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Abstract

Corneal blindness is a leading cause of irreversible visual impairment worldwide and can
occur due toimproper healing of the corneal tissues after induced injury or corneal
surgery.The corneal epithelium has a sékaling mechanism wherein the frequent
movement and differentiation of limbal stem cells residing in the limbus continuously
replenish the epithelial layer. Howevea,key factor in promoting this natural healing
process is the control of the inflammatory response within the cornea via thefus®
inflammatory medications. These medications are usually administered via eye drops, a
delivery method that is associated with very poor drug bioavailabilits%) To
overcome this, frequent administration of eye drops is required, and this dam bt
inconvenient for patients. Currently, bandage contact lenses (BCLs) are applied after
surgeries to protect the injured cornea, reduce pain and promote healing. Often, topical
medications are also prescribed in conjunction with BCLs and therefougeguptients

to adhere to the dosage regimen in order to promote healing and prevent complications.

The primary aim of this thesis is to develop a taittade novel 3Bprinted medicated

BCL for the treatment of mild, moderate and severe corneal injuries. The corneal
bandage is designed to protect the injured cornea from the external environment and
pathogens and act as a matrix to support the adhesion of the newly generated corneal
cells, thereby promoting rapid corneal healing. Two types of therapeutics were loaded
in the bandages: an anatiflammatory corticosteroid drug, dexamethasone (DEX), used

to reduce the inflammation of the injured cornea and promote setjenerationpost-
surgeriesor in cases omild-moderate corneal injuries (presented in chapters 3 and 4);
and the second being human corneal epithelial primary cells (HCEpC) which can be used
to compensate for the loss of corneal stem cells in modessteere corneal injuries

thereby minimising the need for corneal grafts (presented in chapters 5 and 6).

In chapter 3, an alh-one drugeluting silicone hydrogel BCL was developed to protect
the injured eye while delivering dexamethasone (DEX) as anrinflatinmatory
medication over a period of 2 weeks. p(HERATRIS0o-PDMS) lenses were prepared
and the molar ratios of the emonomers were varied to determine their effect on the

release profiés of DEX and the properties of BCLs. Extended release of DEX for up to 14



days was achieved from the prepared lenses with properties comparable to commercial

silicone hydrogel contact lenses.

In chapter 4, Gelatine methacrylate (GelMA) BCLs were prdgareolvent casting and
3D-printing techniques. DEX was loaded within the hydrogel matrix in the presence of
Polyethylene glycol diacrylate (PEGDA) as a crosslinker. It was found that the
AYO2NLIZ2 NI A2y 2F t 9D5! A Y LINRPa@DRIongédgheif Sy & ¢
degradation time, reduced the EWC values and extended the release of the incorporated

drug.

In chapters 5 and 6, a BCL that can carry human corneal epithelial primary cells (HCEpC)
for treatment of moderatesevere corneal injuries ingpients with limbal stem cell
deficiencies I(SCDs GelMA hydrogel lenses were developeth chapter 5,
GelMA/PEGDA hydrogel meshes weregBibted, cured and driedthen the HCEpC
were loaded within the meshes. The incorporation of PEGDA enhanced theameah
properties of GelMA hydrogels, increased their degree of crosslinking and significantly
reduced then vitrodegradation rates. Moreovem vitro cell culture experiments using
HCEpC showed high adhesion, proliferation and viability over a pefribdveek in all

the 3Dprinted meshes.n chapter 6,either hyaluronic acid (HAdr collagen were
incorporated within the 8% GelMA hydrogel matrix. The effect of various hydrogel
compositions on the properties of the 3inted meshes includinghape, degree of
crosslinking, ESR, biodegradability and cell viability of the printed meshes were
evaluated. It was found that the incorporation of 0.5% HA within the hydrogel
composition resulted in a continuous extruded filament and a good printed tstrei.c
Moreover, the incorporation of 1% collagen within the hydrogel composite obtained a
smooth printed mesh and enhanced the adhesion and proliferation of the seeded cells

resulting in the formation of cell sheets within the printed structure.

In conclugon, the feasibility of loadintherapeuticswithin BCLghat can be 3Eprinted
was confirmed.Furthermore, he good viability of HCEpC within the hydrogel lenses
demonstrates the promising potential for the use of delided BCLs in treatment of
corneal injuries, and the viability of a convenient, nowasive alternative to the

currently available treatment protocols.
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Chapter 1 Introduction and thesis
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1.1 Generalintroduction
1.1.1 Structure and function of the cornea

Theanterior surface of the eye is composed of the cornea, conjunctiva and the limbus
which is the zone between the twiurpakusWheater, Kernacki, & Hazlett, 200The
cornea isa clear avascular, domshaped surface that covers the front of the €{partt,
2010) It acts as darrier, protecting the inner contents of the eye and it provides about
two-0 KANR& 27F (KS Sehérefére ithhds BiNiinpOrniait @ in ledldirg)NJ
clear vision(Meek & Knupp, 2015)Themechanical strengtlof the cornea is achieved
through collagen fibrils which have amall, uniform diameter and are positioned with

a high degree of lateral ordemhis arrangement is what makes tbernea transparent

and allows visible light into the eyeélhe cornea is keptmooth and healthyby the
lubricant andantibacterial properties of theéear film that is secreted within the eye
(Meek, 2008) The composition of thbuman cornea is illustrated iRigurel.l. There

are threemain layers,the epithelium, stroma and endotheliurandtwo membranes
known & GKS . 26YlyQa meybRang§KS 5Sa0SYSiQa

The epitheliumis about53 um thickand is the cor® I Qa 2 dzi S (R¥irstainy, | &
Archer, Gobbe, Coleman, & Silverman, 20G8)primaryfunction is to block the passage

of foreign materialssuch as dust, water,na bacteria from entering the ey@nd to

provide a smooth surface that can absorb oxygen and nutrients from the.td&es
epithelium is filled with thousands diny nerve endingswhich is why it can be
extremely painful when a foreign body enters theye It is worth noting that the
lipophilic natureof the epitheliumis the main barrier to hydrophilic drugBarar, Asadi,
MortazaviTabatabaei, & Omidi, 2009)he inner layer of the epitheliumwhere the
epithelial cells anchor and organize themselvisscalled the basememhembrane

(Yurchenco, 2011)
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Figurel.l. The structure of thdhumaneye, showing thelayers of the cornea(Adopted from
(Rose et al., 201%)

Following the basement membran¢here is a thin transparent film of collagen fibres
calledthe. 2 6 Y| y Q& M &'&D4Nih tffiG&and isnot considered a drug barrier

LY T2 NI dzy | 0 St &nEmbiafe8annolbg rédenefatkd if it gets damagaad
thus injuries can cause scar formation, which might lead to loss of visibe ihjury
covers a large area or is located near the centre of the cofRaaasQalaji & Williams,
2012)

The stromais just belowli KS . 246YlFyQa YSYONIyYyS oftleR A &
cornea, castituting almost 90% of the corneal thickne@deek & Knupp, 2015)it is
hydrophilic in natureas it is composegbrimarily of water andcollagenand thus it
constitutes themain barrier to hydrophobic drugsrossing the cornealust below the
A0NRBYI Aa GKS 5 SatthSeud)b@ & robdssivio dildegeSerative

tissue that serves aspmotective barrier against infection and injuridsdoes, however,

hinder drug absorptiorfRawasQalaji & Williams, 2012he5 SA 0SYSGi Qa YSYo
composed of collagen fibrabat are different from those of the stroma, arade made

by cells located in the endothelial layer of the corr{@adhar, 2018)



Theendothelium is the thin, innermost layer of the cornea and its cells play a significant

role in keeping the cornea cleadormally, fluids slowly leak from the inside of tkeye

Ayi2 GKS aiNRYFZ YR (KS SYyR2GKSt AdzyQa LJ
stroma through theNa/K+ ATPaspumps Without this pumping action, the stroma

would swell with water and become thick angaque(RawasQalaji &Williams, 2012)
PyEA1LS GKS OSffta 2F GKS 5S5Sa0SySiQa YSyY
destroyed due to disease or trauma are not repaired bylbdy (Institute, 2019) In
general,changes in one or more of the corneal layers can lead to increased light

scattering and consequent loss of corneal transpardigek & Knupp, 2015)

1.1.2 Causes of corneal injuries

Accidents

Trauma and abrasion

Most ocular trauma injuries occur as a result of the impact from foreign bodies o
abrasion of the corneal epithelium. After a corneal injury, the patient may suffer from
severe pain and reduced vision. With symptoms usually improving as healing takes
place. It was reported that patients can suffer from panic as a result of visioandss

prolonged period of anxiety even after eye recovékghby, Garrett, & Willcox, 2014)

Chemical burns

Chemical burns account forZ2% of eye injuries and have a greater risk of affecting
vision. (Ashby et al., 2014) They occur when corrosive substances are accidentally
introduced D the eye such as building products or household cleaners that contain
ammonia. Generally, alkaline burns are more serious than acidic burns since the
hydroxyl ions cause saponification of the fatty acids in corneal cell membranes thereby
causing celluladisruption. This leads to the deep penetration of the alkaline solutions
into the underlying tissues causing severe damage to the cornea. On the other hand,
acids denature corneal proteins causing coagulation necrosis, which forms a barrier that
helps to pevent further penetration into corneal tissues. Chemical eye injuries require
instant evaluation and emergency treatme(tslani, BaradaraRafii, Movahedan, &

Djalilian, 2014)

The main aim of treatment in the acute phase of corneal burns is to reduce
inflammation, stimulate epithelialisation and prevent tissue necrosis. Successful
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management of the ade phase can reduce scar formation and protect vis{én
BaradararRafii, Aghayan, Arjamd, & Javadi, 2007; Fernandes, Sridhar, Sangwan, &
Rao, 2005)

Corneal surgeries

Despite the safety of the procedures used in current corneal and refractive surgeries,
LASIK surgery generates at least 2% complications with irregular wound healing patterns
(Ljubimov & Saghizadeh, 2085) ¢ KS O2 N} Sl Qa NBalLkkyasS (2 A
from person to persn. The immediate postoperative refractive results of LASIK or
surface ablation are controlled by the programmed ablation zone geometry, the laser
tissue interaction and perioperative biomechanical responses which is not the same for
all patients. Biologal diversity in this response is the norm, even in genetically similar
individuals or contralateral eyes of the same patiefiven in high precision refractive
surgeries, the shapsubtraction model of photokeratoctomy that forms the basis of the
LASIK ath PRK ablation routines assumes a biologically and mechanically inert cornea
and does not take in consideration nahealities in the lasetissue interactions.
Abnormal regulation of the healing mechanism can lead to serious complications such

as keratecasia or loss of corneal transparen®@upps Jr & Wilson, 2006)

Epithelial Injury

l
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Keratocyte proliferation and migration
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reger i

NO Myofibroblast Myofibroblast s
generation generation 1

o

CLEAR ‘4\ ! &
,'.‘

Figurel.2. Cornealwound healing cascade after corneal surgeAgdpted from (DuppsJdr &
Wilson, 2006))

Corneal haze is one of the complications following photorefractive keratectomy. During
the wound healing process, the transformation of stromal keratocytes into activated
5



fibroblasts that synthesize new collagen and extracellofatrix can lead to opacity
(Klausner, Peer, Chapman, Multack, & Andurkar, 2G0g)rel.2 shows the two wound
healing reaction pathways that occur during laser surgeries. One results in proper
healing that leads to the formation of a clear eye (on the left) and theopathway

due to uncontrolled healing results in corneal haze (on the right). Following epithelial
injury, instantaneous programmed cell death (apoptosis) of underlying keratocytes
occur and the dead cells are removed by the phagocytic action of theatimgrbone
marrow-derived cells. A few hours after apoptosis, residual stromal keratocytes undergo
proliferation and migration to restore stromal cellularity. According to the type and
extent of the injury, a high density of myofibroblasts can be generateitie cornea

which leads to corneal haZz®upps Jr & Wilson, 2006)

Corneal diseas&conditions

Corneal diseases are the reason more than 8 million people suffer from blindness
worldwide (Zellander et al., 2014)Corneal diseases/conditions can be induced by
extrinsic infectious pathogens or intrinsic autoimmune reactidiisai, Hsu, Hung,
Chang, & Cheng, 201%pithelial cellsanproduce cytokines such as interleukin(lL-

1) in response to certain antigens such ascrobes and toxic substances in the
environment as a firsine defence mechanism for the eye. However, this defence
mechanism can lead to migration of dendritic cells, neutrophils, T lymphocytes and
other inflammatory cells into the cornea which mighadeto swelling, dissolution of the

stroma and opacityKurpakusWheater et al., 2001)

Generally, an immune response will cause an unacceptable level of tissue destruction.
However, each tissue has a different degree of destructiornrabidity; for example, a
response to microbial infection that is protective in one tissue such as the lung may be
pathological in another such as the eye. In the cornea, @xisemely important to
control the inflammatory response in ordéo maintain vsion andclarity (Kurpakus
Wheater et al.,, 2001)The following diseases/conditions can affect the cornea in a

manner that requires effective treatments.

Infectious keratitis

Infectious or microbial keratitis occurs in the cornea as a result of a bacterial, viral or

fungal infection. Infectious keratitis is common, but not limited, to contact lens wearers.
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Corneal infections lead to severe complications such as corneal thianohgcarring,

which might require surgical intervention if not properly treat@ai et al., 2015)

Bacterial keratitis usually results in corneal ulcers that can lead to perforations, which
can seriously affect visigfTabatabaei et al., 20L7Pnce the bacteria enter the corneal
tissue, cytokines such as interleukin 1 and tumour necrosis factor (TNF) are released.
Examples of bacteriapscies that affect the cornea afeseudomonasStaphylococcus,

Streptococcus, Moraxellnd SalmonellgJhaniji et al., 2011)

Fungal keratitis is one of the major causes of infectious keratitis, especially in developing
countries. It is caused by fungi incing Fusarium solaniAspergillus fumigatys
Penicillium citrinum, Candiddbicans,Cephalosporiumnand Curvularia(Jhanj et al.,
2011) It is usually challenging to treat fungal keratitis, and the infection can lead to
corneal perforation in cases of treatment failure. Initial treatment is through antifungal
topical medication such aBlatamycin or Amphotericin BH. C. Chen et al., 2006)
Although the rate of progression of fungal keratitis is slow, the lack of ocular penetration
of the antifungal topical therapy is a major limitation of the current therapies. Almost
one-third of all fungal infegons require surgical interventions for treating corneal
perforations that occur as a result of pharmacological treatment fai{Ukanji et al.,
2011)

The proliferation of micrarganisms and the associated inflammation within the
corneal tissues causesroeal ulcers and perforations that can cause serious sight
threatening conditions that require intensive treatment. Amniotic membrane (AM)
transplantation can be used to reduce inflammation, promote corneal wound healing

and reduce scarrinfAltay, Tamer, Burcu, & Balta, 2016)

Ulcers, perforations and epithelial defects

Corneal ulcers and perforations can occur due to infectious orinf@ctious keratis
(Nejabat et al., 2009 sually, epithelial defects caused by pathogenstsedfl without
complications, but in some cases where there is a malfunction of lids or tear film or
nerve damage, chronic inflammation can lead to persistent epithelial de(B&B®pand
stromal melting(J. S. Kim, Kim, Hahn, & Park, 2008gatment for PED is achieved via

correcting the underlying condition, suppressing of the inflammation and conservative



ocular surface management. Usually, surgical interventions including AM transplants are

done only when medical treatment fail. BaradarafRafii et al., Q07).

Norrinfectious corneal perforation usually occurs in ocular diseases affecting the
precorneal tear film or other components of the ocular surface. One of the major causes
of chronic epithelial defects is dry eye syndrome. Poor healing of chemibelial

defects can lead to corneal ulceration or perforations that are siigrgatening(Jhaniji

et al.,, 2011) Autoimmune diseases such as rheumatoid arthritis, systemic lupus
erythematosus, temporal arteritis, Wegener granulomatosis, sarcoidosis, and
inflammatory bowel disease are another cause for chronic epithelial defects as they can

cause corneal meltin@lhanji et al., 2011)

In the case of corneal perforations, it is vital to seal the aqueous leak, provide support
to the perforated site and elimirta the causes of perforation while protecting the
anterior segment from any further damage. This can be achieved through tissue
adhesives, bandage contact lenses (BCL), patch grafts including AM, conjunctival flaps

and penetrating or lamellar keratoplastgolomon et al., 2002)

Bullous keratopathy
Bullous keratopathy is a corneal disease caused by endothelial decompensation. The cell

density of the endothelium is reducedausing over hydration of the cornea leading to
intraepithelial oedema that weakens the adhesion between the epithelium and stroma
resulting in bullae formation. The main cause of bullous keratopathy is complicated
cataract surgeryVyas & Rathi, 20095econdary causes of bullous keratopathy can be
failed corneal grafts, penetrating or blunt trauma, or refr@gt glaucoma. In cases of

mild corneal decompensation, bullous keratopathy can be asymptomatic, however as
the disease progresses, slight blurring of vision occurs due to increased corneal thickness
and the folding of the Descemet membrane. Bulla formatoours eventually causing

discomfort or sometimes severe pain.

Partial or fulithickness corneal transplantation is the main treatment for bullous
keratopathy. However, AM transplantation, anterior stronmaicro puncture collagen
crosslinking, BCLs andonjunctival flap are some of the alternative treatments

proposed, that can be used individually or in combination for treatment of bullous



keratopathy in cases of difficulties in processing a corneal transg&int Young, &

Jhanjj 2014; Sonmez, Kim, & Aldave, 2007)

Band keratopathy(BK)

Patients with band keratopathy (BK) experience ocular pain and diminished vision due
to the physical disruption and calcification of the peasement membrane area leading

to breakdown of the corneal epithi@m and instability of the ocular surface and in some
cases keratocyte loggnderson, Prabhasawat, Alfonso, & Tseng, 2001; Fernandes et al.,
2009. Ocular pain in band keratopathy is due to surface instability and epithelial
irregularity (A. BaradarasRafii et al., 2007)

Band keratopathy is currently maged through the use of the chelating agent
ethylenediaminetetraacetic acid (EDTA) with superficial keratectomy or excimer laser
PTK to remove the calcific depodiits, Lee, & Yoon, 201Bowever, there is a need for
supporting treatments to reduce pain, promote healing and stability of the cornea and
prevent opacity; this can be achieved through AM traaspdtion (Anderson et al.,
2001) The AMprotects the stroma from defects by replacing the removed basement

membrane and stroma after surgefyn et al., 201Q)

Diabetic keratopathy

Diabetes has a significant influence on all the layers of the cornea. Moreover, it has a
deleterious effect on the morphological, physiological, metabolic and clinical features of
the cornea. Keratoepitheliopathy, a condition thatcurs in almost onguarter of
diabetic patients, presents as superficial punctuate keratopathy, persistent epithelial
defects or recurrent corneal erosigiidiraoka, Amano, Oshika, Kato, & Hori, 2001; K.
Inoue et al., 2001)Diabetes causes vascular changes in the tear gland and diabetic
retinopathy which leads to dysfunction of the tear film and thus dry é@eusen,
Cackett, Bennett, Swa, & Dhillon, 200%)oreover, diabetic keratopathy can cause
corneal oedema and persistent epithelial defects that can progress to scarring which

might eventually lead to permanent loss of vision.

The cornea of a diabetic patient differs from the normal cornea in response to cataract
surgery and is more susceptible to postoperative complications. It is common in diabetic
patients to suffer from preoerative and/or postoperative dry eye disease due to

aggressive treatments before and after surgery and worsening of the tear film function
9



as a result of the cataract surgery its€¥. Liu, Gu, & Xu,088) Moreover, diabetic
patients suffer from delayed epithelial wound healing compared to -diaetic
patients, which might progress to intraocular infection and other postoperative
complications (Wakuta et al., 2007) Controlling of blood sugar levels and eye
lubrication is important in diabetic patientdo prevent complicationsarising post
corneal injuries Other treatment protocd suggestusing topical antibiotics and oral
nicergolineto increasethe arterial blood flow, BCL&nd covering the lid bya patch.
Recent approaatsimplementgrowth factorsto enhance corneal healingcousen et al.,

2007; Saghizadeh, Kramerov, Yu, Castro, & Ljubimov, 2010)

1.1.3 Cornealhealing

Since the cornea is the major refractive surface of the eye, any mechanical or biological
response following injury will affect the optical performance. The size and depth of the
wound and the type of injury affect the healing mode and outco@erneal injiry can

be in the form of a scrape, incision, laser exposure, or other insollswingthe injury,

there isusually gperiod oflag phase where the cells change their metabolic status and
prepare for the wound healing process. Although the mechanismaeind healing is
usually introduced as a linear cascade, it is more complex and involves simultaneous
mechanisms that are influenced by numerous factors such as cytokines, growth factors,
chemokines and their receptors. There are similarities in the hgalincesses between

the epithelial, stromal and endothelial cells in relation to cell migration, dependence on
growth factors and extracellular matrix (ECM) remodelling. However, there are
significant differences in the healing mechanism of the differenteal cell populations
(Dupps Jr & Wilson, 2006)

The corneal epithelium hasselfhealing mechaismthrough frequentmovement and
differentiation of limbal stem celleesiding in the limbusMost epithelial injuries self
heal within 24 h except for severe injuries from alkali burns, infections, or wound
associated with diabetic retinopathfAshby et al., 2014)Corneal epithelial wound
healingconsists of continuous phases that start with cell dedtilowed bymigration

via sliding of the superficial cells to cover the denuded surfdokowed by cell
proliferation, differentiation and extracellular matrix (B@) remodelling(Agrawal &

Tsai, 2003; Ljumov & Saghizadeh, 2019)hisprocess involves growth factor/cytokine

10



and ECM signahediated interactiongo re-establish efihelial integrity and restore

corneal homeostasi@ jubimov & Saghizadeh, 2015)

Stromal cellsheal through a sequence dfansformation of stromal keratocytes to
fibroblasts and myofibroblastd jubimov & Saghizadeh, 2015)brin formation occurs

at the early stag®f wound healingo act as grovisional matrix to support migration
and adhesion of corneal epithelial cel&rosslinking of the expanding fibrin network is
essential for corneal wound healing. Subsequently, fibronectin is deposited on the
denuded corneal surface from tear film facilitate cell adhesion and fepithelisation
during healing Agrawal & Tsai, 2003)

Fibrotic scar formation in human skin cells will not affect tissue function, however,

improper stromal wound healing can significantly reduce corneal transparency and
affect vision. It is worth noting that stromal remodelling occurs upon direct damage to

the stroma as in case of surgery, as well as upon the death of stromal cellgafter

of the corneal epithelium through physical or chemical factors. Damage of the stroma
triggers the release of inflammatory cytokines from epithelial cells and/or taast As

for endothelial corneal healing, it usually occurs after corneal burns and surgeries for
replacing dysfunctional endothelial cells only. Endothelial cells have extremely low
proliferation rates, and healing occurs through transformation to mebgnal cells,

cell migration and spreadin@.jubimov & Saghizadeh, 2015)

1.1.4 Current treatments for corneal injuries

The treatment protocol setio promote effectivecorneal healing depends mainly on the
cause and the severity of the injurome corneal injuries are caused by trauma or
pathogens as explained above, and therefore elimination and treatment of the cause

should be addressed in conjunction with the following treatment protocols.

