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ABSTRACT

Current approach for ocular wound healing involves bandages combined with repeated
administration of therapeutic eye drops. There is a need to develop ocular medicated bandages
as a convenient and cost-effective strategy for wound healing. This project aimed to develop a
controlled release biocompatible bandage consisting of 10-50 um drug—incorporated poly
(lactic-co-glycolic acid) (PLGA) microparticles (MP) and eggshell membrane (ESM) for
ocular wound healing application. The eggshell membrane is a natural material with unique
physical and biological properties. No studies have demonstrated nor reported its potential as
a novel ocular wound dressing yet. ESM samples were isolated from the eggshell by either
manual peeling (ESMstrip) or, via extraction, using in-house developed acetic acid or
ethylenediaminetetraacetic acid, EDTA, protocols Energy-dispersive X-ray spectroscopy
(EDS) confirmed that the ESM samples contained carbon, nitrogen, oxygen, and sulphur, with
no traces of calcium residues from the extraction process. The extraction method (acetic acid
and EDTA) did not alter the chemical bonding structures of the ESM, and the chemical
composition of the fibrous proteins of the ESM was further clarified using Fourier transform
infrared (FTIR) spectroscopy. The ESM has a three-layer composite structure, according to
scanning electron microscopy (SEM) analyses: an inner layer that is continuous, dense, and
non-fibrous (limiting membrane), a middle layer with a network of fibres (inner shell
membrane), and an outer layer (outer shell membrane) with larger fibres. Furthermore, optical
transparency, porosity, fluid absorption/uptake, thermal stability, mechanical/physical
profiling of the ESM samples were performed and showed suitable profiles for translational
applications. Biological in vitro studies using SV40 immortalised corneal epithelial cells
(ihCEC) and corneal mesenchymal stromal cells (C-MSC) demonstrated excellent
biocompatibility. A sub-study presented a design of experiment technique (DOE) known as
Taguchi Design for the generation of a formulation model for optimizing the various factors
shown to affect MP size when fabricated using the solvent emulsion technique and to produce
the most appropriate MP for topical drug delivery. The first optimization step using the L12
design showed that all parameters significantly influenced the particle size of the fabricated
MP with exception of the concentration of PVA in the hardeningbath. In contrast, the L18
design results showed that the molecular weight of PLGA does not significantly affect the
particle size. The optimized formulation was identified to be run 16 from the L18 OA design.
The mean particle size was found to be 23.0 um. that falls under the required range that is 10
—50 um. Theresults from this study showed thatthe application of Taguchidesign can be used
to predict and determine the best combination of process parameters that can provide the
optimal response condition- in this case, to identify the most appropriate microparticle size for
topical application. Additional studies were conducted with the formulation model to fabricate
BSA-loaded PLGA-MP as well as their characterization using microscopy, size distribution
and drug release profile. The MP were successfully attached onto the ESM using a chemical
method (NaOH). The presence of the loaded MP did not compromise the transparency of the
bandage. The FTIR spectra reveal the crosslink of the ESMs absorption peak with the
absorption peak of the MP. The 2 in 1 bandage consisting of MP and ESM demonstrated high
biocompatibility, durability, flexibility, fluid absorption capacity, thermal stability and a
sustained drug release profile. These findings show that the ESM could be used in a variety of
regenerative medical and/or biotechnological applications, such as ocular and skin wound
dressings.
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1.0 CHAPTER 1: GENERAL INTRODUCTION
1.1 LITERATURE REVIEW

1.1.1 Anatomy and physiology of the human eye

The human eye is one of the mostcomplex sensory organs which reactto light, it allows vision,
and consists of various structures and layers at different parts with specific functions (as seen
in Figure 1.2A below). The surface part comprises of the sclera, which protects the eye, and it
is covered with a thin delicate membrane known as the conjunctiva, and the cornea which is
transparent and covers the iris. The coloured part of the eye includes: the iris which is circular
and controls the size of the pupil and the amount of light reaching the retina, the pupil - an
adjustable opening found at the centre of the iris through which light enters the eye and the
ciliary body - a small ring-like found behind the iris which produces a clear intraocular fluid
known as the aqueous humour (Oyster, 1999). This fluid flows behind the iris or through the
pupil, fills a chamber behind the cornea known as anterior chamber and the fluid leave the eye
by absorption into the bloodstream through the drainage system (known as drainage angle) of
the eye. A normal level of pressure in the eye is needed for its health, therefore, the drainage
system must function properly and there must be a balance in the amount of fluid that is

produced and leavesthe eye (Herndon, Brunner and Rollins, 2006).

The posterior chamber of the eye is made up of hydrogel substance knowns as vitreous humour
which contains salt, proteins, collagen and hyaluronic acid which helps to hold the retina in
place by propelling it against the choroid. The posterior part of the eye includes: the retina
which is a light-sensitive sheet of tissue thatshapes the back end of the eye, the choroid, a layer
behind that contains blood vessels responsible for nourishing the retina, the optic nerves
connect the eye to the brains and the macula, a small area found at the centre of the retina
(Oyster, 1999).
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Figure 1.1A. Schematic diagram of the Anatomy of Human Eye

This diagram shows the inside look of the eye displaying the various anterior and posterior
segments. The anterior segment is made of the cornea, iris, conjunctiva, lens, pupil, anterior
chamberand ciliary body. The posterior consists of the sclera, choroid, retina, macula and optic
nerve (Adapted from Wu etal., 2018).

1.1.2 The cornea

The corneais the anterior-most part of the eye and the primary light—focusing structure. Itis
reported to be the most powerful optical refracting surface and it accounts for about 70% of its
refractive power (Nishida, 2003). The cornea functions by maintaining a tough, physical and
impermeable barrier between the eye and the environment. The corneais lipophilic, tough and
transparent (Cavanagh, 1989 and Marfurt etal., 2010). These characteristics provide its ability
to guarantee that light is focused and conveyed without scattering through the lens and onto the

retina. Hence, the mechanical integrity of the corneais essential for clear vision.

The cornea is prone to eye injuries such as physical or chemical trauma or severe infections
dueto its exposure to the environment (Cavanagh, 1989). Therefore, the cornea structure needs

to be restored rapidly after injury to prevent cornea diseases that can cause permanent loss of
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vison. The human cornea is made of 78% water, 15% collagen (of which 50-55% is Type I,
15% Type I, 8-10% is Type v and 25-30% is Type V1), 5% of other proteins which includes
0.7% of keratin sulphate, 0.3% chondroitin/dermatan sulphate and hyaluronic acid, and salts
(1%). The cornea consists of six layers, the outer layer of the cornea or epithelial layer, the
middle layer termed the stroma, a single layer of cells called the endothelium, fourth layer
knowns as Dua’s layer found between the cornea stroma and the Descemet’s membrane (firth
layer) and lastly the Bowman's layer (Figure 1.2B). (Corneal anatomy, 1999 and Duaetal.,
2013). From the anterior to posterior, five layers comprise the cornea except the Dua’s layer.
The Dua’s layer has been suggested as an essential addition to the list, but its unclear nature

means it remains a distinct classification for now.

The complicated structure of the cornea allows it to perform various functions. The strength,
elasticity and thickness of the cornea primarily due to the stromal layer, allow for a
mechanically tough barrier that withstands the intraocular pressure and protects the eye from
slight mechanical damage (Marfurt et al., 2010). The primary structural component of the
cornea is collagen. Collagen is found mainly in the Bowman’s layer and in the corneal stroma
and it is the primary source of the corneal tensile strength (William and Wilson, 2006). Unlike
most tissues in the body, the cornea containsno blood vessels (avascular) to nourish or protect
it against infection. Instead, the cornea receives its nourishment from tears and the aqueous

humour (Smolin and Thoft, 1983 and Lens, Nemeth and Ledford, 2008).
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Figure 1.1B. Histology of the Human cornea

The cornea consists of 6 layers: corneal epithelium, bowman’s membrane, corneal stroma,
Dua’s layer, Descemet’s membrane and corneal endothelium. The Dua’s layer, the fourth layer
was discovered in 2013. (Image reproduced from Duaetal., 2013)

1.1.3 Ocular wound healing

There are various diseases which affect both the eye and cornea like redness, dryness and
corneal swelling (keratitis, Figure 1.3) and even more acute diseases like corneal dystrophies
and keratoconus (thinning and weakening of the cornea) (Kwok et al, 2019 and Martin et al,
2019). Additionally, injuries such as scrapes, burns (chemical and thermal) and punctures
(mechanical) into the eye may damage the cornea. Diseases affecting the cornea may be
infectious or non-infectious, and the two may lead to severe visual impairments requiring
intervention (Willman, Fu, and Melanson, 2022). On the other hand, the incidence and
epidemiology of corneal diseases change from area to area. From the use of traditional eye
medicines (which is currently regarded as an importantrisk factor for corneal ulceration) to
hydration cross-linking, which has lately been accepted by the US Food and Drug
Administration (FDA) to fortify the cornea, the best aim in corneal therapy is to use minimally

invasive procedures that may restore or preserve eyesight (Jengetal., 2016).
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Figure 1.2. Images of cornea disorders.
(A) Herpes simplex keratitis. The arrow displayed in the image is the injury to the cornea. To identify the injury, fluorescein eye drops are puton

the eye. (B) Bacterial cornea ulcer. The arrow reveals the lack of transparency in the cornea due to the bacterial infection. (C) Bullous
keratopathy. Arrows show blisters on the surface of the cornea (Adapted from Roat, 2020).
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The mostremarkable progress in the medical treatment of corneal disorders over recent decades
has been corneal transplantation and, today, the cornea would be the most frequently
transplanted tissue worldwide. Corneal transplantations are broken up into two major
categories depending upon the sum of surgically substituted tissue i.e., keratoplasty and
keratoprosthesis (Singh, Gupta, Vanathi and Tandon, 2019). Nonetheless, in a more recent
process knownas lamellar keratoplasty, justthe damaged layers are replaced usinga donor graft,
along with the healthful region of the retina is left undamaged. In lamellar keratoplasty, the
integrity of the cornea and the surrounding cells are maintained, consequently, better visual
progress is usually attained. Regrettably, there are occasionally poor outcomes due to graft
rejection or late graft failure. Throughout the past couple of decades, the lack of donor cell has
quickened theresearch onlocatingan alternate remedy to transplantation, along with a synthetic

cornea or keratoprosthesis was suggested as an alternative (Avadhanam, Smith and Liu, 2015).

Historically, Guillaume Pellier de Quengsy, Jr. was the primary individual who suggested a
lean silver-rimmed convex glass disk as a synthetic cornea, as long ago as 1789 (Mannis and
Mannis, 1999). At that moment, the initial priority was to select clear and non-irritating
substances, however as time went by other investigators focused on designing a synthetic
cornea that was capable to encourage better integration of the synthetic tissue using the host
tissue. Glass and quartz would be the options for the transparent region of the prosthesis and
organic polymers such as gutta-percha and casein were added into the artificial retina layout.
Afterwards, gold bands and platinum rings have been utilized to attain much better
incorporation with all the host corneas. Further research on artificial corneas led to replacing
quartz and glass with lighter substances such as plastics. At the start of the twentieth century,
attention was redirected from artificial corneas into transplantation of donor corneal following

the first powerful keratoplasty (Zirm, 1989).
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Despite some clinical achievements in utilizing artificial corneas, the device refusal remains
comparatively large. The existence of corneal epithelial stem cells, that are situated in the basal
epithelial layer of the corneal limbus (the boundary between the cornea and the sclera), has
contributed some hope for improved integration and healing. Hence, many researchers have
concentrated on using new biomaterials to mimic the corneal structure, which might allow
much better corneal self-repair (Holland et al, 2021). The absence of donors and related side
effects like rejection makes corneal transplant less achievable (Fernandez-Pérez et al., 2020

and Mathews etal., 2018).

Similar to the skin, corneal healing entails a succession of events such as inflammation,
myofibroblast differentiation, extracellular matrix (ECM) deposition, tissue remodeling and
fibrosis (Singhetal., 2013) (Yu etal., 2010). On the other hand, the cornea distinguishes itself
with an angiogenic and immune privilege, whereby the cornea is oblivious of any bloodstream
or cerebral vasculature (Singh et al., 2013, Cursiefen et al.,2007 and Ambati et al., 2006).
Consequently, the corneadoes not react to minor accidents with angiogenesis, as blood vessel
formation interferes with corneal transparency and may result in vision loss (Li et al., 2020 and
Bukowiecki etal., 2017). On account of the avascular nature of the retina, it's the epithelium
that modulates the flow of materials in and outside of the cornea, such as growth factors and
cytokines necessary for wound healing (Spadea et al., 2015, Yu et al., 2010 and Bazan et a,,
2002) (Katz et al., 1981). The resistant benefit describes the absence of inflammation in the
cornea, and this can be essential in ensuring transparency, minimal scarring and rapid wound

healing and corneal re-epithelisation (Zarrintaj etal., 2018 and Bian etal., 2017).

Cornea healing mechanism is in place to aid in proper repair and the preservation of comea
structure after injury. Wound healing is a dynamic and cell-mediated response, in the initial
inflammatory stage to ECM remodeling and scar formation. After corneal injury, instant

keratocyte apoptosis happens to prevent excessive corneal inflammation and opacification
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(Ambrésio etal., 2009 and Wilson etal., 1996). The stromal cell population is replenished to
reestablish the collagen organisation dropped in the accidentsite (Zarrintaj et al., 2018). On the
other hand, the collagen generated during the early stages of fix is more irregular in size,
composition and arrangement thatcould resultin permanent opacificationand scarring (Knupp
etal., 2009) (Hartetal., 1969) (Maurice etal., 1957). It’s, therefore, essential to overcome up
with a membrane that has the best topography, biomolecular composition, (Islam et al., 2015)
chemistry and architectural gathering (Mobaraki et al., 2019) (Fagerholm etal., 2014) to help
improve and accelerate wound healing. This has caused the development of treatments which
not only hide the wound but also make certain that the pharmacokinetic, mechanical and

pharmacological requirements are fulfilled (Mobaraki etal., 2019).

1.2 BANDAGES FOR OCULARWOUND HEALING

1.2.1 Bandage Contact lens

For more than a century, bandage contact lenses (BCLs) have been used in ophthalmology for
therapeutic purposes (Sabell, 1997, Buckley, 2002 and Gassett and Kaufman in 1970). During
this time, contact lenses have changed in their therapeutic indications and the materials from
which they are manufactured (Ambroziak, Szaflik and Szaflik, 2004). Therapeutic contact
lenses are the normtoday for treatinga variety of anterior segmentocular conditions. The main
goal of therapeutic contact lenses is to help heal injured or diseased eye tissue or relieve pain
and discomfort. Specific aims of using BCLs include aiding the regenerative process,
stimulating corneal metabolism, increasing epithelial adhesion, maintaining stable corneal
hydration, reducing collagenase accumulation, reducing oedema, and improving corneal
hydration (Ambroziak, Szaflik and Szaflik, 2004 and Szaflik et al, 2002). The BCLs protect

the cornea not only from potential exterior source of injury, but also from patient' eye lids
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(Ehrich, 1993). The classes of BCL are based on the type of biomaterial ie., silicon hydroggl,
hydrogel and collagen shield (Figure 1.4). BCLs can be made up of natural or synthetic

biomaterials.

Figure 1.3. Bandage contact lenses.

1.2.1.1 Hydrogel
Hydrogels are the main component of ocular bandage lenses because of their hydrophilic nature

and cross-linked polymeric networks that have high water absorption capability (Zidan et al,
2018, Gorbet et al, 2014 and Lin, Chen and Boahnke, 1998). Hydroxyethyl methacrylate
(HEMA,) and poly (hydroxyethyl methacrylate) (p-HEMA) are used in the preparation of soft
contact lenses. These lenses are very thin and flexible to conform to the surface of the eye.
Hydrogel contactlenses were firstintroduced in the early 1970sand became muchmore popular
due to their improved comfort and ease of use. When it comes to dry anddelicate eyes, hydrogel

materials are often the most suitable choice due to their unique biocompatibility with the human
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eye (Zidan etal, 2018).

Hydrogel lenses are formed when chains of water-loving monomeric units are cross-linked into
a matrix-like polymer. Each polymer has its own unique attributes that are determined by the
interaction of chemical groups and the degree of crosslinking (Zhao etal, 2021 and Zidan et al,
2018). HEMA and p-HEMA), and other hydrophilic monomers are added to improve wetting
and enhance oxygen transport. Adding substances suchas methacrylic acid or higher prop ortions
of hydrophilic neutral groups can increase the water content in contact lenses. (Curtis and
Watters, 2019 and Childs etal, 2016). The U.S. Food and Drug Administration (FDA) divided
contact lenses into four groups in 1985 based on the ionicity and water content of the lenses.
Group 1 consists of low-water contentnon-ionic polymers. Group 2 includes non-ionicpolymers
with a high-water content. Group 3 consists of lenses with ionic polymersand low water content,

and group 4 includes lenses with ionic polymers and high-water content (Zhao etal, 2021).

Silicone hydrogels are advanced soft lenses that have enhanced oxygen permeability combined
with a water content that is optimal for comfort and therapeutic effect (Kim and Chauhan, 2016
and Zhao etal, 2021). The most significant benefit of silicone hydrogels is that they allow up to
five times more oxygen to reach the cornea than regular hydrogel lenses (Zhao et al, 2021).
Without a healthy supply of oxygen, the ocular surface can become dry and itchy, and vision
may begin to blur - a condition known as Hypoxia. The enhanced transmissibility of silicone
hydrogels keeps the ocular surface healthy and comfortable for longer, making them a great fit
for extended application. Ambroziak, Szaflik and Szaflik (2004) evaluated the clinical effects of
silicon hydrogel contact lens as a continuous wear bandage and revealed that the lens is an

effective and well tolerated bandage lens.

20



Collagen was introduced as a wound-healing agent in the management of burns and skin
ulceration in the 1970s and the biocompatibility and biodegradability of collagen, along with
its ability to support corneal epithelial cells in culture, led to the development of collagen
corneal shieldsas an ocular surface bandage (Poland and Kaufman, 1988, Lee, Singlaand Lee,
2001 and Aghan etal, 2016). Collagen corneal shield was developed as a cornea bandage lens
by Fyodorov in 1984 (Poland and Kaufman, 1988). Studies using animal and human subjects
have investigated collagen shields as a drug delivery device and in the promotion of corneal
epithelial and stromal healing. Collagen shields are currently indicated for ocular surface
protection following surgery and in traumatic and nontraumatic corneal conditions. Collagen
shields are currently manufactured from porcine scleral tissue or bovine corium (dermis)
collagen and contain mainly type I collagen and some type 1l collagen. They are shaped like
a contact lens and are supplied in a dehydrated form requiring rehydration prior to insertion

(Greenwald and Kleinmann, 2008 and Zhao et al, 2021).

The BCLs are designed to protect the wounded cornea from the mechanical rubbing of the
blinking eyelids thereby controlling pain and promoting healing of the wound (Aasuri and
Sreedhar, 1997 and Nessim et al., 2008). Murali and Sreedhar (1997) reviewed the medical
reports of 129 patients (138 eyes) fitted with BCL between 1992 and 1999 and concluded that
BCL was safe and effective in improving symptoms and promoting healing of the comea
diseases. However, the lack of biological designs limits the ability of the BCL to form an
optimum environment forwound healing (Shimazaki et al 2016). Shimazaki et al. showed that
BCL had no significant benefit in wound healing, re-epithelization and pain depletion.
Although these hydrogel lenses are soft and flexible, they have low gas permeability and must
therefore be removed daily (Zhao etal, 2021). Silicone hydrogels are also slightly firmer than

hydrogels, making them easier to handle and still be comfortable on the eye. However, adding

21



silicon to the hydrogel can increase the build-up of lipid deposits and reduce the number of
water molecules in the lens (Zidan et al, 2018, Gorbet etal, 2014). Many manufacturers have
introduced wetting agents to combat this problem and keep the lens moist for longer. (Zhao et
al, 2021 and Zidan et al, 2018). Collagen shields have been commercially available for over
10 years, yet they are not widely utilised due to the variations in collagen crosslinking induced
by ultraviolet light (UV) (Zhao etal, 2021).

1.2.2 Amniotic membrane bandages

The human amniotic membrane (HAM) is a useful tool in ophthalmic disease treatment and is
widely used in the treatment of ophthalmic diseases due to its biocompatible, absorbable and
non-toxic features. It is one of the oldest biological materials used as scaffolds in tissue
engineering (Malhotra, 2014). The HAM is used as a naturally occurring biomaterial in tissue
grafting to acts as a substrate and ocular bandage to promote re-epithelialisation in chronic

cornea wound healing (Malhotra, 2014 and Elhassan, 2019).

The HAM (Figure 1.5a) is one of the thickest membranes (0.02-0.05 mm) in the body
(Malhotra, 2014). The membrane consists of three layers which are the epithelium, the
basement membrane and stroma (Figure 1.5b). The epitheliumis a single layer of cuboidal or
columnar cells with surface microvilli projecting into the amniotic fluid (Malhotra, 2014).
Studiesby Malhotra (2014) and Anton-Salesetal (2020), revealedthatthe epithelium, the inner
layer of the HAM is smooth and shiny and has no fibres. (Figure 1.5¢). The basement
membrane is composed of reticular fibres, and it is one of the thickest basement membranes
discovered in the human body and can withstand cryopreservation (Malhotra, 2014 and
Elhassan, 2019). The stroma consists of three layers - compact, fibroblast, and spongy. The

compact layer is the strongest layer of amnion and can withstand inflammation and oedema.
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The fibroblast layer is thick and composed of fibroblasts within reticular tissue which
occasionally display phagocytic potential. The stroma, the outermost layer is spongy,
gelatinous-like, and made up of collagen fibres (Bourne, 1962, Malhotra, 2014 and Rahman et
al, 2009). The various layers contain epithelium matrix proteins such as collagens, cell-
adhesion (proteoglycans, fibronectin, laminins and glycosaminoglycan), cytokines and a
myriad of growth factors (Figure 1.5b) which are beneficial in the wound healing process
(Rahman et al, 2009 and Bourne, 1962). The collagen and elastin found in the extracellular

matrix of the membrane provide the stiffness and elasticity for HAM.

HAM has the following advantageous characteristics: anti-inflammatory effect due to the
production of anti-inflammatory factors such as hyaluronic acid, suppression of inflammatory
cytokines, antibacterial properties by molecules such as B-defense and elafin , anti-fibrotic
properties due to TGF-p downregulation and its receptor expression, hypogenicity,
immunomodulatory properties asaresultof factorssecreted by epithelial cells are macrophages
and it inhibits the migration of natural killer cells and prevents maternal immune attack (Friel
etal, 2016, Lee et al, 2012 and Leal-Marin, 2020). The mechanical properties of HAM such
as elasticity, stiffness, and tensile strength, are dependent on the composition of the placenta
(Leal-Marin, 2020). The alignment of collagen fibrils in the ECM is responsible for tensile
strength, while elastic deformation is related to the presence of elastin fibres, laminin,
hyaluronic acid, and glycosaminoglycan (Gholipourmalekabadi et al, 2016 and Leal-Marin,
2020). Some research has shown that the shear modulus of the amniotic membrane is between
100 and 400 Pa, with the measurement differences relating to the state of the HAM used.
Decellularized HAM has a higher shear modulus than native because the denudation process
dehydrates the membrane and thus reduced their thickness. It has been found thatthe elasticity

of the HAM decreases with increasing thickness Leal-Marin, 2020).
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Figure 1.4. Human Amniotic membrane

(A) Photograph of Human amniotic membrane separated fromthe placenta. The HAM s athin
translucent layer attached to the chorionic membrane (CM) (Reproduced from Leal-Marin et
al., 2020) (B) Schematic representation of the cross-section of the human Amniotic Membrane
showing the extracellular —matrix composition of each layer (Image reproduced from Leal-
Marin etal., 2020). (C) Micro and nano structure of the bandage materials tested. Each material
presents two differentiated sides, which are illustrated schematically and with SEM

micrographs (Anton-Sales et al., 2020)
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The placentae are obtained from motherswho have had caesarean section and the donors are
serologically negative for Human immunodeficiency virus (HIV), hepatitis B and C viruses,
and Syphilis. The placenta obtained after vaginal delivery is not used due to possible
containment with bacteria from the vagina (Tsubota et al, 1996). There are two main types of
processingand preservation techniques for HAM: cryopreservation and dehydration (Cooke et
al., 2014). Cryopreservation of HAM involves slow freezing at -80 °C using Dulbecco’s
Modified Eagle Media (DMEM) and glycerol mediato allow forslow rate freezingwithoutice
formation. The preservation method maintains the biochemical components of the HAM which
promote wound healing of the corneal. The HAM is stored in a -80 °C refrigerator and thawed
to room temperature when needed (Tan etal., 2014, Adds, 2001 and Cooke etal., 2014). The
dehydration technique involves preserving the HAM using a vacuum with low-temperature
heatto retain the cellular components. The dehydrated HAM s stored at room temperature and

rehydrated for clinical use (Cooke etal., 2014 and Tan etal., 2014).

The abilities of HAM to facilitate repair and healing of wound, decrease scarring and
inflammation, and its antimicrobial properties makes it one of the best biomaterials for chronic
wounds (Niknejab etal, 2008). HAM is used in ocular surface reconstruction as a substrate or
scaffold for the growth of epithelial cells by incorporating it into the cornea or conjunctiva
(Baradaran-Rafiietal, 2008). It also functionsasabiological bandage to protect the underlying
healing epithelial surface with the intention of the membrane to be removed over a period
(Rahman et al, 2009). Several research have shown the use of HAM as treatment options in
many eye conditions. These include glaucoma, tumours, dry eye, conjunctival reconstruction

pterygium, corneal epithelial defects, cornea limbal stem deficiency and oedema (Fujishima et
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al, 1998, Dalla Pozza et al, 2005, Barabino et al, 2003, Azuara-Blanco et al, 1999 and Tsubota

etal, 1996).

In ophthalmology, transplantation of frozen or fresh HAM is commonly used for pterygium
excision, conjunctival resurfacing (e.g., after symblephar on lysis), reepithelialisation of comeal
ulcers, or temporary closure of perforated corneas (Fan, Wang and Zhong, 2016). It is most
used to improve healing of corneal ulcers. Transplantation techniques can be classified into
three main types: graft, patch, and sandwich. In grafting, the HAM is placed with the epithelium
facing up the defect tissue, such as the cornea. Before transplantation, the surrounding layer of
the host cornea is removed. The regenerating epithelium grows on the membrane, while HAM
is mainly incorporated into the host tissue. In deep-rooted corneal ulcers, multilayer grafts
inlays can be sutured (Meller etal, 2011). In the patch (or overlay) technique, the membrane is
sewn to the surrounding conjunctiva. The membrane is larger than the underlying defect, so the
hostepitheliumis presentbelow the membrane. The epitheliumside iscommonly placedfacing
the defect tissue. Therefore, the fragile epithelium can grow under membrane protection. The
sandwich technique combines the graftand patch techniques. The inner layers are attached as a
graft, and for protection, an outer layer is fixed as a patch. The epithelium is expected to grow
under the patch but over the inlay graft that is nearest the surface. The layers are attached to
the cornea with non-absorbable sutures, or to other tissue with absorbable and non-absorbable
sutures. A contact lens is often inserted for the protection of the thin HAM (Leal-Marin et al,

2021).

Currently, the HAM bandages produced are classified under the two types of preservation
techniques. Prokera® (Bio-tissue) is the only cryo-pressed HAM bandage produced for
effective cornea wound healing. This form of bandage is approved by the U.S. FDA for

protective, wound healing and anti-inflammatory effects. Morkin and Hamrah, (2018)
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evaluated the efficacy, safety and tolerability of Prokera® for the treatment of neuropathic
corneal pain (NCP) in 9 patients and observed sustained pain control after the application of
the lenses. AmbioDiskTM (IOP Ophthalmic), ArilTM (Seed Biotech) and BioDOptix® are
dehydrated HAM bandages approved by FDA for wound coverage (Murube, 2006, Foulks

2014 and Chau etal, 2012).

Nonetheless, HAM is affected by some limitations and controversies such as variation of the
thickness, mechanical strength and transparency of the membrane at different parts of the
membrane, racial variations between donors and different pieces of the membrane from same
donor can possibly have diverse effects (Dua, Maharajan and Hopkinson, 2018, and Lai and
Ma, 2013). However, Chau et al., 2012 demonstrated that cross-linking HAM with tissue
transglutaminase enhances the mechanical properties and does not impair the transparency.
Furthermore, processing and preservation of HAM by the different techniques can affect the
membrane differently and can significantly alter the membrane (Hao etal., 2000, Lai, 2014 and
Al-Mosallamy, 2015). Furthermore, the cost of serological testing, processing and preserving
the HAM is relatively expensive. As a result, novel biomaterials able to overcome these
limitations are currently explored to generate corneawound bandage. (Murube 2006 and Chau

etal, 2012).
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1.3 CHICKEN (GALLUS GALLUS) EGGSHELL MEMBRANE

Eggshell membrane (ESM) is a protein-based fibroustissue that lies in between the mineralized
eggshell (ES) and the albumen to protect against bacterial invasion (Figure 1.6) (Ahlbom and
Sheldon, 2006 and Wang, Chen and Huang, 2014). The utilisation of ESM has long been
underestimated because it was considered as a waste material, however environmental
reduction of waste is a major concern of society. Despite its unique properties and fascinating
structure, only ahandful of studies have beendone (Choietal,2021).Devietal, (2012) proposed
the use of ESM in combination of gold nanoparticles for the recovery of precious metals from
chemical and industrial waste. Wang, Wei and Huang generated a new bio-sorbent material
from eggshell membrane via thiol functionalization method. They concluded that ESM is an
ideal material for producinga column for wastewater purification ( Wang, Wei and Huang,

2013).

() o

~—Eggshell (porous structure made up
of calcium carbonate

}Eggshell membrane (protein fibrous network)

Figure 1.5. Photograph of Chicken (gallus gallus) eggshell.
Inset shows (a) a photograph of the eggshell membrane separated from cross-sectional of
eggshell (Image adapted from Jonchere etal., 2010).
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1.3.1 Structure and properties

The ESM can be divided into three substructures: the outer shell membrane (OSM), the inner
shellmembrane (ISM) and the limitingmembrane, LM (Figure 1.7a) (Bellairsand Boyde, 1969,
Lee etal., 2009). The innerand outer shellmembranes are the first layers of ECM covering the
egg (yolk and whites) (Cregeret al. 1976). The outer ESM is located just underthe ES and its
fibres range in thickness between 1 and 7 um (Figure 1.7b). The fibres of the OSM extend into
the mammillary knobs of the shell. The thickness of the whole outer membrane layer is
approximately 50 to 70 um (Torres et al., 2010 and Shi, Zhou, Guyonnet, Hincke and Mine,
2021). The inner ESM is separated from the outer ESM by the space filled with air, which is
the biggest in theair cell (Figure 1.7a). In comparison with the outer one, the fibres of the ISM
are smaller in diameter, their thicknessranges from 0.1 to 3 pm and in addition the whole inner
membrane layer is thinner (its thickness is between 15 and 26 um) (Balaz, 2014). The fibres of
the inner ESM are interlaced with the outer membrane. The LM represents the innermost very
thin structure of the ESM, which surrounds the egg white (Balaz, 2014 and Torres et al., 2010).
Bellairs and Boyde (1969) reported that after staining eggshell membrane with fluorescein
isothiocyanate (FITC), the LM appears as particles that fill the spaces between the inner
membrane fibres, several microns outward from the level at which the inner membrane fibres

firstappear.
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Figure 1.6. Schematic diagram showing the anatomy of Chicken egg.

(a) The Chicken egg consists of the eggshell, shell membranes consisting of three-layers: outer
shell membrane, inner shell membrane and the limiting membrane, the yolk and albumen.
(Mensah etal., 2021). (b) SEM of outer membrane from the shell of chicken’s egg (Lee etal.,
2009)

The ESM is exceptionally protein-rich and comprises a high number of pure glycoproteins like
collagens, hyaluronic acid and glucosamine (Table 1.1). The collagens provide the thermal
stability, wound healing and optimum mechanical strength of the ESM (Ahmed, Suso,
Magbool and Hincke, 2019). The presence of the hyaluronic acid plays a role in improving
angiogenesis and tissue morphogenesis and retaining water in the ESM (Khanmohammadi et
al, 2014, Vulganova and Urgeova, 2013). The separate layers of the eggshell have been
analysed and found to contain several types of collagens (types X, I, V). The outer membrane
is predominantly made of type | collagen, whereas the inner membrane consists mainly of type

V collagen (Wong et al. 1984). In addition, type X collagen has been reported to occur in both

membrane structures (Arias etal. 1991).
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ESM amino acid profiles have also shown high concentrations of arginine, glutamic acid,
histidine, cystine, and proline (Britton and Hale 1977). The presence of the chemical
components as well as the antibacterial properties enables the ESM to maintain homeostasis
and act as a protective barrier and nutritional supplement provider to the growing embryo (Sah
etal., 2016). For instance, Sah et al., recognised antibacterial enzymes like lysozymes and [3-
N-acetylglucosaminidase from the ESM letting it behave as a bacterial filter (Sah etal., 2016)

(Lifshitz etal., 1964).

Corneal wound management depends on the maintenance of a sterile barrier against the
abrasive forces through blinking to protect the wound from further disease and harm (Li et al.,
2019) (Ljubimov etal., 2015). Hence, the antibacterial and antifungal properties of this ESM
together with the highly pressurised, porous, exceptionally collagenised construction, make the
ESM a very attractive biomaterial for corneal wound healing (Benson etal., 2012) (Mineetal.,
2003) (Poland et al., 2001). Meanwhile, the high surface area, porosity, biological attributes
and non-toxic character, make the ESM a perfect scaffold to encourage cell growth and
migration, and this can be improved by the biocompatibility and protein-cellular interactions
which happeninthe ESM port(Yi etal.,2004) (Maedaetal., 1982). Likewise, the high surface
area of the ESM serves as an adsorbent of drugs, nanoparticles or microparticles to improve
tissue regeneration viacontrolled drugrelease (Chaietal.,2013) (Bensonetal.,2012) (Yang et
al., 2003). Unlike the AM, the ESM has improved mechanical properties and can be an
economical, excess industrial waste merchandise connected with minimal ethical issues (Sah
et al., 2016) (Tsai et al., 2006). The similarity of the ESM to native tissue, along with its
elevated protein and glycoprotein content, renders it a highly valued source in biomedical
technology and wound healing, capable of providing the best environment for tissue

regeneration and healing (Ahmadetal. 2017) (Yangetal., 2003).
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Table 1.1. Composition of Eggshell membrane and their utility for tissue regeneration

Composition

Advantages

References

Collagen type |

A key constituent of mammalian connective
tissue (30% of human protein)

Fibres incorporate into the new tissue matrix
Unique biocompatibility and biodegradable

properties
Adhesive

WeGlowacki and Mizuno,
2008, Kadler, 2008

Collagen type V

Non-cartilaginous connective tissues e.g.,
skin dermis, bone, tendon, cornea

Collagen type I assembly

Responsible fortensile strength

WeGlowacki and Mizuno,
2008, Kadler, 2008,
Anstrup etal., 2011,

Collagen type X

Network formingcollagen
Human cartilage

Cen et al, 2008,
Rucklidge, Milne and

Bio-mineralization Robins, 1996
Fibronectin Cell adhesive Williams, 2011

Cell growth, migration, and differentiation

Cell bindingto ECM

Wound healing
Other Cell adhesive Raunest, Hotzinger and
Glycoproteins Cell signaling Birrig, 1994

Proteoglycans

Connective tissue

Contain glycosaminoglycans (GAGS) such as
hyaluronic acid, dermatan sulphate and

chondroitin sulphate
Form porous hydrated gels

Baker and Balch, 1962,
Raunest, HoOtzinger and
Birrig, 1994

Method of separation

Oneimportantprocess forthe use of ESMas abiomaterial is its separation fromthe ES. Several

reports have demonstrated how to extract the membrane from the ES. One of the methods is

simply peeling of the membrane out of the shell. This process has been claimed to be efficient

even though the outer membrane is strongly bounded by the shell (Torres etal., 2010 and Li et

al., 2011). Another method to loosen the outer membrane embedded in the shell is treating the

outer membrane with acids including dilute acetic acid, hydrochloric acid (HCI) and

ethylenediaminetetraacetic acid (EDTA) (Torres-Mansilla and Delgado-Meijia, 2017). The

acidic treatment method applied to ES acts on the surface to either dissolve the calcium

carbonate (CaCOgs) in the ES or loosen the interfacial bonding betweenthe outer membraneand

ES, thereby producingan intact ESM (Guo etal., 2011, Sah, and Rath, 2016).
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During the acid treatment process, several factors such as the incubation temperature, reaction
time, moisture content, and type of acid used will impact the effectiveness of this separation
stage. (Marcet, Salvadores, Rendueles and Diaz, 2018: Zhang et al, 2016). Accordingly, the

whole ESM could be separated manually (Guo etal., 2011, Sah, and Rath, 2016).

A new mechanical technique known as dissolved air floatation (DAF) recently developed by ESM
Technologies, LLC (Carthage, MO, USA) has proven to recover efficiently and successfully 96% of ESM
within 2 hours of processing ES waste (Sah and Rath, 2016). Other mechanical processes include the use of
microwave to separate the ESM from the ES. The principle behind this method is that the ESM has a higher
water content than the shells and absorbs more energy from electromagnetic waves, resulting in differentiated
heating of the two components, followed by membrane expansion, weakening of physical connections
between the shells and membranes, and separation (Hussain et al, 2010). Finally, the passage of ES fragments
through a series of drills in an aqueous environment heated by steam, followed by separation in a cyclone, is
another mechanical method of separation (Adams, 2010). Generally, the mechanical techniques produce
fragments of ESM. Table 1.2 presents some of the different processing methods for the extraction of ESM

from ES and the limitations associated with method.
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Table 1.2. Separation method of eggshell membrane from eggshell

Method Limitations References

Immersed overnight in 0.5M Denaturation of collagen and Ishikawa,

HCI followed by mechanical loss of acid-soluble collagen Suyama and
stripping from eggshells due to strong acid treatment Satoh, 1999
Immersed in 5% EDTA at Needforthe manualseparation Soledad

room temperature for 1 hour of the loosened membrane Fernandez et al.,
(Resulting in the partial 2001

loosening of membrane from

the shell) followed by manual

stripping.

Pneumatically removal of Lossof membrane still Thoroski, 2004
ESM from crushed eggshell attached to the shell particle,

small particles collected to a contamination of membrane

valve with shell particles
Kept in 5% Na-EDTA at Drawbacksnotfound, milder  Sachindra,
262 °C for 24 hours treatmentssuch as Bhaskar and
followed by hexane (half the EDTA/hexanedon'taffectthe Mahendrackac,
quantity of EDTA solution) protein quality of the 2014
for 3 min membrane, minimal

contamination from shell

particles

Applications of Eggshell membrane

Millions are estimated to suffer from acute and chronic skin wounds yearly and these various
wounds invariably bring along obvious health, potential emotional and financial implications
to patients (Langemo and Brown, 2006, Shankaran, Brooks and Mostow, 2013). The centre of

interest in intensive research on acute and chronic wounds is to find an effective treatment.

