a turbostratic carbon structure.

The XPS analysis over the coaxial fibres with the addition of 2.5% and 10% CNDs
when compared to the single needle fibres (without addition of CNDs) and the
synthesised CNDs, showed the presence of nitrogen in them. Additionally, as the
concentration increases so does the percentage of nitrogen in the fibre mesh,
signifying that there is an incorporation of the CNDs on the shell layer of the coaxial
fibres.

Regarding, the MTT Assay results, among all groups, the 72C group achieved the
highest level of performance, surpassing even the positive control group regarding
cell proliferation. This suggest that a pre-treatment may be the most effective

approach for potential clinical applications.

5.1.1 Future work

Because of the one-year duration limit of this project, not all of the possible experiments and

characterisation techniques could be performed. Future work that should complement the

results of this thesis are:

D)

2)

3)

)

While the fibres synthetised on this thesis were functional and thin, they are at the
micrometre size. Further experiments and modification on the selected parameters
could perfect the electrospinning process to create fibres on the nanometre range.
One of the key future experiments that would be valuable to conduct is antibactenal
assays. It would be beneficial to conduct these assays using at least one gram-positive
bacterial strain and one gram-negative bacterial strain for comparison. The different
concentrations of added CNDs would be evaluated and decided which would be most
advantageous for a hernia repair application.

Liberation and ROS assays would add much information regarding the nature of the
CNDs and how they would perform in a hernia repair application.

Due to time constraints, the light activated properties of the CNDs, both individually
and within the fibre mesh, were not thoroughly tested. Conducting a ROS Assay and

a mechanistic study would be crucial future experiments to evaluate the effectiveness
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5)

0)

7)

8)

9)

of light activation for targeted bacterial elimination. Although, a hypothesis exists
suggesting how these CNDs, when irradiated with light, generate ROS on command
[8]. As the CNDs where synthesised according to the method described in [70], it has
been reported that these carbon nanodots produce ROS under light exposure, making
them effective for Antimicrobial Photodynamic Inactivation (aPDI). This process
integrates a non-toxic photosensitiser (PS), safe visible light and oxygen molecules.
aPDI operates via two mechanisms: the Type I mechanism generates ROS such as
hydroxyl radicals, superoxide, or hydrogen peroxide, while the Type II mechanism
produces singlet oxygen ('O,). Research indicates that with these synthesised carbon
nanodots, the process predominantly relies on the Type II mechanism involving singlet
oxygen. These highly reactive species inflict extensive, non-specific damage to
pathogens, including bacteria, viruses, parasites and fungi, making aPDI effective
aggainst both drug-sensitive and drug-resistant microbes, with minimal risk of
resistance development, as previously mentioned in Subsection 2.3.3.

Using an electrospinning chamber with standardised ambient conditions would enable
more reproducible electrospinning processes, and therefore, more coherent results.
The time limitation did not allow more useful characterisation techniques that could
have elevated this work such as XRD analysis, mechanical testing and RAMAN
Spectroscopy. As well, as doing more repetitions of certain characterisation techniques
would perfect this work; these techniques being TGA, DSC and XPS analysis.

To be able to understand why the PHB fibre meshes with 1% of added CNDs
displayed hydrophilic behaviour, more electrospinning experiments at this
concentration should be done with variations in the environment to see if this is what
1s affecting the result.

To repeat the MTT Assay would be ideal, to analyse recurring results in order to draw
a conclusion that more accurately reflects reality.

It would be highly suitable to realise an AlamarBlue™ Assay after the MTT Assay. It
would aid to allow determining real-time monitoring of cell health, how well the cells

survive and proliferate when they are exposed to the different fibre meshes.
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