Mild-moderate injuries

It isof paramountimportance to control the inflammatory response within the cornea,
following injuries, in order to preserve its clarity and vis{#&urpakusWheater et al.,
2001) Although inflammation is a beneficial process that is required in the mechanism
of wound healing, exces® levels of inflammation can lead delayed corneal healing.

Inflammation can be controlled via COX inhibitors or glucocorticosterkigidy use of
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steroids limits inflammation, protects the stroma from destruction and can preven

corneal opacityfAshby et al., 2014; Gicquel, Bejjani, Ellies, Mercié, & Dighiero,.2007)

Anti-inflammatory nedicationsare currently administered via eye drops. However, the
major drawback when using eye drops is that most ofittséilled drug is lost within the

first 1530 s due tohigh tear turnover, rapid nasolacrimal drainagand conjunctival
absorption Moreover, only5% of the drug successfully penetrates the cordea to
corneal barriers. As a result of this poor drugawailability, frequent administration of

eye drops is required to achieve therapeutic outcomes. This is inconvenient for patients,
especially if the eye is covered after surgefgadawi, ELaithy, El @ra, EI Mofty, & El
Dally, 2008)Antrinflammatoryeye dropsneed to be administered every 2 h in the first

2 days, and then every 4 fKaczmarek, Tieppo, White, & Byrne, 2014)

BCLsare currenty appliedafter eye surgeriessuch as photorefractive keratectomy
(PRK)to protect the eye after the removal of the corneal epithelig§anchezsonzélez,
Lopezlzquierdo, GargaliMartinez, DeHita-Cantalejo, & Bautisthlamas, 2019)
Furthermore, they are@ised in cases of traumatic corneal abragioprotect the injured
cornea, reduce pain and promote healing. In both situations, topical medications
containing either antiinflammatory and/or antibiotic medication are prescribekhese

patients would benefit from a drugluting BCI(Hui, Sheardown, & Jones, 2012)

Moderate-severe injuries

In some of the moderate and most of the severe corneal injuries, such as alkali burns,
StevenJohnson syndrome, posadiation or after multiplesurgeres, corneal limbal

stem cells cabe permanently damagedhereforecompromising the natural ability of

the eye to regenerate new corneal epithelial céfsatoomsoot et al., 2008)

The choice of treatmermdepends on the severity and therie since the primary injury.

In cases ofmild and partial limbal stem cell deficiency (LS@D), transplants can be
effective The presence of nutrients, axtiflammatory regulators and growth factors in
the AM, aid the re-epithelisation and reduction ofinflammation, scarring, and
vascularisation of the injured cornea, thereby promoting the expansion of the remaining

limbal stem cell§Gheorghe, Pop, Mrini, Barac, & Vargau, 2016)
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In severe cases, dting small pieces of healthy limbal tissfrem theLJ- G A Sy (i Q&
eye (limbal autografty or from the limbus of alose relative (allograft is usually a
successful treatmeniGheorghe et al., 2016However, this is an invasive and expensive

operation.

Another successful procedure used in various cases of LS&Bmiisells transplants
which are usually fed using AM sheets. Stem cgdl®moteregeneration of the corneal
epithelium and help restore epithelial clarity(Gheorghe et al., 2016while the AM
provides the required support promoting cellular differentiation and proliferation

throughout their formation into a aw tissue(Y. Zhao & Ma, 2015)

1.1.5 Reason for utilisation of 3Bprinting

After the approval ofSpitam®(levetiracetam) as the first 3printed drug product in
August 2015%Fitzgerald, 2015}here has been a push to expand the 3D printing research
for drug delivery and other medical applications. the medical field, 3D printing
technology can produceophisticatedand personalised productwith viable market
potential that can bemade onrdemand increasing the safety margirfficacy and
accessibility of medicing®Norman, Madurawe, Moore, Khan, & Khairuzzaman, 2016)
3D-printing can allow the develoment of patientspecific, grsonalised BCLs for
keratoconus patients dior BCLs with complex designs like lenses with hollow centre or
meshtlike structure with a specific pore diameter. Moreover, cells can be incorporated
in the bioink and printed into BG using 3Mioprinting techniquesherefore, this thesis
aims to utilise the advantages that giinting can bring to the field of medicated BCLs

in the treatment of corneal injuries.

3D-printing in drug delivery

Drug deliveryis the process oadministaing drugs or pharmaceutical compounds to
their target sitein the bodyfor safely achieving theidesired therapeutic effect
(Jonathan & Karim, 2016; Tiwari et al., 20012)e conventional methods of fabrication
of drug delivery systems might not be satisfactory for riaarapies, which require

advanced manufacturing techniques.

The capability of dispensirggallvolumes with accuracy, spatiebntrol, and layerby-

layer assembly in 3fprinting allowsfor the preparation ofdevices and structures with
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complex geometriesnultiple active pharmaceuticahgredientsand controlledrelease
profiles Alsq the 3Dprinted modelscan be easily modifiedbefore printing which
reduces production costs and saves materfdlsong, Gholizadeh, Lu, Bunt, & Seyfoddin,
2016; Prasad & Smyth, 2016jurthermore, geriatric angediatric patients usually
require personalized medication due to rapid modification of physiological and
metabolic functions or due to dose adjustmefBuanz, Saunders, Basit, & Gaisford,
2011; Florence, 2010)

The mcrostructure and porosity of the drug delivery device (DDD) lbaneasily
controlled by varying the parameters within the 3Winting process. Traditional
methods for producing matrix DDD with porous core structure include compression,
moulding, solvent asting, the lost foam and vacuuforming methods. Conventional
production methods can produce closed pores that are not permeable to liquids and
entrap the drug hindering its release. Compared to conventional methods of fabrication,
3D-printing techniques have better control over pore sizes;onnectivity and
distributions of internal pore¢Cheah, Leong, Chua, Low, & Quek, 2002)

3D-printing in ocular medicine

The advances made in the use of@inting in ophthalmology has led to the production

of customised ordemand eyeweafW. B. Huang & Zhang, 201@urrently, some metal

or plastic devices and surgical instruments used by ophthalmologists are manufactured
using 3DBprinting (Canabrava et al., 2015; W. B. Huang & Zhang, 2QLgpeanu et al.

(2014) have developed an ophthalmic speculum and customised spatula using this
technique (Lupeanu, Rennie, Rosu, & Moadaladian, 2014)Moreover, 3Bprinted

ad0dz LIWidzNBa FyR | ROy OSR Y2R &mploye@irFsorhe LI ()
medical schools to introduce surgical techniquestioedents who can practice surgical

procedures in a safe environmefWaran et al., 2014)

Moreover, 3D-printing technologies have been utilised in ti&brication of ocular
prostheses(Ruiters, Sun, De Jong, Politis, & Mombaerts, 2028hough ocular
prosthesishasno function, ithelpsthe patient psychologically and improves confidence
(Ospina, Diaz, & Plaza, 2014nitially, prosthesesvere fabricatedby the mpression
moulding method, which resulted in the poor fitting of the prosthe@siiters et al.,

2016) The3D-printed impressioAree mould omit the time-consumingsteps of casting
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and duplication of a conventional impressiorould while ensuring gerfectfit for the

patient (Abduo, Lyons, & Bennamoun, 2014)

1.2 Thesis aims

The primary aim of this thesis is to develop a novelp8ibted medicaed corneal
bandage for the treatment of corneal injuries. Two types of therapeutics were loaded in
the bandages prepared in this work: the first being an-arftammatory corticosteroid

drug, Dexamethasone (DEX), used to reduce the inflammation of jiredcornea and
promote selfregenerationpostsurgeries oin cases ofmild-moderate corneal injuries

and the second being human corneal epithelial primary cells (HCEpC) used to
compensate for the loss of corneal stem cells in modesseere corneal inyies and
minimise theneedfor corneal grafts. In both types, the corneal bandage is designed to
protect the injured cornea from the external environment and pathogens and act as a
matrix to support the adhesion of the newly generated corneal cells thepgbmoting

rapid corneal healing.

The specific objectives of this thesis are:

I. To develop a drugpaded silicone hydrogel corneal bandage with suitable
water content, mechanical properties and controlled release of DEXteer
period of 1 week, which is thapplication time of the BCL

il. To utilise the capabilities of 3printing technology of hydrogels in
developing a drugluting gelatine bandage contact lens (BCL). The loaded
DEX drug should have a controlled release profile over a period of 1 week.

iii. To load HCEpC within a -ponted gelatine methacrylate
(GelMA)/polyethylene glycaliacrylate (PEGDA) composite hydrogel meshes
to be used as a potential cell carrier for tissue regeneration applications.

V. To develop a 3fprinted corneal bandage carrying HCEpCiliertreatment
of moderatesevere corneal injuriesising various hydrogel @ampositions.
The effect of hyaluronic acid (HA) and collagen incorporation within the
GelMA hydrogel matrix on the properties of the-pbnted bandages and the

viability of the carried HCEpC will also be evaluated.
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1.3 Thesis structure
This thesis consists af general introduction (Chapter 1), a literature review (Chapter 2),
four experimentalchapters(Chapter 36), and a final general discussion (ChapterThe

contents and rationales of the core chapters are described in the following section.

1.4 Thesis overiew

Chapter 2:Medicated ocular bandages and corneal health: potential excipients and

active pharmaceutical ingredients

This tapter is a literature review discussirtge current approaches for corneal
regeneration treatmentsincluding amniotic membrane (AM) bandages, bandage
contact lenses (BCL) and collagen shields in conjunction with frequent administration of
therapeutic eye drops. Thenajor drawback associateevith eye drops is poor
bioavailability and patient incompliance that rhiglead to corneal wound healing
complications and poor clinical outcomes. This review higtdighe materials and
therapeutics that can be used in medicated ocular bandages and various ways of
incorporating drugs while discussing the limitations and lelngles associated with
developing medicated ocular bandagefor clinical use Hydrogel materials and

therapeutics used in this thesis have been described in this literature review.

Chapter 3 An all-in-one drugeluting silicone hydrogel bandagentact lers (BCLjor

postsurgical recovery and corneal injuries.

Anti-inflammatories are prescribed after surgery and corneal injury to reduce
inflammation and promote the natural mechanism of corneal healidge to the
extremely low bioavailability of eye drops5%), frequent dosing of anithflammatories

is required to achieve the desired clinical outcomeBandage contact lenses are
currently applied prior to eye surggand after traumatic corneal abrasion fwotect

the injured cornea, reduce pain and proneohealing. However, topical medications
containing either antinflammatories or antibiotics are prescribedhe delivery of
therapeutics through contact lenses increase their resident time, control and extend
their release and enhance tirebioavailabiliyy to more than 50%whencompared tathe

use ofeye dropsalone.Therefore, the aim of this chapter was to develop arrathne

drugeluting silicone hydrogel lenses to protect the injured eye while delivering
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dexamethasone (DEX) as an antlammatory melication over a period of 1 week.
p(HEMAco-TRIS0-PDMS) lenses were prepared and the molar ratios of the co
monomers were varied to investigate their effect controlling the release oDEX and

the mechanical properties of the BCLSs.
Chapter4: 3D-printed gelatine contact len®r ocular drug delivery ddexamethasone

In this chapter, the use of hydrogels other than the traditional silicone hydrogels
currently used for preparing contact lenses was explored. Gelatine hydrogels were
chosen because they are clear, flexible and have high oxygen permeabdityover,

their rheological properties allow their use as inks in extrusiased 3D printers, which
opens the door to a wide range of novel applications. Gelatine methacrylate (GelMA)
hydrogel was used in this work to prepare the lenses via a photopigation reaction.
Different concentrations of Polyethylene glycol diacrylate (PEGDA) were tested to see
their effect on DEX drug release profiles, water content and degradation of the prepared

lenses.

Chapter5: 3D-printing of GelMA/PEGDéomposite hydrgel meshes as potential cell

carriers for tissue regeneration

In chapters 3 and 4, dregjuting BCLs were loaded with DEX to reduce the inflammation
and promote natural regeneration of the cornea in mitebderate injuries. However, in
cases of severeoeneal injuries, limbal stem cell deficiency (LSCD) might occur, and thus
the cornea loses its ability to regenerate, which results in scarring and loss of vision.
Currently, corneal grafts or stem cell transplants are performed in severe cases of LSCD.
However, these are invasive and expensive. Therefanegvel norinvasive technique

to deliver HCEpQo the injured cornea, via a 3printed hydrogel mesh carrier is
proposed. The hydrogel mesh is placed on the ocular surface as a BCL to promote
regeneration of the injured cornea, thereby eliminating the need for surgical
intervention. Gelatine methacrylate (GelMA) is the most widely used hydrogel for
creating 3Bprinted scaffoldsHowever, it is difficult to print complex scaffolds entirely

out of GelMA hydogel due to its low stiffness and relatively low printing fidelity.
Therefore, in this study, 3Bprinted GelMA/Polyethylene glycol diacrylate (PEGDA)

composite hydrogel meshes with high printing fidelity, adequate mechanical properties
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and controllable dgradation profileswill be developedand characterised as a cell

carrier for BCL application and general tissue regeneration purposes.

Chapter6: 3D-printed GelMA meshes as a eedirrier fortreatment ofmoderatesevere

corneal injuries

In this chapter, other hydrogels were incorporated to GelMA hydrogel in the preparation

of the BCL designed to carry HCEpCitliertreatment of moderatesevere corneal
injuries. Hyaluronic acid(HA) is a naturally occung glycosaminoglycan of the
extracellular matrix that has high water retention capabilities, adhesion properties and
long ocular surface residence time. MoreovdA becomes availahlehen an epithelial

lesion is formedto initiate the healing process the injured cornea. Collagen (type 1) is

the most abundant stromal protein in the cornaad the main component of ECM and
promotesproliferation and differentiation of epithelial cell¥herefore, HA and collagen
were incorporated within the GelMA hydregmixtures to prepare the hydrogel meshes
used as BCLs to analyse their effect on the mesh properties including shape, crosslinking,

equilibrium swelling ratio, biodegradability and cell viability.
Chapter7: General discussion

The final chaptepresentsa quickthesis oveview, interpretation ofmain thesidindings,

thesisimplications studylimitations and possible related futurecommendations

1.5 Research outputs arising from this thesis
1.5.1 Conference presentations

Zidan, G., Rupenthal, I1.D., Greene, C., & Seyfoddin, A. (20193Dxpyinted hydrogel
mesh as a human epithelial cell carrier for corneal regeneraiaster presented at the

46" Annual Meeting & Exposition of the Controlled Release Sodéiaigncia Spain.

Zidan, G., Rupenthal, I.D., Greene, C., & Seyfoddin, A. (2018, Augustpriat&D
contact lens for corneal healing. Presented at th& Axnual Postgraduate Research

Symposium, Auckland University of Technology, Auckland, NZ.
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Zidan, G., Rupenthal, I. D., Greene, C., & Seyfoddin, A. (2017, Jungridgt&Ddrug
eluting corneal bandagelranslational Technologies between Benchtop and iBeds

Presented in The MedTech Core Annual Conference, Auckland, NZ.

1.5.2 Journal publications

Zidan, G., Rupenthal, I. D., Greene, C., & Seyfoddin, A. (2018). Medicated ocular
bandages and corneal health: potential excipients and active pharmaceutical

ingrediens. Pharmaceutical development and technolpg$(3), 255260.

AlKinani, A. A., Zidan, G., Elsaid, N., Seyfoddin, A., Alani, A. W., & Alany, R. G. (2018).
Ophthalmic gels: Past, present and futufelvanced drug delivery reviews26, 113
126.

Zidan, G.Rupenthal, I. D., Greene, C., & SeyfoddiyrAaltin-one drugeluting silicone
hydrogel bandage contact lens (BCL) for gsgical recovery and corneal injuri@d®

be submitted

Zidan, G., Rupenthal, I. D., Greene, C., & Seyfoddd)-printed gelatine contact lens

for ocular drug delivery of Dexamethasorfi@ be submitted

Zidan, G., Rupenthal, I. D., Greene, C., & SeyfoddBD-printing of GeIMA/PEGDA
composite hydrogel meshes as potential amtriers for tissue regeneratiormo be

submitted

Zidan, G., Rupenthal, I. D., Greene, C., & SeyfodddD-grinted GelMA meshes as a

celkcarrier for treatment of moderatesevere corneal injurie§ o be submitted

1.5.3 Book chapters

Zidan, G., Greene, C. and Seyfoddin(2819). Formulationdesign in drug delivery
Engineering Drug Delivery Systesgxford, United Kingdonwoodhead Publishing (An

imprint of Elsevier).
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Chapter 2 Medicated ocular bandages
and corneal health: potential
excipients and active
pharmaceutical ingredients
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Abstract

Corneal blindnessan occur due to improper healing of the corneal tissues after induced
injury or abrasion which can be accidental, pathogenic or after corneal surgery.
Abnormal regulation of the healing mechansoan lead to corneal opacitjReducing
inflammation and promotingepithelial wound healing is crucial for seiee corneal
recovery wittout eyesightcomplications Qurrent approaches for corneal wound healing
involve amniotic membrane (AM) bandages, bandage contact lenses (BCL) and collagen
shidds in conjunction with frequent administration of therapeutic eye dropse
problem with eye drops is poor bioavailability and patient incompliance that might lead
to corneal wound healing complications and poor clinical outcorW@sious methods

have been proposedfor loading drugs intomedicated bandage lensesThere are
advantages and limitationsissociated witheach techniqueregardingthe ease of
manufacture, drug loading, release kinetics and suitability with various therapeutics and
hydrogel typesThere is still, however, ndrug-eluting corneal bandage on the market
despite the need for such a convenient acaoktefficient strategy for corneal wound
healing. This review will highlight materials and therapeutics that can be used in
medicated ocular bandages and various ways of incorporating drugs, while discussing
the limitations and challenges associated with bringing medicated ocular bandages in

the market.
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2.1 Introduction

Corneal blindnessan occur due to improper healing of therneal tissues after induced
injury or abrasion which can be accidental, pathogenic or after corneal surygayt
from acting as a protective shield frothe external environment and pathogens, the
cornea contributes tawo-thirds2 ¥ G KS S & $h@powsi.Roidonial ref#abodza

of the healing mechanisstan lead to corneal opacif)Klausner et al., 2007)

With cataract surgery being the most comme@nocedure performed by ophthalmic
surgeons worldwide(Lind$rom, 2015) and the constantly increasing numbers of
refractive surgeriedeing performed the need fornew strategies forapid scaffree
corneal healinghas gained even greater importanc®espite the safety ofthe
procedures in current corneal andfractive surgeries, LASIK surgery generates at least

2% complications witirregularwound healing patterngLjubimov & Saghizadeh, 2015)

Moreover,corneal diseasearethe second most common cause of blindness worldwide
andcan lead to serious corneal complications and losssabwv if not properly treated

If the abrasion involves more than half of the corneal surface, healing can take up to 5
days,and 28% of these patients will have recurrent symptdoraup to 3 months after
injury (H. Dua & Forrester, 1987; Eke, Morrison, & Austin, 1338)hermae, recurrent
corneal erosions (RGBccurring due to the poor adhesion of the corneal epithelium to
the underlying stromaare quotedas being common due to thiarge number of
associated conditions includirictpuma, epithelial dystrophieand systemic @nditions

such as diabetefas & Seitz, 2008; Ramamurthi, Rahman, Dutton, & Ramaesh, 2006)

Reducing inflammation and promotirgpithelialwound healing is crucial for schee
corneal recovery witbut eyesightcomplicationsin this review, curent approaches for
corneal wound healing using ocular bandages W@ discussedand current

opportunities and limitations for their useighlighted

2.2 The wrrent practice of bandages

2.2.1 Amniotic membrane bandages
Amniotic membrane (AM) is an avascular fetal membraaevestedfrom placental
tissueobtainedfrom electivecesarean sectiaof pregnantwomen (Malhotra & Jain,

2014) Transplantationof AM has traditionally been utilised for ocular surface
22



reconstructionacting asa physical barrier that protects the cornea during the healing
processand helps in reducing pain caused due to fhetion of the eyelids wh the
injured corneal surfac€Suri et al., 2013Moreover, AM acts aa supporting matrix for

the adhesion of epithelial cells and promotes wound healing due to its unique
composition of hyaluronic acid, collagen and growth factbeg have antiangiogenic

and antiinflammatory functiondHao, Ma, Hwang, Kim, & Zhang, 2000; Maharajan et
al., 2007) However, AM is often associated with complicated processing such as
extensive serological screeningnd critical handling and storage requirements.
Moreover, AM can suffer frommpaired transparency, poor mechanical strengihd
variable quality(Feng, Borrelli, Reichl, Schrader, & Geerling, 2014; Pratoomsoot et al.,
2008; Wright, Mi, & Connon, 2013Jurrently, there areelatively expensivein-clinic
commercial products oAM bandagedor the treatment of corneal diseases/conditions
that require ocular surface mmngruction. Such marketed products includrokera®,

| YO A 2 5BloB@pix® NI f Retili.y R

2.2.2 Bandage contaclenses (BCL)

Commercial silicone hydrogel bandage contact lenses (BCL) including Biofinity®,
ACUVUE®, PureVision® and AIR OPRarX®urrently usedafter photorefractive
keratectomy (PRK) to promote epithelial healing and control paaylor et al., 2014)
Clinical trials haveshown a significant effectin painrelief after PRK surgery when
applying topical eye drops in conjunction with BCL compared to topical medication alone
(Cherry, 1996)Furthermore, extending the application of BCL from 4 to 7 days can
enhance visualahabilitation and reduce complications of pemirgical PRK patients

(Mohammadpour et al., 2017)

2.2.3 Collagen shields

Collagen shields were first introduced in the |&gs as contact lenshaped bandages
fabricated from porcine scleral tissue that resembles théagan of the human eygC.