The many proteins and peptides found in ESM make it an ideal candidate for wound healing.
The application of chicken ESM for skin wound healing was first attempted by Maeda and
Sasaki (1982). The initially study was conducted using rabbits. The results revealed that ESM
was a suitable material for wound healing. Consequently, the ESM was applied as a skin graft

in a patient and after seven days, the wound was well epithelialized. ESMs were further used
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in two cases, a 3-year-old female child with asevere burn on footand a 3-year-old female child

with a scald burn on elbow joint. In both cases, satisfactory epithelialisation was observed.

In wound management, the dressing must prevent bacterial infection, and stimulate
angiogenesis and re-epithelialisation (Raja, 2007, Kim, 2018). A membrane consisting of
polydopamine-modified ESM nano/microfibres with KR-12 antimicrobial peptide and HA was
generated by Lui et al (2019). Accordingly, the in vitro biological results showed that the
membrane had remarkable antibacterial activity and stopped the formation of methicillin-
resistant Staphylococcus aureus (MRSA) biofilm on the membrane surface. In addition, the
membrane increased the proliferation of keratinocytesand human umbilical vein endothelial
cells and enhanced the secretion of vascular endothelial growth factor (VEGF). The in vivo

animal model study revealed that the membrane is a suitable material for wound dressings.

In a quest to generate a cost-effective wound healing product with anti-inflammatory
properties, PEP has been explored in several studies (Morooka et al., 2009, Vuong et al, 2018,
Creeand Pliya, 2019, Ahmed, Suso and Hincke, 2019). Morooka etal, 2009 analysed the effect
of processed knitted fabric with soluble eggshell membrane on human skin. The results
indicated that the presence of the ESM in the fabric did not affect the water content, water
evaporation and water absorption of the human skin. This support the theory that ESM is an
appropriate material for skin wound healing. Guarderas et al, 2016 evaluated the effectiveness
of chicken ESM dressing on wound healing. The findings suggested that ESM significantly
improves cutaneous wound healing. Vuong et al, 2018 studied the effect of PEP on matrix
metalloproteinase (MMP) activities in vitro dermal fibroblast cell culture and in vivo mouse
skinwound healingmodels. The PEP treatments in both models increased the activity of MMP
and the regulation of early cellular functions during wound healing. Ahmed, Suso and Hincke,

2019 conducted a study to evaluate PEP for advancement of skin wound healing. A mouse
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wound model was implemented to assess the impact of the PEP on wound healing. The
histopathological assessment of the woundatday 3, 7 and 10 showed that the PEP significantly
enhanced the wound closure. Additionally, the histological studies revealed that the
granulation tissue in the PEP treated wounds were significantly thicker than the non-treated
controls. Furthermore, higher amount of collagen was deposited in PEP treated wound with
minimal inflammatory responses. A study conducted by Choi, Kim, Suh and Han, 2021
discovered that ESM treated with carboxylic acid could improve skin wound healing. By
introducing a simple approach for crosslinking with a carboxylic acid, the modified ESM was
produced to promote wound healing. Biocompatibility of the surfaces of the ESM was obtained
using an improved approach of immersing the surfaces in 0.5 M acetic acid and 0.5 M citric
acid. As a result, the modified ESM exhibited appropriate physicochemical qualities and
flexibility, making it excellent for wound healing on the skin. The modified ESM increased
hDF cell adhesion, proliferation, and secretion of wound-healing related cytokines and growth
factorsinthe in vitro tests. Furthermore, an in vivo study utilising a skin damage rat model, the

modified ESM greatly encouraged full-thickness skin wounds.

A huge interest has been generated in neural tissue repair and regeneration strategies because
it specifically influences the quality of human life (Schmidt and Leach, 2003, Ninov and Yun,
2015, Kim, 2020). The design of a cost effective bioactive organic-inorganic hybrid materials
containing osteogenic activity in bone tissue engineering has generated a substantial curiosity
(Yoshikawa et al., 2001, Tohma et al., 2011). Arias et al, 2008 sufficiently proved the
effectiveness of ESMas a biodegradable bone regeneration inhibitor material. Dried Extracted
ESM got dried and interposed in the osteomy site of rabbit ulna. A histological examination of
the ulna osteotomised regions after 1-16 weeks. After histological and fluorescence microscopy

andradiological evaluation, the research will reveal firstly that ESMs as an interposed material
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in rabbit osteotomized ulnar experiments played out as an effective obstacle against bone
bridging. (Farjah, Naeimi and Saberi, 2016) exhibited the efficient use of ESM to boost nerve
regeneration and encourage the operational improvementin an injured sciatic nerve of rat. This
study contrasted the use of ESM tube conduit with autograft. It was noticed on the 90th day,
post operations created a greater nerve regeneration in the ESM group as compared to the

autograft.

The ESM which has been garnered from locally obtainable single comb white leghorn hen eggs
was probed for its ability to back adhesion and proliferation of human meniscal cells in the
current research (Pillai et al, 2015). Autoclaving was applied on the extracted ESM and
matched with raw ESM for meniscal cell growth. Raw ESM was cationic in nature and the
surface was covered with a mucilaginous coating. Nevertheless, autoclaved ESM exhibited
almost neutral surface charge without any mucilaginous coating. An enhanced defiance of the
autoclaved ESM to biodegradation when compared to raw ESM became apparent. The main
human meniscal cells planted into the stringy side of both ESM exhibited cell adhesion and
proliferation in autoclaved ESM than raw ESM. ECM released into the cultured medium by
the adhered cells was higher with autoclaved ESM than raw ESM. Cell attachment, DNA
content on the scaffold, cell proliferation index, cytotoxicity and biodegradation studies also
established that autoclaved ESM scaffolds supports better cell attachment and growth of
meniscal cells when compared to raw ESM. Hence, autoclaved ESM can be a potential and

interesting natural scaffold matrix for meniscal tissue engineering.

Chenetal, (2019) provedthe use of aversatile biomimetic mineralisationprocedureto generate
ESM/hydroxyapatite composite with the ESM as the model. The findings showed that both
sidesof ESM proved exceptional biomimetic mineralisation ability, with the hydrophilicity and

thermal stability of ESM got efficiently better bythe insertion of HA. Furthermore, in vitro
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experiments on MC3T3-E1 cells showed that the inmost side of the ESM benefited cell
proliferation and adhesion than the outer side. Incredibly, the processes of proliferation,
adhesion and multiplying, along with the alkaline phosphatase (ALP) activity and
demonstration of bone-related genes and proteins (runt-related transcription factor 2, ALP,
collagen type I, and osteocalcin) on both sides of the ESM composites showed a suggestively
advanced as compared to those of the original ESM. These results indicated that ESM-HA
composites attained employing biomimetic mineralisation potentially could be new materials

for future bone tissue repair.

Periodontitis is a primary cause of tooth loose in adults and itaffect5 to 15 % people worldwide
(Peterson, 2003). Guided tissue regeneration (GTR) is a technique employed in the
regeneration of damaged periodontal tissues (Gentile etal, 2011). This technique involves the
use of abarrier membrane to eliminate epithelial cells from the damagedsurface and repopulate
the periodontal ligament cells (Salonen and Persson, 1990, Dupoirieux etal, 2001 and Jun et
al, 2012). Synthetic GTR membranes have been shown to have poor biocompatibility and
inflammatory effectdue to the acidic degradation products (AlGhamdiand Ciancio, 2009). The
biological and biochemical properties of natural ESM inspired Jun et al (2012) to use
SEP/PLGA nanofibersasa GTR membrane to enhance the cell proliferation, spreading and
proliferation. Several biocompatibility tests such as oral mucous membrane irritation, acute
toxicity, haemolysis and cytotoxicity were performed to determine the biocompatibility of the
SEP. This study showed SEP/PLGA as a potential GTR membrane (Figure 1.8). However, the
natural ESM was not applied in this study due to the results obtained by Dupoirieux et al,

(2011) which indicated that natural form is not favourable for guided bone regeneration.
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Figure 1.8. SEM photographs of cellular growth on different groups of nanofibers.
(@) pristine PLGA, (b) SEP/PLGA =90: 10, (c) SEP/PLGA =70: 30, (d) SEP/PLGA =50: 50.
(Adapted from Junetal., 2012)

In neurosurgical operations, itis importantto protectthe brain tissue from the hazardous effect
of the metallic microsurgical instruments (Cokluk and Aydin, 2007, Spetzger, von Schilling,
Brombach and Winkler, 2011). The experimental study of Gokyar Cokluk and Kuruoglu
(2017) evaluated the use of raw ESM as a therapeutic intervention for the protection of naked
brain tissue. In their study, 13.3 % of the uncovered fresh cadaveric cow brains operated with
ESM were minimally damaged as compared to 60 % of the brains without it. Accordingto the
findings, ESM has some promisingeffects asamaterial for brain tissue protection and essential

in neurosurgery.

ESM has been shown as an effective patch for the treatment of moderate to large traumatic
tympanic membrane perforation (TMP) in human (Jongetal, 2017). TMP, a hole in ear drum
is a condition that can be caused by infection or trauma (Afolabi, Aremu, Alabi and Segun-

Busari, 2009). In clinical practice, most TMPs have tendencies to heal on their own.
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Nonetheless, in large perforation, the spontaneous healing fails (Lou, Tangand Yang, 2011).
Jonget al, 2017 evaluated the effects of ESM patches on the healing time for TMP. Sterilized
round disc ESM patches moisturised with saline were placed on the surface of perforation in
patients. After 3 months, the healing time for patients with the ESM patches were significantly

improved as compared to patients that received perforation edge approximation.

In ophthalmology, ESM was first utilized by Cooverin 1899 for four differenteye injuries
namely symblepharon, burns on eyeball, cornea ulcer and iritis. Before then, the ESM was not
used due to fear of infection. Raw ESM obtained by manually peeling from the shell was
applied in each case study. In the case of symblepharon, after 10 days, the eyeballs and lids of
the patients were smooth with no adhesions. Similar results were observed in patients with
burns on eyeballs. The use of ESM in patients with corneal ulcers experienced no pain or
irritation during the treatment. The ulcers were suitably healed after two weeks. Finally, ESM
was employed in iridectomy for recurrentiritis and resulted in an effective wound healing with
no infection. No further studieshave reported on the use of ESM in ophthalmic surgery or other

eye applications despite the promising report.
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1.4 OCULAR DRUG DELIVERY SYSTEM

In the ophthalmic world, the most widely used non-invasive mode of administering drugs to
the eye to treat diseases is topical instillation. Convectional drug formulations such as eye
drops, ointments, gels, intraocular injectionsand lacriserts are used. One of the most important
functions of the structure of the eye is to protect it against any foreign substance by removing
them instantly. This poses as the main challenge in the conventional delivery system because
the drugs must stay in the eye fora long period before they are absorbed into target site of

action (Ferreiraetal, 2012).

About90% of the ophthalmic pharmaceutical formulations are in the form of topical eye drops
due to their ease of administration and patient compliance. The instillation of these drugs has
low bioavailability and ocular adverse effects due to the washing of the drops by mechanisms
like reflex blinking and tear dilution and turnover), the absence of control release properties
and the presences of several barriers (cornea, conjunctiva, retinal pigment epithelium and
blood-retinal barriers) (Shell, 1985). The presence of these barriers makes itdifficultto achieve
the therapeutic concentration of a topical drop to the various posterior tissues of the eye.
Moreover, the topical eye drop therapy has the failure to deliver insoluble and lipophilic

molecules to the eye tissues (Gower etal., 2016).

The use of control drug delivery systems like hydrogels, nanoparticles, microparticles,
implants, dendrimers, microneedles, mucoadhesive polymers and iontophoresis are the
strategies being used to overcome some of the problems associated with conventional therapy.
They are used to improve the bioavailability and therapeutic efficiency of ophthalmic
pharmaceutical formulations that causes little toxicity and minimal side effects (Ankit,
Rishabha and Pramod, 2011). One of the strategies showing promising results through various

researches is microparticles.
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Microparticles

Microparticles (MP), being one of the novel ocular drug delivery systems, have various
advantages, ability to provide controlled and sustained release of the drugs, increase drug
bioavailability and protect the incorporated drug, person another organ to organ from direct
toxic exposure. Additionally, the side effects associated with conventional dosage is overcome
by using Microparticles which increases accurate dosage. In addition, the therapeutic effects of
ocular drugs are improved, offer relief and better patient’s adherence to the use of the drug
treatments (Chau etal, 2010). Some commercial drugs that have being successfully loaded in

MP for ophthalmic purposes are outlined in Table 1.3 below.

Table 1.3. Commercial ophthalmic drug incorporated microparticle products

Drug Polymer Evaluation Reference
Norfloxacin Ethylcellulose  The in vitro release study Ramesh,
(ophthalmic and demonstrated a super case 1l Balachandra
solution is hhydroxypropyl transportdiffusion of and

known as methylcellulose Norfloxacin fromthe Chinnaiabh,
chibroxin) microparticles. The prepared 2013

microparticles indicated
sustained drugrelease of a period
of 10 h and buoyant release of
12h.

Gentamicin PLA and PLGA The encapsulation efficienciesof  Prior etal.,
the spray method and the double 2009
emulsion methods were 45% and
13% respectively. The results
obtained in the study showed that
spray drying techniques for the
preparation of the microparticles
may be the appropriate delivery

system.
Dexamethasone PLGA The drug-loaded particle was Braciaet
prepared usingthe o/wsolvent al.,2009

emulsion method and the
encapsulation efficiency was
72.97%.
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In pharmaceutical applications, the biodegradability and biocompatibility properties of
polymers are of critical importance to consider. In the body, biodegradable materials degrade
to nontoxic degradation products thatdo not cause problem of carrier toxicity (Alagusundaram
etal., 2009). When biocompatible materials are exposed to the body or bodily fluids, they do
not produce toxic or immune response but non-biocompatible can pose permanent injuries to

body tissues (Tapan Kumar etal., 2010).

The polymers used for MP are classified into two types, natural polymers obtained from
different sources like collagen, gelatin, chitosan, agarose, starch, dextran and starch. The other
beingsynthetic polymers (Figure 1.9) includes, poly(lactide) (PLA), poly(glycolide) (PLG) and
their copolymers PLGA (Chau etal., 2010, Alagusundaram et al., 2009, Alberton et al.,1996,
Berthold, Cremer and Kreuter, 1998, Ko, Sfeir and Kumta 2010, Keppeler, Ellis and Jacquier,

2009, Ai-min etal., 2011, Bachelder etal., 2010 and Balmayor etal., 2009).

PLG PLA
i I
|
No N No N
L H, n L (L n
O Hs
[ H,
C o Cc

Lactic unit Glycolic
unit

PLGA
Figure 1.8. Chemical structures of PLG, PLA and PLGA polymers.
The n represents the number of repeat units in PLG and PLA. The x and y represent a number

of lactic and glycolic units in the PLGA respectively.
The fabrication of MP depends onthe choiceof suitable polymeric materials (Giriet al., 2013).
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One of the synthetic polymers mostly used is PLGA due to its biodegradable and biocompatible
properties, control release, target delivery and therapeutic effects (Chau etal., 2010 and Nihant et
al., 1995). In the body, PLGA undergoes hydrolysis to slowly generate low concentrations of lactic
and glycolic acid which do notcause carrier toxicity or immunological response and explains the
successof PLGA as a biodegradable polymeric material (Patil, Papadimitrakopoulos and Burgess,
2004 and Alagusundaram, Madhu, Umashankari and Badarinath, 2009). When used for drug
delivery, this hydrolysis leads to the degradation of the PLGA matrix and any drug incorporated
within is liberated in a time-dependent fashion, typically over several weeks. PLGA has a tailored
biodegradation rate, and this is dependent on the copolymer ratio (Makadia and Siegel, 2011).
PLGA of different lactide/glycolide (copolymer) ratios, 50:50, 65:35, 75:25 and 85:15
lactide/glycolide are available. The 65:35, 75:25 and 85:15 lactide/glycolide copolymers have
extended degradation half-lives as compared to 50:50 lactide/glycolide copolymers that have the
fastest degradation half-life of about 60 days (Alagusundaram, Madhu, Umashankari and

Badarinath, 2009, Chauetal., 2010 and Tamboli, Mishra and Mitra, 2012).

Various techniques such as solvent emulsion evaporation (single or double), spray drying,
polymerization and phase separation are employed in the preparation of microparticles (Giri et
al., 2013, Lai and Tsiang, 2005, Bible et al, 2009, Chau et al, 2009 and Nalla, 2017). These
techniques must fulfil certain standards such as the ability to integrate high drugconcentration,
biocompatibility with a reliable biodegradability and predisposition to chemical modification.
Also, the method should not affect the stability of the product after the preparation, have
clinically suitable shelf-life, desired size range and finally, the drug encapsulation efficiency

should be high (Yadav, 2013).

The spraying drying method is when the polymer is dissolved in an organic solvent which is

volatile such as acetone, dichloromethane etc. This method is based on the drying of the
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polymerand the drugloaded MP made of PLA and PLGA containing gentamicin sulphate were
obtained by spray drying and w/o/w double emulsion process for the treatment of Brucella
infections. The encapsulation efficiencies of the spray method and the double emulsion

methods were 45% and 13% respectively (Prior etal, 1999).

Comparative studies have shown that the single or double emulsion evaporation (a simple
beaker-stirrer laboratory method) is economical, convenient and robust (Lai and Tsiang, 2005,
Khaled et al., 2010 and Nalla, 2017). Again, this technique is well controlled which gives
preliminary ideas about the controlled parameters to produce microparticles on a large scale

(Nalla, 2017).

The single emulsion method involves oil-in-water (o/w) emulsification. The o/w emulsion
system consists of an organic phase comprised of a solvent (for example dichloromethane
(DCM), chloroform and ethyl acetate) with dissolved polymerand the drugto be encapsulated,
emulsified in an aqueous phase containing a dissolved surfactant (polyvinyl alcohol, PVA). A
surfactantisincluded inthe aqueous phase to preventthe organic droplets from coalescing once
they are formed. The polymer-solvent-drug solution is emulsified (with suitable stirring and
temperature conditions) to produce an o/w emulsion. The emulsion is formed by using a
magnetic bar for mixing the organic and aqueous phases. Once the emulsion is created it is
subjected to solventremoval by either evaporation or extraction process to solidify the polymer
droplets (Airavind Chakrapan, 2006). The summary of the formulation process is presented in
Figure 1.10. This method is notefficientfor the encapsulation of hydrophilic drugs because the

drugrapidly dissolves into the aqueousphase of the emulsion (Bodmeier and McGinity, 1987).
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Characterization
1. Particle size - Laser diffraction
w 2. Morphology - optical, confocal
‘ Hardening bath and scanning electronic microscopies
I 3. Chemical composition - FTIR
e —— :
|

Aqueous phase
[Deionised water +

Polyvinyl alcohol r—
(PVA)]

c Stir Filter, wash and

Solvent freeze-dry of
Formation of primary evaporation microparticles
(0/W) emulsion created

Organic phase
(PLGA + Solvent + Drug)

Figure 1.9. Schematic diagram of single o/w emulsion method.
This technique involves displaying the various steps in creating microparticles (Mensah et al.,
2019, Bible etal., 2009).

The double emulsion solventtechnique involves the formation of double or multiple emulsions
of type o/w/o (oil in water in oil), w/o/o (water in oil in oil) and w/o/w (water in oil in water)
for the preparation of the microparticles. The w/o/w emulsion solvent is the suitable methods
used for the incorporation of drugs in microparticles (Figure 1.11) (Vikrantetal, 2012). This
method is employed to overcome the limitation associated with the use of a single solvent
emulsion method for the encapsulation of hydrophilic water-soluble soluble drugs). Lai and
Tsiang (2005) prepared acetaminophen loaded PLA microparticles by three emulsion solvent
evaporation methods: o/w emulsion method, o/w co-solvent method and w/o/w double
emulsion method. The encapsulation efficiency in the w/o/w emulsion method was three times
more as compared to the o/w emulsion method. Moreover, the microparticles prepared by the

w/o/w double emulsion method showed good, controlled release characteristics.
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Drug Volatile organic solvent
+ (e.g. dichloromethane)
H,O (small volume) kK

Surfactant
\ (e.g. Tween or Span)

Emulsify in a

W/O Emulsion H,O (large volume)
+
Surfactant
(e.g. PVA)
Emulsify in a

W/O/W Emulsion

l

Evaporate organic solvent

v

Filter and Freeze-dry

Figure 1.10. Flow chart outlining the steps in the w/o/w double emulsion method.
(Kerr, 1987)

Physicochemical evaluation

The prerequisite for the effective use of MP is the evaluation of its characteristics. This also
helps to determine the appropriate carrier for drug delivery. Different reviews have described
a collective method of characterising microparticles, which includes the particle size and shape,
morphology, size distribution, encapsulation efficiency, and in vitro dissolution

(Alagusundaram et al, 2009).

To understand the role of MP, the size needs to be measured accurately. The performance of a
drug, duration of drug release and mode of application are dependent on the MP size. The
particle size analysis is important as to prevent tissue irritation (Ferreira etal, 2012 and Yadav
and Jat, 2013). The particle size and shape of the MP can be measured by visualisation
technique example the optic microscopy (OM) and scanningelectron microscopy (SEM). They

both determine the size and the microparticles’ outer structure. However, SEM determines the
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double -walled and the surface after particles are cross-sectioned. On the contrary, SEM

provides a higher resolution than OM (Matthews and Nixon, 1974).

Particle size distribution of MP can be measured usingdifferentmethods suchas dynamic light
scattering (<1 nmto > 1 um), laser diffraction (<100 nm to 2 mm) and automated imaging (<1
pmto 3 mm) (Stanley-Wood and Lines, 2007). Laser diffraction, a well-established technique
is one of the widely used particle size analysis method. It can generate results in less than a
minute, large numbers of particles can be sampled in each measurement, and finally it has a
wide dynamic range (Mori, Yoshida and Masuda, 2012). Laser diffraction measures particle
size distribution by measuring the angular variation the in intensity of light scattered as a laser
beam passes through a dispersed MP sample. Large particles scatter light at small angles
relative to the laser beam and small particles scatter light at large angles. The angular scattering
intensity data is then analysed to evaluate the size of the particles responsible for creating the
scattering pattern. The particle size is reported as a volume mean diameter (Ross, 1973 and

Mori, Yoshida and Masuda, 2012).

Hence, there is a need for careful selection of the process factors in order to fabricate the most

appropriate MP size. Several methods are used to measure MP size, including dry dispersion laser

diffraction (DDLD), wet dispersion laser diffraction (WDLD) and optical microscopy

measurements. However, the method thatis increasingly used is DDLD (Jaffarietal.,2013). DDLD

method is desirable to measure the particle size and particle size distribution of wider range of

particle (20nm — 2000 pum) (Keck and Muller, 2008). In DDLD, sample is dispersed in compressed

air (dry) and a beam of monochromatic light is passed through this dispersion. The type of light

intensity distribution patterns produced by particles of various sizes are deduced based on Mie

scatteringtheory (Keck and Muller, 2008). The Mie theory assumes thatthe particle beingmeasured

is spherical. Therefore, the equivalent sphere diameter of particles is calculated. DDLD does not

require the calibration of the measurements signal response, however pressure titration is required
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to be developed to define the instruments parameters to provide accurate and precise MP size (1SO
13320:2009,2022 and Jaffari etal., 2013).

Fourier Transform Infrared Spectroscopy (FTIR) is used to determine the chemical composition
and the degradation of the polymeric matrix of the carrier. The FTIR providesinformation about
the microparticles’ surface composition dependant on the fabricating techniques and conditions.
(Capan et al, 2003). Fu et al, (1999) used FTIR to evaluate the secondary structures of bovine

serum albumin (BSA) and chicken egg-white lysozyme (LZM).

The encapsulation efficiency drug-loaded MP can be evaluated by allowing the washed MP to
undergo lysis (the breakdown of a cell by rupture of the cell wall or cell membrane
(Thermofisher.com, 2017). The encapsulation efficiency percentage is calculated by using the

following equation:

Actual content

% Entrapment = X 100 Equation 1.1

T heoritical content
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In vitro and in vivo techniques have been described to determine the release characteristics and permeability
of drugs through the cell membrane. In pharmaceutical production, in vitro drug release studies have been
used as a quality control procedure. Mahboubian et al, (2010) prepared PLGA MP containing triptorelin and
investigated the in vitro controlled release characteristics of the microparticles. Spherical PLGA MP with a

90% encapsulation efficiency and prolonged triptorelin release over 45 days were obtained.
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1.5 THESISOVERVIEW ANDHYPOTHESIS
The World Health Organisation, (WHO) projected thatat least 2.2 billion people worldwide suffer
from near or far vision impairment and blindness (Vision and Blindness impairment, 2021). The
majority of people with vision impairmentorblindnessare over 50 years old, however, vision loss
can affect people of all ages. Vision impairment invariably bring, aside the obvious issues,
potential emotional and financial implication to patients. It is estimated that the United States of
America (USA) and the United Kingdom (UK) alone spend roughly $51.4 billion and £28.1 billon
respectively on tackling the effects of vision impairment (CDC.gov, 2021 and Pezzullo et al,
2018). The fourth leading cause of blindnessis ocular surfaceand cornea disorders, andthis comes
afterglaucoma, cataracts andage-related macular degeneration (Vision and Blindness impairment,
2021). The centre of interest in intensive research on acute and chronic wounds is to find an

effective treatment.

The location of the cornea makes itsusceptible to injuries’/damages. Corneal injuries canresult from
a variety of influences, such as burns, physical or chemical trauma, or exposure to ultraviolet light
(UV) (Willman, Fu, and Melanson, 2022). The degree of injury will directly correlate to the length
of recovery time and treatment method. Minor cornea damages heal quickly whereas more severe
wounds take relatively longer to heal and can cause pain, irritation, tearing and redness (Zidan et
al., 2018, Kwoketal., 2019 and Slaughteretal., 2019). Improper healing of the cornea tissues after
injury or abrasion can cause serious corneal complication, blindness and the need for corneal
transplantation. It is, therefore, crucial to manage and enhance corneal wound healing as the lack
of donors and associated side effects such as rejection makes corneal transplants less accessible

(Fernandez Pérez et al., 2020 and Mathews et al., 2018).

The go-to treatment of chronic cornea disorders is the application of protein-based bandages (Zidan
et al, 2018 and Antons-Salea et al, 2020). In general, an ideal biomaterial for ocular bandage

should be biocompatible, non-toxic, transparent, comfortable for the patient, easy and quick to
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apply, adhere to the ocular tissue, quickly seal the injured area, mimic the mechanical properties
of the tissue, be permeable to nutrients and gases, and have a microbial barrier (Santiago et al.,
2019, Grinstaff, 2007 and Miki et al., 2002). Additional desirable characteristics includes cost-
effectiveness, longstorage stability, and the ability to incorporate drugs or biological compounds
(Santiago et al., 2019 and Chae etal., 2014). Currently, the most widely used bandage which is
made up of natural biomaterial is human amniotic membrane (HAM) (Foulks, 2014, Chau et al,
2012, Rolando et al, 2005 and Zidan et al, 2018). Notwithstanding its clinical outcome, the
availability of HAM remains lilted due to its allogeneic nature which causes rejections, extremely
expensive, the reliance on donor tissues, presence of tissue banks and medical infrastructures (Lai
and Ma, 2013, Murube 2006, Chauetal., 2012 and Leal-Marin et al., 2020). Consequently, there is

an active quest for biomaterials to generate an ocular bandage for cornea wound healing.

Unlike the HAM, the Chicken eggshell membrane (ESM) has better mechanical properties and is
an inexpensive, excess industrial waste product associated with minimal ethical concerns (Sah et
al.,2016). Chicken ESM is a natural biomaterial obtained from chicken egg and it has good
biocompatibility, biodegradability and wound-healing properties, and ability to promote cell
adhesion (Ohto-Fujita et al., 2018 and Yoo et al., 2015). The soluble and intact ESM has been
exploited as abiomaterial for skin wound healing (Choi etal, 2021). The resemblance of the ESM
to native tissue, and its high protein and glycoprotein content, make the ESM a highly valued
resource in wound healing and capable of providing an ideal environment for tissue healing
(Ahmad et al. 2017). Based on these characteristics, the ESM can be exploited as a potential

biomaterial for ocular bandage for ocular wounds.

The global demand for chicken eggs is growing rapidly, while production is also increasing. In
2018, global production of eggs was 76.7 million tons, an increase of 14.95% over the past 10
years (Chi etal., 2022 and Shahbandeh, 2020). In 2018, China produced a total 0f26.9 million tons

of food and agriculture products (Food and Agriculture Organization, 2020). In the same year, the
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United States produced 6.46 million tons of eggs, followed by India (5.23 million tons), Mexico
(2.87 million tons), Brazil (2.66 million tons) and Japan (2.62 million tons). The increase in egg
production worldwide is due to its high global consumptionand egg consumption is estimated to
rise by 50% up to 2035. This is due to its lower price compared to other protein sources and the
perceived health benefits (Sass et al., 2021 and Chi et al., 2022). Consequently, its essential to

exploitthe use of eggs outside the food industry so asto minimize waste.

The treatment for ocular wound generally requires the combination of ocular bandages and
repeated administration of eye drops at regular time intervals for a longer duration. The major
problems with eye drops are poor retention in the eye, low bioavailability across the cornea and
ocular adverse effects including wound-healing complications. Polymer-based microparticulate
systems are often used in therapeutic applications as controlled and sustained release carriers for
drugsand growth factorsto improve the duration of effectand may be combinedwithin abandage

to allow a prolonged retention at the site of action (Williams, 2009).

Poly lactic-co-glycolic acid (PLGA) is a synthetic polymer that has been widely studied and used
in the formulation microparticles for the controlled and sustained release of drugs (Bible et al,
2009). The single emulsion oil-in-water (O/W) evaporation method is often used for the
preparation of MP, but with many processing variables present, it is difficult to predict the size of
the final products. Particle size is a significant characteristic as it determines the profile of the
drug release and dictates the routes of administration (e.g., topical or injection) (Bible et al,2009).
Taguchi design is a statistical technique used to optimize parameters with interrelationships and
its design protocol attempts to identify controllable factors that minimize the effect of “noise”

(i.e., uncontrollable factors) (Montgomery, 1999).

Notwithstanding these promising results, the application of ESM to heal the cornea remain

generally unexploited. Therefore, based on the impact of ESM as biomaterial in skin wound

healing application, physical and chemical characteristics similarities with HAM, ESM was
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exploited in this thesis as a potential biomaterial for ocular/cornea bandage. This study aimed to

formulate and evaluate a potential novel bandage comprised of drug-incorporated MP and ESM

for ocular wound healing applications (Figure 1.1).

Chapter 1 of the thesis reviews the literature on the ocular wound healing application and ocular
drugdelivery. Chapter 2 entails development and characterization of ESM to be used as a wound
bandage. Chapter 3 concentrates on the fabrication and optimisation, consequently, engage in the
fabrication of drug — incorporated microparticles to achieve the desired release profile. The
formation of wound bandage consisting of the drug—incorporated microparticles and the ESM is
shown in chapter 4. Finally, chapter 5 presents the summary discussion and conclusion of the research

described in the thesis and recommendations for future work
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Encapsulated Drugs

Drug loaded MP
adhered in the outer layer
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Drug loaded PLGA MP-ESM bandage
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Figure 1.11. Schematic representation of the proposed biomedical bandage

This diagram illustrates the objective of the study. It shows the generated bandage for ocular
wound healing consisting of drug loaded PLGA microparticles and Eggshell membrane. MP —
microparticles, ESM -eggshell membrane and PLGA- Poly lactic-co-glycolic acid.
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20 CHAPTER 2: DEVELOPMENT, OPTIMIZATION &
CHARACTERIZATION OF EGGSHELL MEMBRANE
2.1 INTRODUCTION

The cornea is responsible for maintaining a tough, physical barrier between the eye and the
environment. The cornea is susceptible to eye injuries caused by physical, chemical trauma or
severe infections which can lead to permanent damage to the tissue and potential blindness.
(Cavanagh, 2002; Foulks, 2014; Litwiniuk and Grzela, 2014). Therefore, it is important to
restore the cornea structure quickly after injury to prevent permanent loss of vision. The most
used biological material to repair or regenerate the cornea is the human amniotic membrane.
(HAM). However, the use of HAM has some limitations such as variation in thickness,
mechanical strength and transparency of the membrane in different parts of the membrane,
differences between donors and donors, use of drugs/anti-rejection therapy, ethics and local
regulatory constraints (Fujishima et al, 1998; Dalla Pozza et al, 2005; Barabino et al, 2003;
Azuara-Blanco etal, 1999 and Tsubota etal, 1996). In addition, the cost of serological testing,

processing and preserving of the AM is relatively expensive.

The ESM is a unique biomaterial with many benefits that are often undervalued. However,
researchers have made important findings in studying this biomaterial due to its unique
properties and specific structure (Boonprasert and Tangboriboon, 2018; Chi and Zhao, 2009;
Ahmed et al, 2019; Wu et al, 2004; Chen, Kang and Sukigara, 2014; Choi, Kim, Su and Han
2021 and Tan et al. 2011). The ESM is a highly collagenised semi-permeable membrane
composed of insoluble protein fibres, mainly composed of collagen types I, V and X, forming
a lattice network (Choietal.,2017) (Torresetal., 2010) (Yietal., 2004). The ESM playsa vital
role in the mineralisation of the eggshell while preventing the mineralisation of the inner egg

content (Hincke, 2012) (Arias et al., 199). The ESM is insoluble due to the inter-fibrillar
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crosslinks, allowing the ESM to support the embryo during development (Yi, et al.,2005)

(Takahashietal. 1996) (Starcher etal., 1980).

As discussed in chapter 1, the ability to separate ESM successfully from the ES is a vital
procedure for its extensive use as a biomaterial (Chi and Zhao, 2009; Tang et al, 2014 and
Torres et al, 2010). The extraction of the membrane from the ES has been investigated in
several reports: direct manual peeling of membrane from the shell is one of the methods
reported to be efficientin preparing ESM despite the fact that the outer membrane remains
strongly bonded to the shell (Rolando et al, 2005; Zidan et al, 2018 and Rahman et al, 2009).
Alternatively, the ES could be exposed to a solvent- essentially, an acidic treatment could be
appliedto the ES which acts on its surface by dissolvingthe calcium carbonate within the shell
and loosening the interfacial bonding between outer shell membrane and the ES. These

methods generate ESM in its intact form to aid in manipulation into preferred size and shape.

Translational applications of the ESM as a biomaterial can be supported by its chemical
composition and physical/mechanical characteristics. However, the uptake of its use as a
wound healing agent, in the form of a bioactive dressing for ocular applications, has been
limited to date. Despite a very limited summary on the first use of the ESM in ophthalmology
in 1899, when Coover successfully used it in a surgical procedure as a bandage for corneal
ulcer, to date, no other research data or studies on the direct use of ESM in ophthlamic
application have been reported. Accordingly, with the increase incidents of ocular disease,
trauma, tissue replacementand pharmaceutical drugdevelopment, the exploitation of the ESM
for corneal wound healing may have been overlooked. As such, this chapter emphases on
investigating the development of a novel protocol, using acetic acid and
ethylenediaminetetraacetic acid (EDTA), to extract the eggshell membrane and, thereafter, to
evaluate their physical, mechanical and biological properties in the context of translational ocular surface

(cornea) therapeutic applications.
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2.2 MATERIALS

Free-range, brown, chicken eggs (British Blacktail, gallus galuus) were purchased fromalocal
supermarket (Waitrose, London, UK). Acetic acid, >99% was purchased from Fisher Scientific
limited (Loughborough, Leicester, UK). Ethylenediaminetetraacetic acid (EDTA),
hexamethyldisilane, >99%, (HMDS), cacodylate buffer, 0.1M (CAB), 0.25% (v/v) trypsin-
EDTA, 100mM L-glutamine, Antibiotic-Antimycotic (AbAm), M199 medium, Giemsa stain
and May-Grunwald stain were obtained from Merck (Poole, Dorset, UK). Glutaraldehyde was
supplied by Agar Scientific (Stansted, Essex, UK). Epilife Medium with calcium and Human
Keratinocyte Growth Supplement (HKGS) were purchased from Invitrogen Life Technologies
(ThermoFisher, Leicester, UK). SV40 Immortalised Corneal Epithelial Cell Line (ihCEC) and
mesenchymal stem cell- corneal stromal (MSC-C) were in-kind contributions provided Dr
Laura Sidney (Tissue Culture Bank, Faculty of Medicine and Health Sciences, Queen’s
Medical Centre Nottingham University, Nottingham, UK). Immortalised human retinal
pigment epithelial cells, ARPE-19 (ATCC® CRL-2302™) were purchased from LGC
Standards (Teddington, Middlesex, UK). CellTiter 96® AQueous One Solution Cell
Proliferation assay (i.e., MTS Tetrazolium assay) and the CytoTox-ONE™ Homogeneous
Membrane Integrity assay kits (i.e., LDH assay) were obtained from Promega (Southampton,
Hampshire, UK). Fertilized hens’ eggs were purchased from Henry Stewart and Co Ltd
(Norfolk, UK). All other reagents and chemicals were obtained from Merck (Poole, Dorset,

UK) unless otherwise stated.
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2.3 METHODS

2.3.1 Membrane extraction

A preliminary study was performed to obtain the optimised concentrations of the acidic
solutions and durations for the extraction of ESM. Fresh eggs were washed carefully with DI
water before incubating them at room temperature (~19 °C), submerged, in 0.5M, 0.9 Mor 1.8
M acetic acid or 0.2 M, 0.5 M or 0.9 M EDTA. After the complete dissolution of the calcium
carbonate shell by visual observation, the extracted membranes (Table 2.1 and 2.2) were
collected and washed in DI thoroughly to remove the albumen and yolk (Figure 2.1). As a
control, the ESM was stripped off manually from the eggshell using tweezers (ESMstrip)
(Figure 2.1). All resulting extracted ESM samples were fully immersed in Phosphate buffered
saline (PBS) in order to avoid dehydration and stored in a refrigerator (4 °C) before use. All
experiments were performed with ESM samples that had not been stored for longer than 72

hours.

Table 2.1. Extraction of Eggshell membrane by different concentration of acetic acid

Molarity (M) Acetic acid (v/v) Name ofextracted ESM
0.5 3% ESM- A0.5
0.9 5% ESM- A0.9
1.8 10% ESM- A1.8

Table 2.2. Extraction of Eggshell membrane by different concentration of EDTA

Molarity (M) EDTA (w/v) Name ofextracted ESM
0.2 6% ESM- EQ.2
0.5 15% ESM- EQ.5
0.9 26% ESM- E0.9
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Naked egg after complete
dissolution of CaCO,

Extracted eggshell
membrane

Manual stripping

Figure 2.1. Photographic overview of the different protocol.