H. Lee, Singla, & Lee, 2001; Poland & Kaufman, 1988)there are currently marketed
collagen shields by OASIS® Medical, (@ASIS, n.d.)Collagen shields are used to
promote corneal epithelial healing by protecting the injured cornea from the friction
caused by blinking of the eyelids and from the external environment. They have also

been usedn the treatment of dry eye syndrome since they turn into lubricating gels
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before they dissolve in 12, 24 or 72(Greenwald & Kleinmanr008) Moreover,
corneal shields were found to prolong the contact time of topically applied medication
after presoaking them in the drug solutiofAgban, Lian, Prabakar, Seyfoddin, &
Rupenthal, 2016; Colin, Malet, Chastel, & Richard, 1991; Willoughby, Batterbury, &
Kaye,2002)

2.3 Materials that can be used in medicated banges

2.3.1 Collagen

Collagen is a biocompatible, biodegradable and very well tolerated biomateriaisthat
used in many medical applications including skin replacements, bone substitutes,
artificial blood vessels and wound dressirf{@s H. Lee et al., 2001Being one of the
major componens of the extracellular matrix (ECM)t has a significant role in
promoting cell adhesion, spreading and differentiation atiterefore can promote
cornealwound healing. Altering the strength and degradability of collagen bandages can
be easily achieved through different degreesaisslinking which can also controhe
release rate of the entrapped drugBandurang Rao, 1996; Weadock, Olson, & Silver,
1983)

2.3.2 Polymeric hydrogels

Hydrogels are the main components of ocular bandage lenses because of their
hydrophilic nature and crodinked polymeric networks that have high water
absorbance capabilityPeppas, Bures, Leobandung, & Ichikawa, 208@¥roxyethyl
methacrylate (HEMA) and poly (hydroxyethylmethacrylatehigMA) are currently used

in soft contact lens preparation and are the masimnmon polymeric hydrogels utilised

in drugeluting contact lenses for controlled drug release up to 1 week. To increase the
amount of the loaded drug and delay its diffusion, hydrophobic monomers such as 4
vinylpyridine (VP), or ionic monomers such ag3fminopropyle)methacrylamide
(APMA) can be incorporated into the hydrogel network to increase the interaction
between the drug and the hydrogel moleculés! Yy RN &SR E A CSNY I yRSI
£ @1 NBT [ 2 NBy 1 2 3 Although 2hgs® Ky8rbge® [Enses ara soft and
flexible, they have low gas permeability, and thus have to be removed(&dipe et al.,
2016)
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2.3.3 Silicone hydrogels

Silicone hydrogel contact lenses were introduced in the tep /and gained high
popularity since then due to their high oxygen permeability compared to polymeric
hydrogels This makes them suitabfer use asextended wear contact lenses up to 30
days.Silicone hydrogel lenses are usually composegilakanemacromer for enhanced
oxygen permeability, that ig€opolymerisedwith a hydrogel phase consisting of a
hydrophobic monomer such ass[trimethylsiloxy]silylpropylmethacrylatg TRIS) and a
hydrophilic monomer such a@N, Ndimethylacrylamidg (DMA) N-vinyl pyrrolidone
(NVP) or HEMAhe hydrogel phase increases the lens wettabilitych isessential for
comfort, adequate lens movement and sufficient toansfer. Silicone hydrogel contact
lenses can be used to deliver ophthalmic drugs to the eye wotftrolled release of
medication from 20 days up to more th&months depending on theatio between the

hydrophobic and hydrophilic component® Kim, Conway, & Chauhan, 2008)

2.3.4 Hyaluronic acid

Hyaluronic acid isa naturally occurringanionic polysacchade and an important
componentof the ECM thahasshownthe ability to control inflammation angromote
corneal epithelial wound healinghrough stimulating corneal cell migration and
proliferation (M. Inoue & Katakami, 1993;jsthida, Nakamura, Mishima, & Otori, 1991)
The clinical applications ¢iA vary from cell cultureand epithelial regeneration to
cosmetic dermal fillergPrice, Berry, & Navsaria, 200&hd intraarticular injection
improving joint moton and reducing pain in osteoarthritis patierfddoreland, 2003)In
ophthalmology, HAs used in tte treatment of dry eye syndromaéue to its lubricating
nature (Aragona, Papa, Micali, Santocono, & Milazzo, 2@08)to substitute the lost
vitreous fluid duing ocular surgeried Y2 Ay ~2f G4Sasx {4.SNy=x
Moreover, HA was able tprolong the release dfopically applied ocular therapeutics
(Cho et al., 2003)

2.3.5 Chitosan

Chitosan is a natural cationic polymer that is broadly useédpital dressings for wound
healing in case of burpslue to its biocompatibility and antimicrobial activjtgnd in
corneal tissue engineerin@layakumar, Prabaharan, Kumar, Nair, & Tamura, 2011;

Ozcelik et al.,2013; Rafat et al., 2008)The molecular weight, the degree of
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deacetylation, ionic strength of chitosan and the pH of the medium are all factors that
affect the antimicrobial capability of chitosan. Interestingly, the form of chitosan
whether it is in solution, gel, film or combined with another material affects its anti
microbial effect as wel(Dai, Tanaka, Huang, & Hamblin, 201t)was found that
chitosan can modulate the functions of inflamroag cells, accelerate wound healing
through influencing the phases of the wound healing prod€ds, Lu, Teng, Li, & Li,
2017) Moreover, chitosan and chitosan derivativean beused as drugnd growth
factors carrier while enhancing their permeabiliigerntop-Schnirch & Dinnhaupt,

2012)

2.4 Medications for corneal wound healing

2.4.1 Anti-inflammatory medication

Inflammation is triggered by corneal injunAlthough inflammation is a beneficial
process thats requiredn the mechanism of wound healing, exagssnflammation can
lead to delayed corneal healing. Inflammation dancontrolledvia corticosteroidsor
non-steroidal antinflammatory medication The erly use of steroids limits
inflammation protects the stroma from destruction and can prevent corngelcady
during the wound healing procedsowever, excessive use of corticosteroids can delay
wound closureor induce glaucomaTherefore, the use of steroids in corneal wound
healingshould be carefully managdéshby et al., 2014; Gicquel et al., 2007; Kadmiel,
Janoshazi, Xu, &idlowski, 2016)

2.4.2 Growth factors

The effectiveness of growfflactors in corneal wound healing hiasen clinically proven
Epidermal growth factor HGF), hepatocyte growth factor (HGF) and transforming
growth factor (TGH) are growth factors present in the human tears that can be used

to stimulate epithelial growthExogenous EGF helps in corneal epithelial wound repair
through promoting migration and proliferation of the epithelial cells. However, it is not
always beneficial to use growth factors in corneal regeneration since daeynhibit

corneal epithelial priiferation as in the case ofGF» | TTGR 2 NJ 2 S NA ( A Y dz
healing process leading tescaring as in the case ofibroblast growth factorFGF

(Agrawal & Tsai, 2003; Ashby et al., 2014)
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2.4.3 Stem cells

Stem cell transplantation is the most significant clinical advance in the repair of damaged
corneal epithelium in patients suffering from stem cell loss, mechanical trauma
(including surgical) or burns due to their unique capabilities of stem cells, \ahaskh

them to differentiate into multiple lineage cell&C. C. Hsu et al., 2015; Ljubimov &
Saghizadh, 2015) Limbal epithelial stem cell (LESC) grafts are currently used for ocular
surface reconstruction in the case of total limb#&dra cell deficiencyC. C. Hsu et al.,
2015) The most common sources of stem cells for clinical use are embryonic, adult and
induced stem cells, with various advantages and limitations associated with each type
(C. C. Hset al., 2015)Limbal stem cells can be grown&xo onto AM or plastic tissue
culture wells and then transferred to the surface of the eye through bandage lenses,
fibrin gel or collagen shield®auz & Saw, 2010Jurthermore, autologous limbal grafts
KFEFNBSAG§SR FTNRY (egeScanLile delivergdite the iffuetl eyé Ksing
amniotic membrane or contact lensédmescua, Atallah, Nikpoor, Galor, & Perez, 2014;
Di Girolamo et al., 2009)

2.5 Strategies for drug entrapment

2.5.1 Soaking of corneal bandage

Severalmethods have been utilised to incorporate drugs into contimises; the
simplest of which is soaking commercially availabledsms collagen shields the drug
solution toentrap the drugn the internal channels of the hydrogedinming et al., 2008;

J. Xu, Li, & Sun, 201The soaking method sraightforward and coseffectiveand can

be donewith commercialy available contact lensg@\. M. Ribeiro, Figueiras, & Veiga,
2015) The abilityof commercially available soft contact lenses to act as a drug reservoir
is related to the water content and the thickness of the lens, the concentration of the
drug solution and the soaking time of the le®inming et al. 2008) The soaking
technique is limited only to small molecular weight and hydrophiierapeuticsand
suffers from low entrapment, and fast diffusion of the drug from the lensnd so
frequent replacement of the lens is requireshaking this less cosffective and

inconvenientfor the patient(C-C. Li & Chauhan, 2006; Xinming et al., 2008)
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2.5.2 Surfactants and nanoparticles

Several techniquewere employedor loadingtherapeutics in hydrogel contact lees
including surfactant aggregatesnd colloidal nanocarriersurfactant aggregates of
Cyclosporine Aave been successfully loadedto a hydrogelmatrix resulting inthe
extension of thedrug release profile with a linear release rate for more t@atays and
up to 29dayswith a non-linear release profiléKapoor & Chauhan, 2008pthershave
dz& S-Rycladextrin as a complexing agent @ahance drugoading and prolong the
release to more thar8 weeks, especially in theaseof small molecular weight drugs
(dos Santos et al., 2009; dos Santos, Couceiro, Concheiro,-Latrasdeira, & Alvarez
Lorenzo, 2008) Colloidal nanocarriersincluding nanoparticles, nanoemulsions,
nanosuspensions and liposomes @sobe used to load drugs tia contact lenses for
more control over the release profil@henanosizeof the colloidal carriersallows the
entrapment of lipophilic drugs within the hydrophilic hpdiel matrix without affecting
the transparency of the leng&urthermore, the acapsulation otherapeuticswithin the
nanocarriers protect them fronocular enzymedegradation, tereby enhanéng their

bioavailability(Hu et al., 2011)

2.5.3 Molecular imprinting

Molecular imprintirg is one of the techniques used to incredisedrug loading capacity
and controldrug releasethrough creating voids within the hydrogel macromolecular
network that havea highaffinity for the targeted drug Thistechnigueincreagsthe drug
loading capaity and offes control over thereleaseof therapeutics(Maulvi, Soni, &
Shah, 2016)Thosebiomimetic hydrogls can extend the drug releafar up to 1 week

in the caseof HEMA hydrogel lenses! y RNJ RS m+ A @ SoNp toRimoniths & =
with siliconehydrogel lense¢Charles J White, McBride, Pate, Tieppo, & Byrne, 2011)
However, itis difficult to produce anolecularly imprinted contact lens that controls the
release of more than one drug. Moreovenplecular imprintingequires ahighdegree

of crosslinking of the hydrogel, which might alter the lens elasticity, water content or

oxygen permeabilityK-H. Hsu, S. Gause, & A. Chauhan, 2014)

2.5.4 Multilayer contact lenses

The use of naltilayer contact lenssis another useful techniqur entrappingdrugs in

bandagdenses. A thin ringshaped layer of poly(lactico-glycolic) acid (PLGA) polymer
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film holding the drugs sandwichedbetween two layers of fHEMA hydrogel to control
the release of the medication within the leii€iolino, Hoare, et al., 20Q9)The PLGA
film hasproven effectivein controllingthe release rate of various drugsa zereorder
manner for1l month through adjusting the drug/polymer ratiand/or the molecular
weight of the polymer(Ciolino, Dohlman, & Kohane, 2008jolino et al., 2011)
However, the effect of sterilisation and storage on the releas¢hefdrug into the
hydrogel matrix should be considered to prevent loss of medicatiomlnirst release
effect (K. H. Hsu, S. Gause, & A. Chauhan, 2014)

2.6 Important considerationsand potential applications

Drug delivery using bandage lenses were introduced in theQatsehy Wichterle et al.
as a convenient noinvasive way to deliver ophthalm drugs to the anterior eye
segment (Wichterle & Lim, 1960)It is surprising that even five decades after the
introduction of medicated ocular bandage lenses which have proven benefitg #uer
still no marketed products except for the naturally medicated AM bandages despite the
obvious need. Apart from the technical challenges, there are high costs assawitted
clinicaltrials and the regulatory hurdlg&. H. Hsu et al., 2014jowever, a weltlesigned
medicated bandage lens will offer a sgbatient-friendly and efficient solutiorto many
chronic patients that are having trouble adhering to thegular administration of
ophthalmic medication via eye drops or in critical cases wireguentadministration

of therapeutics is required. It is worth mentioning that BCLs have to belédmwith
care and high hygiene, same as handling refractive contact lenses, to ptbeeisk of

infection.

For successful drug delivery using medicated bandage lenses, certain parameters have
to be adjusted to overcome critical challenges during theiglgsmanufacturing and
storage processes. It is crucial to maximise the drug loading capacigudéoessful
controlled delivery of the medication with no burst release to maintain the drug
concentration between the minimum effective concentration (MEQ) #re maximum

safe concentration (MSC). Physical and surface properties such as shape, thickness,
transparency, modulus, wettability, ion and oxygen permeability, protein and lipid
binding must alsde consideredL. W. Jones, Chauhan, Di Girolamo, Sheedy, & Smith

[ll, 2016) Moreover, drug and content stability of medicated bandage lenses is of

29



paramount importance during preservation and storg@ming et al.2008) Vitamin

E is a biocompatible diffusion barrier that has proved to be effective in controlling the
release of loaded drugs that can limit their diffusion during storage {iDigon et al.,
2015; Peng, Kim, & Chauh&010) It an also enhance the stability of the loaded drugs,
reduce water dehydration from the lens and act as a UV bafker. Hsu, Fentzke, &
Chaunhan, 2013) Using a small volume of the packaging liquid and storing the BCL in
refrigerated conditions might be useful to minimise the amount of drug diffusing out
(Jung & Chauhan, 2012%terilisationof medicated BCL is another challenge since
autoclaving can cause degradation of the loadedgs so thathe drugs carbe added
under sterile conditions after the autoclaving step or @ner way ofsterilisation such

as radiation, may be adoptd@ixon et al., 2015)

The development of new materials, novel technologies and improved drug delivery
devices must go hand in hand with the developmeh better pharmacotherapeutic
agents for faster and more effective corneal healing. We now havbetter
understanding of the various pathways and mechanisms of wiweading,and this has

led to the discovery of new therapeutic targets. Many of these@etherapies are still

in the pipeline but have already shown great potential in-pliaical and early clinical
trials. The modulation of gap junctions, the channels of communication between cells,
via the use of antisense peptideaveshown much promis(Becker, Phillips, Duft, Kim,

& Green, 2016; Ormonde et al., 201Rexagon® is one such peptide that transiently
blocks the expression of Connexin43, a ubiquitous gap junction protein, thereby
reducing the channels ofocnmunication between cells and stopping the spread of
inflammation. It is currently being taken into a Phase Il clinical trials for persistent

epithelial defects by OcuNexus Therapeutics Inc (USA).

Topical mesenchymal stem cell treatment is another neeaaof research which has
shown great potential. The topical application of autologous MSCs obtained from
adipose tissue has been shown to bring abihetclosureof persistent epithelial defects
(Agorogiannis, Alexaki, Castana, & Kymionis, 20H)wever, research into the
mechanisms of action and longevity of the treatment remainbdanvestigatedand as

such this treatment option has largely remained experimental.
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Clealy, thereare great stidesbeing maden the development of new safe and effective
ocular wound healing therapeutics. However, such advances also bring to the forefront
the necessity of new and improved drug delivery techniques. Advancement in both

these areas will ensure the success of fetstrategies.

2.7 Conclusion

Corneal blindness is a leading cause of visual impairment worldwide that can affect all
age groupgWorld Health Organization, 2003j can occur due to improper healing of
the corneal tissue after induced injury or abrasiddith the high number otcataract
and refractive surgeriesdbeing performedworldwide and corneal diseases being
common cause of blindness, rapid and sitee healing of the corma is cruciafor
improved wound healing and visual outcom@slausner et al., 2007Yarious methods
have been proposedfor loading drugs intomedicated bandage lensesThere are
advantages and limitationsissociated witheach techniqueregardingthe ease of
manufacture, drug loadingelease kinetics and suitability with various therapeutics and
hydrogel typesThere is still, however, ndrug-eluting corneal bandage on the market
despite the need for such a convenient acalstefficient strategy for corneal wound
healing, especiallyniconditions where extensive topical treatment with eye drops is

required such as corneal ulcers and infections.
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Chapter 3 An all -in-one drug -eluting
silicone hydrogel bandage contact
lens (BCL) for post -surgical
recovery and corneal injuries.
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Abstract

Anti-inflammatories are prescribed after surgeries and corneal injuries réoluce
inflammation and promote the natural mechanism of corneal healirfigue to the
extremely low bioavailability of eye dropsss), frequent dosing of aniflammatories

is required to achieve the desired clinical outcomes. Bandage contact lenses (BCL) are
currently appliedfollowingeye surgeries and traumatic corneal abrasion to protect the
injured cornea, reduce pain and promeo healing. However, topical medications
containing either antinflammatories or antibiotics are prescribed. The delivery of
therapeutics through contact lenses increase their resident fiowntrol and extend
their releaseandenhance their bioavailabiyi to more than 50% compared to eye drops
The aim of this chapter is to develop aniatbne drugeluting silicone hydrogel lenses
to protect the injured eye while delivering dexamethasone (DEX) as an anti
inflammatory medication over a period of 1 weg(HEMACoO-TRIS0-PDMS) lenses
were prepared and the molar ratios of the-amonomers were varietb see their effect

on controlling the release of DE3hd the mechanical properties of BCLExtended
releaseof DEX for up to 14 daygas achieved in the ppared lenses witltomparable
mechanical properties to commercial silicone hydrogel contact lenkesan be
concluded thatp(HEMAco-TRISo-PDMS)can be usedo prepare silicone hydrogel
BCLs that are capable teliver druggo the injured cornea whichenhanceatients

dose compliance and thussults in better clinical outcomes.
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3.1 Introduction

The first step in developg a novel medicatedorneal bandagdor the treatment of
corneal injuries was tdo look at the currently available BCLs that are used as a
mechanichal support and corneal cover in certain corneal injuries. Thendevidop a
novel therapeutic BCL and load it with the ainflammatory drug DEX to be used in
cases or mild/moderateorneal injuries and post corneal surgeries instead of currently

used eye drop treatment that has very low bioavailability.

Apart from acting as protective shield from the external environment and pathogens
the cornea contributes to 65 p:> 2 T iot&l ®Hcusiny Bo@erA clear, transparent
and scaifree cornea is, therefore, necessary fmoper vision. Unfortunately, corneal
blindnessis a leading cause of irreversible visual impairment worldvaideé can affect

all age groupgWorld Health Organization, 2009)his occurs due to improper healing

of the corneal tissues after induced injury or abrasibat can be accidental (chemical

or burns), pathogenic (bacterial, viral or fungal infection) or after corneal surgery
(cataract or refractive). With the increase in corneal surgeries such as cataract and
refractive surgeries, the need for treatments that support rapid and-fesr corneal
healing has become essenti@ljubimov & Saghizadeh, 2015; Riley, Grupcheva, Malik,
Craig, & McGhee, 2001)

Anti-inflammatories are prescribegostsurgeries andfollowing corneal injuries to
reduce inflammationoedemaand promote the natural mechanism of corneal healing
(EFHarazi & Feldman, 2001; Kaczmarek et al., 20D4je to the extremely low
bioavailability of eye drops $%), frequent dosing of anithiflammatories is required to
achieve the desired clinical outcoméhe eyalrops need to be admistered every 2 h

in the first 2 days, and then every 4(Kaczmarek et al., 2014lhis requireshe patient

to open the eye bandage following the surgeseveral times a day to apply the eye drops
and is inconvenientThis can also lead to patient incompliartbat might cause post
operative complications including pain, interstitial keratitis and endophthalmitis, which

are related to poor sealing of th@ound site(Jabs, Mudun, Dan, & Marsh, 2000)

The delivery of therapeutics through contact lenses increase their resident ¢iomérol

and extend their releaseand enhance their bioavailability to more than 508#hen

compared to eye dropgJung, AbotJaoude, Carbia, Plummer, & Chauhan, 2013)
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Moreover, since the release rate of therapeutics from a conlas is close to the rate
of corneal drug adsorptigriess drug is lost during tear draina@@. J. White & Byrne,
2010) This enables administration of lower drug dosasad thereforeless local and
systemic toxicityKaczmarek et al., 2018CLsire currenty appliedpost-surgeriesuch
as photorefractive keratectomy (PRK) tofect the eye after the removal of theorneal
epithelium Furthermore, they are used after traumatic corneal abrasemprotect the
injured cornea, reduce pain and pronsohealing(SancheZsonzalez et al., 2019; Taylor
et al., 2014) In both cases, topical medications containing either-aritammatories
and/or antibiotics are prescribeduch patientswould benefit from a drugeluting BCL
(Hui et al., 2012)

Contact lenses made of optically clear hydrogels are designed to fit on the eye in a stable
and tolerated manner. Polymerised hydroxyethyl methacrylate (pHEMA) is the main
hydrophilic monomer used in the preparation of soft contact lenses. It can be lseel a

in conventional hydrogel contact lenses for daily use or with siloxane monomers in
silicone hydrogebased contact lenses for extended uddicolson & Vogt, 2001 he
incorporation of the hydrophobic siloxane monens within the hydrogel matrix in

silicone hydrogel lenses enhances oxygen and ion permealslitg thusprevent

corneal hypoxia and neovascularisatiowhich cause @dema, blurred vision and
increasedrisk of infectiond ! y3 9 9 FNRYyDHLIMGHAI 0 dzNIzDA 81
Brook, & Sheardon, 2015; Weeks, Luensmann, Boone, Jones, & Sheardown, 2012)

In silicone hydrogel lensesjsually consists ofchains of siloxane derivates one
hydrophobic monomerand one or more hydrophilic monomerExamples of
hydrophobic monomersinclude polydimethylsiloxane (PDMS);-r8ethacryloxy2-
hydroxypropyloxy  propylbis  (trimethylsiloxy) methylsilane  (TRIS), - tris
(trimethylsiloxysilyl) propylvinyl carbamate (TPVC), poly(dimethysiloxy) di(silylbutanol)
bis(vinyl carbamate) (PBVCExamplers ofhydrophilic monomers includ 2-
hydroxyethyl methacrylate (HEMA); Ndiimethyl acrylamide (DMA)N-Vinyk2-
Pyrrolidone (NVP), andN-vinylacetamide (NVA)and polyvinylpyrrolidone (PVP)
(GonzaleMeijome et al., 2014; L. Jones & Powell, 2@43){ dzNL1INA & Ay Ifne = { K
enough research on tailoring the drug release rate from doagled silicone hydrogel
contact lenses by altering the monomer lens composition and the network structure,

while maintaining sufficient mechanical properties for clinical use.
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In this chaper, drugloaded p(HEMAOTRIS0o-PDMSXksilicone hydrogel lenses were
prepared and the molar ratios of the @nonomers were varied in the tested hydrogel
formulations tocontrol the release of the hydrophobic steroid, dexamethasone (DEX).
DEXacts as an aninflammatory drugthat helps tocontrol pain, swelling and redness
of the injuredeye (Kaczmarek et al., 2014jhe silicone hydrogel lenses were prepared
usingEthylene glycol dimethacrylate (EGDMA) as a crossl{hksowsk& Sheardown,
2016)andLithium Phenyl(2,4&imethylbenzoyl)phosphinate (LAP) as a photoinitiator
Table3.1 shows the structure and function of the materialsedin this work,to prepare

the different formulations of p(HEMA&0-TRIS0-PDMS) silicone hydrogels

Table3.1. Materials used and their role in the preparation of silicone hydrogel lenses

Name Function Structure
HEMA Hydrophilic O
2-hydroxyethyl methacrylate Polymer H2C<‘~I)J\O/\/OH
CHs
TRIS Hydrophobic ; "'\T'“
Methacryloxypropyltris monomer A %
(trimethylsiloxy) silane) D g .
PDMS Hydrophobic HsC Hsc\ CHy OHs
HiCu - 3 < _aCHy
p9|y | macromer \/s. e 0/5,/
(dimethylsiloxane) HaC R
LAP Photoinitiator CHJD oL
|
Lithium Phenyl(2,4;6 CHy g_g@
trimethyl benzoyl) 4
phosphinate CH,
EGDMA Crosslinker CHs 0
Ethylene glycol 4%(0\/\ )kaH2
dimethacrylate 0 0
0 CH,

HEMA and PDM@8ere selected in this study because they are popular monomers that
are used together in commercial contact lenses suchA@8VUE®ASYS®, ACUVUE®
Advance®, and ACUVUE® TruEye® by Johnson and J8lohsonHui, & Jones, 2012)
PDMS isncorporated asan oxygen permeability enhancing mononwhile it has been

reported that the use of HEMA prolonged the drug release profile from a-laded
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silicone hydrogel lens compared to the use of Dd&Ahe hydrophilic monomer, which
was contributed to the lower resistance to diffusion of DMA monomeosnpared to
pHEMA (Guidi, Hughes, Whinton, Brook, & Sheardown, 20T/RIS was chosen as
another hydrophobic canonomerto test its effect oncontrolling the drug release of
DEXfrom the prepared silicondydrogel BCL®revious studieshowedthe prolonged
release of the incorporated drigdor more than 3 monthsisingTRISas a comonomer
(J. Kim et al., 2008¥loreover, TRI8as been previously incorporated with the siloxane
macromer lotrafilcone in the preparation Air OR{&xd Air OPTIXNIGHT&DAY contact
lenses by CIBA VISIQWL Yang et al., 2016)

3.2 Materials and methods

3.2.1 Materials

Dexamethasone (DEX) was purchased from Flem Pharma, Shanghai, China.
Methacryloxypropyltris(trimethylsiloxy)silane, SIM6487.6 (TRIS) with Mw#2@{82
g/mol and Methacryloxypropyl terminated polydimethylsiloxab&ISR18(PDMS) with
Mwt. of 450085500 g/molfrom Gelest Inc.Pennsylvania, USA. Lithium phe@y,6
trimethylbenzoylphosphinate (LAP) from Allevi, Philadelphia, USA. Ethylene glycol
dimethacrylate (EGDMA);t&/droxyethyl methacrylate (HEMA) and Phosphatedreid
saline (PBS) tablets 1M, pH 7.4 (25C) from Sigm&ldrich, New Zealandll other

chemicals were of analytical grade.

3.2.2 Preparation of silicone hydrogel lenses

In order to determine the light intensity suitable for curing the hydrogels, 2 similar
hydrogel formulations made from a mixture of HEMAp EGDMA and 0.5% Lé&re

cured under either 24 or 48 \nd the resulting crosslinked pHEMA hydrogel films were
vistally evaluated. The pHEMA hydrogel lenses were prepared by mixing HEMA, EGDMA
and LAP im dark vial, on a magnetic stirrer, for 2 h until the LAP dissoNesmixture

was thensonicated in ice for 15 min to remove oxygand enhance thephoto-
polymerisation reaction. The sonicated hydrogel mixture wascted between two
acrylic plates, tat have a kshaped spacer, of a 0.35 mm thicknessbetween.The

sheets holding the hydrogel were put under LED light at@®5usingan intensity of

either 24 or 48 W, for 120. &igure3.1 shows the SUNUV apparatus used to cure the
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hydrogel films. The cured films were left overnight, soaked in distilled water to wash the

unreactad monomers, then cut into circles with a cork bofe mm in diameter.

A B

N

Figure3.1. SUNU\apparatusused for curing of films. Top view of the device (A) amohverted
view showing the small lamps working under 405 nm (B)

In order to determine the best concentration of EGDMA required to polymerise the
silicone hydrogel formulations. Three siliconedtggel formulations containing 0.75
mole% PDMS, 10 mole% TRIS and 89.25 mole% HEMA were prepared with either 1, 2 or

3% w/w EGDMA and the produced films were visually compared.

Nine formulations of various molar ratios of the hydrophobic monomers (TRIS and
PDMS) were copolymerised with the hydrophilic monomer (HEMA) to produce the drug
loaded p(HEM&O-TRIS0-PDMS) filmsTable 3.2 shows the composition of each
hydrogel formulation. Twgramsof eachformulationwasprepared by dissolving LAP in
the EGDMAHEMA mixture, as previously mentionedEX was dissolved indL of
isopropanol, then the PDMS and TRIS were adilbdaqueous solution was added to

the alcoholic solution and vortexedhen nitrogen gas was bubbled for 15 mio
deoxygenate the mixture. The volume of isopropanol evaporated during bubbling the
N2 gas was compensated and the mixture was degassed in ice using a sonicator for 10
min. The sonicated mixture was inject@dbetween two acrylic plates, with ashaped
spacer of a thickness of 0.35 mm to produce a film with uniform thickness, then cured
for 8 min under 24W 40%5m LED lightThe film was carefully removed from tekeets

and dried in a vacuum oven at room temperature for 4 days to remove the aldéach

dried film was washed in 100 ml of DI water for 24 h to get rid of the unreacted
monomers,which was confirmed by spectrophotometric analysis of the washing water.
The washed films were cut into circular lenses using a cork borer of 13 mm in diameter,

dried in a vacuum oven at room temperature, and kept dry until further characterised.
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Table3.2. Silicone hydrogel formulations prepared using variousamnratios of PDMS
and TRIS

Formula PDMS TRIS HEMA EGDMA LAP DEX
code (mole%) (mole%)  (mole%) (%bw/w) (Yow/w)  (Yow/w)
1P 5T 1 5 94 3 0.5 1
1P 10T 1 10 89 3 0.5 1
1P 20T 1 20 79 3 0.5 1
2P 5T 2 5 93 3 0.5 1
2P 10T 2 10 88 3 0.5 1
2P 20T 2 20 78 3 0.5 1
3P 5T 3 5 92 3 0.5 1
3P 10T 3 10 87 3 0.5 1
3P 20T 3 20 77 3 0.5 1

Furthermore, 8 hydrogel formulations were prepared with 10 mole% TRIS and various
molar ratios of PDMS to see the effect of incorporating DEX within the hydrogel
formulation. Thus, 4 of those formulations contained 1% DEX and 4 had no drug
incorporated. EGMA (3%) and LAP (0.5%) were added as a crosslinker and
photoinitiator, respectively. All the variations within the prepared hydrogel formulations

are listed inTable3.3 below.

Table3.3. Silicone hydrogel formulations prepared using variousamnratios of PDMS
with and without DEX loading

PDMS TRIS HEMA EGDMA LAP DEX
(mole%)  (mole%)  (mole%)  (%bwiw) (Yow/w) (Yow/w)
0.5 10 89.5 3 0.5 -
0.5 10 89.5 3 0.5 1
0.75 10 89.25 3 0.5 -
0.75 10 89.25 3 0.5 1
1 10 89 3 0.5 -
1 10 89 3 0.5 1
1.5 10 88.5 3 0.5 -
1.5 10 88.5 3 0.5 1
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3.3 Characterisation of hydrogel lenses

3.3.1 Fourier transform infraredFTIR) analysis

Liguid mixtures and crosslinked films of each formulation were analysed using a Nicolet
IS10 FTIR spectrophotometer (Therr8oientific, USA). The samples were tested at
attenuated total reflectance (ATR) mode using a diamond ATR crystal. The spectra of the
samples were recorded in the range of 48000 cm! with an average of 32 scans at a

resolution of 4 cr.

3.3.2 Swellingstudies

Theamount of water that each lens can holhs determmed gravimetrically using a
sensitive balance. Three vacuum dried lenses from each hydrogel formulation were
weighed (DW), then they were immersed imBPBS for 24 h, blotted gently with tissue
papes and then reweighed to record the swollen weight (SW). The equilibrium water
content (EWC) of all hydrogel formulations were calculated ubi@dollowing equation
Error! Reference source not foun@uidi et al., 214)

Yo Ow

Owob —_—
wo 00 pTT

3.3.3 Drug content and release

To determine the effect of hydrophobic monomers on retaining the drug within the
hydrogel films during the washing periothe theoretical drug content (per gram) of
each polymerised hydrogdilm was calculatecand compared to the practical drug
content remaining after the washing phaddoreover, the washing water of each film

was measured using UV spectrophotometry (Ultrospec 7000, BIOCHROM, UK) at an

absorption wavelength of 24@m to detemine the percentage of drug lost during the

washing period.

Thein vitrodrug release profiles of DEX from the hydrogel cut lenses were studied in 5
ml PBS buffer (pH=7.4) in a 15 ml conical tubes with caps on at 50 rpm on a benchtop
shaker (S#800, Lab Qwmpanion, Korea), placed in an incubator room that was
maintained at 35 + 2C for a period of 14 days. At predetermined time intervéls 2,
3,4,5,6,7, 8,9, 10 and 13 dpythe whole 5 ml of the incubation media from each

sample was collected aneéplaced by fresh media to maintain sink conditioi$e
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concentrations of DEX in the release mediaevdetermined by UV spectrophotometry
(Ultrospec 7000, BIOCHROM, UK) against a calibration curve at an absorption

wavelength of 242im.

The cumulative conentration of DEX released asgig(lens) and the cumulative
concentration released as (%) of the total remaining DEX in the lenses after the washing
phase were plotted against time for each sample. Three lenses of each hydrogel

formulation were tested, and the results were presented as a mean value + SD.

3.3.4 Mechanical properties

The, 2 dzy’ 3 Q & and th&aHilesirengthof the printed bandagevere determined

by TATXPlus CTexture AnalyserStable Micro Systems, LtBngland, UK). The washed
hydrogel film was cut into square pieces of 2B0xmmand the fully swollen hydrogel
pieces were placed thetween a film support rig and punctured by a 5mm spherical

probe at a rate 00.5 mnisas shown irFigure3.2.

Figure3.2. The flm support rig with 5 mm spherical probe placed on TAPXiE Clexture
Analyser(Adopted from(Smewing, 201%)

The stress versus strain valules the polyrer filmswere plotted using the texture
analyser softwargand, 2 dzy 3 Q& Y2 Rdzf dz& 6+ a8 RSGSNIXAYSR

stress versus strain curve the linear region(Kaczmarek et al., 2014The tensile
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strength of thefilms was recorded by using the maximum force applied until the

breakpoint is reache(EIShaer et al., 2016; Gilhotra & Mishra, 2008)

3.3.5 Statistical analysis
Data were subjected to onay analysis ofariancelANOVA) using Microsoft 365 Excel.
t2a0 K20 Ydzf GALX S O2YLI NAazya 6SNB RSGSN

significance set at P < 0.05. All data were presented as meabs

3.4 Results and discussion

3.4.1 Preparation of silicone hydrogel lenses

HEMAIliquid hydrogel monomers undergo a polymerisation reaction to prepare the
commercially known soft hydrogel lenses. Light initiates a free radical chemical reaction
in the presenceof a photoinitiator, which crosslinks the hydrogel monomers to form a
stablke polymer with reasonable mechanical propert{@onzaleaMeijome et al., 2014)

Each photoinitiator works under a specific wavelenghinitiate this free radical
reaction. LAP photoinitiator, which is used in this study, works under a wavelength of

405 nm.

The pHEMA hydrogel lenses cured under 405 nm light with an intensity\&ffa4 120

s were clear and showed good mechanical prtips, however the ones that were
cured under the intensity of 48 W were opaque and verykvas shown ifrigure3.3.

This indicates that the intensity of 48 W was too high and had a negative effect on the

polymerised hydrogel.

Figure3.3. The dfect of the curing intensity on pHEMA hydrogel less1%EGDMANd 0.5%
LAPR Curing under 2%V (A) and curing under 4% (B).

Moreover, the cured films prepared using 1 and 2% EGDMA were vatywé Yy R O 2 dzf F
withstand removing from the sheets and cutting. On the other hand, the 3% EGDMA
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was the minimum crosslinker concentration that produced welled films, that are

flexible, yet easy to handle as seerfFigure3.4.

Figure3.4. The dfect of the crosslinker concentration on silicone hydrogel filbogstaining 0.75
mole% PDMS, 10 mole% TRIS and 0.5%HilARshown hadEGDMA concentrations of either

1% (A), 2% (B) and 3% (C).

All lenses of the drugpaded silicone hydrogel formulations with various monomer
ratios had smooth surfaces and had suéfiti mechanical properties to handle all the
characterisation tests performedtigure3.5 shows sample lenses prepared from the
nine formulations stated iffable3.2 abovewith various molar ratios of PDMS and TRIS.
From visuaéxamination othe BCLshown in Figur&.5.the lenses with thdowest TRIS

conc (5 mol%) were more transparent than the higher concentratj@@sand 20%)

“TR\S (mele 2 )

POMS (mole )

Figure3.5. Image of dug-loaded silicone hydrogel lenses prepared using 1, 2rool@% PDMS
with either 5, 10 or 20 mole% TRIS.
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3.4.2 Fourier transform infrared FTIR) analysis

The polymerisation reaction of HEMA hydrogel using the crosslinker EGDMA is
presental in Figure3.6. The FTIRpectrumof the hydrogel liquid (Licgnd crosslinked
films (CF) withthe drug (D) or with no drug (N@Yye resented inFigure3.8. The peaks
showing in therange of 3153600 cm' are attributed to the stretching of the hydroxyl
(O-H) groups;2800;3050 cmt' are related to the CH stretching of methyl group€ks)
and methylenes (CHc). Thepeak 1718 crm within the 16801780 cm! region relates
to the stretching vibration of the free (C=@)d the band at 1646n* within the 1610
1660 region is attributed to the bending vibration of tHeH groupgSu, Zhou, Zhang,
Liu, & Zhang, 2016)'he complete crosslinking of the pHEMA hydroga$ confirmed
by thedisappearance of the C=C stretching peak@&8 cmt in all the crosslinked films
(CFXKusuma, Gunawan, Smith, & Freeman, 2010; D. Zhao et al., 2015)

0
O<= + H20< - >CH2
CH, /CHZ Hzc\
o )
N 0 O o, [ S ceer, O
o e CHa "—liCHz*]—".
: CH3 m CH,
CH, o
o CH
HZC/ )
\
CH,
Ho'
HEMA EGDMA Cross-linked PHEMA

Figure 3.6. The polymerisation reaction of HEMA monomers in the presence of EGDMA
crosslinker (adapted fror(Bu et al., 2016)
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Figure 3.7. Structure of Dexamethasone drug molecyl&dopted from (Dexamethasone,
CID=574p.

With the incorpaation of DEX (structure is shown gure3.7 abové, the spectrum of
the DEXoaded silicone hydrogel cured films (CF D) were s&mylar to those with no
drug loaded (CF ND), which indicates there were no significant chemical changes within
the polymer backbone with DEX incorporation within the hydrogel matsilkich
confirms that there wasio interaction between the polymer and DEXd thus the

incorporation of DEX did not alter the polymer structure of the hydrogel.

Although the bands related to the drug overlapped with the bands of some of the other
components of the formulation, the characteristic absorbance bands of DEX aafhd18
1646 cm! were observed in the spectra tie crosslinked film (CF) witthe drug (D).
Those peaks are assigned to the stretching vibratiosGsfOand the bending vibration
of the OH groups respectively (Jingjunjiao Long, Nand, Bunt, & Seyfoddin, 2019)
Moreover, there was ambvious increase in the wavelengti the peaks witin the
regions of 36068150 and 3052800 cm' compared to the spectra of the crosslinked
film with no drug (CF NDJhese peaks are assignedthe O-H stretching vibration of
the hydroxyl groupsand the stretching vibrations of th&sCH groups respectiely,
which is present within the dexamethasomaolecular structure(Chiang, Yu, Chao, &
Dong, 2012)
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Figure3.8. FTIR absorbance spectra of liquid (Liq) and crosslinked film (CF) of 0.5 mole% PDMS,
10 mole% TRIS silicone hydrogels \WEX D) and no DEX (NDncorporation.

3.4.3 Swellingstudies

The ability of the polymerised hydrogel to absdasige amounts of water increases the
hydrophilicity of the lensesvhich in turn enhances the lens permeability and allows for

an extendedapplicationperiod without disturbing the eyéMusgrave & Fang, 2019)
However, it is expected that thieighrwater content will increase the diffusn of the
incorporated drug ad thus affects its release profil&uidi et al., 2014)Therefore, a
balance between the water content is importatd achieve lens comport without
compromising the controlled release of the incorporated drlige water content of
marketed silicone hydrogel contact lenses containing PDMS and TRIS as the hydrophobic
monomers ranged between 24 and 4 #ith lenses incorporating TRIS (Air Optiight

& Day) having the minimum water content, while lenses having PDMS (ARuvue

Advanc&®) havingthe maximum(GonzaleaMeijome et al., 2014)

Sudies verified thatall the testedp(HEMAco-TRIS0-PDMS)ensesreachedthe EWC
within the first 3h. From the values obtained Iigure3.9, the water content of the
silicone hydrogel lenses decreased with the increase in the concentration of the
hydrophobic monomers PDMS and TRIS. The high#&iof 54+ 0.926 was obtained
from 1P 5T lenses, while the loweSWCof 14+ 1.44% was obtained from the 3P 20T.

In general, all the hydrogel compositions, except for the ones that contain the highest
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concentration of TRIS (20 mole%), showed water content betvdemd 54%, which is
within the acceptable water content values of commercial silicone hydrogel contact

lenseg(L. Cheng, Muller, & Radke, 2004)

By illustratingthe effect of hydrophobic monomers on the water content ag-igure

3.10, it is clear that theoncentration of TRIS had the most significant effect orBWeC

with the reductionEWCralues of 54, 44.3 and 14% for formulations of 1 mole % PDMS
with 5, 10 and 20 mle% TRIS, respectively. Moreover, in formulations containing 20
Y2tS> ¢wL{X GKS AYyONBI &S Ay (GKS 02y OSyidN
significant decrease in th&EWCvalues in these lenses, which confirmed that TRIS
concentration had the ma effect on the water content of theested silicone hydrogel

lens compositions.
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Figure 3.9. EWC of p(HEMAco-TRIS0-PDMS) lenses prepared using various molar
concentration of PDMS and TRIS afterksog for 24 h in PBSStatistically significant ap <
0.05 n=3; meanz SD
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Figure3.10. The dfect of TRS monomer concentratio(A) and PDM&onomer concentration
(B)onthe EWCof the prepared silicone hydrogel lenses

Comparing the effect oBWQCof various molar concentrations of PDMS in formulations
containing 10 mole% TRIS is showRigure3.11below. TheEWQf the lenses with 0.5,

0.75, 1, 1.5, 2 and 3 mole% PDMS were:449, 4 +0.9, 43+ 1.2, 35+ 0.6 and 32t

1.1%, respectively. There was no significant difference between 0.5, 0.75 and 1 mol %
PDMS neither between 1.5, 2 and 3 mol% PDMS. These results confirmed that the
concentration of PDMS within the hydrogel formulation had minimal effect on the water
content of the 10 ma% TRIS silicone hydrogel lenses, and they were all within the

acceptable limit of commercial silicone hydrogel contact lenses.
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Figure 3.11. BA/C of drugloaded p(HEMAco-TRIS0o-PDMS)lenses prepared using various
molar ratios of PDMS with 10 mole% of T&iSr 24 h in PBS*Statistically significant ap <
0.05; n = 3; meatt SD

The effect of drug incorporation on tHeEWCof 10 mole % TRIS with either 0.5, 0.75, 1
or 1.5 mol % PDMS hydrogel lenses was tested and the results are illustrétiemiia

3.12. The incorporation of theérug resultedin a slight increase in th&EWCof some of

the silicon hydrogel formulationshowever this increasewas not significant This
increase in the EWC valueffect on the BVC valuesnight be contributed tdhe created
channels created after the diffusion of the drug from the lenses during the 24 h of the
soaking period. More water was able to enter the lenses through those empty channels
increasing theEWCof those lenses compared to the lenses that had no previously

loaded drug.

Furthermore, the effect of drug incorporation on the diametertbé swollen BCLs
containingl0 mole% TRIS with either 0.5, 0.75, 1 or 1.5ef0PDMS hydrogel lenses
was tested and ta results are illustrated iRigure3.13. The presence of drug within the
lens had the same effect reported in tlE&VCabove, where lenses with the drug had
higher increase in diameter compared to lenses with no drug. Howevergstneted

that the minimum increase in diameteof the prepared BCLs of various PDMS
concentrationswas found in lenses containing 1 mole% PDMS, while the maximum

increase was found in drdgaded lenses of 0.5 mole% PDMS.
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Figure3.12. The dfect of drug incorporationon the EWGf (HEMAco-TRIS0o-PDMS)BCLs
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Figure 3.13. Percentage increase in diametesf (HEMAco-TRIS0o-PDMS)BCLspolymer
compositions using various molar ratios of PDMS with 10 mole% of TRIS after 24 h in PBS.
*Statistically significant gh < 0.05; n =3; meant SD.