Unfertilised chicken egg was immersed in acetic acid or EDTA for complete dissolution of the CaCOs in the shell to expose the naked
membrane. The yolk and albumen removed and washed with DI water. The manual stripping method involves carefully removing the shell with
tweezers. All these processes were done at room temperature (~19° C).
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2.3.2 Membrane characterisation

The thickness of the extracted membranes was measured by placing the membranes (dabbed
“dry” using paper towel to remove excess water) between two microscopic slides of known
thickness. The measurements of the total sandwich were taken to the nearest 0.01 mm using
Moore and Wright Outside micrometre (Zoro, Leicester, UK) (Figure 2.2). The thickness of
each membrane was measured at six random locations and the average values were reportedto

be the membrane thickness.

Eggshell membrane

Two microscopic slides

Figure 2.2. Set up for the measurement of thickness of the extracted membranes.

The wet ESM sampleswere placed between two microscopic slides with known thickness. The
total thickness was taken, and the thickness of the ESM samples was deduced by subtracting
the thickness of the two microscopic slides from the total thickness measured.

ESM samples were soaked in PBS for 24 hours to equilibrate before their transparency
characteristics were assessed using two different techniques. In the first case, wet membranes
were placed over a standardised waterproof test card and the images of the inner and outer

surfaces of each membrane were taken usinga 12 MP Super Speed Dual Pixel AF sensor
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camera (OIS, FOV: 77°, Dual Aperture: F1.5 mode/ F2.4 mode) on the Samsung Galaxy S9
plus cell phone (protocol adapted from Chau etal, 2012). In contrast, the second assessment
technique was based on the measurement of light transmittance through the wet membranes
and determined usinga T80 UV-VIS spectrophotometer (PG instrument Ltd., Leicester, UK)

at a wavelength range from 400 to 1000 nm. The setup is shown in Figure 2.3 below.

ESM hanged in the
middle of cuvette

Holes on both
sides to allow
light through

Figure 2.3. Setup for the measurements of light transmittance through extracted membrane.
Holeswere created in both sides of a cuvette to allow the transmit of light through the wet ESM
samples. The samples were attached to the middle of the cuvette. The light transmitted through
the holes and the ESM samples was measured using a T80 UV-VIS spectrophotometer (PG
instrument Ltd., Leicester, UK) at wavelengths rangingfrom 400 to 1000 nm.

The surface morphologies and characteristics of the outer and inner sides of each extracted
membranes were obtained using field emission scanning electron microscope, FESEM,
(Philips XL30, UK) with operation voltage of 5kV, spot size 3. Before examination,
membranes were fixed in 3% (w/v) glutaraldehyde in 0.1 M cacodylate buffer for 24 hoursat
4° C (Figure 2.4a). The fixed membranes were then dehydrated in a series of graded ethyl
alcohol solutions for 2 minutes each: 1 x 70%, 1 x 90% and 3 x 100%. Thereafter, the
membranes were critical point dried by immersing in Hexamethyldisilane (HMDS) for 2
minutes. The dried membranes were attached onto adhesive 12 mm carbon tabs (Agar

Scientific, Stansted, UK)
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which were pre-mounted onto 0.5 aluminium spectrum stubs (Agar Scientific, UK) before
being sputter-coated with gold/palladium (Polaron E500, Quorum Technology, UK) (Figure
2.4b and c). Morphologies of the membranes were analysed at magnification of 500x and
2000x. The surface roughnessand fibre diameter were analysed via Fiji-lmageJ software and

OriginLab Origin software 2021.

Figure 2.4. Photographs of treatment of ESM samples for Scanning electronic microscopy

a) ESM samples fixed in 3% (w/v) glutaraldehyde in 0.1 M cacodylate buffer for 24 hours at
4° C. b) Critical point dried ESM samples mounted onto 0.5 aluminium spectrum stubs. ¢)
Gold/palladium coated ESM samples loaded in the field emission scanning electron
microscope for image analysis.
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In addition, the elemental composition of each of inner and outer sides of the extracted
membranes was analysed by FESEM with energy dispersive X-ray (EDX) attachment
operating at an accelerating voltage of 15 kV, spot size 5. The ESM samples loaded in the
FESEM were bombarded with electron beam. The x-rays released from the samples were
detected to characterise the elemental composition of the ESM samples. The spectrum of x-ray

emitted were counted at 6 different sites of interest on each ESM samples (Figure 2.5)

Spectrum 5

Spectrum 3

ECnantrum R
Spectrum 4 opectrum 6

! 100im )

Figure 2.5. Energy dispersive spectroscopy

(a) SEM image of the outer side (fibrous network) of extracted membranes showing the inner
shell membrane and the 6 site of interest for taking the spectrum of the emitted x-ray. (b)
example of the spectrum generated at site interest 1 to evaluate the elemental chemical
composition of the ESM samples.

2.3.2.3 Fourier-transform infrared spectroscopy.

The elements and functional groups of the ESM samples were determined using PerkinElmer
Fourier-transform infrared spectroscopy (FTIR) operating in the Attenuated Total Reflectance

mode (SensIR Technologies, UK). The samples were scanned in the IR range from 600 to
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4000 cm-1 (scan rate) and determined at 20 °C. The spectrometer was calibrated by taking a

background spectrum before analysing the extracted membranes.

2.3.2.4.1 Compression properties.
The burst strength of the wet membranes was measured by attaching a film supportrig to the

Texture Analyser TA. XT (StableMicro Systems Ltd, Surrey UK) (Figure 2.6a). The test
membrane (the outer and inner sides of each membrane) was supported between plates which
exposed a circular section of the membrane (size =2 cm?). The test was performed by initially
moving the ball probe at a pre-test speed at 2 mm/s. When the probe reached the surface of the
membrane and a trigger force of 5 g was obtained, the speed of the probe was changed to 1
mm/s which initiated the actual test protocol. As the probe deflected the test membrane, the
forced was increased until the rupture of the membrane was achieved. The maximum force
representing the burst strength was recorded and the distance to burst was recorded as the
displacement (Gocek and Adanur, 2012). All experiments were replicated 6 times and

conducted at room temperature (~19 °C).

2.3.2.4.2 Tension properties.
The ultimate tensile strength, elongation at break and Young’s modulus of the ESM samples

were measured using a tensile grip (Figure 2.6b) attached to Texture Analyser TA. XT
(StableMicro Systems Ltd, Surrey UK) with a 5 Kg load cell at 1, 3 or 10 mm/sec and Texture
Exponentsoftware 32 for data evaluation. Prior to analyses, samples were cutinto abone shape
with height and length as 25 x 10 mm respectively. Each test membrane was supported by a
standard sandpaper to enhance friction and to prevent slipping in between the grips during the
analyses before being carefully placed in between the two grips and the sandwich was then
screwed tightly together. The extension of test sample caused an increase in force. Data were
recorded when the force equaled the trigger force (Torres etal, 2010; Mallakpour and Madani,

2016; Strinkova et al, 2016). The tensile properties and ultimate tensile strength were obtained
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from the TA machine and Young’s modulus was calculated using equation 2.1 as stated below

(Ahmed and Boateng, 2018).

Young's modulus (MPa) =

Slope
x100

Membrane thickness x speed (mm/sec)

Equation 2.1

platform

(a) Film support rig

i)
/Point of upture

Fu = Masimum for atrupture
representing burststrength

Time (second)

(b) Tensile grip

(" Strss
UTS= Ultimate tensile strength

Y = Young's modulus
Y4E =% Elongation at break

= : Pl
s =, .\

e

:

Figure 2.6. Mechanical properties measurements.
(ai) A film supportrig attached to TA. XT instrument (StableMicro Systems Ltd, Surrey UK)
measured the burst strength of the membranes. The rig is aligned with the ball probe to ensure
the probe moves carefully through the testmembrane withouttouchingthe film supportrig. As
the probe deflected the test membrane, the forced increased till the rupture of the test
membrane. The maximum force representing the burst strength was recorded. (a ii) Graphical
representation of atypical burststrength test from texture analyser film supportrig. (b i) Tensile
grip attached to TA. XT instrument measured the tensile strength and the extensibility of the
test membranes. The test membranes were clamped securely. Data were recorded when the
force equaled the trigger force. (b ii) Graphical representation of typical stress and strain curve
generated from tensile measurement.
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The fluid handling property of the membranes were assessed by determiningthe porosity using
displacement method described by Ahmed and Boateng, 2018 with a slight modification.
Membranes were airdried, at room temperature (~19 °C), for 24 hours and weighed. The dried
samples were then immersed in 5 ml of PBS, at 34 °C, for 24 hours and weighed after dabbing
the surfaces with paper towel. The average thickness (mm) and effective area (mm?2) of the
membranes were employed to determine the total pore volume. The membrane porosity (¢) was

calculated using equation 2.2 as stated below (n=6).

(Wet weight—Dry weight)

Porosity, € (%) =
y,& ( ) (Density of PBS x total pore volume)

x100 Equation 2.2

The extracted membranes were cut into 2 X 2 cm squares and air dried at room temperature
(~19 °C) for 24 hours. Membranes were weighed to the nearest 0.1 mg. The fluid absorption
(FA) of each membrane was determined by immersing the samples in 5 ml of PBS, at 34 °C,
foranhourand 24 hours. After 1 hand 24 h, the membranes were carefully blotted using paper
towel to remove excess PBS and weighed. Each measurement was repeated 6 times. The FA
was calculated using equation 2.3 as stated below:

Wet weight—Dry weight
( g y weight) %100

Fluid absorption, FA (%) = Equation 2.3

(Dry weight)

The thermal decomposition profile of the extracted membranes was analysed using a 2050 TA
thermogravimetric analyser (TGA) (TA instruments, Crawley, UK). The weighed membranes
(5-10mg) were placed into aluminium pans and then deposited within the TGA instrument
sample chamber. Each membrane was subjected to a heating profile of 17 to 150°C at arate of
10 °C/min, under 20 ml/min nitrogen flow. Weight loss of each membrane was deduced from

a standardised TGA analysis protocol (Gohari etal, 2014).
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Hydrophilicity of the ESM samples was determined by measuring the contact angles (CA) of
both the outer and inner surfaces using the static sessile drop method as previously described
(Gohariet al, 2014). In short, a small droplet of PBS solution (~2.0 uL) was deposited on the
horizontal membrane surface and a side view photo was taken using 200 CAM optical contact
angle meter (KSV Instruments Ltd, Finland) at room temperature (~19° C) to measure the
contactangle at 10 seconds (Figure 2.6). The experiments were repeated three times and mean

value calculated.

PBS droplet
Syringe

Camera 'esMsurface o

Angle

ESM sample

Figure 2.7. Photograph hydrophilicity test using the sessile drop method
(@) KSV 200 CAM optical contact angle meter showing the mounted ESM sample. (b) the
sessile drop measurement. at room temperature (~19 °C).

2.3.3 Characterisation of ESM generated from optimised protocol

Using the FESEM images at Magnification of 500x produced for the inner layer: LESMstrip,
LESM-AO0.5 and LESM-EOQ.9 and outer layer OESMstrip, OESM-AOQ.5 and OESM-EOQ.9, the
surface roughness was examined. Surface topography and surface roughness plots were

generated using Fiji-ImageJ software. Based on the surface topography and profile plots, the
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surface roughness (Arithmetical mean deviation, Ra) was evaluated via SurfCharJ 1q plugin in
the Fiji-ImageJ software. In addition, the fibre diameters of the outer layer of the ESM were

evaluated via Fiji-ImageJ software and OriginLab Origin 2021.

The swelling index (SI) of each membrane was performed by immersing the ESM samples
(ESMstrip, ESM-A0.5 and ESM-EQ.9) obtained from the optimised method. into 5 ml of PBS,
at34° C, and any change in the weight of the swollen membrane recorded at 2-minute intervals
foratotal of 10 minutes before being monitored every 10 minutes afterwards until 1-hour total
time. The Sl was calculated using equation 2.4 as stated below (n=6).

Swelling index, SI (%) =_C"olenweight=bry weight) 1100 Equation 2.4

(Dry weight)

Membrane water drying profile of were determined usingterahertz (THz) sensing (Alves et al,
2020). Compared to conventional gravimetric analysis, this technique can be performed
withoutphysical contacton the sample of interest. The transmission geometry of the technique
differsto reflection geometry (Chauetal, 2016; Vynckieretal, 2015) by allowingwater content
to be quantified. To ensure full hydration, the membranes ((ESMstrip, ESM-A0.5 and ESM-
E0.9) obtained by the optimised method were immersed in distilled water for 24 hours. Prior
to measurement, excesssurface water was removed. By monitoringthe relative THz intensities,
weight of water across each membrane (EW) can be estimated as a function of drying time
using Beer-Lambert Law, under the assumption of constant water density and uniformity. In

particular, equation 2.5 was used to convert the measured intensities into estimated weight:

2 Iy
Amembrane 2100 _(lpixel) pln(’o%‘)

Weight = Agrya  pixel=1 " Equation 2.5
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2.3.4 Biological Characterisation

The OESM-AO0.5 was selected for preliminary study to obtain the optimal sterilization method
to use for in vitro and in vivo analyses. The membrane samples were sterilized with five
different methods: soaking in 100 IU/ml penicillin-100 pg/ml streptomycin solution for 24
hours, exposure to UV radiation in laminar cell culture flow hood (Thermo Scientific,
Germany) for 2 hours, the combination of penicillin- streptomycin and UV radiation and
soakingin 70% v/v ethanol for 24 hours for complete evaporation of the ethanol. The thickness
of the samples was measured using Moore and Wright Outside micrometre (Zoro, Leicester,

UK).

To determine the sterilisation method with the ideal mechanical properties for cytotoxicity
analysis, the burst strength of the sterile OESM samples was measured. The burst strength of
the membranes was measured using a film support rig attached to a TA. XT instrument
(StableMicro Systems Ltd, Surrey, UK). The rig is aligned with the ball probe to ensure that
the probe moves carefully through the testmembranewithoutcoming into contact with the film
support rig. As the probe deflected the test membrane, the force increased until the test
membrane ruptured. The maximum force (g) which represented the burst strength, was

measured. The control was untreated OESM sample.

Human tissue for research was obtained from Manchester Eye Bank subject to a Materials
Transfer Agreement and stored and disposed according to the tenets of the UK Human Tissue
Act. Comeal- Mesenchymal stem cell (C-MSC) was isolated from corneoscleral rims as previously
described (Sidney etal, 2015). C-MSC were cultured in M199 medium supplemented with 20%
(VIV) FBS, 1% (v/v) AbAmand 2 mM L-glutamine. The SV40 Immortalised Corneal Epithelial
Cell Line (ihCEC) was cultured using Epilife medium supplemented with 5 mI HKGS and 1%

(v/iv) AbAm. Routine
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cell culture involved the use of Corning T-75 flasks (Corming Life Sciences, UK), standard
trypsinisation protocol (i.e., 0.25% (v/v) trypsin-EDTA) and placement within a humidified
incubator, at 37 °C and 5% CO.. Sample membranes (i.e., ESMstrip, ESM-AQ.5 and ESM-
E0.9) were cut into 14 mm (diameter) discs using a circular craft punch (Figure 2.8a). The
samples were then placed into Corning CostarTM Ultra-Low Attachment 24-well tissue culture
plates, TCP, (Merck, Poole, UK) and sterilised using 1% (v/v) AbAm, in PBS, for 24 h before
an additional treatment of UV radiation, for 2 h, in the laminar cell culture flow hood (Thermo

Scientific, Germany) (Figure 2.8b).

Figure 2.8. Pre-treatment of the ESM obtained from the optimised method

(@) Samples of 14 mm diameter discs of outer and ESMstrip, ESM-A0.5 and ESM-EO0.9 in 6-
well tissue culture plate. (b) Photograph of the Ultraviolet (UV) radiation treatment of
OESMstrip, OESM-AO0.5, OESM-E0.9, LESMstrip, LESM-AO0.5, and LESM-E0.9 samples
(previously sterilized for 24 hoursin1 % (v/iv) AbAm, in PBS) in laminar cell culture flow hood
(Thermo Scientific, Germany) for 2 hours.

Thereafter, 200 mL of complete growth media were added to each sample in the well and

incubated for 30 min to allow for “prewetting” of the membrane samples. The thCEC or C-

MSC cells were seeded on the inner sides of the samples (LESMstrip, LESM-AQ0.5 and LESM-
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E0.9), outer sides (OESMstrip, OESM-A0.5 and OESM-E0.9) or TCP at a density of 104
cells/cmz?, respectively, in 200 mL of the complete growth media and incubated for one, three
or seven - days under standard cell culture conditions (5% CO>, 37 °C). Control groups using
TCP, the innersides orouter sides of samples with media only were also included. Each sample
group had six replicate studies. The metabolic activities of the cells were evaluated using the
CellTiter 96 AQueous One Solution Cell Proliferation assay (Promega, Southampton, UK)
according to the manufacturer’s protocol. In brief, after one, three- or seven-days incubation,
50 mL of the culture media from the wells of three samples in each group were transferred to

new 96 well plate and retained for the lactate dehydrogenase (LDH) assay as described below.

Following on, 30 mL of the CellTiter One reagent was then added to each well and incubated
at 37 °C for 3 h. Subsequently, 100 mL of the media were transferred from the wells in each
group into a new 96 well plate and absorbance were read at492 nmusinga BioTek micro plate
reader (BioTek, Swindon, UK). For each time point, samples with media only controls were
used as the background control. To quantify LDH release from the cells, the CytoTox-One
Homogeneous Membrane Integrity assay kit was used. 50 mL of the CytoTox-One reagent
were added to the 50 mL culture media (removed as mentioned above) in the 96 well plate and
incubated, in the dark/covered in foil, at room temperature (19 °C) for 10 min. Thereafter, 10
mL of stop solution was added to each well and the sample plate read immediately using the
BioTek micro plate reader (525 nm excitation wavelength and 560-590 nm emission
wavelength). Samples with media only controls (background control) were subtracted from the

corresponding wells to attain the corrected fluorescent reading.

The attachment and spreading characteristics of the cell on the membranes were evaluated
using an adapted version of the protocol previously described by Shafaie et al, 2017. Media

from three sample wells from each group (i.e., samples with cells) were aspirated and cells
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were then washed twice with 100 mL of PBS solution. Sequential addition of 100 mL 3.7%
(w/v) paraformaldehyde in PBS solution for 15 min, followed by a PBS wash step, and then
100 mL of 1% (v/v) Triton X-100, for 15 min, were used to fix and permealise the cellsat room
temperature (19 °C), respectively. Thereafter, 100 mL of 0.25% May—Grunwald stain, in
methanol, were used to treat at room temperature for 15 min. 100 mL of Giemsa stain, in
methanol, (1:20 dilution with distilled water) were added to stain the nuclear membranes of the
cells. Stains were removed following a 20-min incubation time, at room temperature (19 °C),
before being washed once with distilled water and air dried for 2 h, at room temperature (19
°C). Cell samples were visualised and imaged using an optical Meiji EMT microscope (Meiji
Techno, Somerset, UK) and GX 6 CAM digital camera, and also the FESEM (Philip XL30,

UK) with operation voltage of 5 kV, spot size 3 and 100 magnification.

The in ovo chicken embryo Chorioallantoic membrane (CAM) assay (Figure 2.9) was used to
ascertain the angiogenic potential of the (inner and outer sides) of the extracted membranes
using a slightly modified version of the protocol previously described by Chau et al., 2012.
Briefly, fertilised Dekalb White chicken eggs (Henry Stewart and Co Ltd, Norfolk, UK) were
incubated ina Brinsea Eco incubator for 4 days at 37 °C and 80% relative humidity. On the 41
day, 5 ml of the egg white was taken out using a blunt 18-gauge needle through a hole to
decrease the volume space within the egg and result in a lower/detachment of the CAM from
the top part of the eggshell. A square window opening (~2 x 2 cm2) was cut in each egg and
covered with a transparent low adhesion tape. The eggs were incubated for an additional day.
On the 5t day, sterilised samples of the inner and outer sides of each membrane type (3 x 3
mm?Z in size) were placed on the CAM. For controls, pre-sterilised with 70% ethanol,3 x 3mm
Whatman #1 fiter paper squares, 20 uL PBS and 10ng/ml vascular endothethial growth factor

(VEGF)-loaded samples were used. All samples were carefully placed on the CAM, under
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sterile conditions, before the windows of the eggs were sealed. Eggs were then kept in the
incuator for additional 5 days and monitored on a daily basis. On the 10t day, the tape/seal
were removed, and images taken using GX CAM digital camera at X1 magnification. Blood
vessels were quantified, assessed and characterised using the AngioQuant software

(MATLAB, UK) (Niemisto et al, 2005).

Eggshell windowand ~ Introduction of samples, window  Photographed image of CAM
37°C_ visualizationof CAM____ sealed and further incubation __ with test sample after 10days ||

Figure 2.9. Chorioallantoic membrane assay
Fertilized eggs were incubated for 10 days to access the developed CAM in order to observe
and compare the angiogenic responses of extracted eggshell membrane membranes.

2.3.5 Statistical analysis
All data were statistically analysed using PRISM (GraphPad software, version 9). The data

were evaluated by 1-way, or 2-way analysis of variance (ANOVA) combined with Bonferroni's
Multiple post-test, Tukey’s and Dunnett's Multiple Comparison Test (p<0.05). Data presented
were expressed as mean and standard deviation. All experiments were performed in triplicate,

and data were denoted as mean standard deviation for n=3 unless otherwise specified.
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2.4RESULTS & DISCUSSION

2.4.1 Membrane extraction

Chicken eggshell membrane (ESM) is a biomaterial firmly attached to the eggshell and its
made up of two layersthe inner and outer (Balaz, 2014 and Torres et al., 2010). The inner layer
is the limiting membrane (LM), and outer layer consists of two components: the inner shell
membrane (IM) and the outer shell membrane (OM). The ESM must be separated to achieve
its purpose as a biomaterial. The method of extracting ESM from the shell can have a significant
impact on the physical, mechanical and biological properties (Guo etal., 2011, Sah, and Rath,
2016, Thoroski, 2004, Zhangetal.,2016 and Choietal., 2021). The use of manual detachment-
the simplest form or separation with dilute acids such acetic acid and EDTA produces a whole
membrane. The main objective of the study was to identify an optimal method in extracting an
intact ESM with the ideal conditions to fulfil the purpose as a bandage for ocular wound

healing.

Two dilute chemicals namely acetic acid and EDTA were employed in the experiment and
compared to the peeling method. During the incubation of the egg in the solvents, they break
apart the calcium carbonate that make up the shell thereby exposing the naked ESM.An
optimised extraction method for the ESMwas achieved by immersingthe eggshell in acetic acid
at three different concentration (0.5, 0.9 and 1.8 M) and EDTA at three different contraction
(0.2,0.5and 0.9 M). From the results (Table2.3), the extraction time obtained, listing from the
shortesttime to the longesttime forthe complete dissolution of the CaCOsare as follows; ESM-
Al1.8, ESM-E0.9, ESM-A0.9, ESM-EO0.5, ESM-A0.5 and ESM-EQ.2. It can be observed that

the higher the concentration, the lesser the duration for the extraction.
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Table 2.3. The extraction time formembranes extracted with differentacetic acid and EDTA.

Sample Extraction time (hours)
ESM-A0.5 44
ESM-A0.9 31
ESM-A1.8 18
ESM-EO.2 84
ESM-EQ.5 36
ESM-EO0.9 20

2.4.2 Thickness

The measured thicknesses of the extracted membranes are shown in Figure 2.10. From the
results, the thickness of the manually peeled membrane; ESMstrip has an average thickness of
96 +5 um, aceticacid: ESM-AQ0.5, ESM-A0.9 and ESM-A1.8 have averagesof 124 £ 15,127 £
2 and 129 + 16 um respectively and the average thickness of EDTA extracted membranes:
ESM-E0.2, ESM-EQ.5 and ESM-E0.9 are 123 £ 14, 127 + 15 and 122 £ 14 um respectively. As
seen inFigure 2.10, the results document that the thickness of the ESMstrip is significantly less
than thatof the membrane samples extracted with aceticacid (ESM-A0.5, ESM-EQ.2 and ESM-
E0.9 p<0.05) and EDTA (ESM-A0.9, ESM-A1.8 and ESM-EQ.5, p<0.01) whereas no
significant differences can be observed between all the membranes extracted with acetic acid
(ESM-A0.5, ESM-A0.9 and ESM-A1.8) and EDTA (ESM-E0.2, ESM-EQ.5 and ESM-EQ.9)

(p>0.05).
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Figure 2.10. Thickness measurements of extracted membranes.
All values are expressed as mean + ¢ for n=6. 1-way ANOVA with Bonferroni's Multiple
Comparison post Test (p>0.05), the average thickness of ESM-A0.5, ESM-A0.9, ESM-AL.8,
ESM-EQ.2, ESM-EQ.5 and ESM-EOQ.9 are significantly higher than the ESMstrip (*p<0.05and

**p<0.01). No significant difference is observed among ESM-AO0.5, ESM-A0.9, ESM-AL.8,
ESM-EO0.2, ESM-EQ.5 and ESM-EOQ.9, p>0.05.

A simple explanation for this relies on the fact the ESM consists of three distinct layers: The
limiting membrane, inner shell membrane and the outer shell membrane. The manually peeled
membrane results in the isolation of a membrane composing of two layers, the limiting
membrane and the inner shell membrane. In contrast, owing to the fact that the outer shell
membrane is firmly attached to the ESM and this layer can only be obtained by che mically
treating the shell thereby releasing the membrane after the dissolution of the CaCO3 (Ahmed
etal, 2019 and Wu et al, 2004). Previous studies have reported on the thicknesses of the three
layersand have shown thateach layer hasa differentand distinct thickness (Ahmed etal, 2019
and Farrar, Barone and Morgan, 2010). Wong Liong and colleagues (2016), using confocal
scanning laser microscopy, reported that the average thicknesses of the limiting membrane,
inner shell membrane and the outer shell membrane were 3.6 um, 21 pm and 59 pm. In
addition, other thicknesses have been reported in literature depending on how the membranes
were prepared and the egg varieties assessed. Strnkova et al. (2016) measured the thickness of
manually peeled ESM from hen, goose and Japanese quails by using a digital micrometer and
obtained ranges of 22-170 pm, 33-110 um and 40-90 um, respectively (Alves-Lima et al,
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2020). As such, these results obtained here are consistent with prior studies from existing

literature.

2.4.3 Transparency evaluation

The cornea is the transparent window which plays a major role in the visual pathway and,
accordingly, any material placed on it must be transparent in order not to compromise its
principal role and function (Sidney et al, 2015 and Niemisto et al, 2005). Furthermore, during
the application of dressing for wound healing, the transparency of the material is crucial for the

visual observations of the wound healing process (Liong, Frank and bailey, 1997).

The results of the visual observation of the inner and outer sides of each extracted membrane can
be seen in Figure 2.11. The sample text can be clearly seen in the visual images from the inner
side samples (LESMstrip, LESM-A0.5, LESM-A0.9, LESM-A1.8, LESM-E0.2, LESM- E0.5
and LESM-EOQ.9). In the case of the outer side membrane samples, the visibility of the text in the
OESMstrip, OESM-A0.5, OESM-A0.9, OESM-A1.8, OESM-E0.2, OESM-E0.5and OESM-
E0.9 are reduced although they can still be considered to be visually transparent overall. This
concurs with results produced by Bellairs and Boyde, 1969 that the outer side of ESM is rough

while the inner side is smooth which would directly impact visual clarity.
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Figure 2.11. Transparencyresults
Images rep Figure 2.10a resenting the visual transparency of the outer and inner sides of the ESM samples

S e

89



Moreover, transparency of bothsides of the membranes were further assessed by measuring
light transmittance using UV-VIS spectrophotometer and this data is summarised in Figure
2.12. The lighttransmittance valuesfor membranes samples extracted by peeling, acetic acid
and EDTA (400-700 nmwavelengths) are allabove 80%. Three is no significant difference
between the inner sides and the outer sides of the membrane’s samples extracted with the
different methods (p>0.05). Again, no significant difference exited among the OESMstrip,
OESM-A0.5, OESM-A0.9, OESM-A1.8, OESM-E0.2, OESM-E0.5, OESM-EOQ.9,
LESMstrip, LESM-AOQ.5, LESM-AO0.9, LESM-A1.8, LESM-EQ.2, LESM-EOQ.5 and LESM-

E0.9 membrane samples (p>0.05).
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Figure 2.12. Light transmission analysis

UV light transmittance profiles of membranes outer sides (OESMstrip, OESM-A0.5, OESM-A0.9, OESM-A1.8, OESM-E0.2, OESM-EQ.5 and
OESM-EO0.9) and the inner side (LESMstrip, LESM-A0.5, LESM-A0.9, LESM-A1.8, LESM-E0.2, LESM-EOQ.5 and LESM-EQ.9). O: outer side
membrane, L: limiting (inner) membrane. All values are expressed as mean+ ¢ for n=6. 1 way ANOVA with Tukey's Multiple Comparison post
Test (p>0.05). The transparency of both sides of the ESM extracted manually or acetic or EDTA immersion method was different (p>0.05).
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2.4.4 Morphology
Field energy scanning electronic microscopy (FESEM) was utilised in visualising the surface

morphology of the outerand inner sides of extracted membranes atmagnifications of 500x and
2000x. The collated images can be seen in Figures 2.13 and 2.14. It can benoted that both sides
of the ESM samples show differentstructural characteristics: the outer sides of the membranes
Figure 2.13 (a, b, ¢, d, e, fand g) contain macroporous structures within networks of interwoven
fibres. However, inner side of the membranes, LESMstrip, LESM-AQ0.5, LESM-AO0.9, LESM-
Al1.8, LESM-E0.2, LESM-E0.5 and LESM-EQ.9 (Figure 2.14 (h) to (n)) display a continuous
dense structure with no other significant differences. On further analysis, the outer side of the
OESMstrip (Figure 2.13a) which represents the inner shell membrane, displays similar fibrous
structures to the samples OESM-A0.5, OESM-A0.9, OESM-A1.8, OESM-E0.2, OESM-EQ.5
and OESM-EQ.9 (Figure 2.13 (a) to (g)) which are located as the outer shell. In comparison, the
fibres of inner shell membrane appear to be much thinner than the outer shell membrane.
Interestingly, these results are in conformity with previous reports in the literature (Ahlbom

and Sheldon, 2006, Marshalll, Kanezler and Oreffo, 2020 and Devi etal, 2012).
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Figure 2.13. FESEM images of the outer side (fibrous network) of extracted membranes
showing the inner shell membrane of (a) OESMstrip; outer shell membrane of (b) OESM-AO0.5;
(c) OESM-A0.9; (d) OESM-A1.8; (e) OESM-EO0.2; (f) OESM-E0.5; (g) OESM-E0.9
Magnification at 500x and 2000x.

Figure 2.14. FESEM images the inner side— (continuous dense) Limiting membrane of
(h) LESMstrip; (i) LESM-AO0.5; (j) LESM-AO0.9; (k) LESM-AL.8; () LESM-E0.2; (m) LESM-EOQ.5; (n) LESM-
E0.9 Magnification at 500x and 2000x.
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2.4 5Elemental/chemical composition
Following the extraction process, ED X analysis was utilised to identify the elemental composition

of the membranes in order to profile any remaining residues. The ESM membranes are made up of
carbon, nitrogen, oxygen, and sulphur, as shown in the data (Table 2.4). Again, EDX analysis of
the individual inner and outer sides of the extracted membranes reveals no calcium content, which
is most likely owing to the solvent treatment completely dissolving the CaCOs (i.e., acetic acid or
EDTA). In summary, these findings show that the bulk elemental composition of both sides of the
ESM is the same and that there is no layered change due to membrane thickness/distinct layering.
This corroborates the data stated by Tsai and colleagues that natural ESM is made up of the
elements C, N, O and S (Du, Huangand Feng, 2017). Inshort, these results demonstrate thatboth
sides of the ESM contain the samebulk elemental compositionandthatthereis no stratified variation

based on the membrane thickness/distinct layering.
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Table 2.4. Elemental chemical composition (weight %) of inner and outer sides of extracted membranes.

Element OESMstrip OESM-A0.5 OESM-A0.9 OESM-A1.8 OESM-E0.2 OESM-E0.5 OESM-EO0.9
Carbon 65.51+4.61 61.62+4.39 62.79+488 63.87+2.33 64.68+3.66 63.05+6.04 63.06+3.12
Nitrogen 2.52+5.10 6.38+5.40 6.15+5.25 4.18+3.96 4.66 +£3.65 5.78+7.58 3.39+2.98
Oxygen 27.64+2.83 28.39+2.37 27.30%x2.02 2749+1.73 26.67%+245 27.43+137 25.46%1.39
Sulphur 4.32+0.96 3.60+£0.28 3.76 £0.64 4.46+£0.99 3.98£0.65 3.74+0.48 3.68+£1.02
Calcium - - - - - -

Element LESMstrip LESM-A0.5 LESM-A0.9 LESM-A1.8 LESM-E0.2 LESM-E0.5 LESM-EO0.9
Carbon 64.02 £3.13 63.86+2.32 61.96+1.92 62.39+4.84 64.25+2.63 61.37+3.82 63.05+6.04
Nitrogen 4.64+£3.77 4.17+3.96 6.77£2.06 6.27 £5.95 4.17+2.74 7.81+4.24 5.78+7.58
Oxygen 27.43+1.84 27.49+1.72 27.67+199 27.08+1.98 27.75+1.81 2731225 27.42%+1.36
Sulphur 3.90+0.28 4.46+0.99 3.60+0.89 4.26+1.24 3.83+0.44 3.51+0.46 3.73+0.48
Calcium - - - - - -
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FTIR spectroscopy was implemented to characterise the extracted membranes. Referring to
Figure 2.15, the spectra of the inner and outer sides of each of the membranes are similar. The
characteristic bands associated with the structural unit of proteins are identified in each
spectrum (Ahmed etal, 2019 and Balaz, 2014). This supports the evidence in the literature that
the fibres of ESM are mainly made up of proteins (Chi and Zhao, 2009, Ahmed et al, 2019, Wu
etal, 2004, Chen, Kang and Sukigara, 2014, Tsang etal, 2011 and Farrar, Barone and Morgan,
2010). The amide A band, identified at 3325 cm-1, corresponds to the N-H stretchingand O-H
groups, however the strong absorption of water has overlapped the band. The peak resolved
at 2977 cm-1 represents amide B which is mainly associated the stretching vibration of C-H
bonds found in =C-H and =CH functional groups (Devi et al, 2012 and Hsieh etal, 2013). The
peak at 1652 cm-1 (C=0) is associated to amide I band, 1530 cm-1, which corresponds to C=N
stretching, and N-H can be assigned to amide Il band and the peak evidenced at 1241 cm+
(Farrar, Barone and Morgan, 2010 and Marshall, Kanezler and Oreffo, 2020). Balaz reported
thatthese three lower peaks of the ESM spectrum correspond to theamide I, I1and I11 vibrations
of the glycoproteins found in the fibres of the ESM (Farrar, Barone, Morgan, 2010). As such,
the FTIR profiles suggest that the acetic acid and the EDTA extraction protocols did not alter

the chemical composition of the (organic) structure of the ESM.
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Figure 2.15. FTIR spectra summarising the chemical bonding structure of the extracted ESM samples.
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2.4.6 Tensile properties

The mechanical behaviours of potential biomaterials are crucial to their performance (Parodi
etal, 1999 and Wang et al, 2017). The mechanical properties were evaluated in aid to select
the extraction method thatproduces the ideal ESM with desirable properties for wound healing
application. The stiffness of the inner and outer sides of each membrane were evaluated and
compared in contextof the compression properties. The burst strength, a measure of resistance
to rapture was recorded for the inner and outer sides of each membrane, and is dependent on

the tensile strength, and the porosity of the material (Ahmed and Boateng, 2018).

The uniaxial tension and uniaxial compression were employed for the measurement of tensile
strength/Young’s modulus/ percentage elongation at break and burst strength of the fabricated
membranes, respectively. Figure 2.16 and Table 2.5 show the results obtained for the burst
strength and distance to burst of both the inner side (LESMstrip, LESM-AO0.5, LESM-A0.9
LESM-A1.8, LESM-E0.2, LESM-EOQ.5, LESM-E0.9) and outer side (OESMstrip, OESM-
A0.5, OESM-A0.9, OESM-A1.8, OESM-E0.2, OESM-E0.5 and OESM-E0.9) of each

extracted membrane. The outer side of the membrane (OESMstrip, OESM-AQ.5, OESM-AO0.9,
OESM-A1.8, OESM-E0.2, OESM-EO0.5, and OESM-EO0.9) requires high forces to break and
has slight expandable properties, whereas the inner side (LESMstrip, LESM-AO0.5, LESM-
A0.9, LESM-EOQ.2, LESM-EQ.5, LESM-EO0.9). However, no significant differences (p>0.05)
were observed when comparing the OESMstrip, OESM-A0.5, OESM-A0.9, OESM-AL.8,
OESM-EOQ.2, OESM-EO0.5, and OESM-EO0.9, with the exception of OESM-AQ.5/OESM-
A0.9(p<0.01), OESM-A0.5/0ESM-A1.8 (p<0.0010), OESM-A0.9/ESM-E0.9(p<0.01),

OESM-A1.8/0OESM-E0.9 (P<0.010) and OESM-A1.8/ESM-E0.9 (p<0.01) (Table 2.6).

In respect of the inner sides of the membranes, the differences between LESMstrip/LESM -
A0.9, LESMstrip/LESM-A1.8, LESMstrip/LESM-EO0.5, LESMstrip/LESM-E0.9, LESM-

A0.5/LESM-AO0.9, LESM-A0.5/LESM-EOQ.2, LESM-A0.5/LESM-EOQ.5, LESM-AQ.5/LESM-
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E0.9, LESM-A0.9/LESM-A1.8, LESM-A0.9/LESM-EQ.2, LESM-AO0.9/LESM-EO0.5, LESM-
Al.8/LESM-E0.2, LESM-A1.8/LESM-EOQ.5 and LESM-E0.5/LESM-EO0.9 (p>0.05)

were determined notto be significantwhereas differences were observed in these sample pairs
LESMstrip/LESM-A0.5 (p<0.05), LESMstrip/LESM-E0.5(p<0.05), LESMstrip/LESM-E0.9
(p<0.05), LESM-A0.9/LESM-E0.9(p<0.05) and LESM-E0.2/LESM-E0.9(p<0.05) samples

(Table 2.5).
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Figure 2.16. Compression profile (burst strength and distance at burst)
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Table 2.5. Results of 2-way ANOVA with Bonferroni’s multiple comparison post-test (p > 0.05).