3.4.4 Drug content and release

Diffusion is the main drug release mechanism from the polymeric matrix of contact

lenses to the release medi&arvalho et al., 2015Hydrophobic drugs, such as DEX,
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partition into the hydrophobic silicone rich phas@Sosta et al., 2003)rhis increased
hydrophobic interactions between the drug and the polymer network are expected to
slow its releas€Kaczmarek et al., 2014Yloreover, thecrosslinking density within the
gel matrix affects the hydrogel porosity and thus the drug diffusion from the lens to the

release medigHoare & Kohane, 2008)

During washing ahe lenses in DI water, part of the loaded drug diffused in the washing
water. The washing water was analysed using a UV spectrophotometer24® to
determine the concentration of the drutihat escaped from the cured film during the
washing periodFigure3.14 shows the percentage of DEX remaining in each hydrogel
film after being washed. The hydrophobic monomers concentrations had a significant
effect on retaining the drug within the hydrogel polymer films. Increasing the
concentrations of PDMS and TRIS within the hydrogel formulations, reduced the amount
of drug lost from the polymer films. Moreover, it was clear ttieg TRIS concentration

had the greatst effect on inhibiting the diffusion of the drug, with more than 82% DEX
remaining in the films of 3P 20T hydrogel formulation compared to 61 % from the 3P 5T

ones.
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Figure3.14. Percentage of DE¥maining irp(HEMAco-TRIS0-PDMS) lensesontainingeither
1, 2 or 3mole% PDMS with eithér, 10 or 20 mole% PDM&ter washingor 24 h inDI watet
*Statistically significant gh < 0.05; n = 3; meahSD.
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A drug release experiment was performémt all the formulations mentioned ifable

3.2 above The concentrations of DEX released from each lens at selected time intervals
were illustrated m Figure 3.15. In general,increasing the concentrations of the
hydrophobic monomers prolonged the release rate of DEXs might be attributed to

the high crosslinking density of the silicone hydrogel polymer due to the complex
structure of the crosslinked polymer network and the high molecular weight of the
incorporated siloxane monomers, which in turn rendered it difficult for the drug to
diffuse from thehydrogel matrix® ! Y RN} RS+ A GSNR SiG .t &> wnAan

The patterns of the drug release profiles were related to the concentrations of the
incorporated hydrophobic monomers PDMS and TRIS. As expected, formdBtion
showed the most rapid drug release profile because it had the lowest concentrations of
PDMSand TRIS. Moreover, it reached a plateau after 4 days with only 216.8ug
released from each lens, compared to more than 4K released from lenses of

formulation 3P 20T that did not reach a plateau in 14 days.
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Figure3.15. Drug release profiles of DEX froine washedo(HEMAco-TRIS0-PDMS) lenses
PBS at 37C.n = 3; mearx SD.

It is worth noting that all the tested formulations had different drug content due to the
amount of drug lost duringhe washing stage. A diagram comparing the drug released

from the lenses of each formulation compared to the total drug content at the start of
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the release experiment is shown kigure3.16. All the silicone hydrogel formulations
had anextendedrelease profile for DEXxcept for formulations 1P 5T and 2P 5T, which
confirmed the significant effect of TRIS concentration on thegdrelease of DEX as
previously illustrated in the analysis of the washing water. The slowest drug release rates
of DEX were obtained from the lenses of formulation 2P 20T with only 54% dfube

released within the first 7 days.
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Figure3.16. Percentage of DEXleasal from p(HEMAco-TRIS0o-PDMS) lenses in PBS at°&7
during the first 7 days1 = 3; mearx SD.

A comparative diagram showing théfect of the concentration of eaclmydrophobic
monomer onthe drug release profile of the prepared silicone hydrogel lenses
presented inFigure3.17. It shows that both PDMS and TRIS had the same effect on the
drug release profiles, where the release of drug is extended by increasing the
concentrations of the hydrophobic monomers, except the formulation of 3P 20T
which released 66.2% of the drug at day 7 compared to 54% for 2P 20T hydrogel
composition. This might be attributed to an interaction between TRIS and PDMS at this
high concentration of TRIS or a slight phase separation tlsaltesl inthe rapid escape

of the drug(Guidi et al., 2014)Moreover, it was shown that rapid release rate of DEX
was observed in all formulations containing 5M TRIS, so those formulations are not
suitable for the purpose of the study. These drug release findings warelated with

the BNC results previously illustrated irFigure 3.9 above where formulations
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containing 5 mole% TRIS had the higheater contentand the ones with 20 mole%
TRIS had the lowest. This correlation betwéemincreased material swelling and drug
release rate confirms that the water content of the lensesm important factor in the
release of incorporated drug&uidi et al., 214) Drug releasat day 7 waschosenin

this comparison sincéhe BCL isitended to beapplied on the eye for daysMoreover,
some formulations reached 100% release on day 7, | wanted to show that other

formulations were still releasing the dradter 7 days and the
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Figure3.17. Effect of TRIS monomer concentration (A) and PDMS monomer concentration (B)
on theonthe percentage drug released after 7 days for the prepared silibgdeogel lenses.

54



(o)
o
o

N
a1
o

N
o
o

250

200

—e— 0.5M PDMS 10M TRIS
—&— 0.75M PDMS 10M TRIS
—&— 1M PDMS 10M TRIS

—&— 1.5M PDMS 10M TRIS

150 —&— 2M PDMS 10M TRIS

——— 3M PDMS 10M TRIS
100

Cumulative drug release per lens (ug)

(on)
o

0 50 100 150 200 250 300 350
Time (hours)

Figure3.18. Drug release profiles of DEX froime washedo(HEMAco-TRIS0o-PDMS) lenseis
PBS at 37C.n = 3; mearx SD.
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Figure3.19. Percentage of DEX released from p(HEMARIS0o-PDMS) lenseis PBS at 37C
during the first 7 days1 = 3; mearx SD.

Comparing the effect of PDMS concentrations on the dreigase profiles of the
hydrogel formulations revealed that increasing the concentration of PDMS prolonged

the release of DEX from the hydrogel lenses and prevented more drug fromiregcap
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during the washing phase. The drug release profilethethydrogellens formulations
composed of 10 mole% TRIS with either 1.5, 2 or 3 mole% PDMS showed extended
release profiles of DEX for 7 days, which render those formulations suitable for making
drug-loaded BCLs.

3.4.5 Mechanical properties

9fFalAO Y2Rdzf dza>X 2NJ , 2dzy3Qa VY2Rdzt dzaAX A&
I dzyAG 2F NBO2@SNIoftS aAdGNIAy o6StlradArAo R
modulus, which is measured in Mega Pascal (MPa) is a measure of how well almateria
resists reversible deformation, i.e. how elastic is the matéFRednklin, 2004; Gonzalez
Meijome et al., 2014)In silicone hydrogel contact lensékexible lensedits better to

the surface of the eye and addstioe LJ- (i A SnffortOHowe®e?, the lens requires to

be adequately stiff to maintain the shape during use. Therefore, the modulus of
commercial contact lenses is commonly found within the range from 0.3 to 1.5 MPa

(Childs et al., 2016; Horst, Brodland, Jones, & Brodland, 2012)

Comparing the effect of hydrophobic monomers on the metbal properties of the
drug-loaded hydrogel lenses are illustrated iRigure 3.20. All the tested hydrogel
O2YLRaAlGAz2ya KIFR I OO0S Lid&Rhe cotmir/chidehisesy PhR dzf dz
pHEMA hydrogel lens with no incorporated hydrophobic monomers had the lowest
., 2dzy 3Qa and2téndité dm@ngthvaluesof 0.5+ 0.05 and 0.5 + 0.03 MPa
respectively compared to the formulations that had no incorporated hydrophobic
monomerswithin the hydrogel matrixwhich indicatesthat those lenses werenore
flexible The incorporation of 5 mole% TRE&Sulted inincreasing thestiffnessand the
strength of the lensesas indicated by the increase in2 dzy 3 Qa ani2tdRslid dza
strengthvaluesto 1.5+ 0.1 and0.9 + 0.04MPg respectivelyThis ign agreement with
other studiesshowing that hat silicane hydrogel lensesad higher tensile strength
compared topHEMA hydrogebnes which might be contributed to theeffective
transfer of stress between the hydrophilic and hydrophobic polymer netwaiikisin

the silicone hydrogel lensd€d. J. Wang, Liu, & Wei, 2018pwever,it was found that

by incorporating PDMSvith TRISn the ¥ 2 NJY dzf | (i A #hgdmlus valReadzyvere) a
reduced t00.7+ 0.04 and 0.6+ 0.04 MPa by the incorporation of 1 and 3 mole% PDMS,
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respectively This might be contributed to the elastic properties of PQM#&hich
improvedthe flexibility of thelenseg(Musgrave & Fang, 2019)
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Figure3.20. The dfect of various concentrigons of TRIS and PDMS on tHeessstrain curves
(A)and Young's modulu@) of the hydrogel lensegStatistically significant gb < 0.05; n = 3;
meanz SD.

The effect of incorporating the drug into the silicone hydrogel lenses was analysed by
preparing 3 formulations of 5 mole% TRIS, 95 mole% HEMA with either 0, 0.5 or 1% DEX,
and the stressstrain data generated from the texture analyser were plotted-igure

3210 ¢ KS AYO2NLIRNIGA2Y 2F GKS RNMzZ Ay ONSBI
lenses. On the other hand, it produced tougher astbnger lenses that had higher

elongation at break and strength values. It was noted that there was no significant
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difference between the incorporation of 0.5 and 1% DEX within the hydrogel

formulations.
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Figure3.21. The dfect of DEXconcentrationon thestressstrain curvegA)andYoung's modulus
(B)of 5 mok% TRIS 95 nmesto HEMAydrogel lenses Statistically significant gt < 0.05; n = 3;
meanzt SD.

To determine the effect of concentratiasf TRIS monomemn the mechanical properties

of the drug-loaded silicone hydrogel lenses, 3 formulations of 3 mole% PDMS were

prepared using either 5, 10 or 20 mole% TRIS and the reg$ulis stressstrain analysis

were presented irFigure3.22. In generaljncreasing the concentration of TRIS resulted

in decreasing the elongation at break values euliced thetoughness of thehydrogel

f SyaSao ¢KS | 2dzy3Qa aiivirgykhdfigtest céndentratiorSof TRSY a S
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(20 mole%) had the highest Young modulus valuestlansithe stiffest lenses. Othe
20KSNJ KFyRY GKSNB gt a y2 airx3ayAFAOLyd RAT
formulations with 5 and 10 mole% TRIS. Theasdirigs excluded the formulations

containing 20 mole% TRIS from the desired applicdtemause they arstiff and brittle.
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Figure3.22. The dfect of TRISoncentrationon the stressstrain curveqgA) and the Young's
modulus(B)of 3 mok% PDMS hydrogel lenséStatisticallysignificant atp < 0.05; n = 3; mean
+SD.

To determine the effect of PDMS monomer concentration on the mechanical properties
of the drugloaded silicone hydrogel lenses, 3 formulations of 10 mole% TRIS were
prepared using either 0.5, 1, 2 or 3 mole% PDMS and the results of the-siir@iss

analyss are presented ifrigure3.23. Generally, the higher the concentration of PDMS
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softer lenses. However, themwasy 2 aA3IYAFAOFIYy(i RAFTFSNBYyOS
between the hydrogel formulations containirgg5 and 1 mole% PDMS and the ones
containing2 and 3 mole% PDMBowever, it was noted that the lenses contaigpth5%

PDMS showedhe highest elongation at breakalues which indicates that they are

tough,and the lenses produced can be more durable during use.

A 2
18
16

14

0.5 PDMS

Stress (MPa)

- = = 2PDMS

3 PDMS

X k

-~

o 2 9 =
o N B o D0 ok N

20 40 60 80 100 120
Strain (%)

o

(9]

*

*
: I . .
1 2 3

0.5

el
PN ON

Young's modulus (MPa)
(@]
(o0}

o o
N b

o

PDMS concentration (mole %)

Figure3.23. The dfect of PDMSconcentrationon the stressstrain curves(A) and Young's
modulus(B)of 10 mole% TRIS silicone hydrogel lens8tatisticallysignificant atp < 0.05; n =

3; meant SD.

3.5 Conclusion

In this chapter, the possibility of controlling dexamethasone release from silicone

hydrogel BCL was assessed by adjusting the concentrations of the incorporated
60



monomers. By changing the hydrophobic to hydrophilic monomer ratio and the mole%
of the hydroghobic monomers TRIS and PDMS in the prepared p(HEMRISO-
PDMS)BCLsextendedrelease of DEX for up to 14 days was achieved in lenses with

comparable mechanical properties to commercial silicone hydrogel contact lenses.

Ideal drug-loaded contact lengs should be biocompatible,oxygen permeable and
providecontrolled release occurate dosevithin the time they are in useln terms of

oxygen permeability, the high oxygen permeability of commercially available silicone
hydrogel contact lenses is due the presence of siloxane groups. All the tested silicone
hydrogel compositions in this work are similar to that of commercial silicone hydrogels,
which indicates their high oxygen permeability. Moreover, they should be comfortable

and easy to handle and I S YAYAYdzY AYGSNFSNBYOBR. 6AGK
Ribeiro et al., 2015)
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Chapter 4 3D -printed gelatine
bandage contact lens (BCL) for
ocular drug delivery of
Dexamethasone.
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Abstract

Drugeluting contact lenses have been widely studied malternative to eye drops due

to their ability toprolongthe drug resident timeenhancebioavailability and improve
patient compliance.Slicone hydrogel polymerare commonly usedn drugeluting
contact lenses, due to their transparencyyitable mechanical properties and high
oxygen permeability Gelatine hydrogels are clear, flexible and have high oxygen
permeability, therefore, theyare also a suitableontact lens material. Moreover, their
rheological properties allow their use as inks in extrudiased 3D printersherefore
opening the door to a wide range of newer applications. However, the solubility of
gelatine hydrogels at body temperature limits their pharmaceutical use. Adding
methacrylate groups to gelatine produces gelatine methacrylatelN@), which
undergoes a photoinitiated polymerisation reaction to produce covalently crosslinked
insoluble hydrogels. This chapter aims to developp8bted drugloaded GelMA
hydrogel lenses to delivedexamethasone (DEX) to the eye over a period of g&kwe
Drugloaded GelMA/PEGDA hydrogel lenses were prepared usingdirent casting
and the 3DBprinting techniqus. Two concentrations of GelMA (5 and 8%) were tested
with 4 concentrations of PEGDA (0, 5, 10, and 15%). The prepared lenses were
characterisd to determine the equilibrium water contefEWC)in vitro degradation,
and drug releaserofile of DEXThe results sbwed that the incorporation of PEGDA
AYLINREOSR GKS fSyasSaQ NBaA aniddrigg@hs dejradatisn: y R
test, reducel the EWC values and prolonged the release of the incorporated ldmugs
noted thatthe lenses preparedisingthe 3D-printing techniqueshowed a higheEWC

and thus resulted in rapid drug release praditmmpared to the lenses prepared using
the solvent casting technique. However, the -Biinted lensesshowed controlled

releasedrug profilesof DEXuntil they degraded
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4.1 Introduction

In the previous chpter, | have loaded DEX within silicone hydrogel BCLs, which is the
currently used material in BCLs available in the market. In this chapter, | woutd like
explore a new material that can hesed to prepare therapeutic BCLs, yet can be 3D
printed to benrefit from the advantages that the 3printing technology can bring to the
manufacturing of drug delivery systenitbherefore GelMAhydrogel was choseas the

hydrogel base

Drugeluting contact lenses have been widely studied malternative to eye drops due

to their ability to increase the drug resident time, bioavailability and improve patient
compliancgJ. Xu et al., 2018pue to the high drug bioavailabilifyp to 50%)reported

from drugeluting contact lenses, fewer drug doses are administered resulting in lower
side effects and complications and better climigatcomeslt is common taise silicone
hydrogel polymers in drugluting contact lenses, due to their transparency, mechanical
properties and high oxygen permeabil{iaulvi et al., 2016)Howeverfar less research

has been done on modifying other hydrogel polymers to suit this apjita

Gelatine is a protein hydrogel obtained frdire partial hydrolysis of collagembtained

from a natural origin(X. Wang et al 2017) Due to its high biocompatibility, unique
chemica) physical natureand being a Generally Regarded As Safe (GRAS) material by
the FDA, it has been extensively used as a drug carrier and component in many drug
delivery systemgHathout & Omran, 2016)In particular, gelatine has been used in
ocular drug delivery systems including eye drPps1. Cheng et al., 2018)anoparticles
(Mahor et al., 2016)in situ gelgY. Song et al., 2018nd films(Rathore, Nema, &
Sisodia, 2010)

Celatine polymersare not widely usedn the preparation of drugluting corneal
bandages because of théirgh solubility and poor mechanical propertie3 o overcome
these drawbacks, some have formulated gelatine/chitosan compoéfiesyuan & Tian
Wei, 2004) incorporated a synthetic polymer such as PV&ain, Carvalho, Banthia, &
Banerjee, 20119r addeda crosslinker within the hydrogel formulati¢gtreky, Zayed,
Elshaier, & Alsharif, 2018)lowever, gelatine hydrogels are clear, flexible aagdehhigh
oxygen permeability, therefore, they are suitable candidates in preparing corneal
bandagegZ Zhang, Ortiz, Goyal, & Kohn, 2Q14)
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Following the use of 3Printing technology in pharmaceutical researcturther
investigation into printable materials, that can be used to formulate current and future
drug delivery systems should be consideretle Theological properties of gelatine
hydrogels allow their printability using extrusimased 3D printers, which opens the
door to a wide range of newer applications using this poly(Katkadelen et al., 2017)
Incorporaton of 3D-printing techniques in the production of medicated contact lenses
facilitatespatient-specific requirements, including special designs and sizes. Moreover,
the lens can be printed with pores to promote oxygemrpeability and prevent corneal

hypoxia.

Gelatine hydrogels are soluble at body temperature. Therefore, to formulate contact
lenses out of gelatine, the hydrogel should be crosslinked into awaier-soluble
polymer. Adding methacrylate groups to the amic@ntaining side groups of gelatine
by reaction with methacrylic anhydride (MA) produces a compound named gelatine
methacrylate (GelMA). GelMA undergoes a photoinitiated-fi@gical polymerisation in

the presence of a photoinitiator and light to producevalently crosslinked hydrogels
(Y. Wang et al.,, 2018)Although GelMA hydrogels are insoluble, they are highly
degradable, anthereforerapid drug release profiles from those hydrogaisexpected

without incorporation of a crosslinking agef¥ue et al., 2015)

Polyethylene glycol diacrylate (PEGDA) idomg-chain, hydrophilic crosslinking
monomerwhichcontains doublebond acrylate groups at each end of the PEG chiain
has the ability to undergo fewer photopolymerisation reactions to give a stable polymer
that has shown the ability to provide drug release for extended periods of(tiicdvoy,
Jones, & Thakur, 2018PEGDA polymers have been used in numedsug delivery
applications including implan{®lau, Nazir, John, & Seitz, 20,18)icroneedlegGao et

al., 2019)mnd dressingfMostafalu et al., 2017Jue to their biocompatibility and tissue

like properties.

Dexamethasone (DEX) was chosen in this study as the model drug due to its lipophilic
nature and high corneal penetration. It is used to reduckammation, swelling, redness

and irritation due to infections or following eye surgerigsaudio, 2004; Guidi et al.,
2014)
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In this chapter,drugloaded GelMA/PEGDA hydrogel lenses were prepared using
photopolymerisation reaction in the presence ofLithium Phenyl(2,4;6
trimethylbenzoyl)phosphinatéLAP) as a photoinitiator and cured under LED light of 405
nm. Two concentrations of GelMA (5 and 8%) were tested with 4 concentrations of
PEGDA (0, 5, 10, and 15%). Some of those formulations were prepared using both the
solvent castingand 3Dprinting techniques to produce the lenses. The-@ihting
technique allowed for the presence of pores within the lens, which might increase
oxygen permeability to the cornea. The prepared lenses were characterised to

determine the equilibrium water contenin vitrodegradation, and drug release of DEX.

4.2 Materials andmethods

4.2.1 Materials

Lithium phenyi2,4,6trimethylbenzoylphosphinate (LAP) and printing needles from
Allevi, Philadelphia, USA. Dimethyl sulfoxide (DMSO), EssentQ®, SchaBabc8lana,
Spain.Porcine gelatine type A with 300 Bloom valDeuterium oxide (BD) 99.9 atom
% D, methacrylic anhydridgyolyethylene glycol diacrylate (PEGDA,78D) and
Phosphate buffered saline (PBS) tablets 1.0M, pH 7.4@2%om Sigmaldrich, New

Zealand All other chemicals were of analytical grade.

4.2.2 Prepaation and characterisation of GelMA hydrogel

In this work, GelMA was synthesd according to the previously reported meth@duo

et al., 2018) Briefly,10% (w/v) of gelatine from porcine skin was dissolved in PBS at 50
°C. Then, 0.6 g of methacrylic anhydride per g of gelatine was added to the gelatine
solution dropwise at a rate of 0.5 ml/min under vigorous stirring, the mixture was left to
react under 50°C and stirring for 3 h. At the end of the reaction, the mixturasw
transferred to falcon tubes and centrifuged at 100g for 2 min to remove the excess MAA
as shown irFigured.1. After filtration, all the spernatants were transferred to a beaker

and diluted 1:1 with PBS to stop the reaction and then dialysed against DI watet@Gt 50
for 1 week using a cellulose dialysis tubing of 14000 MWCO (Thermofisher, New
Zealand). The deionised water was changed tw@#y in the first 3 days, then once a
day to remove salts and excess methacrylic acid. The pH of the GelMA solution was
adjusted to 7.4 then transferred to 50ml falcon tubes for freelzging. The produced
spongelike solid (GelMA) was stored &0 °C wntil further use.
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Figured.1. The flask on the left shows the formation of GelMA after the 3 h reaction with MAA,
the image on the right shows the dialysis of GelMA against DI unck &1 week.

The degree of methacryloyl functiorsgtion of the GelMAwas quantified using 1H NMR
according to a previously described metlsodsing @ NMR spectrometerBruker
Ascend 400Germany) NMR spectrometer operating at 400.13 MHz equipped with the
TopSin 3.5b.91.pl.7 software. The spectrometer was fitted with a 5 mm probe type: PA
BBO 400S1 BBFDO05 Z and all experiments were performed at a constant
temperature of 40°C. Each experiment excited the nuclei with a single 30° pulse and
obtained 64 trangnts with a spectral width of 8012.8 Hz and FID size @f3&bdata
points. The 1HNMR spectra were calibrated against theternal standard 3
(trimethylsilyl) propanoic acid D4 sodium salt TMSP to givethe Z2dop i Ay G K S

scale.