Samples BS/N D/mm Samples BS/N D/mm Samples BS/N D/mm
OESMstrip vs OESM-A0.5 ns ns OESM-AQ.9 vs LESM-AL1.8 ns ns OESM-EOQ.5 vs LESM-E09 wx *
OESMstrip vs OESM-A0.9 ns ns OESM-A0.9 vs LESM-EQ.2 ns ns OESM-EO0.9 vs LESMstrip faiahed ns
OESMstrip vs OESM-A1.8 ns ns OESM-AQ.9 vs LESM-EQ.5 ns ns OESM-E0.9 vs LESM-AQ05 ** ns
OESMstrip vs OESM-E0.2 ns ns OESM-AQ.9 vs LESM-EQ.9 ns ns OESM-E0.9 vs LESM-A09 ** ns
OESMstrip vs OESM-E05 ns ns OESM-A1.8 vs OESM-EQ.2 ns ns OESM-E0.9 vsLESM-A18 Fxx ns
OESMstrip vs OESM-E09 ns ns OESM-A1.8 vs OESM-EQ.5 ns ns OESM-E0.9 vs LESM-E0.2 ** ns

OESMstrip vs LESMstrip * * OESM-A1.8 vs OESM-EQ.9 okl * OESM-E0.9 vs LESM-EQ05 * ns
OESMstrip vs LESM-A0.5 * ns OESM-A1.8 vs LESMstrip ns ns OESM-E0.9 vs LESM-E09 * ns
OESMstrip vs LESM-A0.9 ns ns OESM-A1.8 vs LESM-AQ0.5 ns ns LESMstrip vs LESM-A0.5 * ns
OESMstrip vs LESM-EQ.2 * ns OESM-A1.8vsLESM-A1.8 ns ns LESMstrip vs LESM-A1.8 ns ns
OESMstrip vs LESM-EQ.9 * * OESM-A1.8 vs LESM-EQ.5 ns ns LESMstrip vs LESM-E0.5 * ns
OESM-A0.5 vs OESM-A09 *x ns OESM-A1.8 vs LESM-EO0.9 *x ns LESMstrip vs LESM-E0.9 * ns
OESM-A0.5vsOESM-A18  *** ns OESM-E0.2 vs OESM-EQ.5 ns ns LESM-AQ.5 vs LESM-AQ09 ns ns
OESM-AQ.5 vs OESM-EO0.5 * ns OESM-EO0.2 vs LESMstrip ns ns LESM-A0.5vsLESM-EO0.2 ns ns
OESM-AQ0.5 vs LESMstrip FxK ns OESM-E0.2 vs LESM-AQ.9 ns ns LESM-AQ.5 vs LESM-E0.9 ns **
OESM-AQ0.5 vs LESM-A0.5 **x ns OESM-E0.2 vs LESM-AL.8 ns ns LESM-AQ.9 vs LESM-A18 ns ns
OESM-AQ.5vs LESM-AQ.9 * ns OESM-EQ.2 vs LESM-EQ.2 ns ns LESM-A0.9 vs LESM-E0.2 ns ns
OESM-A0.5vsLESM-A1.8 * ns OESM-E0.2 vs LESM-EQ5 ns ns LESM-AQ.9 vs LESM-E05 ns ns
OESM-AQ0.5 vs LESM-E0.2 * ns OESM-E0.2 vs LESM-EQ9 ns ns LESM-AQ.9 vs LESM-E0.9 * ns
OESM-A0.5 vs LESM-E0.5 * ns OESM-E0.5 vs OESM-EQ.9 **x * LESM-A1.8 vs LESM-E0.2 ns ns
OESM-AQ.5 vs LESM-EQ.9 ns * OESM-EOQ.5 vs LESMstrip ns ns LESM-A1.8 vs LESM-E05 ns ns
OESM-A0.9 vs OESM-EO0.5 ns ns OESM-E0.5vsLESM-AL.8 ns ns LESM-EOQ.2 vs LESM-EQ.9 * *
OESM-A0.9 vs OESM-EO0.9 ** ns OESM-E0.5 vs LESM-EQ.2 ns ns LESM-E0.5 vs LESM-EQ.9 ns *

All values are expressed as mean + ¢ for n=6. (*p <0.05, **p <0.01 ***p <0.001; ns: no significant difference).
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The results of the uniaxial tension tests of the extracted membranes at three different velocity
(1, 3 and 10 mm/sec) are listed in Table 2.6 and Figures 2.17, 2.18 and 2.19). Statistically,
changingthe test velocity had no influence on the ultimate tensile strength, elongation at break
and Young’s modulus measurements (Tables 2.7, 2.9 and 2.10 respectively) for samples
ESMstrip, ESM-AQ0.5, ESM-AQ.9, ESM-A1.8, ESM-E0.2, ESM-E0.5 and ESM-E0.9. No
statitstical differences (p <0.05) were observed among the ultimute tensile strength of the
different methods of extraction except ESMstrip/ESM-E0.9 (p <0.05) and ESM-E0.2/ESM-
E0.9 (p<0.05) (Table 2.8). From the data, significant differences were observed between the
ESMstrip and ESM-EO0.2 (p<0.001) at the three test velocities, ESMstrip and ESM-E0.5 (1

mm/sec:p<0.05, 3 mm/sec:p<0.01 and 10 mm/sec:p<0.001).

Comparing the measurements of the elongation at break (Table 2.8) between ESM-AQ0.5 and
EDTA-extracted membranes, they were variations at 1 mm/sec (ESM-EO0.2: p<0.05) and 10
mm/sec (ESM-E0.2:p<0.001, ESM-E0.5:p<0.001 and ESM-E0.9:p<0.01). Also, at a test
velocity of 10 mm/sec, the measurements for this interaction were different i.e., ESM-
A0.9/ESM-EQ.2 (p<0.01), ESM-A0.9/ESM-E0.5 (p<0.01) and ESM-AO0.9/ESM-EO0.9

(p<0.01).

Table 2.9 presents the Young’s modulus of ESMstrip, ESM-A0.5, ESM-A0.9, ESM-AL.8,
ESM-EO0.2, ESM-EQ0.5 ESM-AQ.5, ESM-A0.9, ESM-A1.8 and ESM-E0.9 measured at test
speed 1, 3 and 10 mm/sec. No significant differences were observed between the manually
extracted membrane ESMstrip and the acetic acid -extracted membranes (ESM-A0.5, ESM-
A0.9 and ESM-AL1.8). However, compared to the EDTA-extracted membrane, ESMstrip had
a significantly lower Young’s modulus.

Primarily, the components and interactions in the respective side of the ESM samples dominate
the strength to burstand may be related to their structural characteristics- as previously stated,

the outer side of ESM is composed of fibreswhereas the inner side has significantly less (Ahmed
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et al, 2019, Wu et al, 2004 and Bellairs and Boyde, 1969).Tensile strength is defined as the
maximum stress that a material can withstand while being stretched, it can often be associated
with (or defined) as the toughness/strength of a material. In contrast, the measure of stiffness is
derived fromthe Young’s modulus value (Guarderas et al, 2016). As such, it can be proposed
that the mechanical behaviour of ESM is influenced by the distortion of the (alignment) proteins
within the fibres of the membrane (Alves-Limaetal, 2020). The values obtained for these ESM
membranes seemingly contribute to the evidence reported in literature that ESM are tough and
stiff materials (Parodi et al, 1999; Ahmed, Suso and Hincke 2019 and Gocekand Adanur, 2012).
From the analysis,the membranes obtained from 0.5Macetic acid (ESM-A0.5)and0.9MEDTA
(ESM-E0.9) techniques were selected as membranes with the appropriate mechanical

characteristics for wound bandage
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Table 2.6. Tension profile of extracted membrane (Mean t o, n=6)

Testvelocity Ultimate Tensile strength (MPa)
(mm/sec) ESMstrip ESM-A0.5 ESM-A0.9 ESM-A1.8 ESM-EO0.2 ESM-E0.5 ESM-EO0.9
1 0.945+0.272 1.340+£0.162 1.002+0.274  1.099+0.249 0.971+0.412 1.151+0.278 1.442 +£0.262
1.013+0.268 1.243+0.142 1.125+0.088 0.931+0.313 1.162+0.467 1.163+0.454 1.370+0.455
10 1.020+£0.203 1.099 £0.532 0.884+£0.274  0.960+0.050 0.955+0.179  1.044+0.329 1.256 £0.598
Testvelocity Elongation at break (%o)
(mm/sec) ESMstrip ESM-A0.5 ESM-A0.9 ESM-AL.8 ESM-EO0.2 ESM-E0.5 ESM-EO0.9
1 22.567+£5.312 40.453+5.270 30.200+8.222 30.560+7.788 31.549+5.215 32.277 +3.298 37.612+2.723
3 22.750+£5.990 37.414+6.348 32.774+4.814 29.914+5.457 32.134+2.446 37.942+2.597 39.785+5.414
10 21.976+3.996 36.606+2.959 32.420+5.617 32.042+6.119 37.974+3.436 37.712+4.765 40.180+8.401
Testvelocity Young’s modulus (MPa)
(mm/sec) ESMstrip ESM-A0.5 ESM-A0.9 ESM-AL.8 ESM-EO0.2 ESM-E0.5 ESM-EO0.9
1 4.165+0.422 3.649+0.639 3.328 £0.335 3.322+0.213 1.992+0.951  2.770+1.398 2.832+0.629
3 4.554 +1.003 3.616 +0.801 3.475+0.428 3.363+0.423 2.404+1.052 2.658+1.151 3.059+1.858
10 4.673+0.686 4.632+£1.253 4.364 £1.427 3.653+0.473 2.511+0.179  2.396+0.979 2.708 +1.357
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Table 2.7 Resuls of 2-way ANOVA with Bonferroni's Multiple Comparison post Test

(p>0.05).

Test velocity (mm/sec) 1 3 10
ESM strip vs ESM-A0.5 ns ns ns
ESM strip vs ESM-A0.9 ns ns ns
ESM strip vs ESM-A1.8 ns ns ns
ESM strip vs ESM-E0.2 ns ns ns
ESM strip vs ESM-EQ.5 ns ns ns
- ESM strip vs ESM-E0.9 * ns ns
a 2.0+ . ESM-A0.5 vs ESM-A0.9 ns ns ns
< € & Slisirip ESM-A0.5 vs ESM-A1.8 ns ns ns
S sl 3 EsH AD 5 ESM-A0.5 vs ESM-E0.2 ns ns ns
= 1 BE ESH-AlS ESM-A0.5 vs ESM-E0.5 ns ns ns
= a[ify .8 D ESH-A1S ESM-A0.5 vs ESM-E0.9 ns ns ns

e 1l 1E 1. HE
g E: E :: E E- g é X § § § E SM E Dz ESM-A0.9 vs ESM-A1.8 ns ns ns
P 0 HEE / ? g NI ESHEDE ESM-A0.9 vs ESM-E0.2 ns ns ns
® I HE i N g ESM-A0.9 vs ESM-E0.5 ns ns ns
o B A NN E3 ESH-E0. ESM-A0.9 vs ESM-E0.9 ns ns ns
: i EEE (I P ESM-A L8 vs ESM-EQ.2 ns ns s
= daleMs s 2 Al NN EIEE ESM-A1.8 vs ESM-E0.5 ns ns ns
o ESM-A1.8 vs ESM-E0.9 ns ns ns
A \}:s:'ﬁo:ﬁ(;zﬁ;s;‘:ﬁ A ESM-EQ.2 vs ESM-E0.5 ns ns ns
' ESM-EO0.2 vs ESM-E0.9 * ns ns
ESM-EQ.5 vs ESM-E0.9 ns ns ns

Figure 2.17. Ultimate tensile strength recorded at differenttest speed.
Samples: ESMstrip, ESM-AO0.5, ESM-A0.9. ESM-A1.8, ESM-E0.2, ESM-E0.5 and ESM-EQ.9. All values are expressed as mean = o for n=6.
((*p<0.05, ns: no significant difference)
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Table 2.8. Results of 2-way ANOVA with Bonferroni's Multiple Comparison
post Test (p>0.05).

Test velocity (mm/sec) 1 3 10
ESM strip vs ESM-AQ.5 ns ns ns
ESM strip vs ESM-A0.9 ns ns ns
ESM strip vs ESM-A1.8 ns ns ns
50 - . ESM strip vs ESM-E0.2 FeE wEE F
= EZ ESMstrip ESM strip vs ESM-E0.5 * o =
~— 40 E3 ESM-A0.5 ESM strip vs ESM-E0.9 ns * i
- 40 AR ESM-A0.5 vs ESM-A0.9 ns ns ns
@ 11 1 NN = ESM-AQ.9 ESM-A0.5 vs ESM-A L8 ns ns ns
= 304 AHH 4 ? Z NHR DD ESM-A1.8 ESM-AO0.5 vs ESM-E0.2 * ns ok
-— [ H H H A1 NN _ _ . ) ook
P 4 HHE é?? §§§ ESM-E0 2 ESM-A0.5 vs ESM-E0.5 ns ns -
g 20 . HHE g ? ? s N $ ESM-A0.5 vs ESM-EQ.9 ns ns
= 4 HHE g ; g § § § S ESM-EOQ.5 ESM-A0.9 vs ESM-A1.8 ns ns ns
4 HHH 2
= 4t HHE 11 NRR ED ESM-E0.9 ESM-A0.9 vs ESM-E0.2 ns ns o
= 10+ 4K HHE 2 7 NNR ESM-A0.9 vs ESM-EQ.5 ns ns o
= . HHE 11 HHK - - - - -
o dH HHE 2\ 2 NHR ESM-A0.9 vs ESM-E0.9 ns ns *
0 - IRl HICIH 7717 BNINY ESM-A1.8 vs ESM-E0.2 ns ns ns
ESM-A1.8 vs ESM-E0.5 ns ns ns
NS /NS NRD NH{D NS AN
AN AN AN \ R\ RN R\ ESM-A1.8 vs ESM-E0.9 ns ns ns
Test velocity (mm/sec) ESM-EO0.2 vs ESM-EO0.5 ns ns ns
ESM-E0.2 vs ESM-E0.9 ns ns ns
ESM-E0.5 vs ESM-E0.9 ns ns ns

Figure 2.18. Elongation atbreak recorded atdifferent test speed.
Samples: ESMstrip, ESM-AQ.5, ESM-A0.9. ESM-A1.8, ESM-EQ0.2, ESM-EQ.5 and ESM-EO0.9.
All values are expressed as mean + ¢ for n=6. (*p<0.05, **p<0.01, (***p<0.001 ns: no significant difference).
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Table 2.9. Results of 2-way ANOVA with Bonferroni's Multiple
Comparisonpost Test (p>0.05).

Test velocity (mm/sec) 1 3 10
ESM strip vs ESM-AO0.5 ns ns ns
ESM strip vs ESM-A0.9 ns ns ns
ESM strip vs ESM-A1.8 ns ns ns
ESM strip vs ESM-E0.2 e o wEE
ESM strip vs ESM-EO0.5 ® o *EE
6~ ESM strip vs ESM-E0.9 ns * HE
) E& ESMstrip ESM-AO0.5 vs ESM-A0.9 ns ns | ns
o B , R S
o = ESM-A0.5 ESM-AO0.5 vs ESM-A1.8 ns ns ns
- 5 ESM-A0.5 vs ESM-E0.2 * ns | *EE
» ] H E3 ESM-AQ.9 —
= :: H ESM-A0.5 vs ESM-E0.5 ns ns
> M &BE [0 ESM-A1.8 ESM-A0.5 vs ESM-E0.9 ns ns *k
© Ml HHE
o HHH HHE N 74 ESM-E0.2 ESM-A0.9 vs ESM-A1.8 ns ns ns
£ e HHE 1 NN ~ . B . . o
" aluls HHE 'gé §§§ Y ESM-E0.5 ESM-AO0.9 vs ESM-E0.2 ns ns
> A HHE 77 ; \ § A Em ESM-E0.9 ESM-A0.9 vs ESM-E0.5 ns ns | **
c qHH HHE 1 NN ' ESM-A0.9 vs ESM-E0.9 ns | ns | ¥
- HH HHE 11 NN ESM-A1.8 vs ESM-E0.2 ns | ns | ns
> 4HH HHE A NNK
eladb]l LILA dkdid DILIES ESM-A1.8 vs ESM-E0.5 ns ns ns
ESM-A1.8 vs ESM-E0.9 ns ns ns
N0 ARS8 ARS ANS AR AN AN VR —
. - .2 VS - . ns ns ns
Test velocity (mm/sec)
ESM-E0.2 vs ESM-E0.9 ns ns ns
ESM-E0.5 vs ESM-E0.9 ns ns ns

Figure 2.19. Young’s modulus evaluated atdifferent testspeed.
Samples: ESMstrip, ESM-AO0.5, ESM-A0.9. ESM-A1.8, ESM-E0.2, ESM-E0.5 and ESM-EQ.9. All values are expressed as mean + ¢ for n=6.
(*p<0.05, **p<0.01, (***p<0.001 ns: no significant difference)
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2.4.7 Fluid handling properties

The porosity of a material is vital in the cornea wound healing process as it influences other
characteristics of the biomaterials such as moisture retention, permeability and strength
(Foulks, 2014; Du, Huang and Feng, 2017 and Devi et al, 2012). Table 2.10 shows that the
manually obtained membrane, ESMstrip, has the lowest porosity profile of 56.54 %. On the
contrary, EDTA-extracted membranes, ESM-E0.9, were found to have the highest porosity
measurement of 69.38 percent. Despite these findings, there is no statistically significant

difference between the three types of extracted membranes (p>0.05) when compared directly.

Atthe 1-hourand 24-hourtimepoints, the fluid absorption capacity of the extracted membranes
was evaluated. According to the findings (Table 2.12), no significant differences were found
when comparing the two timepoints of the ESMstrip, ESM-A0.5, ESM-A0.9, ESM-A1.8,
ESM-EQ.2, ESM-E0.5 and ESM-E0.9 samples. The fluid absorption capacity of the ESMstrip,
on the other hand, was lower than that of the ESM-A0.5, ESM-A0.9, ESM-A1.8, ESM-EQ.2,
ESM-EQ.5 and ESM-EQ.9 samples. Among the membranes extracted with acetic acid, ESM-

Al.8 has the lowest fluid adsorption while ESM-AQ.5 was found to have the highest porosity.

2.4.8 Thermal properties

The thermal behaviour of the extracted membranes was examined by TGA experiments. The
percentage weight loss for each type of membrane was deduced from the TGA curve and the
resultsare summarised in Table2.10and 2.11. Overall, the percentage weightloss of ESMstrip
was highest (72.58%) than that of the ESM-AO0.5 (58.71%), ESM-A0.9 (59.22%), ESM-AL8
(57.23) and ESM-E0.2 (62.46%), ESM-EQ.5 (55.63%) and ESM-E0.9 (51.47%) samples.
However, ESMstrip was not significantly different from the other samples except ESM-E0.5
(p>0.05)and ESM-E0.9 (p<0.01).It has been reportedthatdifferences in the thermal stabilities
of the membranes are dependent on the structure and chemical composition (Du, Huang and
Feng, 2017, Roy et al, 2010 and Jia et al, 2012) and, as such, the obtained data validates the

results obtained for the fluid handling properties above.
106



Table 2.10. Porosity, fluid adsorption and weight loss% of different extracted membranes.

Samples Porosity (%) Fluid adsorption (%) Weight loss
1h 24h (%)
ESMstrip 56.54 +8.26 232.24 £33.23  229.97 +27.53 72.58 £3.27
ESM-AO0.5 63.06+11.42 291.49+3450 284.88+20.53 58.71+£2.58
ESM-A0.9 61.55+14.46 304.15+52.94 306.80+63.85 59.22+1.63
ESM-A1.8 58.11 +4.57 266.69+25.94 268.47+35.75 57.23+271
ESM-EOQ.2 59.02 £8.30 274.37+33.40 251.49+34.50 62.46 +1.05
ESM-E0.5 58.33+5.28 270.77+13.85  272.42+24.49 55.63 £3.42
ESM-E0.9 69.38 £3.85 317.98+29.28 335.45+34.77 51.47 +1.98

All values are expressed as mean+ o for n=3

Table 2.11 Porosity, fluid adsorption and weight loss% of different extracted membranes.

Immersion time (hours) Porosity, Fluid adsorption  Weightloss
(%) (%)
1h 24h
ESM strip vs ESM-AQ.5 ns kel kel ns
ESM strip vs ESM-AO0.9 ns kel kel ns
ESM strip vs ESM-A1.8 ns fokoll kel ns
ESM strip vs ESM-EQ.2 ns kel kel ns
ESM strip vs ESM-EQ.5 ns kol kel *
ESM strip vs ESM-E0.9 ns falalel falelel *x
ESM-A0.5vs ESM-A0.9 ns * **x ns
ESM-A0.5vs ESM-A1.8 ns kol ns ns
ESM-A0.5vs ESM-EQ.2 ns foleed falehed ns
ESM-AQ.5 vs ESM-EO0.5 ns * * ns
ESM-A0.5vs ESM-E0.9 ns Fxx falalel ns
ESM-A0.9vs ESM-A1.8 ns Fxx falalel ns
ESM-A0.9 vs ESM-EOQ.2 ns kel falalel ns
ESM-A0.9 vs ESM-E0.5 ns kel falalel ns
ESM-A0.9vs ESM-EQ.9 ns *x *x ns
ESM-A1.8 vs ESM-EO.2 ns ns ns ns
ESM-A1.8vs ESM-EO0.5 ns ns ns ns
ESM-A1.8vs ESM-E0.9 ns kel falalel ns
ESM-E0.2 vsESM-EQ.5 ns ns ns ns
ESM-EO0.2 vsESM-EO0.9 ns foleled fololel ns
ESM-EO0.5 vs ESM-E0.9 ns foleled fololel ns

All values are expressed as mean + ¢ for n=3. ;(*p<0.05, **p<0.01, (***p<0.001 ns: no
significant difference). 2-way ANOVA with Bonferroni’s multiple comparison post-test (p
>0.05).

107



2.4.9 Wettability

The wettability properties of the extracted membraneswere assessed by measuringthe contactange.
Figure 2.20and Table 2.12 show contactangle measurements for ESM samples. No significant
differences in contact angle values were observed among inner side (LESMstrip, LESM-AQ.5,
LESM-A0.9 LESM-A1.8, LESM-EO0.2, LESM-EQ.5, LESM-EO0.9, p>0.05) and outer side
(OESMstrip, OESM-AO0.5, OESM-A0.9, OESM-A1.8, OESM-E0.2, OESM-EO0.5 and OESM-
E0.9, p>0.05) of each extracted membrane. Noticeably, significant differences between the
outer and the inner sides were observed (Table 2.12). This shows that the outer layer ESM
extracted manually and solvent immersion method with acetic acid and EDTA, have low
hydrophilicity.

These values demonstrate the hydrophilicity of the extracted membrane, and this characteristic
could contribute to the adhesion and spreading of cells onthe membrane surface as previously
suggested Wang et al, 2017. It is assumed that the low hydrophilicity of the outer side of the
membrane is attributed to its interwoven fibrous structure and rough surface. In contrast, the
relatively smooth surface and dense structure of the inner side, the limiting membrane, may
contribute to its high hydrophilic behaviour. Above all, no significant difference among the
respective inner and outer sides of the extracted membrane (p>0.05) were observed and these
results can be seen to be in a good agreement with previous published studies (Banerjee et al,

2010, Wangetal, 2017, Liangetal, 2014 and Chen etal, 2019).
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Table 2.12. Results of 2-way ANOVA with Bonferroni’s multiple comparison post-test (p >0.05).

Samples

Contact
angle /°

Samples

Contact
angle /°

Samples

Contact
angle /°

OESMstrip vs LESMstrip

ns

OESM-A0.9 vs LESMstrip

Fwk

OESM-EOQ.5 vs LESM-A0.5

Ak

o OESMstrip vs LESM-A0.5

ns

OESM-A0.9 vs LESM-AQ.5

*k

OESM-E0.5 vs LESM-A0.9

EE 2]

604} i j | = OESMstrip vs LESM-A0.9 ns OESM-A0.9 vs LESM-A0.9 k OESM-EQ.5 vs LESM-A1.8 o
OESMstrip vs LESM-A1.8 ns OESM-A0.9 vs LESM-AL.8 ok OESM-EQ.5 vs LESM-E0.2 o

° OESMstrip vs LESM-E0.2 ns OESM-A0.9 vs LESM-E0.2 R OESM-EQ.5 vs LESM-E0.5 o
%,40 - OESMstrip vs LESM-E0.5 ns OESM-A0.9 vs LESM-E0.5 o OESM-EQ.5 vs LESM-E0.9 o
b OESMstrip vs LESM-E0.9 ok OESM-A0.9 vs LESM-E0.9 o OESM-E0.9 vs LESMstrip o
E OESM-AQ.5 vs LESMstrip o OESM-A1.8 vs LESMstrip o OESM-E0.9 vs LESM-A0.5 HEE
= 20 OESM-AQ.5 vs LESM-A0.5 ns OESM-A1.8 vs LESM-A0.5 ** OESM-E0.9 vs LESM-A0.9 *ak
8 OESM-AQ.5 vs LESM-A0.9 ns OESM-A1.8 vs LESM-A0.9 * OESM-E0.9 vs LESM-A1.8 *EF
OESM-AQ.5 vs LESM-AL.8 ns OESM-A1.8 vs LESM-AL.8 ok OESM-E0.9 vs LESM-E0.2 HHE

0 OESM-AO.5 vs LESM-E0.2 ns OESM-A1.8 vs LESM-E0.2 e OESM-E0.9 vs LESM-E0.5 ns

kk

& Q;? OESM-A0.5 vs LESM-E0.5 ns OESM-A1.8 vs LESM-E0.5 OESM-E0.9 vs LESM-E0.9 ns
g};. NS OESM-AO.5 vs LESM-E0.9 ik OESM-A1.8 vs LESM-E0.9 x OESM-EOQ.2 vs LESM-A0.9 ns
QQ%Q?QQ, OESM-EQ.2 vs LESMstrip ok OESM-EQ.2 vs LESM-A0.5 o OESM-E0.2 vs LESM-A1.8 ok

Figure 2.20. Contact angles of extracted membranes.

1-way ANOVA with Bonferroni's Multiple Comparison post Test (p<0.05). All values are expressed as mean + ¢ for n=6 ns: no significant
difference amongthe innerside (LESMstrip, LESM-AQ.5, LESM-A0.9 LESM-AL1.8, LESM-E0.2, LESM-E0.5, LESM-E0.9) (p>0.050) and outer
side (OESMstrip, OESM-A0.5, OESM-A0.9, OESM-A1.8, OESM-E0.2, OESM-E0.5 and OESM-EO0.9) (p>0.05). (*p<0.05, **p<0.01,
***p<0.001)
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2.4.10 Characterisation of ESMs obtained from the optimised protocol.

In exploring the ideal protocol for the extraction of eggshell membrane (ESM), ESM isolated
with 0.5M of acetic acid or 0.9M was selected. The physical/mechanical characteristics of
ESM-AQ0.5 and ESM-E0.9 have demonstrated that the ESM produced with the optimised
protocol are promising biomaterials for cornea wound healing application. According the

physical and biological characteristics of ESM-AQ.5 and ESM-EQ.9 were invested.
2.4.10.1 Surface roughness

The surface characteristic of bandages for cornea wound healing application is a key factor in
understanding its clinical performance such as the interaction of the biomaterial with the ocular surface
i.e., biocompatibility (Bennett, 1992, Sweeney et al, 2000 and Talu and Talu, 2012). FESEM technique
was employed to characterise the topography/surface roughness of OESMstrip, OESM-AO0.5, OESM-

E0.9, LESMstrip, LESM-AQ0.5 and LESM-E0.9. FESEM

images of the samples at magnification of 500x was utilised in the measurement of the surface
roughness (Figure 2.21). A surface topography was extracted Fiji-ImageJ software for each of
the samples (Figure 2.21 a, b, ¢, d, e, and f). The areas of the surface analysis for the inner and
outer layers were 216.0 x 232.0 um and 229.0 x 232.0 um respectively. From Figure 2.21 a, b
"’1‘?8 c representing the surface plot for LESMstrip, LESM-AOQ.5 and LESM-EOQ.9 respectively,
the surfaces of the samples appear smooth with swells whereas, the surface of the outer layers
OESMstrip (Figure 2.21d), OESM-AO0.59 (Figure 2.21e), OESM-E0.9 (Figure 2.21f) have
‘pine-like’ structures (Yan et al, 2020, Kheirabadi etal., 2018, Zhanget al., 2016, Ray et al,
2018, Mann etal.,2006 and Zhou et al, 2010).

Furthermore, the surface roughness area value i.e., arithmetical mean deviation, Ra was
extracted via Fiji-ImageJ software SurfCharJ 1q plugin to accessthe surface roughness profile
of the samples. The surface roughness plots foreach of the samplesare in the Appendix (Figure

A 1.0 a, b and c and Figure A 1.1 d, e and f). From the data (Figure 2.21g), the significant



difference was observed in the outer and inner layers (p >0.05). this also proves that the
extraction method did notaffectthe surface topography of the ESMs. However, comparing the

Ra values of the inner to the outer layer, statistically they are difference (p< 0.001).

The evaluation of the surface roughness, Ra value (Figure 2.21 g) of outer layers samples
indicated the aceticand EDTA treatments (OESM-AQ0.5 and OESM-EO0.9) did notcause change
in the surface compositions compared to themanual peeling (OESMstrip). The analysis revealed
thatthe surface roughness of the outer layers was higher than the inner layers (Figure 2.21g). In
biomaterial applications,surface roughness may impact cell adhesion and growth, this suggests
that the low Ra values recorded for the inner layers are valuable (Chenetal., 2017, Zareidoost

etal., 2012 and Biazaretal., 2011).

111



LESMstrip

Figure 2.21. Surface roughness analysis of the outer side of the eggshell membrane
FESEM images of the OESMstrip, OESM-A0.5, OESM-EQ.9, LESMstrip, LESM-AO0.5 and LESM-E0.9. Magnification at 500x. The images a, b,

¢, d, e and f are surface topography of OESMstrip, OESM-AQ.5, OESM-EQ.9, LESMstrip, ESM-AO0.5 and ESM-EO0.9. generated via Fiji-ImageJ
surface.
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Figure 2.21. Surface roughness analysis

(9) A plot of arithmetical mean deviation, Ra (um) recorded for inner layer LESMstrip, LESM-AO0.5 and LESM-EQ.9 and outer layers:
OESMstrip, OESM-AO0.5 and OESM-EO0.9 and using FESEM at magnification of 500X on surface area 0f 216.0 X 232.0 um and 229.0 X 232.0
pum respectively. The Ra values were calculated via Fiji-ImageJ software SurfCharJ 1q plugin. 1-way ANOV A with Bonferroni’s multiple
comparison post-test (p>0.05). All values are expressed as mean + ¢ for n=10. ns represents no significant difference, p>0.05.

113



2.4.10.2 Fibre diameter

The FESEM images of the outer layer at 500x magnification are shown in Figure 2.22. They
show a porous structure made up fibres with different diameters. Using the FESEM images,
the fibre diameters of the OESMstrip, OESM-A0.5 and OESM-EO0.9 were evaluated via Fiji-
ImageJ Software. A total of 100 counts of fibre diameter measurements were obtained from a
sign FESEM image of each ESM. OESMstrip, OESM-A0.5 and OESM-EO0.9 show diameters
ranging from 0.25t0 5.75 um, 0.936 to 8.97 um and 1.02 to 8.88 um respectively and they fall
in, in line with reports by (Yan etal., 2020 and Torres et al., 2006). The fibre distribution plots
of the sampleswere generated via OriginLab Origin 2021. Figure a, band c represent the fibre
diameter distribution for OESMstrip, OESM-A0.5 and OESM-EOQ.9 respectively. Further
analysis was implemented by comparing the average fibre diameter of OESMstrip to the
OESM-AO0.5 and OESM-EQ.9 (Figure 2.22d). Statistically, the average fibre diameter of the
OESMstrip which is the inner eggshell membrane is smaller than the outer eggshell
membranes of OESM-A0.5 and OESM-E0.9 (p <0.001). This agrees with the theoretical
statement by Torres et al. that the fibre diameters of the inner shell membrane are smaller than

the outer shell embrace (Torres etal., 2010).
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Figure 2.22. Structural analysis of the fibrous network of ESM.

FESEM images at500x magnificationof the outer layer (fibrous network) of ESM, OESMstrip,
OESM-AO0.5 and OESM-EO0.9. ‘a, b and ¢’ represent the fibre diameter distribution (n= 100
counts) for OESMstrip, OESM-AQ0.5 and OESM-EO0.9 respectively. ‘d’ is the results for the
comparison of the average fibre diameter of the OESMstrip to OESM-A0.5 and OESM-EQ.9.
They are significantly different, ***p <0.001. All values are expressed as mean + ¢ for n=100
(1-way ANOVA with Bonferroni’s multiple comparison post-test (p>0.05).
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2.4.10.3 In vitro cytotoxicity

Swelling profile is one of the important characteristics that determine fluid retention, erosion
and hydrophilic of a material with potential application for an ocular wound dressing (Tsai et
al, 2006, Roy etal, 2010 and Chau et al, 2012). In this study, the swelling profiles of ESMstrip,
ESM-AO0.5 and ESM-EO0.9 were assessed, and the results summarisedin Figure 2.23. In the first
2 minutes, all three membranes swelled rapidly, however the swelling capacities of the ESM -
A0.5 and ESM-EQ.9 were significantly higher (p,0.01 and p<0.001, respectively) than that of
the ESMstrip sample. After 10 minutes, the swelling capacities of all the extracted membranes
remained relatively constant. It can be noted that the swelling prolife of the ESMstrip was
significantly lower than the ESM-AO0.5 (p<0.05) andESM-EQ.9 (p<0.001) samples. In contrast,
no significant difference was observed between the ESM-AO0.5 and the ESM-E0.9 (p>0.05)

samples.
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Figure 2.23. Swelling profiles of the extracted membranes.

One way ANOVA with Bonferroni's Multiple Comparison post Test (p>0.05). With reference to the
ESMstrip significant difference were observed in the swelling index compared to the ESM-A0.5 and ESM-
E0.9. There’s no significant difference between ESM-A0.5 AND ESM-EOQ.9. All values are expressed as
mean * ¢ for n=6. (*p<0.05; **p<0.01; ***p<0.001; ns: no significant difference).
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2.4.10.4 Water drying profile
The membrane water desorption profiles for ESMstrip, ESM-AO0.5 and ESM-EO0.9, are shown in

Figure 2.24, which qualitatively shows a similar trend to the swelling profiles, with ESM-E0.9
having the highest swelling due to fluid retention, followed by ESM-A0.5 and ESMstrip. It is
also interesting to note that at a decreasing time, a similar pattern can be observed i.e., a period
of constantwater weightfollowed by a steady decrease, which is consistent with the CA data. The
sharp decline isalso consistent with the logarithmic decay behaviour observedin polymer-based
membranes (Alves-Lim, Letizia, Degl'Innocenti, Dawson, Lin, 2020; Majsztrik PW, Satterfield,
Bocarsly, and Benziger, 2007; Majsztrik PW, Satterfield, Bocarsly, and Benziger, 2007). The

sharp weightloss in the first3 minutes is possibly due to evaporation ofthe excess surface water.
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Figure 2.24. Desorption profiles for ESMstrip, ESM-A0.5 and ESM-EO0.9.
This a plot of water weight (mg) of ESMstrip, ESM-A0.5 and ESM-E0.9 against time
(minutes).
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2.4.10.5 In vitro cytotoxicity

An ideal membrane must be nontoxic to healthy tissue (O’Berien, 2011). It is important to
sterilize the membrane efficiently before use. The sterilization method mighthave influenceon
the membrane’s mechanical and biological characteristics. The effects of five sterilization
methods, namely, 100 1U/ml penicillin-100 ug/ml streptomycin solution for 24 hours, exposure
to ultraviolet UV radiation for 2 hours, penicillin- streptomycin before UV radiation, UV
radiation before penicillin- streptomycin and soaking in 70% v/v ethanol for 24 hours for
complete evaporation of the ethanol on the burst strength of the outer layer of the ESM was
evaluated. In order to ascertain the optimal sterilisation method for cytotoxicity study, OESM-
A0.5 was selected, sterilised with 5 different methods and characterised mechanically by

measuringtheir burst strength.

From the results as presented in Figure 2.25, no significant difference was observed comparing
the burst strength obtained for the 5 different methods: 100 IU/ml penicillin-100 ug/ml
streptomycin solution for 24 hours, exposure to ultraviolet UV radiation for 2 hours, penicillin-
streptomycin before UV radiation, UV radiation before penicillin-streptomycin and soaking in
70% v/v ethanol for 24 hours for complete evaporation of the ethanol to the unsterile OESM-
AO0.5 sample, the control (p>0.05). ). This preliminary study showed that the five-sterilization

method did not significantly affect the mechanical characteristic of the membrane.
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Figure 2.25. Burst strength measurements for the sterilisation methods.

OESM-AO0.5 samples were sterilised using 100 1U/ml penicillin-100 pg/ml streptomycin
solution for 24 hours, exposure to ultraviolet UV radiation for 2 hours, penicillin- streptomycin
before UV radiation, UV radiation before penicillin- streptomycin or soaking in 70% vi
ethanol for 24 hours. The control represents untreated/unsterilised OESM-AOQ.5 sample. The
burst strength was measured using a film support rig attached to a TA. XT instrument (Stable
Micro Systems Ltd, Surrey, UK). All values are expressed as mean = ¢ for n=4, ns= no
significant difference (p>0.05). 1-way ANOVA with Bonferroni’s multiple comparison post-
test (p >0.05).
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Mitochondrial activity and cell death of the iHCE and C-MSC cells were measured using the
MTS and LDH assays, respectively, following in vitro culture on the different ESM samples
forup to 7 days. As can be seen in Figures 2.26 and 2.27, a notable effect of the inner sides of
ESM samples (i.e., LESMstrip, LESM-AO0.5 and LESM-E0.9) on the metabolic activities of
both cell lines were observed than during culture on the outer side membrane samples (i.e.,
OESMstrip, OESM-AO0.5, OESM-EO0.9). In the context of the iHCE cells (Figure 2.26), after
24 hours of culture, no significant difference was observed in each membranetype as compared
to the control (TCP). Moreover, on day 3 of culture, no significant differences were observed
in cells cultured on LESM-E0.0. However, significant differences were recorded for
LESMstrip (p<0.001), LESM-AO0.5 (p<0.05), OESMstrip ((p<0.05), OESM-A0.5 and OESM-

E0.9. The metabolic activities of all the samples increased after day 3 exceptforthe LESMstrip

and OESMstrip samples.
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Figure 2.26. Cell metabolic activity and LDH release of iHCE cells cultured on tissue culture plate.