To prepare theNMR samples20 mg of GelMAwas completely dissolved in 1 Im

deuterium oxide containin®.05% w/vTMSPfor calibration.Porcinegelatine was also
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examined for calculating the degree of methacryloyl substitution usiregfollowing
equation(X. Let al., 2016)

0wi QWG QI EE®Qa L O
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4.2.3 Preparationof BCLgIsing thesolvent casting technique

A total of 3 g beach hydrogel formulation &as prepared, containing 1% w/DEX and

0.5% wiv LAP, while the concentrations of GelMA and PEGDA were varied as stated in
Table4.1. The DEX was dissolvedliml| of DMSO before adding the PBS. The LAP and
GelMA were added to the drug mixture and dissolved using a magnetic stirrer’@ 60
Finally, the PEGDA was added and mixed well before pouring into a 10 ml syringe and
injected between two acryliplates, that have a idhaped spacer, of a 0.35 mm
thickness, in betweenlThe sheets holding the hydrogel were put under LED light at 405
nm, using an intensity of 24 W, for 180 seconds and then cut into lenses with a cork

borer 13 mm in diameter as showmfkigure4.2.

Table 4.1. GelMA hydrogel BCL formulations prepared using sloévent casting
technigue

Formulation DEX LAP GelMA PEGDA
symbol (% wiv) (% wiv) (% wiv) (% wiv)
G5P0 1 0.5 5 0
G5P5 1 0.5 5 5
G5P10 1 0.5 5 10
G5P15 1 0.5 5 15
G8PO 1 0.5 8

G8P5 1 0.5 8

G8P10 1 0.5 8 10
G8P15 1 0.5 8 15
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Figure4.2. Crosslinked GelMA hydrogel filim between 2 acrylic sheets and spa¢&) and
lenses cut from the film using a cork borer.(B)

4.2.4 Preparationof BCLsIsing the 3DBprinting technique

The hydrogels wergrepared as previously mentioned, and the hydrogel mixture was
then transferred to a 10ml Luer lock syringe, the black plunger was removed from the
white piston and put on top of the syringe, then tlsgringe was inverted and the
contents were pushed to geid of the excess air. The whole syringe was wrapped with
aluminium foil and inserted in a beaker full of ice for 8 minutes to enhance the physical
gelation of GelMA, then left at room temperature overnight until the printing time. Four
of the previouslyprepared formulations were chosen to h@eparedusing the3D-

printing of the solvent casting technique

Table4.2. GelMA hydrogel BCL formulations prepared using3ibgrinting method.

Formulation DEX LAP GelMA PEGD#
symbol (% wiv) (% wiv) (% win) (% wiv)
#G5P0 1 0.5 5 0
#G5P10 1 0.5 5 10
#G8PO 1 0.5 8 0
#G8P10 1 0.5 8 10

The bandages were designed as a mesh structure using SolidWorks CAD software as
shown inFigure4.3 (A). The design was set to be#40.5 mm in length, 1& 0.5 mm in

width, with a 0.5 mm gap between the lines. The thickness of the lines were designed to
be 0.2 mm, which is equal to the a@rnal diameter (ID) of the needle used for printing.

The STL file of the design generated by SolidWorks was uploaded into Réjmetier
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software twice to generate two layers. Each layer was rotated so that the lines of the
first layer were vertically facgiand the lines of the second layer were horizontally facing
as shown irFigure4.3 (B &C). Then the 2 layers were centred and merged to form a
mesh structurewith crossing vertical and horizontal lines and internal pores of 0.5mm

in diameter as shown ifrigure4.3 (D). After adjusting the printing parameters using
Slic3r software, the design was sliced into 2 layers, using the same software, to enable
its printing in a layeby-layer format. Figure 4.3 (E) shows the sliced-agpde file

generated by slice3r software and the path of the printing nozzle.

Figure4.3. The 3D printing process. Design ofager using SolidWorks in stl format (A),
Uploading the stl file in Slic3r softwa(8), Reploading the same stl file and changing its
orientation to orient the lines horizontallfC), merge and centre of both uploaded files (D),
slicing of thestl file into 2layer gcode (E) and 3D printing of the sliced file using Allevi printer
software (F)

The gcode was uploaded into the Allevi ginter software, to allow the extrusion the
hydrogel through the nozzle and print the bandage lapgdayer using the Allevi 2 3D
printer (Allevi, Philadelphia, USAJjigure4.3 (F) shows how the second &yof the
bandage was printed on top of the first layer. The printed bandages were cured under
an LED light of 405 nm for 3 mthen they were kept at room temperature in a vacuum
oven for 24 h. The meshes were printed on glass slides covered by plastic tape to prevent

the adhesion of the printed structure and to facilitate its removal.
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4.3 Characterisation othe bandages

4.3.1 Microscopicexamination

Optical imagesf the 3Dprinted bandagesvere taken just after printing andafter
vacuum dying. The optical images were captured using a digital microscope (Leica
ICC50HEDM750, New Zealand) to show the diameter of the printed lines angbte

size of the meshes. Measurements were taken fi@uiifferent siteson each mesh for

3 printed meshes.

4.3.2 Swelling studies
Theequilibrium water content (EW@)as determned gravimetrically using a sensitive
balance. Three vacuum dried meshes from eaadtiréyyel formulation weighed (DW),
then they were immersed in Bl PBS for 24 h, blotted gently with tissue papers and
then reweighed to record the swollen weight (SW). The EWC of all hydrogel formulations
were calculated usinghe following equation(Hoch, Schuh, Hirth, Tovar, & Borchers,
2012; Noshadi et al., 2017; Yin, Yan, Wang, Fu, & Suo, 2018)
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4.3.3 Invitro degradation
To test the invitro degradation profile of the cured printed mesh&2 meshes of each
formulation were dried in a vacuum oven at room temperature for 48 h and their
weights were recorded (W1). Then the meshes were immersed in 3 ml of PBS in plastic
well plate dishes and kept in an incubation room at temperaturet36°C. At various
time intervals at days 1, 2, 4, and 7, three meshes of each formulation were carefully
removed from the PBS solution and dried in a vacuum oven at room temperature for 48
h then reweighed (W2). The percentage weight remaining after degradation at each
time point is referred to as the gel fraction (%) and was calculated using the following
equation(Bukhari, Khan, Rehanullah, & Ranjha, 2015; Y. Wang et al., 2018)
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4.3.4 Invitrodrug release

Thein vitro drug release profiles of DEX from the hydrogel cut lenses were studied by

inserting each lens into dialysis membrane tubes (cut off 3500 MWCO) Witimlaof
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PBS (pH=7.4) and then the wrapped tubes were placed in capped glass containers
containing 39 rhof a PBSolution capon a benchtop shaker (S300, Lab Companion,
Korea) at 50 rpm. The shaker was placed in an incubator room that was maintained at
35+ 2 °Cfor a period of 14 days. At predetermined time intervals, 3 ml of the media
from each sample wsa collected and replaced by fresh media to maintain sink
conditions. The concentrations of DEX in the release media were determined by
comparing the areas of the drug peaks generated by aM8CAgilent 1260 Infinity
Quaternary LC system (Santa Clara, 8%9 USA) against a DEX calibration curve.

The system consisted of the following components: 1260 quaternary pump (model
number: G1311B), 1260 infinity ALS sampler (model number: G1329B), 1200 series
autosampler thermostat FC/ALS/Therm (model number: GB33Q2260 infinity TCC
column component (model number: G1316A), 1260 infinity diode array detector (DAD)
(model number: G4212B), connected to a 6420 triple quadrupole LC/MS system with
multimode ionisation source (model number: G1948B) operating in positive

electrospray ionisation mode.

Waters XSelect CSH C18 (2.1 xh@f 3um) HPLC columwas used for this analysis.
Thefirst mobile phase was composed of water containing 0(t86 formic acid while

the second mobile phase was acetonitrdentaining 0.1% (v/v) formic acid. The initial
gradient condition was 97:3 (A:B). From 0 to 12 min the B was increased to 25%, from
12 to 13.5 min théB was increased to 90% and from 13.5 to 15.5 min, B was decreased

to 3%. The total run time of each saraplas 23 min.

The MS ionisation source conditions were as follows: capillary voltage of 1.8 kV, drying
gas temperature of 325 °C, drying gas flow 6 L/min, vaporiser temperature of 200 °C.
The positive ion mode was performed with MRM for quantitative ansly$he
precursorto-product ion transition used for DEX was [M+H]+ m/z 39323.2 witha

fragmentor voltage of 87 V and collision energy of 4 eV.

4.3.5 Statistical analysis
Data were subjected to oneay analysis ofariancelANOVA) using Microsoft 365 Excel.
t2a0 K20 Ydzf GALX S O2YLI NAazya 6SNB RSOSSN

significance set at P < 0.05. All data were presented as meabs
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4.4 Results and discussion

4.4.1 Characterisation of prepared GelMA

Introducing methacryloyl substitution grospto gelatine via a chemical reaction with

methacrylic anhydride (MAA) results in the formation of gelatine methaaomde

(GelMA) as shown iRigure4.4. 1HNMR spectra were used to determine the amount

of methacrylate and methacrylamide groups in the prepared GelMA. There was an

apparent decreasen the free lysine signal (NBRCHCHCH-) of the unmodified
gelatine at 3.0 ppm, and the DM of the prepai®@dIMA was calculated as 6&2.1%4

Methacrylic Anhydride

Gelatin Gelatin Methacrylamide Cross-linked Gelatin Methacrylamide

Figure4.4. Methacrylation of gelatia to gelatire methacrylamide(Adopted from ((Rose et al.,
2014).

In comparison with the 1HIMR spectra of gelatine shownkigure4.5 (B), new proton
peaks belonging to methacryloyl groups of GelMA appeared betweeyd &.@pm and
at 1.9 ppm as shown iRigure4.5 (A). The chemical shifts between §5/6 and 5.85.4
ppm are for the acrylic protons (&+C(CECONH) of methacrylamide groups (lysine

and hydroxylysine residues), while the peak at 1.9 ppm is for the methyl protons

(CH=C(CB)CQ) of methacryloyl groups, as well as additional small peaks 5.7 ppm for

the acrylic protons (CHC(CECOOQ) of methacrylate groupéM. Zhu et al., 2019)
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Figured.5. 1HNMR spectra of prepared GelMA (A) and porcine gelatine (B) samplgd.in D

4.4.2 Preparation of GELMA film usirthe solvent castingechnique

A photopolymerisation crosslinking reaction was performed to develop the GelMA BCLs,
where light is used to initiate a free radical reaction using LAP photoinitiator. This free
radical leads to a series of paolgrisation reactions within the hydrogel monomers
(propagation step), which end after all the monomers are polyseeki In this work,
GelMA hydrogel formulationwere curedunder 405 nm LED light with an intensity of

24 W for 180 s. This was sufficientgolymerise the liquid hydrogel to a film, which was

cut into circular lenses of 13 mm in diameter.

SZ GeiMA S52GeiA
B 7 S/LP
S4P  1o/P IS/P L (P 1oyP _SLP

A

Figured.6. Images of vacuurdried (A) andgwollen (B) DEloaded GelMA lenses prepared using
various concentrationsof GelMA and PEGDia the solvent casting (Ruler is in mm
increments.

The effect of the concentrations of GeIMA and PEGDA on the developed lenses can be

seen inFigure4.6. Both 5% and 8% GelMA hydrogel formulations with no incorporated
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their circular shapes, although the lerssebtained from 8% GelMA were stronger than

the ones obtained from 5% GelMA. This goes in line with the results of another study
that illustrated the effect of the increase in GelMA concentration from 5 to 1586
resulted in enhancement of the compressivmodulus of the prepared hydrogels
(Hutson et al., 2011)

The incorporation of PEGDA resulted in clear circular lenses that withstood handling
during the characterisation tests. This was in compliance Wl studies that
incorporated PEGDA with GelMA to increase the degree of crosslinking and inhibit the
biodegradation rates in bone regeneration materials, whickvealed that
GelMA/PEGDA hydrogels showed much stronger mechanical properties compared to

pure GelMA hydrogelgy. Wang et al.,@®.8)

4.4.3 Preparation of GELMA films usinge 3D-printing technique

All hydrogel compositions were extruded using a 25 G nozzle with an inner diameter (ID)
of 0.26 mm. Images of the printed meshes of the hydrogel formulatwapresented

in Figure4.7. It is obvious that although all formulations were printed using the same
nozzle size, the printed lines of B meshes were thicker and the pores were not
visible compared to #&10 meshesThismight be contributed to the lower density of

the hydrogel that resulted in filament spreading of 5%GelMA hydrogels during printing

The printing speed of #&P0, #GP10, #@BP0 and #®P10 hydrogel formulations were

4, 4, 3 and 3 mm/s respectively. Thenting speed of the 5% GelMA formulations was
increased to compensate for rapid flow from the printing nozzle that led to the
formation of thicker printed lines. Moreover, it was difficult for the printed lines of the
5% GelMA hydrogel formulations to eah their structure compared to the printed lines
of the higher density 8% GelMA formulations, this might be contributed to the low

density of the hydrogel that might have an effect on its rheological properties.

It is worth noting that the drying of the@P10 meshes resulted in the rupture of the
structure. This might be contributed to the higher concentration of PEGDA compared to
the concentration of GelMA, which resulted in huge shrinkage of the structure while it

was attached to the plastic tape andu the mesh was ruptured. On the other hand,
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the higher concentration of GelMA maintained the structure and there was no visual

shrinkage after the drying process.

Figure4.7. Images of the printed meshks (top), vacuum dried meshes (middle) asdollen
meshes (bottom) oformulationsG5R (A),G5P10 (B) G8PO (Gand G810 D). (Ruler ign mm
incrementy.

4.4.4 Microscopic examination

The printed hydrogel meshes were imaged under the microscope to determine the
effect of hydrogel composition on the diameter of the printed lines, just after printing

and following vacuum drying of the meshes.

It was obvious thaalthough all the hydrogels were extruded from nozzles with the same
ID, the printed lines of the 5% GelMA hydrogels with and without the incorporation of
PEGDA were almost double the diameter of the printed lines of 8% GelMA with or
without PEGDA incorpotian. This might be explained by the fact thaiv-density
hydrogel solutions were extruded quicker from the-Bbnter nozzle, which resulted in

thicker printed lines.
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There was no change in the line measurements 05R&Gydrogel (0.7 0.71 mm)
before and after drying, however, the pore diameter increased fromt@2 to 0.5+
0.2 mm after drying. Moreover, there was a significant shrinkage of the hydrogel meshes

of #®P10 after drying that resulted in rupture of the whole structure.

On the otler hand, the hydrogel meshes of 8% GelMA maintained their shape in both
compositions with and without PEGDA. The printgtes of #@P0 and #&P10
decreased in diameter from 0.320.05 to 0.15t 0.07 mm after drying, while the pore

size maintained the saendiameter of 0.74:0.13 mm.
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Figure4.8. Microscopic images printed hydrogel meshes imaged immediately after printing (left)
and microscopic image @hcuumdried hydrogel meshes after vacuuinying (right)of #GP0
(A), #®P10 (B), #@BP0 (C) and #8P10 (D).(White scale bar is 0.5 mm)

4.4.5 Swelling studies

In case of varying the concentrations of PEGDA within the 5 and 8% GelMA hydrogel
formulations prepaed using thesolvent casting techniguethe EWC decreased
significantly with the amount of PEGDA added in both the 5 and 8% hydrogel
formulations, as shown ifrigure4.9. Thisis explained by the increased degree of

crosslinking as the concentration of PEGDA inciease
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Figure4.9. BNCof the prepared hydrogdBCLsfter 24 h at 37 C.*Statistically significant gb
< 0.05; n = 3; meahSD.

The high crosslinking degree improved the stiffness of the hydrogel meshes and resulted
in low hydrogel swelling and thus lower water contéMt Wang et al., 2018However,

the 5% and 8% GelMA hydrogel lenses reached their minimum EWC with the
incorporation of 10% PEGDA at 368.8.06%&and 386.7 + 5.54% and thus incorporating

I KAIKSNI LISNOSyidlFr3aS 2F t9D5! RARYQil aKz2g

It is worth noting that the PEGDA concentration had a larger effect on the EWC when
compared to the effect of GelMA concentratioriBhere was no significant difference
between the EWC of 83P5 and BP5, the EWC of 810 and BP10 and the ECW of
G5P15and @P15as illustrated irFigure4.9 above
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Figured.10. The dfect of 3D-printing on theBA/Cof the prepared hydrogeBCLsfter 24 h at 37
°C.*Statistically significant gb < 0.05; n = 3; meahSD.

Testing the effect omethod of preparation on somef the prepared hydrogel meshes
indicated thatthere was a significantincrease in the WC valuesof the 3D printed
hydrogel meshes compared to the ones prepared using the solvent casting techniques
of the same hydrogel formulatio his might béecause bthe presence of pores within

the 3D-printed hydrogel matrix, whichncreased the surface area of the hydrogel

exposed to thePBSsolution and thus more water is absorbed.

4.4.6 In vitro degradation

The degradation profiles of BCL of the hydrogel formulations mentionddhle4.1

above prepared using theolvent casting techniquen PBS at 37C is illustrated in
Figure4.11. Both 5 and 8% GelMA hydrogel meshes shoathilardegradation trend.

The BCLs that had no incorporated PEGDA degraded in 4 days. The incorporation of 5%
PEGDA extended the degradation pleto 7 days, while the incorporation of 10 and

15% PEGDA significantly delayed the degradation of the lenses for more than 14 days.
Those degradation profiles can be attributed to the increase in the crosslinking degree
within the lenses witlahigher cancentration of PEGD@ . Wang et 4l2018) There was

no significant difference in the degradation profiles with the increase in the
concentration of PEGDA from 10 to 15% in both concentrations of GelMA hydrogel

lenses. This is iagreementwith the results of the EWC and can be explditigat the
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hydrogelsreached their maximum crosslinking density at 10% concentration of PEGDA

(Krumova, Lopez, Benavente, Mijangos, & Perena, 2000)
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Figured.11. Degradation profileof 5% GelMAA) and8% GelMAB)hydrogel BCLis PBS at 37
°C n = 3; mearx SD.

Although the lenses that had 5% GelMA finally degraded at the same time as the 8%
GelMA BCL, the degradation rates of 8%GelMA lenses were slower compared to the
5%GelMA. This might be due to the high crio&shg density generated from the photo

crosslinking reaction of the higher 8% GelMA concentrations within the hydrogel
(Rizwan et al., 2017)

81



Tovisualisethe effect of the degradation test on the shape of the BCL, the lenses that
were removed from days 1, 2, 4 and 7 were vacuum dried and imaged. From the images
of the lenses shown irFigure4.12, it was clear that the optimum tested PEGDA
concentration was 10% in both the lower and the higher GelMA concentrations.
Surprisingly,G5P15 lensesretained their structure compared tohe G8P15 ones
following the in vitro degradation test. This might be attributed to the higher swelling
ratio values of the 8% GelMA lenses, which might have resulted in rupture of the lenses
(Kawaguchi & Oishi, 2004)

Degradation tests of the 3printed BCLs in PBS a7 °C were performed and the
generated degradation profiles were compared to the same hydrogel formulations that
were prepared using the solvent casting technique as illustratdeigare4.13 below.
3D-printing 5 and 8% GelMA hydrogel formulations that had no incorporated PEGDA
seemed to have slowed theedradation profiles of the BCL compared tbalvent
casting techniqueThis might be contributed to the printed mesh structure with vertical
and horizontal lines, which might have had a role in maintaining the structure during
degradation. However, there @ve no significant difference between the B@tepared

by the 3Dprinting and the solvent casting techniques when 16Bthe PEGDA were
incorporated within the GelMA hydrogel formulations. This shows that the crosslinking
effect of PEGDA was mopeedominant and the degradation profiles of the BCLs were

not affected by the preparation method.

A B

D1 D2 D4 D7 D1 D2 D4 D7

Figure4.12. Images othe vacuumdried PO, PLO and L5 BCLdormulationsof 5% GelMA (A),
and 8% GelMA (Bifter the degradation test in PBS at 3Zondaysl, 2 4 and’.
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Figure4.14. Images of vacuurdried 3D-printed meshesfor formulations #G5P0 #G5P10
#G8PMand#G8P1(&fter the degradation test in PBS at 3Con days 1, 2,4 and 7

The images of the 3printed BCLs after the degradation test presentedrigure4.14

shows how the structure of the tested printed BCL sted he degradation test. All the

printed meshes maintained their shape until they fully degraded on D4 {6P&&nd
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to the rupture of the #GP10 meshes after drying, thdegradation test of those meshes
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noting that although the printed meshes of38P10 did not shrink after drying, the
meshes that were dried after the degradation tesignificantly shrunk. This might be as

a result of the high concentration of PEGDA within the hydrogel formulation.

4.4.7 Invitrodrug release

Three BCLs from each of the tested hydrogel formulations prepared bgdivent
casting techniquevere used in the in vitro drug release study. The % cumulative drug
released per lens of each formulation was plotted against the corresponding time
interval as illustrated inFigure4.15 for 5% and 8% GelMA hydrogel formulations,

respectively.

All the tested formulations showed a sustained ralegattern of DEX from the BCLs for

the whole duration of the test, even in the hydrogel formulations with no incorporated
PEGDA. This shows that DEX was successfully entrapped within the hydrogel network of
the polymerised GelMA during the photocrosslimkreactionSchacht2004) However,

BCLs of &80 and BP0 formulations degraded at D4 and thus the maximum
concentration of DEX released was 82.7.9 and 65.6+ 0.7% from the tested BCLs,

respectively.

As expected, the incorporation of PEGDA resulted in slower drugsesletes, where

the % of DEX released from the BCLs5#5GP10 and BP15 after 7 days were 78.0

*+ 6.8, 61.7+ 0.14 and 60.3t 0.3%, respectivelylt was noted that although the
incorporation of 5 and 10% PEGDA within the hydrogel formulations resulted in a
significantly prolonged drug release rate, there wessignificant difference between

the release profiles of the BCLs that had 10 and 15% PEQGDIA thieir hydrogel
composition. This might bdue to GelMA hydrogels reaailg maximum crosslinking
density using 10% PEGDA and therefore there was no fudiday in the drug release

of DEX with the increase the concentration of PEGDA from 10 to 15PAisisin line

with the previous degradation results of the BCLs presentédgare4.11 above

On the other hand, there was no significant difference between the drug release profiles
of the formulations of 8P5 and BP10 BCLs, releasing 64#02.8 and 63.7% 4.0% of

their original dug content after 7 days. The increasdhe concentration of PEGDA to
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15% resulted in a prolonged release of DEX from the tested BCLs reachiagl 584
after 7 days.
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Figure4.15. The dfect of PEGDA incorporation on the drug release profiles of 5% Ga&MAd
8% GelMAB) BCLm& PBS at 37C.n = 3; mearx SD.

The effect of preparation method on the drug release profiles of the tested BCLs is
illustrated inFigure4.16. There was no significant difference between the two methods
of preparation in the drug release profiles frddCLs prepared with 5% GelMA and 0%
PEGDA, however, the diinted lenses of the 8% GelMA and 0% PEGDA showed rapid

release from the BCLs compared to the ones prepared usingstieent casting
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technique This might be explained by the higher swelling rafithe 3Dprinted lenses

as previously illustrated irigure4.10 above The higher the water content is expected

to increase the pore size within the hydrogel matrix, and eventually promote the quick
escape of the loaded drugHori et al., 2007)The same patterns of drug release profiles
were noticed in the BCLs of the formulations containing 8% GelMA and 10% PEGDA,
were the 3Dprinted lenses showed rapid DEX release profile patterns compared to the

solvent castednes.
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Figured.16. The dfect of 3D-printing on the drug release profiles G6P0, GP10, (BP0, GBP10,
#G5P0, #G5P10, #@BP0 and #38P10BCLsn PBS at 37C.n = 3; mearx SD.

4.5 Conclusion

In this chapter, 5 and 8%elMA BGs were prepared using various concentrations of
PEGDA using theolventcasting andhe 3Dprinting techniques The prepared lenses

were evaluatedor swelling, degradation and drug release properties. It was found that

the incorporation of PEGDRAY LINE SR (G KS fSyasSaQ NBaAradly
then during the degradation test, reduced the EWC values and prolonged the release of
the incorporated drug. It was found that the 3inting technique increased the EWC

and thus resulted in a ragidrug release profilecompared to the lenses prepared using

the solvent casting techniquéHowever, there was still a sustained releas®EX from

the 3Dprinted lenses until they were fully degraded.
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Chapter 5 3D -printing of
GelMA/PEGDA composite hydrogel
meshes as potential cell -carrier for
tissue regeneration.
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Abstract

Tissue engineering can be used for the regeneration and repair of damaged tissues or
replacing noAunctional organs in order tavoidthe limitations associated with organ
transplantation The most common techniqueurrently used in tissue engineering is
seeding cells and trophic factors into premanufactured scaffolds made from hydrogels.
Gelatine methacrylate (GelMA) is the most widely used hydrogel bioink for creating 3D
printed scaffolds. After printing, GelMA permanently crosslinked upon exposure to
light and the presence of a photoinitiator within the hydrogel mattjowever, it is
difficult to print complex scaffolds entirely out of GelMA hydrogel due to its¥dvadzy 3 Q a
modulus valuesand relatively low pmting fidelity. The aim ofthis chapter is to
incorporate mlyethylene glycol diacrylate (PEGDIhin the GelMAhydrogelmeshes

to enhancetheir mechanicapropertiesand controltheir degradation profilsfor tissue
regeneration purposesHydrogel meshe were3D-printed and crosslinked usinfgee
radical photepolymerisationreaction by incorporating LAP as a photoinitiat@and
curing underLEDlight (405 nm). The effect of PEGIDAL and 10%) on hydrogel mesh
properties including shape, crosslinking,qudibrium swelling ratio (ESR)
biodegradability and cell viability were evaluat@dhe incorporation of PEGDA enhanced
the mechanical properties of GelMA hydrogels, increased their degree of crosslinking
and significantly reduced thie vitro degradation ratesMoreover,in vitro cell culture
experiments usinghuman cornealepithelial primary cells HCEpEL showed high
adhesion, proliferation and viability over a period of 1 waedll the 3Bprinted meshes
Thisprovedthat PEGDA can be ingarated with GelMA or other hydrogel polymers as

a polymeric crosslinker without a negative effect on the viability of the seeded cells.
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5.1 Introduction

After confirming the feasibility of printindrug-eluting BCLs loaded with DEXreduce
the inflammationand promote natural regeneration of the cornea in miltbderate
injuries in the previous chapterlt is important tocheck the feasibility of seedirgglls
on the printed hydrogel matrivand test the cell viability. The cétladed 3Dprinted
hydrogel meshes can be as novel namvasive technique to delivétCEp® the injured

cornea or in any tissue regeneration application.

Tissue degradation can occur in a wide range of diseases and injuries, which results in
organ dysfunction and thus failure. Whehig happens, organ transplantation can be
one of the treatment options; however, this is not always an option due to the high costs
and scarcity of the donated organs. Tissue engineering can solve this problem by helping
in the regeneration and repair oheé damaged tissues or replacing the entire organ
(Hutson et al., 2011; Khademhosseini, Langer, Borenstein, & Vacanti, Z0@6nost
common technique currently used in tissue engineering is seeding cells and trophic
factors into premanufactured scaffolds that are made from hydrogeistson et al.,

2011; Slaughter, Khurshid, Fisher, Khademhosseini, & Peppas, 2009)

Hydrogels are networks of natural or synthetic polymers dispersed in water, and
therefore are hydrophilic in naturedydrogels are favourable due to their higlater
Fo&aA2NLIWIA2Y OFLIOoAfAGESY YI{Ay3a GKSY &AYAf
extracellular matriXSullad, Manjeshwar, & Aminab¥ia2010) A wide range of natural

and synthetic polymeric hydrogels and their composites have been developed for tissue

regeneration purposefGerecht et al., 2007)

Hydrogels from protein origin have be widely used in tissue regeneration due to their
physical properties and high biocompatibilfyue et al., 2015)Gelatine is a protein
produced by partial hydrolysis of collagen, which is the major protein component in skin,
bone, cartilage and connective tissues. Since gelatine is a denatured protein, it is known
for its high biocompatibility ash low immunogenicityB. Lee, Lum, Seow, Lim, & Tan,
2016) Moreover, gelatine contains numerous argingigcineaspartic acid RGD)
sequences that enable cell attachment; and a matrix metalloproteinase (MMP) target
sequence that enables cell remodellidunxiao Liu & Chapark, 2010; Vandooren, Van
den Steen, & Opdenakker, 2013)
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At a temperature 0f45°C, gelatine dissolves in agueosolutions and is in a liquid state
(sol). However, it undergoes a physical crosslinking process upon cooling, causing
hydrogel gelation (gel). During the gelation process, the chains undergo a
conformational disordeprder transition to recover the triie-helix structure of collagen

(Bigi, Cojazzi, Panzavolta, Rubini, & Roveri, 20018 process from sol to gel and back

to sol again (sefetsol) is reversible and temperature dependant. However, at body
temperature (37°C), gelatine is in the sol state, which itsnits use for irvivo

applicationsY. Wang et al., 2018)

Various crosslinking techniques, including physical or chemical reactions, have been
utilised to polymerise hydrogels for different biomedical applicatipisWang et al.,
2018) Usually, hydrogels that are used as cell carriers for tissue regeneration are
chemically crosslinked to help maintain their structure in biological fl(idsury &
Mooney, 2003) To enhance the mechanical propegiof gelatine hydrogels in agueous
media, researchers have used chemical crosslinkers including glutarald@hgdet al.,

2001) dialdehyde starch (DASgYIu et al., 2010) dialdehyde carboxymethyltéelose
(DCMC)(Mu, Guo, Li, Lin, & Li, 2012yenipin (Muzzarelli, 2009) and phenolic
compounds such as caffeic and tannic agkisZhang et al., 201LMlowe\er, chemical
crosslinking agents are usually toxic and thus cannot be used in tissue engineering
applications as shown iRigure5.1, which povides a nortoxic alternative for gelatine

crosslinking that is safe to use with c€f¥s Wang et al., 2018)

Since only less than 5% of the amino acid residues of gelatine are methacrylated in
GelMA, the resulting hydrogel still has most of the functional gelatine motifs useful for
cell attachment and remodellinf/an Den Beke et al., 2000)The stiffness of GelMA
hydrogels can be manipulated by controlling the concentration of GethE\amount

of photoinitiator and the crosslinking reaction time, which all contribute to the degree
of crosslinking of the hydrog@Wei et al., 2015)Thus, GelMA is widely used as a bioink

in bioprinting applications, where it covalently crosslinks after printing upon exposure
to light and presence of a photoinitiator within the hydrogel mati#xschematic figure

that shows the difference between phgail gelation of gelatine and chemical gelation

of GelMA is presented iRigureb.1.
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The use of PEGDA is common in tissue engineering applications since it is a
biocompatible, nonimmunogenic and photocrosslinakable polymer with robust
mechanical properties that can be easily modif{@lo & Chu, 2005however, PEGDA
polymer has a slow hydrolytic degradatigBrowning & CosgriffHernandez, 2012;
Hockaday et al., 2012Moreover, cells cannot directly attach to PEGDA since it is a
synthetic hydrogel with no bioactivitjHutson et al., 2011)This problem cabe solved

with the incorporation of bioactive polymers and peptides including gelatine, hyaluronic
acid and laminirfAli, Saik, Gould, Dickinson, & West, 2013; Fu et al., 2012; Ouasti et al.,
2011; F. Yang et al., 2005)

Step 1: Reversible thermo-crosslinking of gelatin

/\/v Photgiﬂitiator
NN/
NN/ Light

Figure5.1. Difference between physical and chemical crosslinking of gelatine showing the
covalent bonds generateduring thephotopolymerisation reaction of GelMAAdapted from
(Yin etal., 2018)

Various photoinitiators have been used in free radical rbgél polymerisation
reactions where ech photoinitiator works best under a certain light wavelength. The
most commonly used photoinitiator for tissue engineering applications that works under
the UV range (365 nm) is-I1Bdroxyn -2-hydroxyethoxy)2-methylpropiophenone,
which is known as Irgacure 2959. However, Irgacure 2595 has low water solubility and
requires prolonged exposure to UV light, which may cause DNA damage and impair
cellular function®of the cells present within the hydrogel polym@ionteiro et al., 2018;
Williams, Malik, Kim, Manson, & Elisseeff, 200%)erefore, ghotoinitiator that works

in the visible light range is preferable when downstream applications involve living cells.
Lithium  pheny2,4,6trimethylbenzoylphosphinate  (LAP) is a waseluble

photoinitiator that works in the visible range (405 nm) andused due to its

91



cytocompatibility and effectiveness at low concentratiofBairbanks, Schwartz,

Bowman, & Anseth, 2009)

The use of 3frinting technology to generate 3D hydrogel scaffolds has been proven to
be more successful in cell cultutehas beerdemonstratecthat cells behave differently

in a 3D environment compared to cells cultured in monolayers (2D), showipgness
more comparable to those in native tissu@@ampaloni, Reynaud, & Stelzer, 2007)
Therefore, 3D-bioprinting technologyhas been widely utilisedh tissue engineering
applications(Murphy & Atala, 2014)Hydrogels are often employed aslnks in the
bioprinting processes that are printed into complex scaffolds usingpr8iding
technology. Cells can either be incorporated within the hydrogel and thus the ink is
NEFSNNBR (2 & 40A2Ay1é 2N &SSRSR 2ya2 0l
Currently, the most common methodtilised intissue engineering isxpandingthe

LI GASy(aQ OSft, which drghen@azsferrddNda prepnied 3D hydrogel
scaffold. It is important that 3fprinted scaffolds achieve the functionality oftissues
they are replacing, therefore they must be biocompatible, biodegradable and with
mechanical properties similar to the original tissues. It is worth mentioning that porous
engineered scaffolds have the ability to guide cell differentiation andrably within

the 3D structure(Yin et al., 2018) Precise control of the internal structure of the
scaffolds can bachieved by 3Bprinting techniquesto represent the complexity of the
natural extracellular matrix and pores to accommodate cell attachment and growth of

the seeckd cellgColosi, CostantinBarbetta, & Dentini, 2017; Pati et al., 2014)

Inkjet printing, lasesmssisted printing, stereolithography and extrusiomsed printing

are common bioprinting strategies used in tissue engineering. However, extrusion
based printing has become the ntosidely used technique duw its simplicity, low

cost and compatibility with a wide range of bioir(&heth et al., 2016; Y. S. Zhang et al.,
2017) In extrusiorbased 3D printing, which is the techniqused in this work, the
polymer hydrogel is precisely extruded from a syringe via a nozzle of known internal
diameter and deposited in a layby-layer manner to print the desired structure. This
structure is predesigned by computer software and thus thiodel is referred to as
computeraided design (CAD). The cells are added to the 3D printed meshes after the

printing, curing and drying processes.
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Although hydrogels used in tissue engineering are required to have low polymer
concentrations, low stiffnessnal low crosslinking densities to allow for cell diffusion,
migration and proliferatior{(Seliktar, 2012)3Dprinting requires hydrogels to have high
viscosity and stiffness to allow for accurate extrusion, high shape fidelity during printing
and sufficient mechanical stability to maintain the complex shape of the crosslinked
hydrogel structure after printing/A. Ribeiro et al., 2017)Therefore, a promising
approach to overcome this challenge is to use hydrogel composites, where the functions
of cell encapsulation and mechanical support come from two different malte

(Melchels et al., 2016

The aim of thixchapteris to develop 3Bprinted GeIMA/PEGDA composite hydrogel
meshes as a cell carrier for tissue regeneration purposes, with high printing fidelity,
adequate mechanical properties and controllable degradation profile. Hydrogeleaesh
were prepared by free radical photmolymerisation using blue visible light (405 nm) and
LAP as a photoinitiator. The effectdPEGDAoncentrations@, 1 and 10%) on hydrogel
mesh properties including shape, crosslinking, equilibrium swelling ratio,
biodegradability and cell viability were evaluated. It is hypothesised that the
supplementation of GelMA hydrogels with PEGDA evélate a photocrosslinakable
hydrogel composite with better mechanical and degradation properties suitable for

severaltissueengineering applications.

5.2 Materials and methods

5.2.1 Materials

An Allevi2 double extruder 3Bioprinter, printing needles, and lithium pher®/4,6
trimethylbenzoylphosphinate (LAP) were obtained from AlléMiladelphia, USA
Polyethylene glycol diacrylat®EGDAM\700) and Phosphate Buffered Saline (PBS)
tablets 1.0M, pH 7.4 (28C) were from SigmaAldrich, New Zealand. Human corneal
epithelial primary cellsHCEpLwere provided by the New Zealand National Eye Bank,
Department of Ophthalmology, University of Auckland, New Zeaksthdomponents of
culture media were fromD A & OPhmrmofisher Scientific, New Zealand. All other

chemicals were of analytical grade.
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5.2.2 Hydrogel preparation

GelMA was prepareas stated inthe Prepaation and characterisation of GelMA
hydrogelsection in chapter 4p.66). To choose the best printable GelMA concentration
to be used in this study, 7, 8, 9 and 10% weIMA hydrogels were prepared, printed
and characterised. Two concentrations of LAP, 0.3 and 0/A8vere used with 10%
GelMA to test the effect of the photoinitiator concentration on the crosslinking reaction.
Furthermore the curing intensity and time were varied for those hydrogel formulations
to determine the optimum curing conditions of the hydrdgeeshesTableb.1 lists the
various hydrogel compositions prepared and the crosslinking parameters applied to
choose the optimum amount of photoinitiator and curing conditions for thep8inted

hydrogel meshes

Table5.1. Compositiorof GelMA hydrogels fdhe crosslinking test.

GelMA LAP Curingintensity Curing time
(Y%oW/ V) (% W) (mW/icm?) (s)
10 0.3 13 &15 120, 150 & 18C

10 05 7,8,10,12,13,14&1 120, 150 & 18C

0.5 7, 8,10, 12 & 1 120 & 150

8 0.5 13 150

0.5 13 150

After determining the optimum crosslinking parameters, PEGDA was incorporated with
8% GelMA and 0.5% L#&Pa concentration of eithe®, 1 or 10% wy as shown inrable
5.2 and the printed hydrogels were characterised and viability studies were performed

as outlined below.

Table5.2. Composition of GeIMA/PEGDA hydrogel composites.

Formulation GelMA(% wiv) LAP $%ow/ v) PEGDAY%W/ v)
symbol

PO 8 0.5 0
P1 8 0.5

P10 8 0.5 10
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To prepare the hydrogels, LAP was first dissolved in PBS using a magnetic stirrer at 60
°C. Then GelMA was added to the solution and mixed at the same temperature for
around 20 min until fully dissolved. the case of P1 and P10 formulations, PEGDA was
added to the warm GelMA solution and mixed well. The hydrogel mixture was then
transferredto a 10 ml Luer lock syringe, the black plunger was inserted, then the
contents of the syringe wernavertedandpushed to get rid of the excess air. The whole
syringe was wrapped with aluminium foil and inserted in a beaker full of ice for 8 min to
enhane the physical gelation of GelMA, then left at room temperature overnight until

the printing process.

5.2.3 Preparation of the 3Bprinted meshes

A square mesh desigwith crossing vertical and horizontal lin@gas created using
SolidWorks CAD. The dimensionghaf square were set to be 100.5 mm in diameter,

with a 0.5 mm gap between the lineA.detailed description of the printing process is
foundunderd t NB LI NI G A 2-WINK2ZAA VAT KSI KBEREP.GOSOGA2Y

Various crosslinking parameters were used to cure the printed hydrogel meshes in this
work using the blue light (40Bm) lamp present in the Allevi2 bioprinter from a height
distance of 10 m. The intensity of the lamp varied between 7 and 15 mW/and the

curing time tested was either 120, 150 or 180 s.

The 3D printed meshes of 10% GelMA, 0.5% LAP cured for 150 s at 13 mWém2
either freezedried or vacuum dried while still on the slidén the freezedrying

technique, the printed cured meshes were kepttlire freezer under-18 °C overnight
then put in a freeze dryer for 24 h. In the vacudinying technique, the printed cured

meshes were kept at room temperature in a vacuum oven for.24 h

5.2.4 Characterisation of the printed meshes

Visual and microscopic examination

Visual examination and camera images of the syringe carrying the prepared hydrogel
(ink) prior to the printing processere performed Images of the extruded ink filament

at the usd printing pressure were taken to show the consistency of the filanmerages

of the hydrogel mesh printed on a glass slide were taken just after printing against a
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ruler to show the printed mesh size. The glass slide was covered with plastic tape to

prevent adhesion of the hydrogel to the slide and aid the removal after drying.

After vacuum drying of the printed meshes, they were imaged using a camera, an optical
microscope and a scanning electron microscope (SEM). The optical images were
captured using digital microscope (Leica ICC5@BIRA750, New Zealand) to show the
diameter of the printed lines and the pore size of the meshes. Measurements were

taken from three different places for each mesh for three printed meshes.

After drying, meshes were soakéat 24 h in 3 ml PBS, then removed and kep#eiC
for 24 h then placed infaeeze drieMartin Christ, Alpha LDplus, John Morris Group,
New Zealand) for 48 h before SEM imaging to view the internal structure of the wetted

meshes.

Figure5.2. SEM (A), vacuwdried meshes after printing (B) arfcdeeze dried meshes after
swelling (C) ready to be imaged ttnge SEM.

Prior to SEM imaging, all meshes were placed on metallic stubscea@d with
platinum under vacuum for 20 s using an ion sputter coater (Hitad945, UK) for
visualisation. The images were scanned uaisghottkyfield emission SEM (Hitachi SU
70, UK) under a working voltage of 5 kV. Three meshes wergedfor each hydrogel
composition.Figure5.2 shows the SEM imaging microscope used to view the dried

meshes and the mounted meshes after sputtering ready to be imaged.
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Degree of crosslinking
The printed, cured meshes were dried in a waouwven for 48 h, and the dry weight of
each sample (w1) was recordading a 5 decimal place balandée meshes were then
immersed in 3 ml PBS solution3t °C After24 h, the meshes were removed from the
PBS solution and dried in a vacuum ovend®h. The weight of the dry meshes (w2)
was recorded. The sol fraction is the amount of hydrogel that was not crosslinked and
thus dissolved in PBS. It can be calculated usieadollowing equationBukhari et al.,
2015; Ranjh& Qureshi, 2014)

YEal Goobat P S o

up

In this work, data from crosslinking test of 1@éIMA hydrogels that were cured using
various crosslinking intensities of 7, 8, 10, 12, 13, 14 or 15 m¥\4odhdifferent curing
times of 120, 150 or 180were used to determine the optimum crosslinking parameters.
Table5.1 aboveshows the hydrogel formulations prepared and the curing parameters
used for each composition. At least three meshes were tested under each crosslinking
parameter.Todetermine the optimum photoinitiator concentration for crosslinking of
GelMA hydrogels, the sol fraction of 10% GelMA hydrogels was compared with either
0.3 or 0.5% LAP cured at 13 or 15 mWA¢an either 12Q 1500r 180 sas illustrated in

Table5.1. above This test was done itmiplicates.

Todeterminethe effect of GelMA concentration and curing parameters (intensity and
time) on the crosslinking of the hydrogel meshes, 9 and 10% GelMA hydrogels were
printed and cured under 13 or 15 mW/érfor either 120, 150 or 180 s. Then, four
concentrations of GellM (7, 8, 9 and 10%) were cured at 13 mW/éon 150 s and their

sol fractions were compared to choose the most suitable GelMA concentration for
printing, this test was done on triplicateslable 5.1 above shows the hydrogel

formulations prepared and the curing parameters used for each composition.