Theinnerand outer sides of extracted membranes at 204 cells per well density over 7 days. 2-way ANOVA with Bonferroni's Multiple Comparison
posttest (p<0.05) was applied using TCP as the control. Data are represented as mean ¢ (n=3). (*p<0.05; **p<0.01; ***p<0.001; ns: no significant
difference). (A)Comparison of iHCE cell metabolic activity cultured on different membranes/sides (B)Comparison of iHCE LDH release and

cytotoxicity cultured on different membranes/sides.
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Lactate dehydrogenase (LDH) is released by cells followinga compromised cell membrane
i.e., cell death and, as such, the collated LDH results correlate to the mitochondrial
activity/MTS data. Figure 2.27 compares the effect of the innerand outer side of the membranes
on C-MSC cell function: inshort, no statistically differentobservations could be made between
the samples and the control following 24 hours of cell incubation (p> 0.05). Intriguingly, a
linear increase in the mitochondrial functions of cells attached to ESM were observed over the
7 days and suggest that the cell may be growing in a non-exponential manner but, more

importantly, not being subjected to apoptosis and/or necrotic cell death.
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Figure 2.27. Cell metabolic activity and LDH release of MSC-C cells cultured on tissue culture plate.

The innerand outer sides of extracted membranesat 104 cells per well density over 7 days. 2- way ANOV A with Bonferroni's Multiple Comparison
post Test (p<0.05) was applied using TCP as the control. Data are represented as mean ¢ (n=3). (*p<0.05; **p<0.01; ***p<0.001; ns: no significant
difference). (A)Comparison of MSC-C cell metabolic activity cultured on different membranes/surfaces(B)Comparison of MSC-C LDH release
and cytotoxicity cultured on different membranes/surfaces.
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Figure 2.28 summarises the attachment and spreading of iIHCE and C-MSC cells on
OESMstrip, OESM-AO0.5, OESM-EQ.9, LESMstrip, LESM-AO0.5 and LESM-EQ.9 samples. It
appearsthatdue to the relatively increase in surface area (or smooth topography) of the surface
of the inner side of ESM (i.e., LESMstrip, LESM-AQ0.5 and LESM-EO0.9), a great number of
cells adhered compared to the contrasting outer side samples (i.e., OESMstrip, OESM-AO.5,
OESM-E0.9).This characteristic may seemingly corroborate the observed biocompatibility
and biological properties of the cells in terms of degree of attachment, spreading and

proliferation of the cells on the ESMs (Mohammadzadehetal, 2019 and Shafaie etal, 2017).
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Figure 2.28. SEM images showing (1) the attachment and spreading of iHCE cells ESM samples.

A= OESMstrip, B= OESM-AO0.5, C= OESM-EO0-9, D=LESMstrip, E= LESM-AO0.5 and F= LESM-E0.9. The iHCE cellswere cultured for1. 3and
7 days. (IDthe attachment and spreading of MSC-C cells on G= OESMstrip, H= OESM-AO0.5, I=OESM-EQ-9, J=LESMstrip, K= LESM-AO0.5 and
L= LESM-EO0.9. The MSC cells were cultured for 1. 3 and 7days. Magnification: 100x
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2.4.10.6 Angiogenic profile
Angiogenesis plays a vital role in wound healing and the presence of pro-and anti-angiogenic

factors cantherefore influence the responseand regulation of blood vessel formation (Zadpoor,
2015, Honnegowda et al, 2016, Semenza, 2002 and Shibuya, 2011). In order to assess the
angiogenic profile of the ESM, the CAM assay was employed. Figures 2.29A and 2.29B
summarise the results obtained from the CAM assay where no treatment, filter paper loaded
PBS control, VEGF-a key mediator angiogenic agent, LESMstrip, LESM-A0.5, LESM-EO.9,
OESMstrip, OESM-AOQ.5 and OESM-EQ.9 were used and comparedto eachother. After 10 days
of incubation within the CAM, samples were imaged, and the number of branching vessels
were determined using AngioQaunt software. According to the results (Figure 2.29B), the
VEGF-loaded sample had the most vessel branches (p<0.001), while the inner side of the
manually peeled ESM, LESMstrip sample had the fewest (p<0.05). In contrast, the no-
treatment CAM, the PBS control, LESM-AOQ.5, LESM-E0.9, OESMstrip, OESM-AO0.5, and
OESM-EO0.9 samples did not significantly increase angiogenesis. No data has been reported on
the angiogenic potential of ESM to date and, as such, further studies may need to be employed
to confirm the behaviour and/or mechanism behind these results. However, it is importantly to
note thatno detrimental effecthad been observed with the ESM samples within the CAM assay.
In the context of a biomaterial, having pro- and/or angiogenic capability may be considered as
a positive or negative characteristics e.g., minimal blood vessels for optical applications (i.e.,
transparency) whereas increased blood vessels would be advantageous for a dermal wound

dressing.
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Figure 2.29. Angiogenic profile results

(A) Photographs of the CAM assays, after 10 days of incubation at 37 °C, the presence of extracted ESM samples and controls. VEGF: vascular
endothelial growth factor (B) Graph of number blood vessel branches measured using AngioQaunt software expressed as mean + 6.

* corresponds to p<0.05, *** corresponds to p<0.001, ns: no significant difference. 1-way ANOVA with Bonferroni’s multiple comparison post-
test (p >0.05).
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2.5 CONCLUSION

In this study, two successfully optimised protocols: extraction with 0.5 acetic acid and 0.9M
EDTA that can be used to extract the intact membrane from the eggshell without comprising
its innate structure or physico-biological characteristics were identified. Accordingly, each
specific protocol results in the isolation of an ESM that has defined properties which include
membrane thickness, structural arrangement, surface roughness, porosity, swelling profiles,
hydrophilicity, elemental composition and transparency. Biocompatibility of these ESMs:
LESMstrip, LESM-AQ0.5, LESM-E0.9, OESMstrip, OESM-A0.5, and OESM-E0.9 were also
assessed using cell culture and demonstrated minimal adverse effects- in some instances,
increasing cell attachment, spreadingand proliferation of the cells. Taken together, these results
demonstrate that the ESM could be exploited in a number of regenerative medical and/or
biotechnological applications such as a wound dressing substitute or as a culture substrate for

the drug discovery pipeline.
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3.0 CHAPTER 3: MICROPARTICLES FABRICATION &
OPTIMISATION

3.1 INTRODUCTION

In cornealwound healing, the currentapproachesto accelerate wound closure isthe use of ocular
bandages and a topically administered drug via eye drops. In reality, the use of eye drops suffers
from poor bioavailability thereby the necessity for repeated application, and poor patient
compliance that may lead to corneal wound healing complications and poor clinical outcomes

(Zidanetal., 2018).

In this chapter, microparticles (MP), a control drug delivery system was used to overcome some
of the problems associated with conventional therapy (Ankit, Rishabha and Pramod, 2011,
Tamboli et al., 2012, Alagusundaram etal., 2009 and Chau et al., 2010). The fabrication of MP
depends on the choice of suitable polymeric materials to act as encapsulant. An ideal polymeric
material must be non-toxic, biodegradable, and biocompatible (Giri et al., 2013). In this work,
PLGA was chosen for MP fabrication as it possesses the suitable properties, i.e., its readily
available and approved by regulatoryauthorities (i.e., FDA) for clinical use in humans ( Tamboli,

Mishra and Mitra, 2012).

Comparative studies have shown that the solvent evaporation technique for MP fabrication, a
simple method requiringonly glassware and a magnetic stirrer is economical, convenient, robust
and reproducible technique for MP fabrication (Prior et al., 2000, Lai and Tsiang, 2005 and
Khaled et al., 2010). This technique can therefore be used to provide preliminary information
regarding the factors that influence the production of MP during scale up (Bodmeier and
McGinity, 1987 and Prior etal., 2000). The process factors involved in this method are known
to affectthe physical properties of the MP produced, such as particle size and dispersity (Freitas,
Merkle, Gandee, 2005).

The performance of MPis dependenton the particle size, impactingduration of drugrelease and
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mode of application, e.g., topical vs injectable (Ferreiraetal., 2012 and Yadav and Jat, 2013).

Researchers have beenable to identify several process factors that influence the formulation of
MP by changing one variable at a time to achieve the desired particle sizes (Steinberg and
Hunter, 1984). However, this optimisation method is inefficient, and thus costly, and a
systematic approach based on design of experiments (DOE) may be beneficial (Steinberg and
Hunter, 1984 and Montgomery, 1999). The significance of optimization methodology and DOE
in research and development has been demonstrated in several studies (Steinberg and Hunter,
1984, Coates, 1988, Montgomery, 1999 and Kemala, Budianto and Soegiyono,2012). DOE is a
systematic technique used to determine the relationship between factors affecting a method and
the response produced by the process. The information allows the researcher to identify and
selectthe factorsand levelswhich have significant effects on the final response/output. One such

DOE methodology is Taguchi design (Coates, 1988).

Taguchi design is a statistical tool used to optimize factors with complex interrelationship. This
design ascertainsthatnotall factors that cause variability can be controlled. The design evaluates
and identifies the controllable factors that reduce the effect of the uncontrollable factors (noise
factors) (Coates, 1988, Montgomery, 1999 and Nair, Hansen and Shi,2000). Furthermore, for
Taguchi design, several factors can be analysed at the same time with few experimental runs.
Taguchi design uses an orthogonal array (OA) to estimate the effects of factors on the response
mean and variation. An OA means the design is balanced so that factor levels are weighted
equally. Hence, each factor can be assessed independently of all the other factors, and the effect
of one factor does not affect the estimation of a different factor. This makes it more economical
and efficient than conventional experimental methods (for example the ‘one-factor-at-a time'
method) (Steinberg and Hunter, 1984, Nair, Hansen and Shi,2000, Packianather, Drake, and
Rowlands, 2000, Kim, Kim, and Kim, 2005, Yang, Mather and Fotheringham, 2011 and Huang,

Hungand Yang, 2016).
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Additionally, Taguchi design uses signal-to-noise (S/N) ratio, a statistical measure of
performance to evaluate the data for the responses. This S/N ratio servesa purpose of identifying
the correct factors and their optimal levels. The main goal of the experiment is to find the best
settings of control factors involved to maximize the S/N ratio (Nair, Hansen and Shi, 2000).
Three available standard types of S/N ratios may be chosen depending on the desired
performance response: smaller the better (for makingthe response as small as possible), nominal
the best (for reducing variability around a target) and larger the better (for making the response
as large as possible) (Phadke, 1989).

The steps of the Taguchi design generally involve (Torkaman, Soltanieh and Kazemian, 2010

and Krishnamoorthy and Mahalingam, 2015):

1. Identifying the aim of the project

2. Identifying the characteristic and its measurement method

3. Determining the factors that may affect the quality characteristics and their levels

4, Selecting the suitable orthogonal arrays and assigning the factors at their levels to the

orthogonal array

5. Conducting the experiment described by the trials in the orthogonal array.

6. Analysing the experiment data using signal to noise ratio, response plot and analysis of
the variance (ANOVA) to evaluate and identify which factors are statistically significant and
finding the optimum levels of factor and

7. Verifying the ideal design factors through confirmation experiment.

In this chapter, the use of Taguchi OA designs to explore the effect of process factors on particle
size using single o/w evaporation technique to obtain a drug delivery for ocular application is
investigated. Furthermore, the various characterizations of the protein loaded MP produced with

the optimised formulation model are outlined.
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3.2 MATERIALS

PLGA copolymers with lactic: glycolic acid ratios of 1:1 (MW: 29-38 kDa) were purchased
from Evonik (Darmstadt, Germany). PVA samples: 98 % hydrolysed (MW: 13-23 kDa), 99+
% hydrolysed (MW:146-186 kDa), 99+ % hydrolysed (MW: 89-98 kDa), phosphate buffer
saline (PBS), albumin—fluorescein isothiocyanate conjugate (FITC-BSA), lysozyme (LZM),
QuantiPro Bicinchoninic Assay (BCA) and lysozyme detectionkits were obtained from Sigma-
Aldrich (Poole, Dorset, UK). Anhydrousdichloromethane (>99.8 % with 50-150 ppm amylene
as stabiliser) and ethyl acetate (> 99.5 %) were purchased from Fisher Scientific

(Loughborough, Leicester, UK).
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3.3 METHODS

3.3.1 Design of experiment

Taguchi OA design was employed in this study to explore the effect of 10 processing factors
on particle size using the solvent evaporation technique. These factors were: concentration of
PVA, molecular weight of PVA, concentration of PLGA, type of solvent (i.e., DCM, EACc),
concentration of PVA in the hardening bath, stirring speed, ratio of organic/aqueous phases,
vortexing speed, duration of speed and time for solvent evaporation. The aim was to generate
a formulation model to produce 10-50 um (Prior etal., 2000, Lai and Tsiang, 2005 and Khaled
etal., 2010. PLGA MP which has been suggested to be to most suitable fortopical and ocular
applications. PLGA copolymers with lactide: glycolide ratios of 50:50 was utilized in this

research due to the proposed end-point therapeutic application.

In a typical solvent evaporation technique, an extensive number of processing factors can
influence the MP size (response). In this study, ten factors (concentration of PLGA, type of
solvent, molecular weight of PVA, concentration of PVA in primary emulsion, vortexing
speed, vortexing duration, organic/aqueous phase ratio, concentration of PVA in hardening
bath, stirring speed and duration of solvent evaporation) deemed experimentally controllable
that influence particle size were identified by assessing relevant literature. Bible et al., (2009)
identified polymer concentration, vortexing speed and duration, speed of hardening bath and
PVA concentration as possible important factors which affect particle size. Vyslouszil et al.,
(2014) conducted the study of the influence of a stirring speed (600, 1000 rpm), PVA
concentration (0.1%, 1% w/v) and organic solvent (DCM, EAc) during the formulation of drug
loaded PLGA microspheres. Sharna, Madan and Lin (2016) included homogenization speed,
evaporation time, surfactant concentration, organic/aqueous phase ratio, PLGA polymer type
and concentration as process factors for the formation of paclitaxel loaded PLGA nanopatrticles

using modified solvent evaporation method.
141



Two types of Taguchi OA designs were implemented to develop a model for optimal PLGA
MP formulation to produce a particle size in the range 10-50 um. Taguchi design was
employed to study only the main factor effects. Taguchi L12 (21°) OA design (12, 2 and 10)
represent the number of experiments, levels, and factors respectively) was initially employed
to study ten factors at two levels: low and high (Table 3.1). The levels of the factors were

selected based on an established protocol by Bible etal. (2009).

Table 3.1. 10 factors and associated levels used in L12 design

Factor Name Units Levels
Low High
A Conc. of PLGA Yow/v 10 20
B Solvent type - DCM EAC
C MW of PVA Da Low High
D Conc. of PVAin primary emulsion %wlv 0.3 1.2
E Vortexing speed scale 5 8
F Vortexing duration Seconds 45 90
G Organic/aqueous phase ratio viv 1:1 1:3
H Conc. of PVAinHardening Bath Yow/v 0.3 1.2
J Stirring speed rmp 400 900
K Solvent evaporation duration hours 18 24

The results produced by the L12 OA design were fed into the second design: the factors
selection for Taguchi L18 (21) (37) OA design (18 = the number of experiments, 2 and 3 =
levels, and 1 and 7 = the factors) were guided by the analyses of a half-normal plot, Pareto
chartand response plot generated for the L12 OA design. In the L18 OA design, the number
of factors was reduced to 8 and the number of levels for 7 factors were increased to 3: low,

medium and high (Table 3.2).
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Table 3.2. 8 factors and associated levels used in L18 design

Factor Name Units Levels

Low Medium High
A MW of PVA Da 13,000 89,000
B Conc. of PLGA %w/v 15 20 30
C Conc. Of PVAin primary Y%owlv 0.8 1.2 2.0

emulsion

D Organic/aqueous phase ratio viv 1:0.75 1:1 1:2
E Vortexing speed scale 3 5 9
F Vortexing duration seconds 60 90 120
G Stirring speed rmp 100 400 1200
H Solvent evaporation duration hours 20 24 48

The L12 OA and L18 OA datagenerated by design-expertsoftwareversion 10 (Stat-Ease, Inc.,
USA) are presented in Tables 3.3 and 3.4 respectively. Each row in these tables represents a
formulation run with the level of the factors. The “X50” particle size value representing the

median particle diameter was taken as the response. All runs were performed in triplicate.

Table 3.3. Combination of parameter levels of L12 OA design

Run A B C D E F G H J K
(Yow/v) (Da) (%wl/v) (scale) (sec) (viv) (%owlv) (rpm) (h)

1 10 DCM low 0.3 5) 45 11 0.3 400 18
2 10 DCM low 0.3 5 90 1:3 1.2 900 24
3 20 EAc low 1.2 5 90 11 0.3 400 24
4 20 EAc high 0.3 5 45 11 1.2 900 18
5 20 DCM high 1.2 5) 45 1:3 1.2 400 24
6 10 EAc low 1.2 8 45 1:3 1.2 400 18
7 20 DCM low 1.2 8 90 11 1.2 900 18
8 20 DCM high 0.3 8 90 1:3 0.3 400 18
9 10 EAc high 1.2 5 90 1:3 0.3 900 18
10 20 EAc low 0.3 8 45 1:3 0.3 900 24
11 10 DCM high 1.2 8 45 11 0.3 900 24
12 10 EAc high 0.3 8 90 11 1.2 400 24

Note. Low = Mw: 13-23 kDa, High = Mw: 146-186 kDa
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Table 3.4. Combination of parameter levels of L18 OA design

Run A B C D E F G H
(Da) (Yow/v) (Yow/v) (VIV) (sec.) (rmp) (hrs)
1 13000 15 1.2 1:1 5 90 400 24
2 89000 30 0.8 1:2 5 120 200 24
3 13000 20 2.0 1:2 3 60 400 24
4 89000 20 2.0 1:0.75 5 120 400 20
5 89000 15 1.2 1:0.75 3 120 1200 24
6 13000 30 1.2 1:2 5 60 1200 20
7 89000 15 2.0 1:1 5 60 200 48
8 13000 30 0.8 1:1 3 120 400 48
9 13000 20 1.2 1:1 9 120 200 20
10 13000 30 2.0 1:0.75 9 90 200 24
11 13000 15 2.0 1:2 9 120 1200 48
12 89000 20 1.2 1:2 3 90 200 48
13 89000 30 1.2 1:0.75 9 60 400 48
14 13000 15 0.8 1:0.75 3 60 200 20
15 89000 15 0.8 1:2 9 90 400 20
16 89000 20 0.8 1:1 9 60 1200 24
17 89000 30 2.0 1:1 3 90 1200 20
18 13000 20 0.8 1:0.75 5 90 1200 48
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3.3.2 Microparticle fabrication

PLGA MP were fabricated using a single o/w emulsion technique (Figure 3.1). For the L12
design, 12 formulation runs were applied to produce MP of different sizes. Accordingly, 0.5
or 1.0 g of PLGA were weighed and dissolved in 5 ml of DCM or EAc in a glass vial and
incubated overnightat 19 °C to form a PLGA solution. 3.0 or 12.0 g of either 13 or 146 kDa
PV A were completely dissolved in 1 L deionized water heated at 90 °C using an IKA heated
magnetic stirrer (RCT basic, UK) at 800 rpm, followed by filtration.

A hardening bath was formed by transferring 200 ml of filtered 0.3 or 1.2% w/v PVA solution
into a 250 ml glass beaker with a magnetic stirrer bar. 5 or 15 ml of the filtered 0.3 or 1.2%
w/v PVA solution was added to the 10 or 20% w/v PLGA solution and shaken with VVortex-
Geniel 2 atascaleof 5 or 8 for45 or90 s (Scientific Industries, Inc, NY, USA) to form an oiv
emulsion. The o/w emulsion was then added slowly to the hardening bath and stirred at either
400 or 900 rpm for 18 or 24 h for complete evaporation of the organic solvent and hardening
of the MP. The MP were harvested using Whatman-grade 1 filter paper under vacuum. MP
were then washed three times with distilled water before being transferred to glass vials for

freeze drying (MechaTech Systems Ltd, Bristol, UK) for 24 h.

The PLGA MP in the L18 design were fabricated with the same single o/w emulsion technique
(Figure 3.1) and 18 different formulation runs were used. PVA solution at different
concentrationswas prepared by completely dissolving 8.0, 12.0 or 20.0 g of either 13 or 89
kDaPVA in 1L deionized water. In orderto formthe o/wemulsion, 0.75,1.0 or1.5gof PLGA
were dissolved in 5 ml of EAc and added to either 3.75,5 or 10 ml of 0.8, 1.2 or 2.0% wh/
PVA solution. The solution was emulsified for 60, 90 or 120 s at ascale of either 3, 5 or 9. The
o/w emulsion was homogenized into the hardeningbath consistingof 200 ml of 0.3% w/v PVA

(MW 13 kDa). The emulsion was stirred at either 100, 400 or 1200 rpm for 20,24 or48 h to
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ensure complete organic solvent evaporation. The prepared MP were collected, washed, and

freeze-dried for 24 h.

olution was emulsified u
ortex-Genie® 2 and transfi
into hardening bath

Microparticles was
washed, collected
and freeze dried

Figure 3.1. Photograph of single o/w emulsion technique.
Single o/w emulsion method displaying the various steps in creating microparticles (Bible et
al., 2009 and Mensah et al., 2018).

3.3.2.2 Protein-loaded Microparticles

The model formulation produced by the initial Taguchi method was exploitedin the fabrication
of protein loaded PLGA MP. FITC-BSA was used as the model protein drug and conducted to
validate the optimal locations of the factor levels and to investigate the effect of incorporated
drugs on the particle size distribution. For the purpose of confirming the retention of protein
activity after the fabrication of the MP and the release of the protein, LZM was encapsulated
in MP. Briefly, 5, 10 or 20 mg FITC-BSA or 20 mg LZM was dissolved in 5 mlof ethyl acetate
in which 1 g of PLGA polymer was completely pre-dissolved. A primary emulsion of the
protein /PLGA/EAc and PVA solution was formed and vortexed to create the microparticles.

Thereafter, the emulsion was added to a hardening bath for allow for complete
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evaporation (24 h). The hardening bath was completely covered with aluminiumfoil to exclude
light. The supernatant was collected before the filtering, washing, and freeze-drying of the
generated particles. The protein loaded MP produced were termed as FBM-1, FBM-2, FBM-3
and LZM-MP representing 5, 10 or 20 mg FITC-BSA and 20 mg LZM loaded in the MP

respectively.

3.3.3 Characterization

3.3.3.1.1 Optimisation of instrument parameters
The MP with the smallestand largest particle size produced from the Taguchi L12 (210) OA

design was employed to define the instrument parameters. Using an optical microscopy, Meiji
EMT microscope (Meiji Techno, Somerset, UK), approximately 5 mg of the MP were
homogenously dispersed on a microscope slide and images were taken using GX CAM digital
camera at 4x magnification. The particle sizes were analysed using ImageJ® software. Six
individual measurements of ferret diameters (um) were taken for each MP produced. The MP
with the smallest (from Run 3) and largest (from run 4) particle sizes were selected and
subsequently used in the dry dispersion laser diffraction (DDLD) and wet dispersion laser

diffraction (WDLD).

The WDLD particle size analysis of run 3 and 4 were carried using a SymPatec HELOS
combined with QUIXEL cuvette (Germany) fitted with R5 (4.5 to 875 um). Saturated liquid
dispersants (PVA) were prepared by sonication using the factors defined in Table 3.5.
Approximately 5 mg of the MP were added the 20 ml of dispersant and at equilibrium of 60
seconds, three individual measurements of the particle size distribution (X10:10t percentile,
X50:50t percentile and X90: 90t percentile) and volume mean diameter (VMD) were taken

for each MP sample.

The particle size distribution of run 3 and 4 were measured by LD usinga SymPatec HELOS

equipped with a RODOS/ASPIROS dry dispenser (Germany) and R5 (4.5 to 875 um). About
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5 mg of each sample was placed in an ASPIROS glass vial, and the measurement was set to
trigger when the optical concentration (Copt) surpassed 0.1 % and stop when the Copt fell below
0.2% for5s (or5 sreal time). the time base was 50 msand the primary pressure was manually
set using the adjustmentvalve inthe range 0.2-6.0 barforrun 4 and 0.2-4.5 barforrun 3. Three
measurements were taken at each pressure setting using freshly loaded MP. The particle size
distribution (volume mean diameter, X10, X50, X90) were analysed in WINDOX 5 software
(SymPatec, Germany). A graph of particle size (X50) against the pressure was generated to

identify the pressure at which the particle size-primary pressure profile reaches a plateau.

Table 3.5. A summary of laser diffraction (LD) parameters used in PLGA MP size analysis

Run Dispersant (%, w/v) Sonication Stir Sweeps Equilibration
time (mins) setting (rmp) time (s)
4 1.0% PVA 15 3 2500 60
7 1.0% PVA 5 3 2000 60

3.3.3.1.2 Particle size/polydispersity analysis of blank and protein loaded MP.
The optimised DDLD obtained was used to measure the particle size distribution of the Taguchi

OA designs and the protein loaded MP. All measurements were performed using the R5 (4.5
to 875 um) and R3 (0.5to 175 um) lens for L12 and L18 designs, respectively. The particle
size analyses of the FITC-BSA and LZM loaded MP were evaluated using the DDLD method
for the L18 design. The particles were dispersed under a 4-bar pressure. About 5 mg of each
sample was placed in an ASPIROS glass vial. The particle size distribution (VMD, X10, X50,
X90) were analysed with WINDOX 5 software (SymPatec, Germany). The particle size
distributions were applied to determine the polydispersity (PDI) of the blank and protein loaded

MP. The PDI was calculated using the equation 3.1 below:

_ X90—X10

PDI T Equation 3.1
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Surface morphology and shapeof the MP fabricated by formulation runs and the protein loaded
MP were obtained using a scanning electron microscope (JOEL JCM-5700, USA). The dried
MP samples were deposited onto adhesive carbon tabs (Agar Scientific G3357N), which were
pre-mounted onto aluminum stubs (Agar Scientific JEOL stubs G306). The samples were gold
sputtered for 60 s to attain a thickness of approximately 30 nm (Quorum SC7620). The

morphologies of the MP samples were analysed at magnifications of 500X.

The method and protein assay (Micro-QuantiPro™ BCA Assay) used in the protein loading
and release profiles were validated by measuring the following parameters: linearity, limit of
detection (LOD) and limit of quantification (LOQ). The buffersused in the study were water
and PBS for entrapment/loading and in vitro release profiles respectively. For linearity study,
calibration curves were constructed for concentration range of 0-20 pg/mland 0.5-20 pg/ml of
FITC-BSA inwaterand PBS, respectively. Consideringthe calibration curves for LZM in water
and PBS, 0.5-20 pg/ml and 1.0-20 pg/ml concentration ranges were used, respectively. The
LODs and LOQs of each protein in water or PBS were evaluated using the standard deviation
of the y-intercepts () and the slope (S) of the calibration curve (equation 3.2 and equation 3.3)

(Mondal, Pal and Ghosal, 2009).

o

LOD = 3.3 n Equation 3.2
()

LOQ =10 — Equation 3.3
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The percentage yield (Y%) of the protein loaded MP were deduced from equation 3.4. Practical
yield is the weight of MP obtained after encapsulation and theoretical yield equals to the total
weight of the PLGA polymerand weight of the protein added. Encapsulation efficiency (EE%)
and loading capacity (LC%) were evaluated, through the indirect method of determining the
amount of FITC-BSA or LZM in the supernatant (water and free unentrapped protein), using
Micro-QuantiPro™ BCA Assay Kit (Sigma-Aldrich, Poole, Dorset, UK). The amount of
protein not encapsulated was obtained and thereafter, a mass balance calculation was
performed to determine the amount of FITC-BSA or LZM loaded into the MP. The EE% and

LC% were determined by the equation 3.5 and 3.6 below:

Y = fractical yield_, 4 Equation 3.4

theoritical yield

EE% = total protein added—free unentrapped protein
O —_—

Equation 3.5

total protein added

amount of protein entrapped
LC% — fp Pp.

Equation 3.6

total microparticle weight

The in vitro protein release was determined usinga method described by Determan etal., 2016
with slight modification (set up image shown in Figure 3.2). Briefly, 50 mg of FITC- BSA or
LZM loaded PLGA MP were suspended in 3 ml of PBS. The samples were placed in a water
bath at 37 °C and continuously stirred at 100 rpm. Sample volumes of 3 ml were collected at
different times within 28 days. Each time, fresh preheated PBS was reintroduced to maintain
sink conditions. The FITC-BSA samples were centrifuged and the concentration of the protein
in each sample was determined using Micro-QuantiPro™ BCA Assay kit. The QuantiPro
working reagent was prepared by mixing 7.25 ml of Reagent QA, 7.25 ml of Reagent QB and
0.29 ml pf Copper (1) Sulphate reagent QC. 150 pl of the FITC-BSA samples were pipetted

into a 96 wells plates and 150 pl of the QuantiPro working reagent was added. The plate was
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covered with aluminum foil and incubated for 2 h in a water bath at 37 °C. The absorbance at
562 nm was measured using BioTeck micro plate reader and the protein concnetration was
determined by using the calibration curve. LZM samples were collected for protein activity

assay. All experiments were performed in triplicate.

Well

Cell strainer

Figure 3.2. In vitro drug release study

(A) Schematic diagram of in vitro release study set up for FITC-BSA and LZM loaded
microparticles. (B) Photographic image of release study set. 50 mg of the MP were weighed
and placed in Falcon™ cell strainer with nylon mesh size of 40 um with magnetic stirrer and
placed 6 well plate. The MP were suspended in 3 ml of phosphate sulphur buffer (PBS, pH 7 .4)
and were placed in a water bath at 37 °C and continuously agitated at 100 rpm. At
predetermined times within 28 days, the supernatant was collected, and fresh PBS was added
to maintain sink condition.

The lysozyme activity tests were conducted using Sigma-Aldrich lysozyme detection kit
(Poole, Dorset, UK). A cell suspension was prepared by dissolving Micrococcus lysodeikticus
cells in 66 mM phosphate buffer (Reaction buffer). In a 96 well plate, 190 pl of the cell
suspensions were added and equilibrated at 25 °C using BioTeck microplate reader. The
absorbance at 450 nm (Auso) of the cell suspensions used were in the range of 0.6 — 0.7 before
the addition of 40 pl of the reaction buffer, and LZM samples obtained from the in vitro release
set up in the 28 days period (Figure 3.2). Similarly, the Asso of these selected concentrations
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were measured. The plate was mixed by immersion and the measurements of the decrease in
Ausowere carried over a period of 0-6 mins at 1 min interval. The change in the activity of the

concentration of lysozyme released on day0, 1, 4, 7, 10, 14 and 28 were determined.

3.3.4 Statistical analysis

The experimental design results were statistically analysed using Design-Expert software
version 10.0.5.0 (Stat-ease- Inc., Minneapolis). Response and interaction plots were generated
to examine the effect of factor levels on the mean response (particle size). Half-normal plots
and Pareto charts were generated to guide the selection of factors for the final optimal model.
The data were assessed by ANOV A combined with Fisher’s statistical test (F - test) to determine
whether a chosen factor had a significant effect on the desired value (p <0.05). The S/N ratio
formula below (i.e., smaller-the-better) was used to evaluate the response values. All data
presented were expressed as mean and standard deviation.

S/Nratio = —10 «log(z Equation 3.7

n
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3.4 RESULTS & DISCUSSIONS

3.4.1 Experimental design

The solvent evaporation method has been used widely to encapsulate drugs in polymer
matrices to form delivery systems and involves many processing factors which are known
to affect the physical properties of MP produced, such as particle size (Prior et al., 200,
Lai and Tsiang, 2005 and Khaled etal., 2010). The MPsize is importantin determining the
drugrelease profile and modeof application (Freitas, Merkle and Gander, 2004 and Bidone
etal.,2009). Therefore, there is a need for careful selection of the process factors in order
to formulate the mostappropriate MPsize. The optimization of the method by treatingone
factor at a time is impractical. As such, this study employed the use of a Taguchi
orthogonal arrays design of experiment protocol to assess the optimal conditions required
for the fabrication of 10—50 um sized MP and to identify the factors that deemed to most
significantly influence PLGA MP size. This design assumes that there is no
interrelationship between any two factors. However, clear evidence of interaction was
observed between concentration of PLGA and solvent type, although this interaction had
no effect on the particle size. This is because in each formulation run the PLGA polymer

was dissolved in a constant volume (5 ml) of solvent type stated in the run.

The Taguchi design DOE approach was explored to identify the process factorsin the solvent

evaporation technique with the most significant effects on PLGA MP size and to generate a

predictive model. L12 OA design was used as the first optimization step in the DOE. The

factors and their levels forthe L12 OA design (Table 3.1) were selected based on previous

studies using the solventevaporation methodfor MP fabrication (Bible et al., 2009, Torkaman,

Soltanieh and Kazemian, 2010 and Vyslouszil etal., 2014). From the design, ten factors at two

levels were investigated, namely, concentration of PLGA (A), solvent type (B), MW of PVA
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(C), concentration of PVA in primary emulsion (D), vortexing speed (E), vortexing duration
(F), organic/agueous phase ratio (G), concentration of PVA in hardening bath (H), stirring
speed of the hardening bath (J), and solvent evaporation duration (K), with particle size as a
response. Thisdesignresulted in 12 formulation runs (36 runsin total, three replicates for each

run). PLGA MP were then successfully fabricated using the 10 factors combinations.

Table 3.6 shows the factor levels combinations computed by design-expert software for and
the median particle size measurement by laser diffraction using a SymPatec HELOS equipped
with a RODOS/ASPIROS dry dispenser (Germany). The rows represent the formulation runs
and the column represents the factors. All the level settings in each formulation run appeared
an equal number of times: for each factor, low level and high level appeared 6 times. The data
with the average median particle size ranging from 54.39 to 200.37 um was produced for the
design. The data had a mean of 103.42+41.55 um. None of the runs produced MP within the
goal range of 10-50 um. Nonetheless, Run 3 (54.39 um) created MP with smallest median

particle size closed to the upper range value.

MP with smallest median diameter (run 3) were obtained from an organic phase comprising of
EAc and 20 % w/v PLGA polymer, and an aqueous phase of low molecular weight of 1.2 %
w/v PVA which were combined at a ratio of 1:1 to form a primary emulsion by a vortexing
with speed atscale 5 for 90 s. The emulsion was introduced to a hardening bath of 0.3 % wiv
PVA ataspeedoff 400rpmand the MP created were hardenedatcomplete solventevaporation
for 24 h (Run 3). The largest particle size was registered with 10 % w/v PLGA concentration,
DCM, 0.3 % w/v (low MW) PVA in primary emulsion, vortexing speed at scale 5, vortexing
duration of 45 s, 1:1 organic/aqueous phase ratio, 0.3 % w/v PVA in hardening bath, 400 rpm

stirring speed and 18 h evaporation duration (Run 1).
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Table 3.6. Results produced for combination of parameter levels of L12 OA design

Run A B C D E F G H J K Meanzto S/Nratio
(Yow/v) (Da) (Yow/v) (scale) (sec.) (v/v) (Y%wiv) (rmp) (hrs) (um)
1 10 DCM low 0.3 5 45 1:1 0.3 400 18 200.37+2.82 -3.84
2 10 DCM low 0.3 5 90 1.3 1.2 900 24 100.7+£12.12 -3.34
3 20 EAC low 1.2 5 90 1:1 0.3 400 24 54.39+4.37 -2.89
4 20 EAC high 0.3 5 45 1:1 1.2 900 18 162.12+4.83 -3.68
5 20 DCM high 1.2 5 45 1:3 12 400 24 104.63+£0.85 -3.37
6 10 EAC low 1.2 8 45 1:3 1.2 400 18 97.27+0.46 3.31
7 20 DCM low 1.2 8 90 1:1 1.2 900 18 60.30+1.29 2.97
8 20 DCM high 0.3 8 90 1:3 0.3 400 18 102.16+£7.19 -3.35
9 10 EAC high 1.2 5 90 1:3 0.3 900 18 97.03+0.08 3.31
10 20 EAC low 0.3 8 45 1:3 0.3 900 24 61.99+£16.27 -2.99
11 10 DCM high 1.2 8 45 1:1 0.3 900 24 105.07+£1.73 -3.37
12 10 EAC high 0.3 8 90 1:1 1.2 400 24 95.04+1.89 -3.30
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S/N ratio was computed for each of the formulation run with the smaller-the-better particle
size characteristic (Table 3.6). High S/N ratio value was recorded for formulation Run 3
(-2.89). The L12 OA design results were statistically analysed using design-expert
software (version 10). This software is able to screen each factor with respect to their
influence on the particle size characteristic. A half-normal plot is one of the tools used in
this software by identifying the important factorsand any interactions. This plot uses the
magnitude of the estimated effects for the main factors and any interactions in order to
evaluate the important and unimportant factors and order the factors from the most
important down to the least important. Important factors have their estimated effects
completely removed from zero, while unimportant factors have near-zero effects
(Determen etal.,2004). From Figure 3.3, the p factors located at the far right of the error
linesare the important factors and factor F (vortexing speed) canbe considered to have the
maximum independent effect on particle size. Concentration of PVA in hardening bath
and the interaction between the concentration of PLGA and solventtypesthatare lined up
on the error line are unimportant, have zero or near zero effect on the particle size and
excluded from the model. In Figure 3.3, the orange colour represents the factor that has a
positive effect, and the blue represents factor with negative effect on the mean particle

size.
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Figure 3.3. Half-normal % probability versusstandardized effects plotafter selection of factors
for the model.

The yellow line represents the error line. Positive effects represent factors with positive
standardized values and negative effects signify factors with negative standardized values. Plot
generated for L12 OA design factors: vortexingduration (F), concentration of PVA in emulsion
(D), solvent evaporation duration (K), vortexing speed (E), concentration of PLGA (A),
aqueous/organic phase ratio(G), solvent type (B), molecular weight of PVA (C) and stirring
speed (J).
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In addition, a Pareto chart was created to identify the magnitude of the chosen p factors’
effects for the model (Figure 3.4). The bars above the t- critical value (the reference line)
with white represent the important factors that can possibly be included in the model and
the bars below the reference line is unimportant. The white column seen inside the bars
indicates that the factors have significant effect on the mean particle size. F-test was
carried out on the experimental data. The ANOVA for the selected model summarised in
Table 3.3 showed that the model F value of 7880.15 was significant and that there was
only 0.01 % likelihood the variations among the mean particle size of the factors is due to
noise. Furthermore, a p-value of less than 0.05 indicates that the model terms are
significant at the probability level of 95 %. All the parameters chosen for the model have
very significanteffects onthe microparticle size. From Table 3.3, vortexing speed had the
maximum contribution (21.60 %) and the least was stirring speed for the hardening
process (1.95 %). This evaluation is confirmed in the data presented in the Pareto chart

(Figure 3.4).
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Figure 3.4. Graph of t-value of absolute effects verses rank.
This is an ordered bar chart, which shows the magnitude of the chosen factors for the model.

The bars above the t-value (the reference line) with white represent the significant effects and
the bars below the reference line are the insignificant ones. Data generated for L12 OA design
factors: vortexing duration (F), concentration of PVA in emulsion (D), solvent evaporation
duration (K), vortexingspeed (E), concentration of PLGA (A), aqueous/organic phase ratio(G),
solvent type (B), molecular weight of PVA (C) and stirring speed for hardening process(J).
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The ANOVA for the selected model summarised in Table 3.7 showed that the model F value of
7880.15 was significant and that there was only 0.01 % likelihood the variations among the mean
particle size of the factors is due to noise. Furthermore, a p-value of less than 0.05 indicates that the
model terms are significant at the probability level of 95 %. All the parameters chosen for the model
have very significanteffects on the microparticle size. From Table 3.7, vortexing speed had the
maximum contribution (21.60 %) and the least was stirring speed for the hardening process (1.95 %).
This evaluation is confirmed in the data presented in the Pareto chart (Figure 3.4).

Table 3.7. ANOVA forL12 OA design

Source Sum of  Degree Mean F Value p-value %
Squares of Square Prob.>F Contribution
freedom
(df)

Model 18986.23 9 2109.58  7880.15 0.0001 -
A 1872.25 1 1872.25  6993.62 0.0001 9.86
B 925.59 1 925.59 3457.45 0.0003 4.87
C 690.54 1 690.54 2579.44 0.0004 3.64
D 3457.47 1 3457.47 1291506 <0.0001 18.21
E 3247.56 1 3247.56 1213096 <0.0001 17.10
F 4100.71 1 4100.71 1531784 <0.0001 21.60
G 1073.71 1 1073.71  4010.75 0.0002 5.66
J 370.19 1 370.19 1382.79 0.0007 1.95
K 3248.22 1 3248.22 1213342 <0.0001 17.11

Residual 0.5354 2 0.2677

Corr. Total 18986.76 11 -

Additionally, a diagnostic analysis was performed by generating the response plots for the 10
factors to evaluate the influence of each factor’s levels on the mean particle size of all runs
(103.4 um) (Figure 3.5). The plots illustrate the average of each particle size for each level of
each factor and display the factor with the largest effect. From the plots, the concentration of
PVA in hardening bath (H) has negligible effect on the mean particle size. However, the
remaining factors show significant effects on the mean particle size as already evaluated by
AVOVA and the Pareto chart. As shown in Figure 3.5, increasing the vortexing duration (F)

produced asmall particle size. An extended duration of vortexing may allow for better dispersal
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of the oil phase to form fine droplets which then harden to form MP (Pang et, 2014 and Zahn
1975). The effective creation of a primary emulsion and the stability of the droplets during the
emulsification depends on the presence of surfactant, in thiscase PVA, at the interface between
the aqueous and organic phases, lowering interfacial tension and providing a barrier to
coalescence (Torkaman, Soltanieh and Kazemian, 2010, Vyslouzil etal., 2014 and Tan etal.,
2015). Increasing the PVA concentration in the primary emulsion (D) from 0.3% w/v to 1.2%
wi/v resulted in a decrease in the mean particle size (Figure 3.5). As shown in the Figure, an
increase in the solvent evaporation duration (K) resulted in a decrease in mean particle size. It
Is possible that at the low-level solvent removal from the droplet is incomplete, and that a
longer duration allows for removal of any residual solvent expanding the polymer network.
Vortexing speed (E) was a parameter of primary importance in the homogenization step
because energy is required to disperse the organic phase in the aqueous phase (Pang et al.,
2014). The results showed that the mean particle size was inversely proportional to the
vortexing speed, increase in vortexing speed decreased the MP size because the emulsion was
dispersed into smaller droplets at a higher scale. This observation is line with the studies of
Sharma, Madan and Lin (2016). The response plot for PLGA concentration (A) in the Figure
clearly shows that particle size decreased at higher PLGA concentration and may be as a
consequence of PLGA surface activity. In this study two organic/aque ous phaseratios (G) were
evaluated (1:1 and 1:3). The higher continuous phase volume may allow for a greater distance
between dispersed oil droplets, reducing the rate of collision and coalescence. As observed in
Figure 3.5, microparticles prepared with solvent type (B), EAc were characterized by their
smaller particle size and most likely due to the result of increased water solubility. The response
plotfor MW of PVA (C) shows thatincreasingthe molecularweightincreases the microparticle
size and may be attributed to the increased viscosity of the solution resisting deformation due

to shear during emulsification (Wagh and Apar, 2014).
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Stirring speed is one of the parameters that is well documented to have significant effect on
particle size (Bible et al., 2009, Vyslouzil et al., 2014, Sharma, Madan and Lin, 2016,
Quintanar-Guerrero, Fessi, Allemann and Doelker, 1996, Mondal, Samanta, Pal, and Ghosal,
2008, Valizadeh, Jelvehgari, Nokhodchi and Rezaour, 2010). Increasing stirring speed
produces microparticle with small sizes by improved dispersal of the oil phase, where the stirrer

imparts shear onto the emulsion droplets, reducing their size. This observation is confirmed in

this study. In the effect of stirring speed (J) plot, the particle size decreased with increased in

stirring speed from 400 rpm to 900 rpm.
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Figure 3.5. Response (main effects) plots.

The plots for the average effects of the 10 process factors (A, B, C, D, E, F, G, H, Jand K) on
the mean particle size for the L12 OA design. The vertical axis shows the mean particle size
(um), and the horizontal axis shows two levels (low and high) of the process factors. The red
dashed line represents the value of the total mean of the particle size.
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Figure 3.6. Interactiongraph plot.
This plot displays the effect of concentration of PLGA (w/v) and solventtype on for mean
particle size (um).

The L12 OA design identified 9 important factors, namely: concentration of PLGA, solvent
type, MW of PVA, concentration of PVA in primary emulsion, vortexing speed, vortexing
duration, organic/aqueous phase ratio, stirring speed of the hardening process and solvent
evaporation duration that significantly influence the particle size of MP as such can be
controlled. These results were fed into a second design, L18 OA design to further ascertain
how these factorsdetermine the particle size of MP by introducing a third level for each of the
important factors excluding factor C (i.e., solvent type). Eight factors: MW of PVA (A),
concentration of PLGA (B), concentration of PVA in primary emulsion (C), organic/aqueous
phase ratio (D), vortexing speed (E), vortexing duration (F), stirring speed of the hardening
process (G) and solvent evaporation duration (H) were considered for the L18 OA design. The
factor levelsasseenin Table 3.1 were based on formulation Run 3 as this generated the smallest
particle size closed to the target range. The solvent type (EAc and PVA) concentration in the

hardening process (0.3 % wi/v) were kept constants for all the formulation runs.
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Table 3.8 shows the L18 design generated by the design-expert software and the particle size
obtained foreachformulation run. A data of 18 formulation runswith 8 factors was constructed,
in each of the factor’s column, the levels low, medium or high occurred 9 times. The 16
formulation runs within this design produced particle size range of 23.51- 73.13 pum and a mean
particle size of 48.32 uym. Runs 14 and 17 failed completely and no MP were created. These
formulation runs failed using scale 3 as the vortexing speed to homogenize the o/w emulsion.
Lookingat Table 3.8 mostof the MP created from this design have particle size within the target
range apart from Run 3 (60.84 um), Run 5 (73.13 um), Run 8 (67.04 um),

Run 10 (60.25 pm) and Run 12 (55.38 um). MP formulated with Runs 3, 5, 8 and 10 had large
particle size by using vortexing speed at the low level (scale 3). The goal of the study was to
generate the smallest particle size within the range 10-50 um, the smallest particle size 23.51

um (PDI = 1.09 +£0.01) was achieved by formulation Run 16.
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Table 3.8. Results produced for combination of parameter levels of L18 OA design
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Run A B C D E F G H Mean+ o S/N ratio
(Da)  (%wlv) (%wlv)  (VIv) (sec.)  (rmp)  (hrs) (pm)
1 13000 15 1.2 11 5 90 400 24 49.76 £2.65 -2.83
2 89000 30 0.8 1:2 5 120 200 24 4548 £2.41 -2.76
3 13000 20 2.0 1:2 3 60 400 24 60.84 £4.22 -2.97
4 89000 20 2.0 1:0.75 5 120 400 20 41.12+1.50 -2.69
5 89000 15 1.2 1:0.75 3 120 1200 24 73.13+£0.52 -3.11
6 13000 30 1.2 1:2 5 60 1200 20 44,94 £1.20 -2.75
7 89000 15 2.0 11 5 60 200 48 25.83£0.65 -2.35
8 13000 30 0.8 11 3 120 400 48 67.09 £4.67 -3.04
9 13000 20 1.2 11 9 120 200 20 24.01£1.27 -2.30
10 13000 30 2.0 1:0.75 9 90 200 24 50.81+3.15 -2.84
11 13000 15 2.0 1:2 9 120 1200 48 28.10+1.26 241
12 89000 20 1.2 1:2 3 90 200 48 60.25+£6.09 -2.97
13 89000 30 1.2 1:0.75 9 60 400 48 55.38 £1.07 -2.91
14 13000 15 0.8 1:0.75 3 60 200 20 * *
15 89000 15 0.8 1:2 9 90 400 20 47.46 £5.39 -2.79
16~ 89000 20 0.8 11 9 60 1200 24 23.51+£0.81 -2.29
17 89000 30 2.0 11 3 90 1200 20 * *
18 13000 20 0.8 1:0.75 5 90 1200 48 40.38 £7.43 -2.68




Table 3.8 summarises the S/N ratio evaluated for each of the formulation runs. The largest
value based on the smaller-the-better analysis was produced by Run 16 (-2.29). Figure 3.7
displays the half-normal plot generated by the design-expert software to assess which of the
factors are important and which are unimportant. The factors: vortexing speed, concentration
of PLGA, organic/aqueous phase ratio, stirring speed, concentration of PVA in primary
emulsion, vortexing duration and solvent evaporation duration are seen at the far right of the
error line. The factor MW of PVA is located on the error line. The ANOVA for the selected
factors: concentration of PLGA, concentration of PVA in primary emulsion, organic/aqueous
phase ratio, vortexing speed, vortexing duration, stirring speed of the hardening process and
solvent evaporation duration is summarized in Table 3.9 and it shows all factors selected for
the model have significant effects on the particle size (p >0.05). A high value of F (12261.0)
was obtained for the model (1.68 %). The sum of squares shows that 32.79 % of the total
variance is established by the vortexing speed. The factor with the least contribution is solvent

evaporation duration.

Table 3.9. ANOVA forL18 OA design

Source Sum of df Mean F p-value %
Squares Square Value Prob.>F Contribution
Model 3504.60 14 250.33 12261.00 0.0071

B-B 336.50 2 168.25 8240.73 0.0078 9.60
Cc-C 83.86 2 41.93 2053.66 0.0156 2.39
D-D 249.47 2 124.74 6109.56 0.0090 7.12
E-E 1149.15 2 574.58 28142.50 0.0042 32.79
F-F 62.67 2 31.34 1534.89 0.0180 1.79
G-G 193.63 2 96.82 4742.02 0.0103 5.53
H-H 58.75 2 29.38 1438.86 0.0186 1.68

Residual 0.0204 1 0.0204

Corr.Total 3504.62 15
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Figure 3.7. Half-normal % probability versus normal effects plot.

After selection of factors for the model, this plot was generated to identify the important and
unimportantfactors. Pink line represents error line. Data generated for L18 OA design factors:
vortexing speed (E), concentration of PLGA (B), aqueous/organic phase ratio (D), stirring
speed (G), concentration of PVA in emulsion (C), vortexing duration (F) and solvent
evaporation duration (H).

176



Figure 3.8 shows the response plots for the average factor levels of the L18 design. No
influence is observed for the two levels of the MW of PVA. The concentration of PLGA
response shows medium level (20 % w/v) havingthe largest influence on the mean particle size
followed by the low level (15 % wi/v) and then the high level (30 % wi/v). The plot for the
concentration of PVA in primary emulsions displays 2.0 % w/v (high level) with the most
significant effect and the 1.2 % w/v (medium level) with the least. The medium level (1:1) for
the organic/aqueous phase ratio increased the mean particle size while the high level (1:3) and
low level (1:0.75) decreased the response accordingly. As the level increases in the vortexing
speed factor, the effect on the mean particle size increases. In the plot for vortexing duration,
the low level (60 s) and the high level (120 s) have an equal and larger influence on the mean
particle size. Stirring speed and solvent evaporation duration have the same pattern for levels

influence on the mean particle sizei.e., low > high >medium implies a reduction in the effect.
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Figure 3.8. Response plots for the average effects of the 8 process factors.

The response plots for the 8 process factors (A, B, C, D, E, F, G and H) on the mean particle size for the L18 OA design. The vertical axis shows
the mean particle size (um), and the horizontal axis shows three levels (low, medium and high) of the process factors. The red dashed line represents
the value of the total mean of the particle size.
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The optimal model formulation was identified to be Run 16 from the L18 OA design. The mean
particle size was found to be 23.51 um which falls into the required range of 10 — 50 um. The
factors and the associated level for the optimal model formulation are molecular weight of PVA=
89,00Da (high), concentration of PLGA =20 w/v % (medium), organic/aqueous phase ratio=1:1
(medium), vortexing speed = 9 (high), vortexing duration=60 seconds (low), stirring speed for

hardening process =1200 rpm (high) and solvent evaporation duration =24 h (medium).

3.4.2 Characterization

One key step in Taguchi design of experiment is the selection of the characteristic and the
instrument to assess it (Torkaman, Soltanieh and Kazemian, 2010 and Krishnamoorthy and
Mahalingam, 2015). The particle size of the MP created in this study was evaluated using dry
dispersion laser diffraction method via SymPatec HELOS equipped with a RODOS/ASPIROS
dry dispenser (Germany). In laser diffraction technique, it is vital to achieve an optimal
dispersion to inhibit agglomeration and to ensure the reproducibility of results (Jaffari et al,
2013). To determine the optimal parameters, imaging particle size analysis was combined with
the dry dispersion laser diffraction (DDLD) and wet dispersion laser diffraction (WDLD)
methods. The WDLD was used so as to observe the particles in liquid and identify any

agglomerate.

The initial step in the optimisation procedure was selecting the MP with small and large
particles size to establish optimal measurement conditions for the different range of MP sizes.
The particle size analysis was assessed with imaging The optical microscopic images
confirmed thatthe MP were made up of particles with range of sizes (Figure 3.9). Agglomerates
were observed in each of the MP. The median and average of the Feret’s diameter of MP
produced in each run were obtained from ImageJ© software (Table 3.10). The MP with

smallest particle size of 23.59 £ 1.70 um (median) was produced by formulation Run 3 and the
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largest size of 239.97 um from Run 4, which were used to optimize particle size measurement

techniques over the range of possible particle sizes present.

Figure 3.9. Optical microscopic images of Run 3 (a) and Run 4 (b) at 4x magnification (scale
bar =100 pm)

180



Table 3.10.Summary of Feret diameter (um) of Microparticles measured with ImageJ© software (mean
*0,Nn=6)

Run Median diameter (um) Average diameter (um)
1 39.89+0.91 47.01+1.42
2 47.12 £3.60 50.86 +5.54
3 23.59+2.86 28.67+1.70
4 239.97 +8.24 296.47 +21.19
5 53.04£5.20 52.81+1.38
6 37.37+£8.27 39.37+£2.38
7 27.85+5.18 29.58+1.79
8 50.31+3.09 49.82+2.03
9 125.21£17.17 100.53 £8.69
10 55.49 +9.28 69.67 £3.94
11 138.67 +16.49 169.55+0.49
12 23.81+3.23 32.43+6.89

The particle size obtained from the wet dispersion method were measured to determine the
fully dispersed particle size in liquid medium independent of the DDLD method but has the
limitation that swelling/dissolution may be observed. The X50 values for Run 3 and 4 were
21.41 +0.30 and 103.28 £0.15 um respectively. The effect of primary pressure on the particle
size distribution following DDLD. Figure 3.10 represents the particle size-primary pressure
profiles for Run 3 and Run 4. In both graphs, the MP showed reduction in particle size as the
pressure increased until a plateau size was attained. The particle size obtained at the plateaued
pressure (4.0 Bar) was compared to the particle size measured using WDLD (Table 3.11). The
sonication time and the ultrasound frequency were varied in the WDLD technique. These
variation factors are essential in the optimisation (Jaffari etal, 2013) The finding (Table 3.11)
shows that PSD were similar, and this confirms that the samples were well dispersed in the
DDLD method. Subsequently, the optimal parameters for the DDLD were utilized to assess the

DOE MP samples (i.e., samples obtained in L12 OA design and L18 OA design).

181



8001

o
[=1
<

Particle size (50, microns)
o o
OI (=)

Particle size (50, microns)

1 2 3
Pressure (Bar)

600;

500

4001

3004

2001

1004

1 2 3

4
Pressure (Bar)

Figure 3.10. The particle size (X50) vs pressure of Run 3 (a) and Run 4 (b) MP measured by
SymPatec HELOS/RODOS DDLD (mean + ¢, n=3)

Table 3.11. Particle size (X10, X50, X90, VMD) of Run 3 and 4 assessed by dry dispersion laser
diffractionat4.0Bar primary pressure and wet dispersion laser diffraction (mean + ¢, n=3)

Run 3wbLD 3ppLD 4wpLp 4ppLD
X10 10.16 £0.22 12.12+0.15 29.80+£0.13 69.68 +£0.37
X50 21.41+0.30 22.39+0.26 103.28 £0.15 183.35+5.76
X90 37.43+1.02 36.69+1.24 218.95+0.85 295.32+11.02
VMD 24.56 +£0.39 26.78 £0.85 116.67 +0.89 181.62 +6.36

The particle size distributions of the L12 OA design and L18 OA design runs were measured

using the DDLD technique. The cumulative size distribution curves of the selected run 3 from

L12 OA design and the run 16 from L18 OA design are shown in Figures 3.11aand 3.11b

respectively. The curve of run 3 showed a bimodal distribution due to the population of fine

and large particles (Figure 3.11a) and that of run 16 showed a narrow distribution. FITC-BSA

(FBM-1, FBM-2, FBM-3) and LZM loaded PLGA MP were successfully generated using the
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factorsdeduced from the optimal model formulation (run 16). The cumulativesize distributions
of the FBM-1, FBM-2, FBM-3 and LZM-MP MP are displayed in Figures 3.11c, d, e and f
respectively and the curves in these MP are narrow with small shoulders due to very fine
particles. The values of the particle size distribution and the PDI of the blank MP and the
protein loaded are summarised in Table 3.12. Comparatively, the average particle size and the
PDI of the loaded MP are not significantly different from the blank MP (p > 0.05 by t-test).
The increase in the concentration of FITC-BSA had no significant effect on the particle size

and PDI (Table 3.12).
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Figure 3.11. Cumulative size distribution of PLGA MP fabricated with ethyl acetate as organic solvent:
(A) formulation Run 3 from L12 OA design and (B) formulation Run 16 from L18 OA designidentified as the optimal formulation with lowest particle

size, (C) Lysozyme loaded MP, (D) FITC-BSA loaded MP: 5 mg, (E) FITC-BSA loaded MP: 10 mg and (E) FITC-BSA loaded MP: 20 mg. (n = 3).
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Table 3.12. Particle size distribution (X10, X50, X90) and polydispersity index of samples assessed by
DDLDat 4.0 Bar(mean £c,n=3)

MP sample Particle size distribution (um) Polydispersity
X10 X50 X90 index (PDI)
L12 OAdesign 11.96£1.23 54.39+4.37 92.67+£2.56 1.48 £0.56
(Run 3)
L18 OAdesign 12.31+0.68 23.51+0.81 37.93+1.24 1.09+£0.01
(Runl16)
FBM-1 13.11+£1.87 24.25+1.71 4544 +5.28 1.35+0.39
FBM-2 11.47£2.02 21.67+2.04 45.02+10.25 1.58+0.72
FBM-3 12.76 £0.93 245+1.12 50.53+13.60 1.53+0.52
LZM-MP 11.49+0.02 2445+0.01 41.53+0.06 1.45+0.04

SEM images were taken to visualise the surface morphology of the MP formulation Run 16
selected from L18 OA design as the optimal model formulation for this study (Figure 3.11 A
and B). The SEM imaging was further utilized to study the morphologies ofthe protein loaded
MP prepared with 3 different concentrations of FITC-BSA (5, 10 and 20 mg) and LZM loaded
MP. The SEM images of the MP samplesare shown in Figure 3.11 (C, D, Eand F). Theimages
show that each sample are made of a range of spherical-like microparticlesand these confirm

the particle size measurements.
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Figure 3.12. SEM images of PLGA MP.
Formulated by (A) run 3 from L12 OA design, (B) run 16 from L18 OA design, (C) Lysozyme loaded MP, (D) FITC-BSA loaded MP: 5 mg, (E)

FITC-BSA loaded MP: 10 mgand (E) FITC-BSA loaded MP: 20 mg.
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Calibration curves were constructed for FITC-BSA and LZM in water and PBS in different
ranges. The statistical data and the equation of linear regression are presented in Table 3.13.
The linearity of the calibration curves for FITC-BSA in water, FITC-BSA in PBS, LZM in
water and LZM in PBS were validated by high values of correlation coefficient, R2=0.9982,

0.9929, 0.9964 and 0.9913 respectively. The LOD and the LOQ are shown in Table4.13.

Table 3.13. Statistical data forcalibration curves for FITC-BSA and LZM

Parameters FTIC-BSA FITC-BSA LZM inwater LZM in PBS
in water in PBS
Linearity (ug/ml) 0-20 0.5-20 0.5-20 1.0-20
Regressionequation Y=0.021x + Y=0.022x + Y=0.021x + Y=0.021x +
0.0382 0.042 0.041 0.035
Correlation 0.9982 0.9929 0.9964 0.9913
coefficient (R?)
Slope 0.021 0.022 0.021 0.0211
Intercept 0.038 0.042 0.041 0.035
¢ of slope 0.00023 0.0045 0.000071 0.00014
¢ of intercept 0.0001 0.00009 0.0006 0.0004
LOD (ug/ml) 0.0181 0.0144 0.0993 0.0553
LOQ (ug/ml) 0.0548 0.0426 0.3009 0.1676

The results of the average yield % (Table 3.14) increased with increased amountof FTIC-BSA.
20 mg of LZM produced a high average yield %. In Table 3.14, the average EE% results
showed that the EE increased with increased number of proteins. All the proteins had a fairly
high average EE% (64.35—78.07%). As shown Table 3.14, high average LC% of 17.18 and
15.94 % of FBM-3 and LZM-MP and the amount of protein used was 20 mg. FBM-1, MP

formulated with 5 mg FITC-BSA gave the lowest average LC (5.02%).
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Table 3.14. Yield%, encapsulation efficiency and loading capacity for FITC-BSA and LZM loaded
PLGA MP

Batch Amount of Yield % EE% LC%
drug/ mg
FBM-1 5 64.35+4.99 52.38+7.06 5.02+0.23
FBM-2 10 64.66 +4.65 55.42 +4.44 8.1+1.91
FBM-3 20 67.89+2.51 58.69+1.15 17.18+0.41
LZM-MP 20 78.07+0.67 62.34 +6.02 15.94 +1.64

Herein, the robustness and predictive ability of the Taguchi OA design of experiment
methodology in the fabrications of the FITC-BSA-loaded MP was assessed. FITC-BSA, ~66
KDa, is a stable, globular and relatively non-reactive protein that is often used as a model
protein in drug MP development studies.

The in vitro release profile of the entrapped FITC-BSA and LZM from FBM-1/FBM-2/FBM-
3 and LZM-MP respectively are summarised in Figure 3.13. From the results, about 11.74%,
36.92%, and 27.05% of FITC-BSA were released from FBM-1, FBM-2 and FBM-3
respectively and 27.56 % of LZMwas released from LZM-MP after 18 hours. At 7 days, about
65.01%, 81.844%,85.86% and 86.09 % of the protein loaded were released from FBM-1/FBM-
2/FBM-3 and LZM-MP respectively. It can be observed at 11 days that, about 70.80 %, 86.32
%, 94.13 % and 92.06% of the respective proteins were released from FBM-1, FBM-2, FBM-
3 and LZM-MP respectively. Finally, at day 28, about 70.93 %, 86.34%, 94.35 % and 92.06 %
of the loaded proteins were released from FBM-1, FBM-2, FBM-3 and LZM-MP respectively.
The generated MP exhibited good, sustained release profiles. The maximum release after 28
days was found in FBM-3 and LZM-MP. It shows that the release profile of the protein was

dependent on the amount of the protein loaded.

This aspect further validates the DOE technique as a feasible predictive tool for pharmaceutical
formulation-especially in the context of biological entrapment e.g., growth factors, antibodies,

biologicals.
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Figure 3.13. Invitro release profile of FITC-BSA and LZM loaded microparticles. Insert
(release profile for 20 hrs) (mean + ¢, n=3).

the activity of the protein incorporated was determined by utilising lysozyme loaded
microparticles (LZM). The absorbance of Micrococcus lysodeikticus cells incubated with the
lysozyme was measured. The absorbance of Micrococcus lysodeikticus cells incubated with
the lysozyme releases on days 0, 1, 4, 7, 10, 14 and 28 was monitored at 450 nm using Sigma-
Aldrich lysozyme detection kit. From Figure 3.14, linearity of the change in the activity of
lysozyme decreasesasafunction of time. Atday 0, no change in activity is observed. At days
10, 14 and 28, low amount of lysozyme is released therefore the change of activity is less
pronounced. However, on day 1, day 4, and day 7 the change in activity is more pronounced

due to the significant amount of lysozyme released.
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From the results (Figure 3.14), the activity of the protein was dependent on the amount of

protein released and the kinetic of the change in activity of the protein agreed with the release

data.

Absorbance at 450 nm

o.7ol - Day 0
0.5

=== Day 1
.80
0.55 =« Day 4
0.50
045 = Day 7
0.40 == Day 10
0.35
0.30 == Day14
0.25

=+ Day 23

a 1 2 3 4 5 [i]

Time (mins)

Figure 3.14. Kinetics of the change in activity of lysozyme treated micrococcus lysodeikticus
cells.
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3.5CONCLUSION

In this study, Taguchi OA design proved to be a valuable tool in the optimization of several
processing parameters in solvent evaporation technique with complex interrelationship with
few experiments. The design was efficientfor identifying the parameters which had significant
effecton MP size More precisely, vortexing speed, concentration of PLGA, organic/aqueous
phase ratio, stirring speed, concentration of PVA in primary emulsion, vortexing duration were
significant whereas the molecular weight of PVA and concentration of PVA in hardening bath
were proven to be not important parameters with regard to PLGA microparticle size. The
optimal model formulation was established as molecular weight of PVA = 89,00 Da,
concentration of PLGA = 20 w/v %, organic/aqueous phase ratio = 1:1, vortexing speed = 9,
vortexing duration= 60 s, stirring speed for hardening process = 1200 rpm and solvent
evaporation duration = 24 h. These optimum levels of the parameters were useful in the
fabrication of PLGA microparticles with the minimum particle size of 23.51 um. Amodeldrug
(FITC-BSA) was successfully incorporated into the optimised microparticles, which had no

statistically significant impact on size and the activity.
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40 CHAPTER 4: GENERATION OF DRUG LOADED PLGA

MICROPARTICLE BANDAGE

4.1 INTRODUCTION

Millions are estimated to suffer from corneawounds yearly and these wounds invariably bring,
aside from the obvious heath issues, potential emotional and financial implications to patients.
Cornea s a part of the eye that is exposed to the outside environment and its position make it
vulnerable to a variety of injuries and insults. Cornea wound healing is a major clinical issue
(Ljubimov and Saghizadeh, 2015, Sheha et al., 2019 and. Fernandez-Pérez et al., 2020).
Corneal wound healing is a complex process involving cell death, migration, proliferation,
differentiation, and extracellular matrix (ECM) remodelling (Mathews et, al.,2018 and Singh
etal., 2013). Corneal healing mechanisms exist to aid in the proper repair and preservation of
corneal structure following an injury (Cursiefen et al.,2007). When these fail, there are
therapeutic advances that aim to reduce long-term complications. Corneal opacity can be
caused by an abnormal regulation of the healing mechanisms. It's critical to reduce
inflammation and promote epithelial wound healing for a scar-free corneal recovery with no
vision problems. Current treatments for corneal wound healing include human amniotic
membrane (HAM) bandages, bandage contact lenses (BCL), and collagen shields, as well as
the use of therapeutic eye drops on a regular basis. Each of the treatment mentioned has
advantages and limitations in terms of ease of raw material acquisition, manufacture,
biocompatibility, drug loading, release Kinetics, suitability and storage (Zarrintaj et al., 2018;
Chau et al, 2012 and Bian et al., 2017). Despite the need for a convenient and cost-effective
strategy for corneal wound healing, such as in conditions where extensive topical treatment
with eye drops is required, there is still no drug-eluting corneal bandage on the market aside
medicated AM bandages which is expensive. However, a well-designed drug incorporated

bandage will offer a safe, patient-friendly and efficient solution to many chronic patients that
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are having trouble adhering to the regular administration of ophthalmic medication by the use
of eye drops or in critical cases where frequent administration of therapeutics is required.

As discussed in chapter 1 and chapter 2, ESM, a protein-rich fibrousnatural biomaterial similar
to native ECM. ESM is inexpensive, nontoxic, and it can easily be modified. Over the years,
ESM has been demonstrated to be an ideal biomaterial for wound healing. Choi et al, (2021)
found acid-treated ESM could promote skin regeneration and wound healing. Guarderas et al
(2016) considered ESM as a dressing to aid the closure of wound in the early stages of wound
healing. Furthermore, Yang, Chuang, Yangand Tsay (2003), showed that ESM could provide
wound protection and pain relief over split-thickness graft donor sites.

An ideal bandage for cornea wound healing must encourage promote healing, non-toxic to
surrounding tissues, have the appropriate physical /mechanical characteristics conforms to the
shape of the wounds, be easily removal and cost effective. Collectively, literature and the
findings from chapter 2 confirm ESM as a promising biomaterial forwound healing bandages.
(Benson etal., 2012 andMine et al., 2003). Likewise, the large surface area of the ESM allows
it to act as an adsorbent of drugs or microparticles to enhance tissue regeneration through
sustained drug release (Chaietal., 2013) (Benson etal., 2012) (Yangetal., 2003).

As discussed in chapter 1 and 3, MP is a drug delivery system that can be used to address the
limitations of eye drops. The major problem with eye drops is poor bioavailability and
ophthalmic adverse effects including wound-healing complications. Polymer based
microparticulate systems are often used in therapeutic applications as controlled and sustained
release carriers for drugs and growth factors to improve the bioavailability and efficiency. The
combination of drug loaded MP and ESM can be a convenient and cost-effective strategy for
ocular/cornea wound healing. For successful drug delivery using drug incorporated bandagg,
certain parameters have to be adjusted to overcome critical challenges during the design,

manufacturing and storage processes. It is crucial to consider the drug loading, physical and
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surface properties such as shape, thickness, transparency, modulus and wettability. Moreover,
content stability of wound bandage is of importance during preservation and storage.

The aim of study in this chapter was to formulate and evaluate a potential novel bandage
comprising of drug loaded PLGA MP and ESM for ophthalmic wound healing applications.
The physiochemical and mechanical properties of the MP-loaded ESM based bandages were
evaluated using fluid content analysis, fluid contact angle test, visual tests and UV/Visible
spectrophotometry for transparency, SEM, FTIR and texture analyses. A combination of in
vitro/ in vivo tests i.e., Franz cells, CAM assay and rat corneal wound model were employed

in assessing the biocompatibility, release profiles, toxicity, pro-angiogenic and wound healing

responses of the bandage.
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4.2 MATERIALS

PLGA copolymers with lactic: glycolic acid ratios of 1:1 (MW: 29-38 kDa) were purchased
from Evonik (Darmstadt, Germany). 99+ % hydrolysed PVA (MW: 89-98 kDa), PBS, FITC-
BSA, QuantiPro Bicinchoninic Assay (BCA) kitand VEGF were obtained from Sigma-Aldrich
(Poole, Dorset, UK. Ethylacetate (>99.5 % and acetic acid,>99% were purchased from Fisher
Scientific (Loughborough, Leicester, UK). Free-range, brown, chicken eggs (British Blacktall,
gallus galuus) were purchased from a local supermarket (Waitrose, London, UK). Fertilized
hens’ eggs were purchased fromHenry Stewartand Co Ltd (Norfolk, UK). was purchased from
Fisher Scientific (Loughborough, Leicester, UK). Ethylenediaminetetraacetic acid (EDTA)
was supplied by Agar Scientific (Stansted, Essex, UK). The Visking Dialysis Tubing
membrane, a regenerated cellulose membrane (MW:12-14 kDa, dry thickness: 20 pm) was
purchased from Medicell membrane Ltd (Greenwich, London, UK). All other reagents and
chemicals were obtained from Merck (Poole, Dorset, UK) unless otherwise stated. Fresh

porcine eyes were kindly donated by Royal Veterinary Collage (Hertfordshire, Hatfield, UK).
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4.3 METHODS

4.3.1 Preparation of drug-loaded microparticle ESM

Fresh eggs were carefully washed in DI water before being submerged in 0.5 M acetic acid for
44 hours (ESM-A0.5) or 0.9 M EDTA for 20 hours at room temperature (19 °C) (ESM-EO0.9).
The extracted membranes were collected and thoroughly washed in DIto remove the albumen
and yolk after the calcium carbonate shell had completely dissolved (Mensah et al, 2021). The
ESM was manually removed from the eggshell using tweezers as a control (ESMstrip). To
avoid dehydration, all extracted ESM samples were fully immersed in PBS and stored in a

refrigerator (4 °C) before use.

The drug-loaded MP were generated using the in house developed method (Mensah et al,
2019). Briefly, 20 mg FITC-BSA (model drug) or 20 ug VEGF was dissolved in 5 ml of ethyl
acetate in which 1 g of PLGA polymer was completely pre-dissolved. A primary emulsion of
FITC-BSA or VEGF/PLGA/EAc and PVA solutions were formed and vortexed to create the
MP. Following that, the emulsion was added to a hardening bath to allow for complete
evaporation (24 h). The hardening bath was completely covered with aluminiumfoil to exclude
light. The supernatant was collected before the formulated MP were filtered, washed, and

freeze-dried.

To prepare the FITC-BSA loaded MP (FBM), or VEGF loaded MP (VM) OESMs, 50 mg of
the generated MP were immersed in 1 ml of aqueous 0.2 M NaOH, alkaline-catalyzed
hydrolysis for 30 seconds (Figure 4.1). The modified MP were washed three times to remove
the NaOH residue (Amoyav and Ofra, 2019). The MP were loaded onto the outer layer (fibrous
side) of 3 x 3 cm? membranes. Using a spatula, the MP were spread on the outer layer of the
ESM samples (Figure 4.1). The generated FBM loaded OESMs samples (FBM-OESMstrip,
FBM-OESM-AO0.5 and FBM-OESM-EO0.9) and VM loaded OESMs samples (VM-OESMstrip,

VM-OESM-AOQ.5 and VM-OESM-EO0.9) were washed to remove excess MP, freeze-dried at
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room temperature (19 °C) and stored at 4 °C for characterisation. The residue from the washing
processwas filtered, and the MP collected was air-dried and weighed to determine the quantity

of MP loaded on the ESMs.

Drug loaded MP treated with 0.2 NaOH

Outer layer ESM

Drug loaded deposited on ESM

Figure 4.1. Schematic diagram of the fabrication of drug loaded microparticle ESM using the
chemical treatment method: alkaline-catalysed hydrolysis.

They were immersed in 0.2 M NaOH for 30 minutes, the MP were washed three times to
remove excess NaOH. The modified MP were then spread on the ESM, washed, air- dried at
room temperature (19 °C) and stored at 4 °C. The microparticles were loaded onto the outer
layer (fibrous side) of the membranes.
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Spatula

Microparticles washed with NaOH

Outer layer of Eggshell membrane

Figure 4.2. Photograph of the preparation of the drug loaded microparticles ESM.
The microparticles was washed with NaOH before spreading on the membrane.

4.3.2 Evaluation of the Loading method

Prior to loading the drug loaded microparticles to the outer layers of the ESMs, a preliminary
structural study was performed using both the outer and inner layers of the ESMs. Briefly, 50
mg blank PLGA MP were fabricated andtreated with 0.2 NaOH. The modified MP were loaded
onto the inner layers: LESMstrip, LESM-AO0.5 and LESM-EOQ.9 and outer layers: OESMstrip,
OESM-AO0.5 and OESM-EO0.9, washed and air-dried. The quantity of MP not loaded were
determined. The structures of the samples (blank MP-LESMstrip, blank MP-LESM-AQ.5,
blank MP-LESM-EOQ.9, blank MP-OESMstrip, blank MP-OESM-AO0.5 and blank MP-OESM-
E0.9) were studied using FESEM at a magnification of 100x and 500x for the inner and outer
layers respectively.
4.3.3 Stability test

The tensile properties of the blank MP ESM samples (ultimate tensile strength, elongation at
break and Young’s modulus) were analysed using a tensile grip attached to Texture Analyser
TA. XT (StableMicro Systems Ltd, Surrey UK) with a 5 Kg load cell at 10 mm/sec. Samples
were wet with PBS and dabbed with paper towel before the tests. The samples were cut into

bone shape of height-25mm and weight— 10 mm. Before being carefully placed in between the
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two grips and screwed tightly together, each test membrane was supported by standard
sandpaper to increase friction and preventslipping in between the grips during the analyses
(Mensah et al, 2021). Data were recorded when the force equaled the trigger force and analyse
with Texture Exponent Software 32 program. The sample: blank MP-OESMstrip, blank MP-
OESM-AO0.5 and blank MP-OESM-EOQ.9 used were air-dried or freeze- dried. On day zero,
some of the dried samples were stored at room temperature for an hour before testing and the
remainingsamples were stored at two differenttemperatures (4° Cand -20° C) 60 days (Figure
4.3). The tensile properties were measured on day 30 and day 60. The ultimate tensile strength
and elongation at break were generated from the TA machine and Young’s modulus was

calculated using equation 4.1 as stated below (Ahmed and Boateng, 2018).

Young's modulus (MPa) = Sove x100  Equation 4.1

(Membrane thickness x speed (mm/sec))
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Figure 4.3. Photographic images of the air-dried and freeze-dried FITC-BSA loaded
Microparticles eggshell membrane for 60 daysstorage at 4° C and -20° C.

On day 30 and 60, the tensile properties were measured using Texture Analyser TA. XT
(StableMicro Systems Ltd, Surrey UK).
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4.3.4 Thickness measurements
The thickness of the FBM-loaded OESMs and blank MP OESMs were measured by

sandwichingthem between two known-thickness microscopic slides. The total thickness of the
samples was measured to the nearest 0.01 mm using a Moore and Wright Outside micrometre
(Zoro, Leicester, UK). Each sample'sthickness was measured at six random locations, and the

average values were reported as the membrane thickness (Mensah et al, 2021).

4.3.5 Characterization

Freshly made FBM-OESMstrip, FBM-OESM-A0.5 and FBM-OESM-EQ.9 were fixed for 24
hoursat 4 °C in 3 % (w/v) glutaraldehyde in 0.1 M cacodylate buffer. The fixed membranes
were then dehydrated for 2 minutes in a series of graded ethyl alcohol solutions: 1 x 70%, 1 x
90%, and 3 x 100%. The membranes were then critical point dried by immersing them in
HMDS for 2 minutes. The dried membranes were adhered to 12 mm carbon tabs (Agar
Scientific, Stansted, UK) that were pre-mounted onto 0.5 aluminium spectrum stubs (Agar
Scientific, UK) before being sputter-coated with gold/palladium (Polaron E500, Quorum
Technology, UK). The morphological characteristics of the FITC-BSA MP and the FITC-BSA
MP loaded ESMs were measured using Philips XL30 FESEM (UK) at an operating voltage of
5kV, spotsize 3. The samples were examined at a magnification of 500x. The fibre diameters
of the drug-loaded ESMs in the FESEM images were evaluated via Fiji-ImageJ software and
OriginLab Origin 2021. Using the FESEM images at Magnification of 500x generated for
FBM-OESMstrip, FBM-OESM-A0.5 and FBM-OESM-EO0.9, the surface roughness was
examined. Surface topography and surface roughness plots were generated using Fiji-ImageJ
software. Based on the surface topography and profile plots, the surface roughness
(Arithmetical mean deviation, Ra) was deduced via SurfCharJ-1q plugin in the Fiji-ImageJ

software.
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To determine the transparency qualities of FBM-OESMstrip, FBM-OESM-AQ0.5 and FBM-
OESM-EOQ.9, the samples were soaked in PBS for 24 hours to equilibrate, and the wet samples
were placed over a standardised waterproof test card. The images of the samples were taken
with a Samsung Galaxy S9 plus cell phone's 12 MP Super Speed Dual Pixel AFsensor camera
(OIS, FOV: 77, Dual Aperture: F1.5 mode/ F2.4 mode) (Chau et al, 2012; Mensah etal, 2021).
Further transparency of the samples was examined by measuring light transmittance through
wet samples with a T80 UV-VIS spectrophotometer (PG instrument Ltd., Leicester, UK) over

a wavelength range of 400 to 1000 nm (method adopted form Mensah etal, 2021).

PerkinElmer FTIR operating in the Attenuated Total Reflectance mode (SensIR Technologies,
UK) was used to determine the elements and functional groups of the FBM-OESMstrip, FBM-
OESM-A0.5and FBM-OESM-EOQ.9. The samples were scannedin the infrared range 600-4000
cm-1and measured at 19 °C. Before analysing the samples, the spectrometer was calibrated by

taking a background spectrum.

A previously reported liquid displacement method was employed to determine the porosity of
the FBM-OESMstrip, FBM-OESM-A0.5 and FBM-OESM-E0.9 (Ahmed and Boateng,2018;
Mensah etal. 2021). In brief, the samples were air dried for 24 hours atroom temperature (~19
°C) and weighed. The dried samples were then immersed in 5 ml of PBS for 24 hours at 34 °C
before being weighed after patting the surfaces with a paper towel. The total pore volume was
calculated using the average thickness (mm) and diameter of the FBM-loaded ESM samples

(equation 4.2). The porosity was calculated as shown in equation 4.3 below (n=3).

Vo= (nxg)2 x H Equation 4.2
& (%)x L2d 5 100 Equation 4.3
pxVo
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Where, V, is the total pore volume, D is the diameter, = is the pi value of 3.14, H is the
thickness, Ww and Wy are the wet and dry weights of the samples, ¢ is the porosity and p is the

density of PBS.

The contact angle of a PBS solution droplet (~2.0 pL) was measured using an optical contact
angle meter (200 CAM, KSV Instruments Ltd, Finland) to assess the surface wettability of
FBM-OESMstrip, FBM-OESM-AO0.5 and FBM-OESM-E0.9 at room temperature (~19 °C).
Each value of the contact angle was calculated as an average of three different readings taken

under the same conditions.

4.3.6 In vitro release study with diffusion cell

Calibration curve was constructed for concentration range of 1-20 ug/ml FITC-BSA in PBS
prepared from a stock solution of 1 mg/ml. The fluorescein intensities of the FITC-BSA
concentrations were measured using BioTeck micro plate reader The LOD and LOQ of the

protein in PBS were evaluated from the calibration curve.

A small incision was made on the lateral side of the porcine eye (ex-vivo) with a scalpel to
extract the vitreous humour. Vitreous humour was gently separated onto a Petri dish, and non-
vitreous parts attached to it, such as the iris and lens, were separated further. Extracted vitreous
was stored in sterile containers at 2-8 °C. The isolated vitreous was used in the in vitro eye

model within 12 hours of the extraction.

The drug release profile of the fabricated MP-ESMs was examined using an invitro Franz
diffusion cell eye model generated by Shafaie et al, 2018. The bespoke Franz cell used

consisted of three compartments: a donor chamber, a middle chamber containing porcine
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vitreous humour and a receptor chamber (Figure 4.4i). The middle chamber was filled with
vitreous, and the top and bottom were covered a cellulose dialysis membrane. Subsequently,
the donor and receptor chambers were attached. The set up was occluded with parafilm to
prevent evaporation. The FBM-OESMstrip, FBM-OESM-A0.5 and FBM-OESM-EQ.9 were
trimmed into circular discs of diameter 10 mm sufficientto cover the diffusionarea of the donor
chamber. The samples were soaked in PBS for at least 2 hours before cutting into the desire
size. Each membrane sample was mounted between the donor chamber and middle chamber
with drug loaded side (outer layer) facing upwards. For the study of free FBM (control), the 30
mg of sample was introduced directly onto the cellulose dialysis membrane at the top. Using a
syringe, 3 ml of PBS was introduced into the receptor chamber with magnetic stirrer and
allowed to equilibrate at 34 °C (natural temperature of the eye) for 30 minutes (Figure 4.41ii).
1 ml of the PBS was introduced into the donor chamber. FITC-BSA sample volume of 3 ml
were collected though the sampling port of the cell at different times within 14 days. The FITC-
BSA samples were centrifuged and the concentration of the protein in each sample was
determined using Micro-QuantiPro™ BCA Assay kit. Each time an equal volume of fresh
preheated PBS was reintroduced into the receptor chamber to main sink conditions. Air bubbles
formed were removed by carefully tilting the Franz cell for the bubbles to escape through the
sampling port. The cumulative percentage released was calculated, and the mean values and

standard deviations were reported.
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Donor chamber contains the- ‘Fample and PBS
Cellulose dialysis membrane

(i)

Sampling port Middle chamber with porcine vitreous

Cellulose dialysis membrane
Receptor Chamber contains PBS/Drug sample

Water bath system

34°C

Stirring Bar

(i)

Figure 4.4. In vitro drug release study

(i) Schematic diagram of novel in vitro Franz diffusion cell eye model. FBM-OESMstrip,
FBM-OESM-AO0.5 or FBM-OESM-E0.9 mounted in the Franz cell eye model to evaluate the
release s PBS: Phosphate buffer saline (ii) Photography of Franz diffusion cells in water bath
at 34°C.

4.3.7 In ovo Chick Chorioallantoic membrane assay

An in ovo CAM assay was used to determine the toxicity and biocompatibility of the drug
loaded MP-ESMs. Fertilized Dekalb White chicken eggs (Henry Stewart and Co Ltd, Norfolk,
UK) were incubated for four days in a Brinsea Eco incubator at 37 °C and 80 % relative
humidity. On the fourth day, 5 ml of egg white was extracted with a blunt 18-gauge needle
through a hole to reduce the volume space within the egg and result in a lower/detachment of
the CAM from the top portion of the eggshell. In each egg, a 2 x 2 cm square window opening
was cut and covered with atransparent low adhesion tape. The eggs were incubated for an extra
day. Blank MP-OESMstrip, blank MP-OESM-AQ.5, blank MP-OESM-EO0.9, VM-OESMstrip,
VM-OESM-AO0.5 and VM-OESM-E0.9 samples immersed in PBS were sterilised under UV

irradiation in laminar cell culture for 24 hours. On the 5t day, the pre- sterilised samples were
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placed onthe CAM. The sides withoutthe MP were placed directly on the CAM. Additionally,
3 x 3 mm Whatman #1 filter paper squares, blank MP, VEGF loaded MP and VEGF were
sterilized using 70% ethanol. The filter papers socked with VEGF loaded MP 20 L were placed
on the CAM. Using a 100 mm micro spatula, 20 pg of blank MP, 20 pg of VEGF loaded MP
and 2 pg of VEGF were carefully loaded on the filter papers previously placed on the CAM.
All samples were placed on the CAM under sterile conditions. The windows of the eggs were
sealed and kept in the incubator for an additional 5 days and monitored daily. The seal was
removed on the tenth day, and photographs were obtained usinga GX CAM digital camera at
X1 magnification. The AngioQaunt programme (MATLAB, UK) was used to quantify,
analyse, and characterise blood vessels (Niemisto et al, 2005). The counting of the various

vessels in each CAM were random and triplicated.

INCUBATE EGGS - DAY 0

DAY S5 DAY 10 Filter paper or
1 ' membrane
Developed CAM

Embryo

Developing CAM

Figure 4.5. Angiogenic study

Fertilized eggs were incubated for 10 days to access the developed CAM in order to observe
and compare the pro-angiogenic responses and release of the test samples introduced onto the
CAM onday 5.
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4.3.8 In vivo experiments

A preliminary study of the cornea wound healing characteristics of the inner sides of ESM
samples: ESMstrip, ESM-AO0.5 and ESM-E0.9 generated using the optimised protocol were
assessed using an in vivo rat model. Researchers from the Department of Ophthalmology,
Dankook University College of Medicine, Dankook University, Cheonan, Republic of Korea,
performed the procedures. Allanimal care and use were done in accordance with the guidelines
for using animals in ophthalmic research. A schematic representation of the in vivo rat comeal
wound healing model is presented in Figure 4.6a. Six-week-old male Sprague Dawley (SD)
rats were given cornea wound using mechanical and chemical method (Figure 4.6b). The rats
were sedated with ketamine and xylazine before the procedures. In givinga mechanic wound,
a biopsy punch (3.5 mm diameter) dipped in 30% ethanol was used applied on the cornea for
40 seconds. The corneatissue was mechanically scraped with amico-forcep. The ocular surface
was rinsed with 5 ml PBS (Gabriella, 2019). For chemical wound, 3.5 mm paper disc soaked
in 1n NaOH was applied on the rat cornea for 30 seconds. The ocular surface was rinsed with
10 ml PBS for 2 minutes (Gabriella, 2019). The wounds given by both methods were covered
with AM (positive control), ESMstrip, ESM-AO0.5, and ESM-E0.9. The inner layer of the
samples was placed directly on the cornea wound. The membranes' periphery was sutured to
the corneal edge to ensure that it stayed in place for the observation. Eyelids were also sutured
to prevent furtherinjury from scratching. As a control, acorneal incision without amembrane
was utilised. The rat was given Alfaxan for observation at 24-hour. Fluorescein staining was
used to examine wound closure and photographs were taken to evaluate the percentage of

wound closures.
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Figure 4.6. In vivo cornealwound healing model
(a) Schematic representation of In vivo corneal wound healing model using 6 weeks old male o rats. A 3.5 mm wound was made on the cornea,

and the followingtreatments were used: control (no membrane), AM, LESMstrip, LESM-AQ.5, and LESM-EOQ.9. The percentage of wound closure
was calculated for observation at 0 and 24 hours. (b) Photograph of the procedure was used. At 0 and 24 hours, the cornea wound was closely
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4.3.9 Statistical analysis
Data are shown as mean £ SD (standard deviation) and compared using 1-way and 2-way

ANOVA with Tukey’s, Dunnett's Multiple Comparison Test and Bonferroni post-hoc test
respectively. Statistical significance is indicated with (*) which represents a p < 0.05, (**)
which represents ap <0.01, and (***) which represents ap <0.001. No statistical significance
is indicated by p > 0.05. GraphPad software 9.0, Fiji-ImageJ and OriginLab Origin 2021

software were utilised in analysing the data.
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4.4 RESULTS & DISCUSSION

The treatmentfor corneal wound healingnormally calls for the combination of ocular bandages
and concurrent application of topical drugs. Adherence to regular admiration of ophthalmic
medicine is a major issue, henceforth there is a need to develop a 2 in 1 ocular bandage for
convenient and cost-effective strategy for ocular wound healing. A drug incorporated bandage
is usefulin the treatment of ocular/corneal diseases. Its main indications are to relieve the pain,
protect the ocular surface, promote corneal healing and epithelial regeneration and deliver
ophthalmic drugs on the ocular surface (Zidan, Rupenthal, greene and Seyfoddin, 2017). Itis
crucial to consider these physical and surface properties such as thickness, transparency,
modulus, wettability, water content, oxygen permeability and maximise drug loading capacity
when developing the bandage. In this chapter, a drug loaded microparticles (MP) was loaded
into ESM in order to produce cheap, effective and rapid wound bandage for patients. The
generated bandage was characterised by evaluating the physical, mechanical and the biological

properties.

4.4.1 Drug incorporated Microparticles eggshellmembrane
The optimal protocol for generating ESM and drug loaded MP developed in chapter 2 and

chapter 3 of the thesis were utilised to generate ESMs and FITC-BSA (model drug)
incorporated microparticles. Drug incorporated microparticles ESMs were generated using
chemical treatmentmethod. Chemical modification is basically the simplesttechnique through
surface hydrolysis with an alkali or aminolysis. This method introduces hydrophilic carboxylic
acids (-COOH) and hydroxyl (-OH) oramine groups through the cleavage of ester bonds which
can be used to bind bioactive molecules such as collagen and chitosan (Zhu et al, 2004, croll et
al, 2004, Mohd Sabeel, Kamalaldin, Yahaya and Abdul Hamid, 2016 and Soo-ling, Jaafar,
Abdul hamid and Yahaya, 2018). The ESMs were extracted using manual peeling, immersion

in 0.5M acetic acid and immersion in 0.9 M EDTA methods. Using the optimised single o/w
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emulsion method, 10 — 50 um MP were formulated with or without model drugs: FITC-BSA
and VEGF. In order to ascertain the side of the ESM to load the drug loaded MP, blank MP
ESMs were generated. The MP were treated using 0.2 M NaOH, washed and the modified MP
were spread on the outer and inner layers of the ESMs. The modified MP were washed after the
treatment to remove any NaOH residue. The modified MP were successfully loaded into the

ESMs Dby using a spatula. The generated ESMs were washed, air dried and stored. A
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preliminary study was performedto select the ideal side of the ESM to load the MP. Blank
MP-OESMstrip, blank MP-OESM-AQ.5, blank MP-OESM-EQ.9, blank MP-LESMstrip, blank
MP-LESM-AO0.5, and blank MP-LESM-EOQ.9 were generated by loading the MP on both sides
of the membrane. The amount of MP loaded into the membranes were deduced and from the
results (Table 4.1), less than 10% of the MP were incorporated into the inner sides of the
membrane (blank MP-LESMstrip, blank MP-LESM-AQ.5, and blank MP-LESM-EO0.9). On the
otherhand, the outer layer samples: Blank MP-OESMstrip, blank MP-OESM-AO0.5, blank MP-

OESM-EO0.9 contained more than 65% MP.

Table 4.1. Percentage unloaded modified MP for the MP-ESM samples.

Sample Percentage of unloaded
MP (%)
Blank MP-LESMstrip 91.13
Blank MP-LESM-AO0.5 93.28
Blank MP-LESM-EOQ.9 90.62
Blank MP-OESMstrip 33.78
Blank MP-OESM-A0.5 26.44
Blank MP-OESM-EOQ.9 30.17
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Likewise, the structural morphology of the samples was studies via FESEM and compared with
blank ESMs. From the results no reasonable difference was observed between the blank
LESMstrip, LESM-AOQ.5, and LESM-EO0.9 and the MP loaded samples blank MP-LESMstrip,
blank MP-LESM-AQ.5, and blank MP-LESM-EOQ.9 (Figure 4.7 A). The failure may be due to
the continuous and slender nature of the limitingmembrane of the ESMs. In contrast, spherical
shaped MP were attached to the fibres in the Blank MP-OESMstrip, blank MP-OESM-AO.5,
blank MP-OESM-EO0.9 (Figure 4.7 B). This confirmed that the MPs were successfully loaded
into the fibrous network of the membrane. The highly interconnected, porous and large surface
area of the outer side of ESM allow the inner shell membrane of the ESMstrip, and outer shell
membrane of the ESM-A0.5 and ESM-EQ.9 act as an adsorbent of MPs (Yi et al, 2004 and
Mensah etal, 2021). The major componentof the chicken ESM s collagen protein and Nakono
et al (2016) pointed out that the main chemical composition are amino acids. Thereby, lots of
the amino functional groups onthe ESMs are available to interact with free -COOH and —-OH

groups on the PLGA MP surface.
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Figure 4.7. Surface Morphology analysis of the limiting membrane.

FESEM images of the LESMstrip, LESM-AO0.5, LESM-EO0.9, blank MP-LESMstrip, blank
MP-LESM-AO.5 and blank MP-LESM-EQ.09 at Magnification at 100x. (B) (A)FESEM images
of the OESMstrip, OESM-AO0.5, OESM-EO0.9, blank MP-OESMstrip, blank MP-OESM-AO0.5
and blank MP-OESM-EO0.09. Red arrows point to microparticles (MP) attached to fibres of
ESM. Magnification at 500x.
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4.4.2 Stability of drug-loaded microparticles ESM in different drying/storage conditions
Prior to selecting an effective drying and storage temperature for the bandages produced, the

stability of the drying and storage temperature on the mechanical property of the bandages was
measured. Blank MP-OESMstrip, blank MP-OESM-AOQ.5, blank MP-OESM-EO0.9, blank MP-
LESMstrip, blank MP-LESM-AO0.5, and blank MP-LESM-EOQ.9 were generated, air dried atroom
temperature or freeze-dried. The dried samples tensile properties were measured Ultimate tensile
strength, elongation at break and Young’s modulus were measured. The samples were stored at
two different temperatures 4 and -20 C for 60 days. On day 30 and 60, the mechanical properties
were determined. The thickness measurements of the membranes used are represented in table
4.2. No clear changes, p>0.05 were observed in the mechanical property of the air-dried and
freeze-dried samples onday 0 (Figure 4.8). The results indicated that storage temperatures (4 and
-20 °C) and the storage time (30 and 60 days) did not affect (p>0.05) the mechanical properties
in terms of the ultimate tensile strength and young’s modulus of the dried samples (Figure 4.8A
and Figure 4.8C).

The elongation at break of the air-dried and freeze-dried samples during the storage period did
not change with the exception of the freeze-dried ESM stored at 4 °C on the 30th day vs freeze-
dried ESM stored at -20 °C on the 60th day (p<0.05), freeze-dried ESM stored at -20 °C on the
30th day vs freeze-dried ESM stored at 4 °C on the 60th day (p<0.05) and freeze-dried ESM
stored at-20 °C on the 30th day vs freeze-dried ESM stored at -20 °C on the 60th day (p<0.01).
From the findings, both drying methods caused no structural changes-denaturing of proteins,
however several studies have revealed that freeze-drying collagenised scaffolds improves the
mechanical property for long tern storage <2 years (Zeng et al, 2013, Lowe et al, 2016, Sancho,
Vazquez and De Juan-Pardo, 2014). According to Lee (1983), cold storge is an optimal condition

for long term storage for native collagens. At low temperatures, the protein structures are intact.
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Table 4.2. Thickness measurements of microparticles loaded membranes

Sample Thickness (mm)
Mean
Blank MP-OESMstrip 0.103+0.010
Blank MP-OESM-AQ.5 0.126 £0.008
Blank MP-OESM-E0.9 0.131+0.014
d b C
Ultim ate tensile strength (MPa) Elongation at break (%) Young's modulus (MPa)
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Figure 4.8. Mechanical properties for stability test.

The ultimate tensile strength, elongation at break and young’s modulus at test speed of 10 mm/sec for Blank MP-OESMstrip, Blank MP-OESM-
A0.5, Black-MP-OESM-AQ0.9. air-dried and freeze-dried at stored for 30/60days at 4 °C and -20 °C. ADo = air dried on day 0; FDo= freeze-dried
on day 0; ADso=air dried on day 30; FDso= freeze-dried on day 30; ADeo = air dried on day 60 and FDeo = freeze-dried on day 60. * Corresponds
to p<0.05 (FD3soat 4 °C vs FDgo at -20 °Cand FDsoat -20 °C vs FDeo at4 °C; ** correspondsto p<0.01 (FDzoat-20 °C vs FDeo at -20 °C).
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4.4.3 Surface Morphological analysis of drug loaded MP-ESM
The morphology of the FITC-BSA loaded MP (FBM) and FITC-BSA MP incorporated OESMs

was analysed and compared to blank OESMs (section 2.4.10) and FITC-BSA MP sample
(Figure 4.9). The images showed the presence of MP adhered to the nanofibers in the ESM.
The resultsrevealed thatthe MP were successfully incorporated into the ESM. The MP attached

to the fibres in the ESM have similar spherical-like shape as the MP.

Subsequently, the particle size of the MP and fibre diameters of the FITC-BSA MP loaded
OESMs were evaluated via Fiji-lmageJ software and their respective distribution plots (Figure
4.9 a, b, ¢ and d) were generated with OriginLab Origin 2021. From the data (Figure 4.9 a),
FITC-BSA MP with particles size ranging from 2.56 to 57.5 pum (mean particle size of 17.09

+ 0.25 pum) were loaded into the ESMs.

The fibre diameters of the FBM-OESMstrip, FBM-OESM-AQ0.5 and FBM-OESM-E0.9 were
evaluated as0.28-4.75um, 0.84 -8.97 umand 1.26 — 6.87 um respectively (figure 4.9 b, cand
d). The fibre diameters of the MP loaded ESM were assessed and compared to the fibre
diameters of blank ESMs. Figure 4.9 e displays the mean fibre diameter of the drug
incorporated ESM and blank ESMs. From the results, no significance changes were observed
in the MP loaded ESM (i.e., FBM-OESMstrip, FBM-OESM-A0.5 and FBM-OESM-EQ.9)
compared to their respective blank ESM, p>0.05 (i.e., OESMstrip, OESM-A0.5 and OESM-

E0.9). This suggests that the introduction of the MP did not alter the fibrous structures.
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Figure 4.9. Structural analysis of FITC-BSA loaded Microparticles

FESEM imagesat 500X magnification of the FITC-BSA loaded Microparticles (FBM) and the
FBM incorporated ESM i.e., FBM-OESMstrip, FBM-OESM-AQ.5 and FBM-OESM-EQ.9. ‘a’
present the particle size distribution plot for the FBM. ‘b, ¢, d’ represent the fibre diameter
distribution (n= 100 counts) for OESMstrip, OESM-AQ.5 and OESM-EO0.9 respectively. All
values are expressed as mean + ¢ for n=100. FBM: FITC-BSA loaded microparticles
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Figure 4.9e. Mean fibre diameter of FITC-BSA loaded Microparticles

. ‘e’ is the results for the comparison of the mean fibre diameter of the OESMstrip to OESM-A0.5 and OESM-E0.9 to FBM-OESMstrip, FBM-
OESM-AO0.5 and FBM-OESM-EO0.9. No significance differences were observed (ns, p>0.05). All values are expressed as mean + SD for n=100
(1-way ANOVA with Bonferroni’s multiple comparison post-test (p>0.05). FBM: FITC-BSA loaded microparticles.
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The surface roughness of the FITC-BSA MP loaded ESM samples were evaluated using the
FESEM images at magnification of 500x. Figure 4.10a, b and c represent the surface
topographies of FBM-OESMstrip, FBM-OESM-AO0.5 and FBM-OESM-EOQ.9 respectively. The
images were generated for the surface area of 229 x 330 um? via Fiji-ImageJ software. The
surface consists of pine-like surface identical to that of the blank outer layer ESM: OESMstrip,
OESM-AO0.5 and OESM-EO0.9 outlined in section 2.4.10. Surface of the MP loaded ESM were
further characterised by measuring the surface roughness area value i.e., arithmetical mean
deviation, Ra. Priorto that, the surface roughness plots were generated via Fiji-ImageJ software
(Appendix, Figure A 1.4 a, b and c¢). The Ra values obtained for FBM-OESMstrip, FBM-
OESM-A0.5 and FBM-OESM-EOQ.9 were compared to the corresponding Ra values of the
blank ESMs: OESMstrip, OESM-A0.5 and OESM-E0.9 (figure 4.10d). Statistically, no
differences were observed between the blankand the MP loaded ESMs (p>0.05). Thisindicates

that the incorporation of FITC-BSA MP into the ESMs had no impact on the surface roughness
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Figure 4.10. Surface roughness analysis

The images a, b and c are surface topography of FBM-OESMstrip, FBM-OESM-A0.5 and
FBM-OESM-EOQ.9 generated via Fiji-lmageJ surface. Image d represents a plot of arithmetical
mean deviation, Ra (um) recorded for outer layers: OESMstrip, OESM-AO0.5 and OESM-EO0.9
and drugloaded MP ESM: FBM-OESMstrip, FBM-OESM-AQ.5 and FBM-OESM-EOQ.9. using
FESEM at magnification of 500x onsurface area 229.0 X 232.0 um respectively. The Ra values
were calculated via Fiji-ImageJ software SurfCharJ 1g plugin. 1-way ANOVA with
Bonferroni’s multiple comparison post-test (p>0.05). All valuesare expressed as mean + ¢ for
n=10. ns represents no significant difference, p>0.05. FBM: FITC-BSA loaded microparticles
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4.4 4 Chemical composition
FTIR was employed to characterize the PLGA MP, the ESMs and the incorporation of the MP

in the ESMs (Figure 4.11). The PLGA MP spectrum displayed peaks such as the -CH2, -CH3
stretching vibrations (2946.72 - 3000 cm-1), the carbonyl C=0 stretching vibrations of esters
(1746.53 cm1), asymmetrical stretching -CH2, -CH3 (1381.62 cm-1 and 1452.06 cmrt) and the
C-O stretching vibrations (1180.38 cm-1). The spectrum of blank OESM (Figure 4.11)
displays the presence of peaks (in cm-1) at 3289 (stretching mode of O—H and N-H), 3060,
2932 and 2869 (asymmetric stretching vibrations of the C—H bonds present in =CH and =CH2
groups), 1646 (C=0 stretch of amide), 1524 and 1240 (CN stretching/NH bending modes of
amide), 1441 (stretching mode of C=C bond), 1066 (stretching mode of C-O bond) and 660
(stretching mode of C—-Sbond). Figure 4.11 illustrates that the FTIR spectra of the three ESM
samples (FBM-OESMstrip, FBM-OESM-AO0.5 and FBM-OESM-EO0.9) containingthe FITC-
BSA loaded microparticlesare similar. In the spectra some peaks came fromthe polymer CH2,
-CH3 stretching vibrations (2946.72 - 3000 cm-t and 1746.53 cm-1) and these peaks from the
ESM :1646 cm-1, 1524 1441 and 1240 cm-L. The reduction of the -OH peak may be due to the
interaction of the amino group in the ESM and the ester group in the MP. This suggests that
the FITC-BSA MP were successfully immobilised on the surface of the OESMstrip, OESM -

AO0.5 and OESM-EOQ.9.
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Figure 4.11. FTIR spectra of FITC-BSA loaded ESM
This diagram displays the FTIR spectra of PLGA MP blank OESM FBM-OESMstrip, FBM-
OESM-AO0.5 and FBM-OESM-E0.9. FBM: FITC-BSA loaded microparticles.



4.4 .5 Visibility test
One of the prominent characteristics of the cornea is its transparency, which is an important

criteria consideration when selecting a material for cornea wound healing (Ljubimov and
Saghizadeh, 2015, Shehaetal., 2019). The transparency of wet blank ESMs and drug loaded
MP ESMs was analysed using waterproof test card method (Figure 4.12i). The samples were
placed on the card to determine the visibility of the test through the samples. The tests are
obviously visible in all the samples however, the visibility in the FBM-OESMstrip, FBM-
OESM-AQ0.5 and FBM-OESM-EOQ.9 is reduced as compared to the OESMstrip, OESM-A0.5
and OESM-EOQ.9. the reduction was due to the presence of drug loaded MP. Using UV-VIS
spectrophotometer, the visibility of the samples was characterised by measuring the light
transmittance. All the samples recorded light transmittance values above 70% (Figure 4.12ii),
however the values of the MP loaded samples are below their corresponding neat ESMs. The

reduction may be ascribed to the presence of the MP.
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Figure 4.12. Transparency results.

(a) Images representing the visual transparency of the outer and inner sides of the ESM samples (b) UV light transmittance profiles of membranes
(Blank OESMstrip, Blank OESM-AOQ.5, Blank OESM-E0.9, FBM-OESMstrip, FBM-OESM-A0.5 and FBM-OESM-E0.9) O: outer side
membrane; FBM: FITC-BSA loaded MP. All values are expressed as mean + ¢ for n=6. 1 way ANOVA with Tukey's Multiple Comparison post
Test (p<0.05)
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4.4.6 Porosity

Some of the main features of biomaterial for corneawound healing applications are related to
the porosity (Du, Huangand Feng, 2017). The fluid handling property of the drug loaded MP
was assessed by measuring the porosity (Figure 4.13). The average porosity of the FITC-BSA
loaded MP-ESM samples are significantly reduced as compared to the Blank OESM samples
(p < 0.001). comparing the porosity of the drug loaded MP-ESM produced, the FBM-
OESMstrip is significantly lower than the FBM-OESM-AO0.5 and FBM-OESM-E0.9 (p <0.01).
Inthe case of FBM-OESM-AQ.5 and FBM-OESM-EOQ.9, no significantdifference was observed

(P>0.05).
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Table 4.3. Thickness measurements of FITC- BSA loaded microparticles membranes
Sample Thickness (mm)
Mean
FBM-OESMstrip 0.098 +0.009
FBM- OESM-AO0.5 0.128 +0.012
FBM-OESM-E0.9 0.127 +£0.018
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Figure 4.12. Porosity measurements drugloaded MP-ESM

Liquid displacement method was employed in measuring the porosity of the Blank OESMstrip,
Blank OESM-AO0.5, Blank OESM-EQ.9, FBM-OESMstrip, FBM-OESM-A0.5 and FBM-
OESM-EOQ.9. (*) which representsap < 0.05, (**) whichrepresentsap < 0.01, and (***) which
representsa p < 0.001. No statistical significance (ns) is indicated by p > 0.05. All values are
expressed as mean = o for n=3. 1-way ANOVA with Bonferroni’s multiple comparison post-
test (p>0.05). FBM: FITC-BSA loaded microparticles
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4.4.7 Wettability test.
Wettability (hydrophilicity and hydrophobicity) of bandages n cornea wound healing plays a

role in the interaction of the bandages and the cornea tissues. In this study, the wettable
behaviourof the FITC-BSA loaded MP ESM samples was evaluated by determiningthe contact
angle. (Figure 4.14). The contact angles of the blank ESMs are significantly lower than that of
the FITC-BSA loaded MP-ESMs i.e., Blank OESMstrip vs FBM-OESMstrip, p< 0.01, Blank
OESM-AO0.5 vs FBM-OESM-AOQ.5, p < 0.05 and Blank OESM-EO0.9 vs FBM-OESM-EOQ.9, p <
0.01. Additionally, no significant difference was observed the porosities of FBM-OESMstrip,
FBM-OESM-AO0.5 and FBM-OESM-E0.9 (p>0.05). The data (Figure 4.14) revealed that the
contact angles of the FBM-OESMstrip, FBM-OESM-AO0.5 and FBM-OESM-EOQ.9 increased
significantly as compared to their respective blank samples OESMstrip, OESM-AO0.5 and
OESM-EO0.9. This observation shows that the surfaces of FITC-BSA loaded MP ESMs have
lower hydrophilicity than the blank ESMs. According to Hsieh et al, 2013, the contact angle
measurement can be used to examine the surface roughness of materials. From this
investigation, the modification of the ESMs by incorporating the FITC-BSA MP increased the
roughness of the samples. Intriguingly, the qualitative measurement of the surface roughness
obtained in section 4.4.3 (Figure 4.10) contract this observation as the roughness of the samples

after the incorporation of MP did not significantly alter the surface roughness.
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Figure 4.14. Wettability test

The contact angle of the blank and MP loaded ESM was measuring the sessile drop method.
At 10 seconds, the contactangle of the PBS dropleton the samples were measured using CAM
200 optical contactangle meter (KSV Instruments Ltd, Finland) at room temperature (19 °C).
(*) which represents a p < 0.05, (**) which represents a p < 0.01, and (***) which represents
a p <0.001. No statistical significance (ns) is indicated by p > 0.05. All values are expressed
asmean= ¢ forn=3. 1-way ANOV A with Bonferroni’s multiplecomparison post-test (p>0.05).
FBM: FITC-BSA loaded microparticles.
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4.4.8 In vitro drug release studies
The application of ESM as a drug delivery reservoir was examined in this chapter. The release

profile of the model drug, FITC-BSA encapsulated in the microparticles through ESMs were
analysed using a novel in vitro France cell eye model constructed with a middle chamber

containing porcine vitreous to stimulate the in vivo conditions of the eye (Shafaie et al, 2018).

FTIC-BSA was dissolved in PBS in 7 differentconcentrations in a range of 1-20 pg/ml and the
absorbance of each concentration was measured at 562 nm using BioTeck micro plate reader.
The FITC-BSA calibration curve was generated subsequently (Figure 4.14). The limit of
detection (LOD) and limit of quantification (LOQ) were evaluated usingthe standard deviation
of the y-intercepts (o) and the slope (S) of the calibration curve as 0.05786 pg/ml and 0.1753

pg/ml respectively.
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Figure 4.15. FITC-BSA standard calibration curve

A standard calibration curve of different FITC-BSA concentrations in PBS (ug/ml) vs
absorbance at 562 nm were measuring using BioTeck micro plate reader. All values are
expressed as mean £+ ¢ for n=3
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The in vitro % cumulative drug release profile fabricated membranes and Free PLGA
microparticles (MP) were studied using a novel in vitro Franz cell model with porcine vitreous
(Figure 4.16). (Figure 4.16). A higher percentage of FITC-BSA release was foundin the control
i.e., FITC-BSA loaded MP compared with the release from the MP loaded ESM i.e., FBM-
OESMstrip, FBM-OESM-AO0.5 and FBM-OESM-EO0.9. From the results, FBM-OESMstrip and
FBM-OESM-AQ.5 provided the maximum release of the FITC-BSA (p>0.05, Table A1.0in
Appendix), followed by FBM-OESM-EO0.9. The MP-ESMs showed a good, sustained release
behaviour. The release of the drug from the ESMs were prolonged up to 10 days whereas in
case of the control > 50% was release within 7 days. Sustained drug delivery directly into the
corneal could circumvent patient compliance issues, the typical short residence time of
ophthalmic drugs on the ocular surface, and the low efficacy of topical drugs (Bachu et al,

2018; Subrizietal, 2019 and Ahkter etal, 2022).
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Figure 4.16. The % cumulative release of FITC-BSA release of FITC-BSA loaded
microparticles (control) and MP ESMs.

Inert % cumulative release for the first 24 hours. All values are expressed as mean + ¢ forn=3.
FBM: FITC-BSA loaded microparticles
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4.4.9 In ovo Chorioallantoic membrane test

The angiogenic responses and biocompatibility of the drug loaded ESMs were suing using
CAM assay. The results of the samples: no treatment, PBS, VEGF, VEGF loaded MP, Blank
MP-OESMstrip, blank MP-OESM-AO0.5, blank MP-OESM-E0.9, VM-OESMstrip, VM-
OESM-AO0.5 and VM-OESM-EOQ.9 are presented in Figure 4.17 A and Figure 4.17 b. On the
10t day, the samples were imaged, and the number of branching vessels were counted using
AngioQauntsoftware). The statistical analysis of the study is summarised in Table A 1.1 in the
Appendix. From the results, (Figure 4.17B), the VEGF (48.33 £17.89, p<0.001). All samples
produced insignificant mean branch vessel counts (p>0.05) when compared to the control (no
treatment, except VEGF (p<0.001), VEGF loaded MP (p<0.05) and VM-OESM-AQ0.5

(p<0.05).

In considering the mean branch vessels counts of VEGF vs the VEGF loaded MP samples, no
significant difference was observed in VEGF vs VEGF loaded MP, VM-OESMstrip, VM-
OESM-A0.5 and VM-OESM-EO0.9 (p>0.05). Similarly, insignificant branch vessels count was
obtained for VEGF loaded MP vs VM-OESMstrip, VM-OESM-AO0.5 and VM-OESM-EQ.9
(p>0.05). In regard to the blank ESMs and their respective VEGF loaded MP ESMs, the mean
branch vessels count was significant in OESMstrip/VM-OESMstrip (p<0.01), OESM-AO0.5/
VM-OESM-A0.5 (p<0.01) whereas the count in OESM-E0.9/ VM-OESM-E0.9 was
insignificantly different (p>0.05). Thisresultshowsthatthe VEGF released from the VM-V M-

OESM-A0.5 was significant enough to increase blood vessels formation.
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Figure 4.17. Angiogenic profile analysis

(A) Photographs of the CAM assays, after 10 days of incubation at 37°C, the presence of extracted ESM samples and controls.

(B) Plot indicating the number of blood vessel branches measured using AngioQaunt software expressed as mean + . * corresponds to p<0.05;
*** corresponds to p<0.001; ns: no significant difference. 1-way ANOVA with Bonferroni’s multiple comparison post-test (p>0.05). VEGF:
vascular endothelial growth factor FBM: FITC-BSA loaded microparticles VM: VEGF loaded microparticle
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4.4.10 In vivo wound healing analysis

The corneawound healing properties of the ESMs were assessed usingin vivo ratcornea wound
models. The results for the in vivo tests on six-week-old male Sprague Dawley (SD) in vivo rat
eyesemployingtwo separate corneainjury models, i.e., mechanical and chemical are displayed
in Figure 4.18. The microscopic images of the bright field and blue lights observations are
displayed in Figure 4.17a. The findings show that the chemical and mechanical wounds were
successfully generated in the rats. Similar wound healing rate were observed in the ESM
samples. After the 24-hour period, the signs of wounds in all the ESMs samples were more
pronounced than the control (no treatment) and the amniotic membrane (AM). Figure 4.18b
and c illustrate the percentage wound area evaluated for the various treatment under the two
cornea injury models after 24 hours treatment with ESMs and AM (positive control) samples,
and no treatmentas a control. The results showed no significanttherapeutic impactunder these
settings (ESMstrip, ESM-AQ.5, ESM-EQ-9) as compared to the control and AM. Moreover, no
significant difference was observed between the two injury models i.e., mechanical and
chemical wound healing (p>0.05). As this is a preliminary study, further investigation of the

blank ESMs and drug loaded ESMs on cornea wound is required.
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Figure 4.18. In vivo rat corneal wound healing analysis

(a)Microscopic images of the applications of amniotic membrane (AM) and ESMstrip, ESM-
A0.5, ESM-EO0.9 on SD rats in vivo mechanical and chemical wound healing models. The
bright field observation is on the left and blue light observation on the right. (b) the graph of
the percentwound area for mechanical woundhealingand (c) percentage wound is for chemical
wound healing. The ESMs samples (ESMstrip, ESM-A0.5, ESM-E0.9) yielded more
significant wound area than the control and AM after 24 hours treatment.
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4.5 CONCLUSION

Herein, intact and complete eggshell membranes (ESM) were successfully obtained using the
in house optimised acetic and EDTA extraction methods. FITC-BSA loaded PLGA
microparticles (MP) was fabricated and successfully deposited onto the outer layer of ESMs
by a convenient surface adsorption and attachment technique. The stability test of the bandage
showed that air drying or freeze-drying of the bandage and prolonged storage at 4 and -20 °C
for 60 daysdo notcompromise the mechanical properties. The 2 in 1 bandage consisting of the
ESM and drug loaded MPs was characterised accordingly. The loaded MP was verified via
FESEM and FTIR. The attachment process did not affect the morphology, fibre diameter,
roughnessand release profile of the FITC-BSA. Again, the presence of the loaded MPs did not
compromise the transparency of the bandage. The bandage exhibited a good biocompatibility
property and do not promote pro-angiogenesis. Although the bandage exhibited promising
cornea wound healing properties, in vivo cornea wound healing will need to be undertaken to

validate its effectiveness.
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5.0 5.1GENERAL DISCUSSION

The main objective of the thesis was to generate a 2 in 1 novel biomedical bandage consisting
of ESM a10-50 umdrugincorporated PLGA MP forocularsurface wound healingapplications.
The chapter 2 of the thesis entailed generating an optimum separation method to produce ESM
with the desirable characteristics. Two dilute chemicals namely acetic acid and EDTA were
employed in the experiment and compared to the peeling method. Three different concentration
of the acetic acid (0.5M, 0.9M, 1.8M) and EDTA (0.2M, 0.5M, 0.9M) were varied against the
duration of extraction. It was observed that higher the concentration, the shorter the extraction
time. Fromthe findings (Figure 2.10), the thickness of the ESMstrip is significantly smaller than
that of the membrane samples extracted with acetic acid and EDTA (p<0.01). The limiting
membrane, inner shellmembraneand the outer shell membrane. The manually peeled membrane
results in the isolation of a membrane composing of two layers, the limiting membrane and the
inner shell membrane. Strnkovaetal. (2016) measured the thickness of manually peeled ESM
from hen, goose and Japanese quails by using a digital micrometer and obtained ranges of 22-
170 um, 33-110 pmand 40-90 pum, respectively (Alves-Limaetal., 2020). Assuch, these results

obtained here are consistent with prior studies from existing literature.

In corneal wound healing, the transparency of the dressing or bandage is important so as to not
compromise the functionality of the cornea. Again, it allows or the visualisation of the wound.
(Sidney etal, 2015 & Niemisto et al, 2005). The transparency of the inner and the outer layers
of the ESM was analysed using the simple visual method and light transmission. From the
results in Figure 2.11 and Figure 2.12, it was confirmed that the inner layer of the ESM was
more transparent than the outer layer. The inner layer appeared smooth while as the outer layer
appeared rough and this agrees with the study by Bellairsand Boyde (1969). Nevertheless, both

layers had light transmission values above 80% (Figure 2.21).

Using Field energy scanning electronic microscopy, the outer and inner surface morphology
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was examined. The results confirmed the findings reported in literature that the structural
characteristics of the two layers differs (Ahlborn and Sheldon, 2006, Marshalll, Kanezler and
Oreffo, 2020 & Devi et al, 2012). According to the findings, the outer layer contains
macroporous structures within networks of interwoven fibres (Figure 2.13), whereas the inner
layer has a continuous dense structure (Figure 2.14). The fibres of the inner shell membrane,
onthe otherhand, appearto be much thinner than those of the outer shellmembrane. To profile
remaining residues after the extraction process, EDS analyses were used to determine the
elemental composition of the membranes. The data presented in Table 2.5 depicts that that the
ESM membranes are made up of carbon (C), nitrogen (N), oxygen (O), and sulphur (S). Further,
EDS analysis of the individual inner and outer sides of the extracted membranes revealed no
calcium content, which is most likely due to the solvent treatment completely dissolving the
CaCOs (i.e., acetic acid or EDTA). In summary, these findings show that the bulk elemental
composition of both sides of the ESM is the same and that there is no stratified variation due to
membrane thickness/distinct layering. This conforms to the conclusions by Tsai et (2006) and

Du, Huang and Feng (2017) as both investigate the physical and chemical properties of ESM.

The extracted membranes were characterised using FTIR spectroscopy. The spectraof the inner
and outer sides of each membrane are similar, as shown in Figure 2.15. In each spectrum, the
characteristic bands associated with the structural unit of proteins are identified (Ahmed et al,
2019 & Balaz, 2014). This backs up the literature's claim that ESM fibres are mostly made up
of proteins (Chi and Zhao, 2009, Ahmed etal, 2019, Wu et al, 2004, Chen, Kangand Sukigara,
2014, Tsang et al, 2011 & Farrar, Barone and Morgan, 2010). As a result, the FTIR spectra
indicate that neither the acetic acid nor the EDTA extraction protocols modified the chemical
composition of the ESM's (organic) structure. In regard to the acetic acid treatment method, a
study by Torres-Man and Delgado-Me (2017) revealed that acetic acid is an ideal chemical

solution for the separation of ESM because the changes in the chemical composition of ESM
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was minimaland this corroborates to the results in chapter 2 of this thesis. In contrast, the ESM
obtained from EDTA solution showed that the absorptions bands associated to the organic

structures of ESM were altered.

The physical properties such as mechanical property has greatinfluence on the functionality of
a wound bandage (Parodi et al, 1999, Wang et al, 2017, and Wang, Armato and Wu, 2020).
The mechanical properties in terms of the compression and tensile properties were assessed to
help determine which extraction method produces the best ESM with the best properties for
wound healing. It was discovered that the outer layer of the ESM required high forcesto break
and has slight expandable properties whereas the inner layer required less (Figure 2.16). The
components and interactions in each side of the ESM samples influence the strength to burst
and may be linked to their structural characteristics- as previously stated, the outer side of ESM
is made up of fibres, whereas the inner side has significantly less (Ahmed etal, 2019, Wu et al,
2004 & Bellairs and Boyde, 1969). The combined analysis of the tensile properties in terms of
the tensile strength, elongation at break and Young’s modulus of the different layers of the
ESM extracted with different extraction methods indicated that the mechanical behaviour of
ESM is influenced by the distortion of the (alignment) proteins within the fibres of the
membrane (Alves-Limaetal, 2020). The results obtained for the ESM samples contribute to
the evidence thatis reported in literature that ESM is a tough and stiff biomaterial (Parodi et
al, 1999; Ahmed, Suso and Hincke, 2019; Gocekand Adanur, 2012). According to the results,
the ESM obtained by 0.5 M acetic acid and 0.9 M EDTA have the desirable mechanical

properties as biomaterial for corneal wound bandage.

The porosity of biomaterial is crucial to cornea wound healing as it affects other properties of
the biomaterial such as moisture retention, permeability and strength (Foulks, 2014; Du, Huang
and Feng, 2017 & Devi et al, 2012). The analysis as presented in Table 2.11 and Table 2.12

showed that the porosity of manually obtained ESM was higher than that of the acetic acid and
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EDTA samples.The differences in pore size between the outer sides of ESMstrip and ESM-
AO0.5 and ESM-EQ.9, the outer shell membrane, may be explained by the fact that ESMstriphas
a smaller pore size as reported in literature (Ahmed, Suso and Hincke, 2019; Devi etal., 2012

& Hsieh et al., 2013).

Fluid absorption capacity of membranes was measured at 1- and 24-hour time points. Based on
the results (Table 2.11), no significant differences were detected when comparing the two
timepoints between ESMstrip, ESM-AO0.5, and ESM-E0.9 samples. Despite this, fluid
absorption capacity of the ESMstrip was noticeably higher than that of the ESM-A0.5 sample
(p<0.01). In the comparison between the ESMstrip samples and the ESM-E0.9 samples, a
similar pattern was observed. The fluid absorption capacities of ESM-AQ0.5 and ESM-EQ.9 did
not differ significantly (p>0.05). In TGA experiments, the thermal behaviour of the extracted
membranes was examined (Table 2.11). It has been reported that thermal stabilities of
membranes depend on their structure and chemical composition (Du, Huang and Feng, 2017,
Roy et al, 2010 & Jia et al, 2012), and so the obtained data validates the results obtained for

fluid handling properties above.

The wetting property of the extracted film was evaluated (Figure 2.20). The low hydrophilicity
on the outer surface of the membrane is thought to be due to its interwoven fibrous structure
and rough surface. On the other hand, the relatively smooth surface and dense structure of the
inner, limiting membrane, may contribute to its highly hydrophilic character. Importantly, no
significant difference was observed between the innerand outer surfaces of the extracted films
(p > 0.05) and these results can be considered to be in good conformity with previously
published findings (Banerjeeetal., 2010, Wangetal., 2017, Liangetal. 2014 and Chenetal,

2019).

263



Physical/mechanical properties of ESMs isolated with optimised procedures are promising
biomaterials for corneal wound healing application. The surface roughness of the inner layer

and the outer layer of ESMstrip, ESM-A0.5 and ESM-E0.9 were measured using the FESEM

methods. The results concur with the visual and morphological analyses previously deduced.
The inner layer- limiting membrane appears smooth with round-like bulges structures whereas
the outer layer — inner shell membrane for ESMstrip and outer shell membrane ESM-A0.5 and
ESM-EOQ.9 appear like pine-like structure. Similarly, this observation was reported by Yan et
al, 2020, Kheirabadi etal., 2018, Zhanget al., 2016, Mann et al., 2006 and Zhou et al, 2010.
The quantification of the surface roughness in terms of the Ra (arithmetical mean deviation)
values showed that the surface roughness of the outer layer was significantly higher than the
inner layer. This observation may aid in selecting the side of the ESM to place directly on the
cornea wound. Furthermore, some studies have suggested that bandages with rougher surfaces
are susceptible to bacterial adhesion as the imperfections in the biomaterial is where the deposit
are likely to form (Bruinsma et al, 2003 and Hosaka et al, 1983). In biomedical applications,
surface roughness may affectcell adhesion and growth, thisimplies that the inner layer of ESM
is valuable (Chenetal., 2017, Zareidoostetal., 2012 & Biazar etal., 2011). The fibre diameter
of the outer layers of the ESMstrip, ESM-AO0.5 and ESM-E0.9 were determined as 0.25to 5

.75 um, 0.936 t0 8.97 um and 1.02 to 8.88 um respectively and they agree to the data by Yan
et al.,, 2020 and Torres et al., 2006. This large variation in fibre diameter affects the

transparency of the membrane (Hartetal., 1969 and Maurice etal., 1957).

The swelling profile of a biomaterial for ocular application is one of the most vital
characteristics thatdetermines fluidretention, erosion,and hydrophilicity (Tsaietal, 2006, Roy
et al, 2010 & Chau et al, 2012). The swelling profiles of membranes obtained using the
optimised methods ESM-AQ.5 and ESM-E0.9 were evaluated and compared to a manually

peeled sample, ESM strip, in this study (Figure 2.23). The ESM-A0.5 and ESM-E0.9 had
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significantly higher swelling capacities (p<0.01 and p<0.001, respectively) than the ESMstrip
sample. Additionally, the desorption profiles of the ESMstrip, ESM-AQ.5 and ESM-E0.9 were

analysed, and the results agreed with the swelling profiles (Figure 2.24).

O’Brien (2011) posits that an ideal membrane must be nontoxic to healthy tissue. It is critical
to thoroughly sterilise the membrane before use. The sterilisation method may have an impact
on the mechanical and biological properties of the membrane. Five sterilisation methods i.e.,
100 IU/ml penicillin-100 pg/mlstreptomycin solution for 24 hours, exposure to ultraviolet UV
radiation for 2 hours, penicillin- streptomycin before UV radiation, UV radiation before
penicillin- streptomycin and soakingin 70% v/v ethanol for 24 hours for complete evaporation
of the ethanol were optimised. The mechanical properties-burst strength of the membrane was
not significantly affected by the five-sterilization method (Figure 2.25). The in vitro
cytotoxicity of the ES extracted with the different methods was evaluated using 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- sulfophenyl)-2H-tetrazolium
(MTYS) and Lactate dehydrogenase (LDH) assays. As presentedin Figure 2.26 and Figure 2.27,
the ESM samples were not toxic to Immortalised corneal epithelial cell line (iIHCE) and
Mesenchymal stem cell- corneal stromal (MSC-C) cells. The attachment and spreading of
IHCE and C-MSC cells on the inner and outer layers and from Figure 2.28, itappears thata
large number of cells adhered to the inner layer of the ESM surface due to the relatively

increased surface areaor low surface roughness as compared to the outer layer.

The human cornea is an avascular tissue in the body that keeps the eye clear for vision due to
the lack of blood vessels (Cavanagh, 2002). In the context of a biomaterial, having pro-and
anti-angiogenic characteristics can influence the performance of the cornea. Angiogenesis is
importantin wound healing, and the presence of pro- and anti-angiogenic factors can impact

the response and regulation of blood vessel formation (Zadpoor, 2015, Honnegowda et al,
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2016, Semenza, 2002 & Shibuya, 2011). The angiogenic capability of the ESMs were
determined using Chorioallantoic membrane (CAM) assays. The results revealed that ESMs

were nontoxic and in addition did not increase angiogenesis. To date, no data on ESM's

angiogenic potential has been published, so more research may be required to confirm the

behaviour and/or mechanism behind these findings.

As previously stated in chapter 1 and 2 of thisthesis, the ESM can be explored as drug delivery
device for microparticles (MP). In chapter 3, the aim of the study was to generate an optimised
single o/w evaporation technique for the fabrication of drug loaded MP for ocular application.
Solventevaporation isused to encapsulate drugs ina polymer matrix to formadelivery system
(Prior etal, 2006; Lai and Tsiang, 2005 and Khaled et al, 2010). Process variables influencing
the physical properties of the manufactured MPare critical in determiningdrug release profiles
and modes of application. The size of the MP is essential in defining the drug release profile
and mode of application (Freitas, Merkle and Gander, 2004 and Bidone etal, 2009). As aresul,
careful selection of processfactors is required in order to formulate the most appropriate MP
size. A sub-study was performed using design of experiment (DOE) to determine the various

factors that may affects the MP size using the solvent evaporation method.

By changing one variable at a time to achieve the desired particle sizes, researchers were able
to identify several process factors that influence the formulation of MP (Steinberg and Hunter,
1984). Several studies have demonstrated the importance of optimization methodology and
DOE in research and development (Steinberg and Hunter, 1984; Coates, 1988; Montgomery,
1999 and Kemala, Budianto and Soegiyono,2012). DOE is a method for determining the
relationship between the factors thatinfluence amethod and the output of the process. The data
enables the researcher to identify and choose the factors and levels that have a significant

impact on the final response or output. Taguchi design of experiment was implemented in this
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study.
Taguchi design is a statistical technique for optimising complex interrelationships. The design

assesses and identifiesthe controllable factors that mitigate the impact of uncontrollable factors

(noise factors) (Coates, 1988; Montgomery, 1999 and Nair, Hansen and Shi,2000). An
orthogonal array (OA) is used in the Taguchi design to estimate the effects of factors on the
response mean and variation. In addition, Taguchi design evaluates the data for the responses
using the signal-to-noise (S/N) ratio, a statistical measure of performance. The experiments
main goal is to find the best control factor settings to maximise the S/N ratio (Nair, Hansen,

and Shi, 2000).

The L12 OA design was employed as the first optimisation method to evaluate 10 factors
namely concentration of PLGA, Solventtype, MW of PVA, concentration of PVA in primary
emulsion, vortexing speed, vortexing duration, organic/aqueous phase ratio, concentration of
PVA in hardening bath, stirring speed and solvent evaporation duration at two levels (low and
high) The particle size of the MP was determined using the dry dispersion laser diffraction
method on a SymPatec HELOS equipped withaRODOS/ ASPIROS dry dispenser (Germany).
This design assumes that there is no interrelationship between any two factors. However, clear
evidence of interaction was observed between concentration of PLGA and solvent type,
although this interaction had no effect on the particle size. The mean particle size (response)
for the 12 experiments were in a range of 54.39 —200.37 um as shown in Table 3.3. MP with
the largest particle size (200.37 pum) were formulated with Run 1 when all the 10 parameters
had been used in their lowest levels. The smallest mean particle size (54.39 = 4.37 um) was
obtained from Run 3 in which the concentration of PLGA, solvent type, concentration of PVA
primary emulsion, vortexing duration, and solvent evaporation duration were ‘high’ and the

molecularweightof PVA, vortexingspeed, organic/aqueous phase ratio, concentration of PVA
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in hardeningbath and stirringspeed duringthe hardening process were attheir low level. Form
the results, formulation Run 3 produced the smallest particle size (54.39 um) with the highest

S/N ratio value (-2.89).

The L12 OA design results were statistically analysed using design-expert software (version
10). This software is able to screen each factor with respect to their influence on the particle
size. A combination of two statistical tools i.e., Half normal plot and Pareto chart was used to
identify the important factors as vortexingduration, concentration of PVA in emulsion, solvent
evaporation duration, vortexing speed, concentration of PLGA, aqueous/organic phase ratio,
solvent type, molecular weight of PVA and stirring speed, and the unimportant factors as
concentration of PVA in hardening bath and interaction between concentration of PLGA and
solvent type. (Figure 3.3 and Figure 3.4). All the parameters chosen for the model have very
significanteffects on the microparticle size. From Table 3.3, vortexing speed had the maximum

contribution (21.60 %) and the least was stirring speed for the hardening process (1.95 %).

The response plots clearly show the effect of each factor on the mean particle size (Figure 3.5).
Increasing the vortexing duration (F), as shown in Figure 3.5, resulted in small particle size. A
longer duration of vortexing may allow for better dispersal of the oil phase, resulting in fine
droplets that harden to form MP (Panget, 2014 and Zahn 1975). The presence of a surfactant,
in this case PVA, at the interface between the aqueous and organic phases, lowering interfacial
tension and providing a barrier to coalescence, is required for the effective formation of a
primary emulsion and the stability of the droplets during emulsification (Torkaman, Soltanieh

and Kazemian, 2010; Vyslouzil etal, 2014 and Tan et al, 2015).

Energy is required to disperse the organic phase in the aqueous phase, vortexing speed (E) was
a critical parameter in the homogenization step (Pang etal, 2014). The mean particle size was
found to be inversely proportional to the vortexing speed; increasing the vortexing speed

reduced the MPsize because the emulsion was dispersed into smaller droplets on a larger scale.
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This observation is consistent with Sharma, Madan, and Lin's research (2016). The response

plotfor MW PV A shows thatincreasingthe molecular weight decreases the microparticle size,

which could be due to the solution's increased viscosity resisting deformation due to shear
during emulsification (Wagh and Apar, 2014). One of the parameters that has been shown to
have a significant impact on particle size is stirring speed (Bible et al, 2009; Vyslouzil et al,
2014; Sharma, Madan and Lin, 2016; Quintanar-Guerrero, Fessi, Allemann and Doelker, 1996;
Mondal, Samanta, Pal, and Ghosal, 2008; Valizadeh, Jelvehgari, Nokhodchi and Rezaour,
2010). By improving the dispersal of the oil phase, the stirrer imparts shear onto the emulsion

droplets, reducingtheirsize, increasingstirring speed produces microparticleswith small sizes.

From the analysis of the L12 OA design, 9 factors were identified as important to be included
in the formulation model. In the step, L18 OA design was employed 8 factors were used,
compared to 9 factors in the L12 OA design. These factors were concentration of PLGA,
concentration of primary emulsion, organic/aqueous phase ratio, vortexing speed, vortexing
duration, stirring speed, solvent evaporation duration. The mean particle size range obtained
for each of the 18 experimental runs was 23.51 to 73.13 m. The main factors affecting the
particle size are vortexingspeed, concentrationof PLGA, organic/aqueous phase ratio, stirring
speed, concentration of PVA in emulsion, vortexing duration and solvent evaporation duration.
The optimal model formulation was identified to be Run 16 from the L18 OA design, with
molecular weight of PVA = 89,000 Da, concentration of PLGA =20 w/v %, organic/aqueous
phase ratio = 1:1, vortexing speed = 9 (high), vortexing duration = 60 seconds (low), stirring

speed for hardening process = 1200 rpm (low).

The optimal model formulation was utilized to generated FITC-BSA-loaded microparticles in
order to evaluate the robustness and predictive ability of the Taguchi design. FITC-BSA (66
KDa) was used asiit is a stable, globular, and non-reactive protein that is frequently used as a

model protein in drug MP development studies (references). According to the data presented
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in this study, no significant changes in size occur after sufficient entrapment of FITC-BSA

within the MP (64.35% - 78.07% encapsulation efficiency), which is consistent with the
Taguchi L18 OA assessment. The activity of the model drug was assessed by lysozyme loaded
MP fabricated with the optimised method. As per the findings (Figure 3.14), the protein's
activity was proportional to the amount of protein released, and the kinetics of the change in

activity of the protein matched the release data.

In chapter 4, the aim was to develop and characterise a 2-in-1 biomedical bandage consisting
of ESM and drugloaded MP foran effective and functional corneal wound healingapplication.
The optimised method developed in chapter 2 and chapter 3 were employed to extract ESM
and fabricated FITC-BSA loaded MPs respectively. A preliminary study was performed to
determine the side to load the MPs. Accordingly, PLGA MPs were modified by alkaline
hydrolysiswith 0.2 M NaOH and then loaded into the inner or outer layer of ESMs. The results
in Table 4.1 showthat less than 10% of the MPs were loaded onto the layer whereas 65% were
loaded onto the outer layer. The FESEM images of the MP loaded ESMs compared to the blank
ESMs revealed that the MP were successfully attached to the fibres within the outer layer. In
the case of the inner layer, no structural difference was observed between the blank and the MP
loaded samples. The failure could be attributed to the structure of the inner layer (limiting

membrane. No evidence in literature was identified to support this analysis.

A suitable drying method and storage temperature for the MP loaded ESM was identified by
analysis different methods and temperatures. The influence of air-dried or freeze-dried ESMs
stored at 4 or -20 °C for 60 days on the tensile properties was evaluated. The data (Figure 4.8
A, B and C) depicted no changes in the tensile strength if the ESMs dried with either of the
methods. Additionally, neither the storage temperature nor storage durations caused structural
changes in the ESMs. Several investigations have proven that freeze drying collage-based

biomaterial improvesthe mechanical property for longterm storage <2 years (Zengetal, 2013,
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Lowe et al, 2016, Sancho, Vazquez and De Juan-Pardo, 2014). Study by Lee (1983) revealed
that cold storage is an optimal condition for long term storage for native collagens and at low

temperatures, the protein structures are intact.

FBM were successfully loaded into the outer layers of the ESMs generated by manually
peeling, 0.5 M acetic acid and 0.9 MEDTA. The FBM loaded ESM (2 in 1 bandage) samples
were freeze-dried at room temperature and stored at 4 °C for further characterisation. The
surface morphology of the FBM and the 2 in 1 bandage were evaluated via FESEM and
compared with FESEM images of the blank ESMs produced in section 2.4.10 in chapter 2.
Figure 4.9 displayed that the FBM were adhered onto the fibres in the ESM and the MP in the
bandage has similar shape and sizes as the FBM. This proved the attachment method did not
alter the surface morphology of the MP. Using the FESEM images, the fibre diameters of the
FBM loaded samples were evaluated via Fiji-ImageJ software and no significant changes were
observed between the fibre diameters of the blank ESM and the FBM loaded ESM. Moreover,
the surface roughness, Ra values of the of the 2 in 1 bandage was evaluated and compared to
the blank. No changes were detected between the blank ESM and the 2 in 1 bandage and

indicates that the incorporation of the FBM did not alter the surface roughness of the ESM.

Using Fourier transform infrared (FTIR) spectroscopy, the chemical composition of the
generated 2 in 1 bandage was evaluated and the FTIR spectra (Figure 4.11) revealed that the
FBM were successfully loaded into the ESM. Again, the major peaks of the natural ESM (i.e.,
1646 cm-1, 1524 1441 and 1240 cm-1) and the PLGA polymer (i.e., 2946.72 - 3000 cm-1 &
1746.53 cm-1) were identified in the spectra of the bandage. The transparency of the bandage
was analysed, and the results demonstrated that the presence of the FBM in the bandage

reduced the visibility of the test in the waterproof test card method (Figure 4.12i). The light
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transmittance values of the bandages were lower than the blank ESM however they all recorded

values above 80%.

The surface properties such as porosity and wettability of ocular bandage are vital parameters
in the clinical performance in the ocular setting (Du, Huang and Feng, 2017). The porosity of
the of bandage was lover when compared with the blank membrane (Figure 4.13). This revealed
that the introduction of the MP reduced the pore size or volume in the blank ESM. The
wettability of the 2 in 1 bandage was deduced by measuringthe contactangle. The data in Figure
4.14 demonstratedthe contactangle of the bandage wassignificantly increased implyinga lower
hydrophilicity as compared to the blank ESM. The release profile of the model drug, FITC-
BSA, encapsulated in the MP loaded into the bandage was investigated using a novel in vitro
France cell eye model with a middle chamber containing porcine vitreous generated by Shafaie
et al (2018) to mimic in vivo eye conditions. From the data recorded (as seen in Figure 4.16),

the bandages achieved sustained drug release up to 10 days.

A Chorioallantoic membrane (CAM) assay was used to assess the bioactivity and
biocompatibility of the bandage. The angiogenic potential for ocuar bandge is a vital factor in
s a key factor in biomaterials intended for corneal applications where neovascularization is
deterred (Ziaei et al., 2018 and Stepp etal., 2014). VEGF loaded MP was loaded into ESM to
determine the angiogenic profile of the bandage. The results confirmed that the bandage was
no toxic, MP was successfully loaded into the bandage, and the bandage did not cause
proangiogenic response. As mentioned in Chapter 2, the ESMs on the CAM had no impeding
effect, so more research is needed to confirm the mechanism behind these results (Mensah et
al, 2021). Minimal vascularization is advantageous in a biomaterial for corneal wound healing
as the corneais a transparent avascular tissue, excessive blood vessel formation will distort the

ocular surface's clarity (Sridhar, 2018 & Delmonte and Kim, 2011).
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The ESMs for corneal wound healing application were evaluated in vivo using a rat corneal
model. In six-week-old male Sprague Dawley (SD) mice, chemical and mechanical wounds
were created and treated with incision of the outer layer of the blank ESM samples and amniotic
membrane (HAM) as a positive control (Figure 4.18). In conclusion, in vivo tests on rat eyes
using two different cornea injury models, mechanical and chemical, revealed no significant
therapeutic effect under these settings (ESMstrip, ESM-A0.5, ESM-E0-9) when compared to

the control and HAM.
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5.2 CONCLUSION

In this work, two successfully optimized protocols were described: isolation with 0.5 acetic acid
and 0.9 M EDTA, which can be used to extract the intact membrane from the eggshell without
disturbingits natural structure or physico-biological properties. The biocompatibility of the outer
and inner sides of the eggshell membrane were also evaluated using cell culture and showed
minimal side effects - in some cases, increased cell attachment, propagation and reproduction.
A sub-study was performed in order to generate a technique to generate microparticles for the
modification of the ESM. Taguchi OA design proved to be a valuable tool in the optimization
of various processing parameters in the solvent evaporation technique with complex
relationships with several experiments. The design was effective in determining parameters that
had a significant impact on MP size. More precisely, vortexing speed, PLGA concentration,
organic/agqueous phase ratio, mixing speed, PVA concentration in primary emulsion, vortexing
time were important while molecular weight was important. It has been proven that the
concentration of PVA and PVA in the curing bath are not important parameters for PLGA
microparticle size. These optimum levels of parameters were useful in the fabrication of PLGA
microparticles with a minimum particle size of 23.51 um. A model drug was successfully
incorporated into the optimized microparticles, Arobustandcomplete eggshell membranes were
successfully obtained using in-home optimized acetic and EDTA extraction methods. FITC-
BSA loaded PLGA microparticles were fabricated and successfully embedded in the outer layer
of ESMs with a suitable surface adsorption and attachment technique. Stability testing of the
bandage showed that air-drying or freeze-drying of the bandage and prolonged storage at 4 and
-20 °C for 60 days did not compromise mechanical properties. Attachment did not affect the
morphology, fibre diameter, roughness, and release profile of FITC-BSA. These findings show
that the ESM could be used in a variety of regenerative medical and/or biotechnological

applications, such as wound dressing, or culture substrate for drug discovery.
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5.3FUTURE WORK
The present research work aimed to extract and evaluate eggshell membrane (ESM), a novel
biomaterial for ocular wound healing bandage. Furthermore, drug loaded microparticles were
incorporated into the ESM to generate a 2 in 1 biomedical bandage. This allows for the release
of ophthalmic formulations such as growth factors with the appropriate profile according to the
demands of the healing process. The use of drug-incorporated for ocular application was first
discovered in the late 1960s by Wichterle et al, however, the use of drug loaded bandages
whose benefits have been proven has notbeen introduced into the market. Overall, the research
showed the desirable properties of the drugincorporated microparticles ESM for ocular wound

healing applications.

The research explored the idea of using eggshell membranes to make eye bandages, however at
this initial screening stage, the eggs shell was extracted from full eggs obtained from the
supermarkets. In subsequent replication of the experiment, we should consider recycling the
eggshell waste from the food industry. As the eggshell obtained from the food industry come in
fragments, amethod has to be developed in combining the extracted ESM fragments into large

size that can be manipulated for the desirable application.

The mechanical analysis of the ESM in the chapter two concurs with the evidence reported in
literature that ESM is a tough and stiff material (Parodi etal, 1999; Ahmed, Suso and Hincke
2019 and Gocekand Adanur, 2012). In the near future, biological crosslinking between the
fibres within the ESM through the use of enzymes such as transglutaminase can enhance the
mechanical properties. Biological crosslinking of protein fibres has been identified to produce

minimal toxicity (Chau et al, 2005 and Orban et al, 2004).

The angiogenic behaviour of the blank ESM and the drug loaded ESM bandage was assessed
in chapter 2 and chapter 4 respectively. The angiogenic profile was measured using cost-

effective Chorioallantoic membrane (CAM) assay. This assay was approved by the US Food
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and Drug Administration (FDA) in 2006 as a pre-clinical evaluation of materials for wound
healing application (Kohli et al, 2020). The analyses of the two materials revealed that the
samples do not promote formation of new blood vessels. Due to absence of standardisation, a
substantial amount of variation exits in this procedure. Furthermore, no data has been reported
in literation on the angiogenic profile of ESM on CAM. It will be essential and interesting to
repeatthese experiments and assess the indebthistological assessment of the samples on CAM
to further evaluate the angiogenic response. The CAM results can be beneficial to subsequent

in vivo wound healing in animal model. In this research, the in vivo evaluation of the ESM

using ratcorneal wound healingmodel was inadequate and required further studies considering

both layers of the membrane and the drug loaded bandage.

In this thesis, the stability of the drug loaded in the microparticles, and the components of the
ESM was not examined. It is essential to evaluate the degradation of the samples as it is an
important factor in the process of preservation. Other key properties such as ionic and oxygen
permeability, and antibacterial should also be considered of the bandage. Further analysis to
maximize the drug loading into the microparticle and the loading of the microparticles into the
ESM needsto be studied as this factor is critical to a successful drugdelivery. Additional drug

release kinetic study is needed to substantiate the drug delivery ability of the ESM.

These ESM and 2 in 1 bandage can be explored in other research areas like skin and oral

applications, and artificial cornea developments.
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Figure A1.0. Surface roughness plot of LESMstrip, LESM-AQ0.5 and LESM-E0.9
The plots were generated from the Fiji-ImageJ software.
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Figure Al.1. Surface roughness plot of OESMstrip, OESM-A0.5 and OESM-EQ.9
The plots were generated from the Fiji-ImageJ software.
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Figure A 2.0 Photograph of Run 14 and 17 from L12 OA design.
Runs 14 and 17 failed completely and no MP were created
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Figure Al1.1. Surface roughness plot of FBM-OESMstrip, FBM-OESM-A0.5 and

FBM_OESM-E0.9
The plots were generated via the Fiji-ImageJ software. FBM: FITC-BSA microparticles
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Table A 1.0. Results of 1-way ANOVA with Bonferroni’s multiple comparison post-test (p < 0.05)

FITC-BSA MP vs FITC-BSAMPvs FITC-BSA MP vs FBM-

Time/h  EgM.OESMstrip  FBM-OESM-A0.5 OESM-E0.9
0.0000 ns ns ns
1.000 ns ns ns
3.000 ns ns ns
6.000 ns ns x*
9.000 ns * il
1200 ns ** ***
1800 * **% ***
2400 *** *** ***
4800 **k* *** ***
7200 **%k* *** ***
9600 **%k* *** ***
1200 **% *** ***
1440 * k% **k* ***
1680 **k%k * k% ***x
192.0 il faleil kel
216.0 rEHE kel el
2440 **% *** ***
Time/h FBM-OESMstripvs  FBM-OESM-A0.5vs FBM-OESM-AQ0.5vs
FBM-OESM-E0.9 FBM-OESM-EO0.9 FBM-OESM-E0.9
0.0000 ns ns ns
1.000 ns ns ns
3.000 ns ns ns
6.000 ns ns ns
9.000 ns * ns
12.00 ns kel ns
18.00 ns kel x*
2400 ns *** **
48.00 ns *k Kk *kx
7200 nS ** **
96.00 ns ns ns
120.0 ns el *
1440 ns *** **k%*
168.0 ns x* xx
192.0 ns Hkk *kk
216.0 ns folelal xR
244.0 ns kel xE
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Table A 2.0. Results of 1-way ANOVA with Bonferroni’s multiple comparison post-test (p < 0.05)

PBS vs VEGF **
PBS vs VEGF Loaded MP ns
PBS vs Blank PLGA MP ns
PBS vs OESMstrip ns
PBS vs OESM-A0.5 ns
PBS vs OESM-E0.9 ns
PBS vs Blank MP-OSEMstrip ns
PBS vs Blank MP-OESM-A0.5 ns
PBS vs Blank MP-OESM-EQ.9 ns
PBS vs VM-ESMstrip ns
PBS vs VM-OESM-A0.5 ns
PBS vs VM-OESM-EO0.9 ns
VEGF vs VEGF Loaded MP ns
VEGF vs Blank PLGA MP folehed
VEGF vs OESMstrip folehed
VEGF vs OESM-A0.5 Fxx
VEGF vs OESM-EQ.9 Fxx
VEGF vs Blank MP-OSEMstrip kel
VEGF vs Blank MP-OESM-A0.5 fololel
VEGF vs Blank MP-OESM-EQ.9 foleled
VEGF vs VM-ESMstrip ns
VEGF vs VM-OESM-A0.5 ns
VEGF vs VM-OESM-E0.9 ns
VEGF Loaded MP vs Blank PLGA MP ns
VEGF Loaded MP vs OESMstrip *x
VEGF Loaded MP vs OESM-A0.5 *
VEGF Loaded MP vs OESM-EQ.9 *x
VEGF Loaded MP vs Blank MP-OSEMstrip *
VEGF Loaded MP vs Blank MP-OESM-A0.5 ns
VEGF Loaded MP vs Blank MP-OESM-EO0.9 *
VEGF Loaded MP vs VM-ESMstrip ns
VEGF Loaded MP vs VM-OESM-AQ.5 ns
VEGF Loaded MP vs VM-OESM-EO0.9 ns
Blank PLGA MP vs OESMstrip ns
Blank PLGA MP vs OESM-A0.5 ns
Blank PLGA MP vs OESM-EO0.9 ns
Blank PLGA MP vs Blank MP-OSEMstrip ns
Blank PLGA MP vs Blank MP-OESM-A0.5 ns
Blank PLGA MP vs Blank MP-OESM-EO0.9 ns
Blank PLGA MP vs VM-ESMstrip ns
Blank PLGA MP vs VM-OESM-AQ.5 ns
Blank PLGA MP vs VM-OESM-EO0.9 ns
OESMstrip vs OESM-AO0.5 ns
OESMstrip vs OESM-EO0.9 ns
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OESMstrip vs Blank MP-OSEMstrip

ns

OESMstrip vs Blank MP-OESM-AO0.5

ns

OESMstrip vs Blank MP-OESM-EO0.9

ns

OESMstrip vs VM-ESMstrip

OESMstrip vs VM-OESM-A0.5

OESMstrip vs VM-OESM-EO.9

ns

OESM-A0.5vs OESM-EQ.9

ns

OESM-AO0.5 vs Blank MP-OSEMstrip

ns

OESM-AQ0.5 vs Blank MP-OESM-A0.5

ns

OESM-AO0.5 vs Blank MP-OESM-EO0.9

ns

OESM-AO0.5vs VM-ESMstrip

ns

OESM-A0.5 vs VM-OESM-AQ0.5

OESM-AO0.5 vs VM-OESM-EQ0.9

ns

OESM-EO.9 vs Blank MP-OSEMstrip

ns

OESM-EO0.9 vs Blank MP-OESM-A0.5

ns

OESM-EO0.9 vs Blank MP-OESM-EO0.9

ns

OESM-EQ.9 vs VM-ESMstrip

OESM-EO0.9 vs VM-OESM-AQ.5

*%*

OESM-EO0.9 vs VM-OESM-EO0.9

ns

Blank MP-OSEMstrip vs Blank MP-OESM-A0.5

ns

Blank MP-OSEMstrip vs Blank MP-OESM-EQ.9

ns

Blank MP-OSEMstrip vs VM-ESMstrip

ns

Blank MP-OSEMstrip vs VM-OESM-AO0.5

Blank MP-OSEMstrip vs VM-OESM-EO0.9

ns

Blank MP-OESM-AO0.5 vs Blank MP-OESM-EO0.9

ns

Blank MP-OESM-AO0.5 vs VM-ESMstrip

ns

Blank MP-OESM-A0.5 vs VM-OESM-A0.5

ns

Blank MP-OESM-A0.5 vs VM-OESM-EO0.9

ns

Blank MP-OESM-EOQ.9 vs VM-ESMstrip

ns

Blank MP-OESM-E0.9 vs VM-OESM-A0.5

Blank MP-OESM-EO0.9 vs VM-OESM-EO0.9

ns

VM-ESMstrip vs VM-OESM-AO0.5

ns

VM-ESMstrip vs VM-OESM-EO0.9

ns

VM-OESM-A0.5 vs VM-OESM-E0.9

ns