Furthermore, to compare the effect of PEGDA on 8%GelMA hydrogels, the sol fraction
of all hydrogel compositions preparedTiable5.2 abovewere compared. Three meshes

were used from each composition.
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Swellingstudies

Theswelling ratiowas determmed gravimetrically using a sensitive balance, whéee t

weightsof three meshes (DWyere obtained aftedryingin a vacuum ovefor at least

48 h. Those meshes were placed in 3 ml of PBS at room temperatureearaled after

1, 2, 3, 4 and 24 h, blotted gently with tissue papers and then weighed to record the

swollen weight (SWandthe swelling ratio was calculated usiting following equation

A graph of the swelling ratio against time was plotted for 10% Gethvbshes to

determine the equilibrium swelling ratio (ESR). For all other formulations, the ESR at 24

h werecalculated and compareggHoch et al., 202; Noshadi et al., 2017; Yin et al., 2018)
Yo Ow

YO Qo & QD E —8M8—— U TT
Ow P

In vitro degradation

To test thein-vitro degradation profile of the cured meshe%2 meshes of each
formulation were dried in a vacuum oven at room temperature for 48 h and their
weights were recorded (W1). Then the meshes were immersed in 3 ml of PBS in plastic
well plate dishes and kept in an incubation room at temperature:36C. At days 1, 2,
3,4,5,6,7and 14, three meshes of each formulation were carefully removed from the
PBS solution and dried in a vacuum oven at room temperature for 48 h and then
reweighed (W2). The percentage weight remaining at each time point isredfto as

the gel fraction (%) and was calculated using the following equéakhari et al., 2015;

Y. Wang et al.,@.8)

%

008 O moPQE & pTT

€
ge)

Cell viability

In all cell viability experiments, the printed and cured meshes were dried in a vacuum
oven for 48 h at room temperature. Before seeding the cells, the dried meshes were
individually placed in tawells of a 12vell plate and put under UV light in a fume hood
for 30 min to be sterilisedl'able5.3 shows the composition of GelMA hydrogel meshes

testedfor cell viability.
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Table5.3. Composition of GelMA hydrogel meshes tested for cell viabilitgd for 150
sunder light intensity of 13nW/cm?using 405 nnlamp.

GelMAY% (win) LAP% (wh) PEGDA %w/ w)
10 0.3 0

10 0.5 0

7 0.5 0

8 0.5 0

8 0.5 1

8 0.5 10

HCEpGextracted from human donor tissue, were used in this experiment. A cell
suspension of 1x¥Ccells per millilitre of cell culture was prepared. The meshes were
sterilisedunder UV light for 30 miprior to use then100 pl of the previously mentioned
cell suspension was pipetted onto the mesh and left for 15 min to settle before adding

500 pl ofculture media and incubad for 1 week.

The culture medi was prepared as a 1:9 ratio of 10% Foetal Calf Serum (FCS): MEM,
GlutaMAXM Supplement, then 1% of Antibiotisntimycotic (100) was added. Fresh
culture medium was added on day 1 and the medium vepéaced every other day. On

day 2, the meshes were removed and placed in a clean plate with fresh culture media.
After 7 days, thecellswere stained using Invitrogen LIVE/DEAD® Viability/Cytotoxicity
solution for mammalian cells (Thermo Fish8cientifi¢ that was prepared from the
purchased kitaccording 2 G KS YI ydzfFl Ol dzZNBNRA Ay aid NUzOG )

Meshes were removed from the culture media and washed with PBS before staining. A
volume equal to 10Qul of the LIVE/DEAD prepared solution was added to the hydrogel
meshes and left for 20 to 40 min at room temperature. Meshes were then washed with
PBS for 15 min, then removed and mounted on glass slides for imaging under a
fluorescence microscope using an excitation/emission wavelength of 495
nm/~515nm for calceilAM andex/em~ 495 nm/~635 nm for EthDD. The resultant
images were used to visualise the proportion of live to dead @dtlr 7 daysof

incubation
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Statistical analysis

Data were subjected to oneay analysis ofariancelANOVA) using Microsoft 365 Excel.
t2a0 K20 Ydzf GALX S O2YLI NAazya 6SNB RSOSSN

significance set at P < 0.05. All data were presented as me8Dbs

5.3 Results and Discussion

5.3.1 Preparation of the 3Bprinted meshes

Duringthe printing process, the printing parameters were set using Slice3r software to
adjust the layer height, printing speed and the nozzle diameter. The layer height is the
distance travelled upwards by the nozzle at the end of each printed layer, fobd o

the correct position ready to print the following layer on top of the previous printed one.
The layer height depends mainly on the internal diameter of the needle used since this
will in-turn control the thickness of the extruded filament and thu® theight of the

printed layer.

The speed is the distance travelled by the nozzle in mm/s while the hydrogel is extruded
during the printing process of each layer. Setting the appropriate printing speed is
critical to obtain a highresolution print. Lowespeed will cause thicker lines and smaller
pore sizes, while higher speed will cause incomplete printed lines since the contact time
between the extruded filament and the slide or the previously printed layer is not

sufficient for adhesion to occur.

Variaus printing trials were performed using the Allevi bioprinter to optimise the
printing parameters and obtain a higksolution print.Table5.4 is an examplef some

of the printing trials performed for 10% GelMA hydrogel meshes. In those printing trials,
various needle sizegxtrusion pressures and printing speeds were tested until a good

printed structure was reproducible.

The gauge numbeindicatesthe inner diameter of the printingneedle were higher gauge
numbersrepresents needles with a smaller inner diameter (ID). Example of printing needles with
various sizes are shown in

. Choosing a suitable needle for each print depends on the resolution required and the
viscosity of the hydrogel. Needles with smaller ID are usually required in high resolution
printed objects. However, the diameter isstricted to the viscosity of the hydrogel

extruded through that needle.
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Gauge 30 27 25
ID 0.22 0.33 0.45

Shape

Figureb.3. 30G, 27G and 255 reedle sizes used in the printing of thgdrogel meshes.

The 30 G pinkoloured base needle with a metal tapered nozzle of ID=0.16 gave the
highest resolution print, however, it was not used for further printing because of
frequent blockage of the needle during the printing in case of all tedtgdrogel
compositions. Therefore, the next available size up, which was the transparent plastic

tapered needle with size 2& and an inner diameter of 0.21 mm, was used.

Table5.4. Variation of printing paameters to obtain the best print for 10GelMA

Print No. Needle Pressure Speed Comments

size(G) (PSI) (mm/s)

1 30 25 2 Thick lines, very small distance
between lines and no visible pores

2 30 25 3 Good print, defined lines and pores,
but needle blocks often

3 30 25 4 Quick speed, printed lines are not
continuous

4 30 21 2 The pessureis not sufficient for
continuous flow, ¥ part not printed

5 30 32 6 Very high pressure, thick printed
structure with no pores

6 27 25 3 High pressure sinate nozzle is
wider than 30G

7 27 16 3 Good pressure, but the slow speed
formed thick printed lines and thus
low resolution

8 27 15 4 Best print
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Various printing speeds were tested to determine the required speed that would
produce a higkresolution print. The optimum speed depends on theeological
properties of thehydrogel and whether the extruded filament is continuous or not.
Hydrogels with fgh shea#thinning properties andcontinuous extruded filaments
usually require higher printing speeds. However, very high speigtit cause gaps in

the printed structure and incomplete printed lines as showrigure5.4.

4 mm/s 3mm/s 2 mm/s

l‘\ f(‘ub)f ?
Uw\l \/,,;kﬁ

Figure5.4. Effect of printing speed on the printed meshldP6 GelMA using7 G needle and
pressure ofLl2 PSIThe ruler is in mm increments.

Since all the GelMA hydrogel compositions in this work were printed using 27 G needles,
the nozzle diameter was adjustéd 0.21 mm in Slic3r software settings before slicing
the stl uploaded fileThe pressure applied on the hydrogel to extrude the filament
should be adjusted before printing. For setting the pressure, it is customary to start with
low pressure and graduallincrease the pressure until a continuous filament is
produced. The pressure required to obtain a continuous filament depends on the
viscosity of the material and the diameter of the nozzle. For the same material, higher
pressure is required to extrude tH@gament from nozzles with a smaller inner diameter

(ID) compared to the bigger ID ones.

Printing trials of various GelMA concentrations (7, 8, 9 and 10%) were performed to
determine the most appropriate printing concentration. The sample with 7% GelMdA ha
a printable viscosity at room temperature, however, the printed filament did not retain
its shape after printing due to the low density of the GelMA solutidoreover, the
physical gelation rates of low concentrated 7% GelMA hydrogels are known tabe to
slow to maintain high structural integritgYin et al., 2018)which resulted inthe

spreading of the printed lines and thus low precision of the printed structure.
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Inthe case of 9 and 10% GelMA, maintaining a continuous extruded filament was hard
due to the high density of the inks. This led to some unprinted parts within the lines as
shown in the middle image dfigure5.4 that was printed using a 3G needle, at a
pressure of 25 PSI and 3 mm/s. The best continuous filament that gavedsiglation

print was obtained using 8% GelMA hydrogel, tliere this concentration was usddr
comparing the effect of the incorporation of PEGDA to the GelMA within the hydrogel

composition.

Due to the highmolecularweight of PEGDA, it had a positive effect on theological
properties of the hydrogel. As theoncentration of PEGDA increased, the pressure
required to extrude the filament from the same nozzle @yincreased. Moreover, the
filaments of 8% GelMA with 1 and 10% PEGDA (P1 and P10) were not as continuous as
the one with no PEGDA (P0), so a lowentmg speed of 2 mm/s was required to
achieve continuous printing lines, compared to a printing speed of 3 mm/s in case of
8%GelMA (PO) where there was no PEGDA present. The variation in the printing
parameters due to the incorporation of 1 and 10% PE@®iAthe 8% GelMA hydrogel

is shown inTable5.5.

Table5.5. Printing parameters for 8% GelNidrogel meshes with/without PEGDA.

8%GelMA (PO 8%GelMA 8%GelMA
+1%PEGDA (P. +10%PEGDA (P1i

Needle(G) 27 27 27
Pressure (PSI) 12 12.4 13.1
Speed (mm/s) 3 2 2

5.3.2 Characterisation of the printed meshes

Visual and microscopic examination

The colour of the cooled hydrogels (PO, P1 and P10, Table 2) was compared as shown in
Figureb.5. The incorporation of PEGDA to 8% GelMA in P1 and P10, led to the formation
of a clear hydrogel upon cooling, compared to the slight yellowish colour of the 8%

GelMA (P0), this might be cortitited to the transparent colour of PEGDA.

Upon extrusion of the three hydrogel formulations (PO, P1 and P10) from th& 27

needle, there was a consistent flow of filament at pressures of 12, 12.4 and 13.1 PSI for
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hydrogel formulations P(P1 and P10, reggtively as shown ifigure5.5. Therefore,
those pressure values were chosen to extrude the filament of each hydrogel

composition during printing.

The prined meshes of athe three hydrogel formulations hadhigh-resolution print at
speeds of 3, 2 and 2 mm/s for hydrogel formulations PO, P1 and P10, respectively. The
printed meshes are shown at the lower imagesHijure5.5. It was noted that the
incorporation of PEGDA in hydrogels P1 and P10 required a lower speethrof<2
compared to the speed of 8im/s used in printing PO. Due to the high viscosity of
PE®A, the filaments of P1 and P10 were not extruded as quick as the PO filament, which
required slowing down the movement of the printing nozzle to obtain a uniform print.

The effect of the printing speed on the printed structure is illustratefigures.4 above
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Figure5.5. Image of the cooled hydrogel in the syringe prior to printing (top), the extruded
filament from the nozzle to determine the appropriate pressure (middle) and printed mesh
(bottom). Images show the formulations PO (A), P1 gBJ P10 (C)The ruler is in mm
increments.

Visual and physical inspection of the printed and cured 10% GelMA hydrogel meshes
after freezedrying and vacuum drying showed that the freeiréed meshes were too
fragile and hard to handle, while the vacuumiedl meshes were able to withstand

handling and serdiolding as shown ifrigure5.6.
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Figure5.6. Effect of drying technique on 10%elMA hydrogel meshes&ragile freezalried
meshes (A), and easy to handle vacudiied meshes (B).

The microscopic images of the printed meshes of hydrogel formulations PO, P1 and P10
illustrated the effect of PEGDA incorporation in the hydrogel compositiorkigare
5.7(A), the image of the printed formulation PO shows smooth printed lines of .16
0.05 mm in diameter and consistent pore sizes of D31 mm in diameter, which
indicated that the 8% GelMA Hhdrogel composition had high printing resolution under

the used pressure and speed.

The incorporation of 1% PEGDA in formulation P1 led to less smooth printed lines of 0.23
+0.11 mm in diameter and smaller pores, of &8.09 mm in diameter, compared to

PO as shown ifrigure5.7(B). This might be contributed to the slower speed of 2 mm/s
used during printing. Moreover, the incorporation of 10% PEGDA in the GelMA hydrogel
composition led to thicker lines of a diametef 0.33+ 0.15 mm and smaller pores of
0.33+£0.14 mm in diameter. This might be contributed to the higher viscosity of PEGDA

and the lower printing speedyhich resulted irprinted thicker lines.

After vacuum drying, the meshes of PO and P1 looked althestame as before drying

as shown irFigures.7(A) and (B), however, meshes of P10 had a considerable shrinkage
due to the high content of PEGDA, which behaved like a high concentration crosslinker
in the hydrogel formulation. This shrinkagvas further confirmed by the dimensions of

the vacuumdried P10 meshes under the microscope, where the line diameter was 0.15
+ 0.08 mm and the pore diameter was 0.290.12 mm. On the other hand, the
dimensions of the printed lines and the pore sizeP6f and P1 hydrogel meshes after

drying were almost the same as before drying.
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Figure5.7. Microscopic images othe printed hydrogel meshes imaged immediately after
printing (left) and microscopic image of vacwadmed hydrogel meshes (rightf PO @A), P1 (B)
and P10 (Cxcale bar = 0.5 mm

The10% GelMAO0.5% LARydrogel meshes were viewed under the SEM to show the
effect of the drying technique on the mesh structuféigure5.8(A) shows the line
diameter of vacuurdried printed 10% GelMA hydrogel meshes to be @812 mm
and pore size of 0.370.19 mm, while the line diameter of the freedeied meshes that
retained their printed structure was 0.2% 0.11 mm as shown irFigure 5.8(B).
Moreover, the pore sizes of the freezieied meshes were considdsly smaller

compared to the vacuum dried meshes wélpore size of 0.140.05 mm.
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Figureb.8. SEM images of printed 10% GelmAshesImages Bowingvacuum dried mesh (A),
freezedried mesh (B), freezdried mesh after swelling of previously vacuum dried meshes (C)
and freezedried mesh after swelling of previously freedeed meshes (D).

Both vacuuradried and freezadried meshes were immersed in Bor 24 h until
equilibrium swelling, then they were carefully removed and fredded to maintain the
swollen structure of the meshes before imaging by SENure5.8(C) and (D) show that
the pores generated after swelling of the vacwaimed swollen meshes were smaller
but the structure is more intact than the previously freed@ed ones. Since freeze
drying produced fragile hard to handle meshes, vaculmging technique was used in

this work to produce a mesh that can stay intact during handling.

Furthermore, SEM was used to characterise the structure of vaained PO, P1 and
P10 8% GelMA hydrogel meshes befevgelling and the freeze dried structurdter
swellingin PBS to determine the effect of hydration on the mesh structure as shown in
Figure5.9. There were no obvious pores in the hydrated PO mestidle a porous
structure was shown in P1 and P10 hydrated meshes were PEGDA was incorporated.
Therewas no significant difference in the shape or dimensions between PO and P1
meshes before and after swelling. On the other hand, the SEM images confinmed t
shrunk mesh structure ahe vacuumdried P10 hydrogel meshes that was previously

observedin the microscopic images.
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Figure5.9. SEM images of 3printed 8% GelMA meshes after vacuum drying (left) and after
freeze drying of theswollen meshegright) of 8% GelMA (A), 8% GelMA+1% PEGDA (B) and 8%
GelMA + 10% PEGDA (C). Smaller images on the top right represent their camera images.

Degree of crosslinking

Despite the ability of the gelatine hydrogel meshes to retain their structure after printing
due to temporary physical gelation, this structure can be easigmudged or dissolved

in water. Therefore, a permanent crosslinking process is essdatiblymerise the
printed hydrogel. In this worlg photopolymerisation crosslinking reaction is performed
where light is used to initiate a free radical reaction using LAP photoinitiaitos. free
radical leads to a series of polymerisation reactions within ligdrogel monomers
(propagation step) that end after all the monomers are polymerizedthermore, he
degree of crosslinking affects the physical state, elasticity and swelling properties of the

hydrogel(Bukhari et al., 2015; Caykara & Turan, 200®grefore, a crosslinking test is
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performed to determine the necessary crosslinking time and, if necessary, the

photoinitiator concentration.

Photopolymerisation of GelMAydrogels produces an irreversible covalently bonded
network structure with higher thermal and mechanical stability than physically
crosslinked gelatinéHoch etal., 2012; Yin et al., 2018yhe degree of crosslinking of
photopolymerised hydrogels depends on the amount of the photoinitiatibre
concentration of the hydrogel and the crosslinking parameters, such as curing time and
intensity. To determine the crosslinking parameters required to crosslink GelMA
hydrogels, we used 10% GelMA, since this is the maximum concentration of hydrogel

that isused in althe printed hydrogel formulations, and 0.5% LAP as a photoinitiator.

35 —
30
25 * O7mW/cm2
P\i O 8mwW/cm2
& 20 i } B 10mW/cm2
E 15 ‘I‘ o 12mW/cm2
f FA P 813mW/cm2
? 10 E ? e 7 7/
=V Eﬁ ﬁ 14mW/cm2
. — ? — ?’ ? W 15mW/cm?2
= =7 7
=7 = 7
0 L]
120 150 180

Curing time (s)

Figure5.10. The dfect of crosslinking parameters on tsel fractionof 10%GelMA 0.5% LAP
hydrogel meshes after 24in PBS at 37C.*Statistically significant gt < 0.05; n = 3; meahSD.

The lower the sol fraction, the more the sample has crosslinked. A sol fraction of 100%
correlates to a sample that has not crosslinked at all, while a sol fraction of 0% tasrela

to a sample that has completely crosslinkéithe sol fraction remaining from the
crosslinked hydrogels after soaking in PBS for 24 h is presenkggure5.10. At each

time point of either 120, 150 or 180 s, the sol fraction decreased with increasing the light
intensity, which indicates better crosslinking, howevéhne highest intensity of

15mW/cn¥ had a negative effect on the crosslinking of hydrogels. Mgkt be because
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this intensity was too strong and affected the internal structure of the crosslinked
hydrogel.This might be explained by thgpe of reactions that can happen irpalymer

as an effect oflight application. Higher light intensities and/or prolonged exposure can
result in bond Ipeaking reaction instead of bond forming reaction, which might have
happened in case df5mW/cn? intensity resulting in digher sol fractionChataniet

al., 2014)

In regard to thecuring time, hydrogelthat werecured for 150 s had the highest degree
of crosslinking, followed by 180 s and then 120rkis might be because the extra
exposure timeof 180 sto the light causes degradation of part ofettpolymer chains,
and thus reduces the crosslinking densityvas also noted that curing the hydrogels for
150 s gave almost the same degree of crosslinkirgg a wider range of light intensities

which indicated that this was the most suitable time éorring of the hydrogels.
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Figure5.11. The dfect of LAP concentration on theml fractionof 10% GelMA hydrogels cured
at 13 or 15 mW/crhfor either 120, 150 or 180 setStatistically significant gv < 0.05; n = 3;
meant SD

In regards to the crosslinking test that was performed to compare the 0.3 and 0.5%
photoinitiator (LAP) concentration in the hydrogel showed that at light intensiti3of
mW/cn?, there was a significant difference between the degof crosslinking of 0.3
and 0.5% hydrogels at all time intervals, whetter crosslinking at the 0.5% LAP

concentration as shown iRigure5.11.
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In general, the highest degree of crosslinking of 10% GelMA hydrogels was achieved with
0.5% LAP concentration underlight intensity of 13 mW/crh with no significant
difference between the three tested time intervals. This shows that 0.3% LAP

concentraton is insufficient to fully crosslink the 10% concentration of GelMA

hydrogels.
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Figure5.12 The dfect of GelMA concentration (9 and 10%) and OL58® on thesol fractionof
the hydrogel meshes cured under various intensities for 128) and 150 sB). *Statistically
significant ap < 0.05; n = 3; meaaSD.
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To show the effect of the same crosslinking parameters and photoinitiator
concentration on different concentrations of GelMA; 9 and 10% GelMA hydrogels were
compared with the results of the crosslinking test as illustrateBigure5.12. The 9%
GelMA hydrogels had a better degree of crosslinking compared to 10% GelMA under all
the crosslinking parameters tested. Moreover, there was no significant difference
between the sol fractions of 9% GelMA hydrogel at all the tested light intensities and
times. This indicates that the 9% GelMA was fully crosslinked after exposing for 120 s

under 7 mW/cni, and any further increase in intensity or time did not add to tegre

of crosslinking.

However, the 10% GelMA hydrogels required higher curing intensities of more than 10
mW/cm? and a minimum of 150 s to fully reach the same degree of crosslinking of the
9% GelMA hydrogels. This was further confirmed when 8 and 9%”Gsltitogels were
crosslinked under 13 mW/ctrfor 150 s, with a better degree of crosslinking for

8%GelMA hydrogels as showrFigure5.13.
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Figure5.13. The dfect of GelMA concentration (7, 8, 9 and 1Q86) 0.5% LA®N thesol fraction
of the hydrogel meshes cured under a8V/cm? for 150 s*Statistically significant gb < 0.05;
n = 3; mearx SD.

On the other hand, 7% GelMA had a higher sol fraction (%) than 8% GelMA, which might
be due to the very low concentration of GelMA and thus there are less methacrylated

groups avdable in the crosslinking reactiowith those results in mind, the 8% GelMA,
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0.5% LAP hydrogel composition was chosen to be used in further hydrogel comparisons

involving incorporation of PEGDA.

PEGDA is laydrophilichydrogel that gels rapidly at rootemperature in the presence

of a photoinitiator andJV or visibldight due to the formation of a crosslinked polymer
network as shown ifrigure5.14. Therefore, it is expected that their incorporation with
8% GelMA will lead to the formation of a composite hydrogel that has a more crosslinked

polymer network compared to pure GelMA hydrogéPO0).
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Figureb.14. The photo-polymerisation reaction of PEGDAdapted from (Tan et al., 2012)

*

10

8
6
4
2
0
PO P1 P10

Mesh hydrogel composition

Sol fraction (%)

Figure5.15. The dfect of PEGDA concentration on thelfraction of 8%GelMA hydrogel meshes
cured under 13nW/cn?for 150 s*Statistically significant gb < 0.05; n = 3; meaaSD

The incorporation of 1% PEGDA to 8%IMA hydrogel led to a reduction in the sol
fraction from 9.074 0.9to 7.8+ 1.0%, while the incorporation of 10% PEGDA had a sol
fraction of only 4.2 0.7% as shown iRkigure5.15. This was as a result of the high degree
of crosslinking due to the incorporation of PEGDA in the polymer network.
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Swellingstudies

The swelling ratio is the amount of water absorbed by a bgdl compared to its dry
weight. It is dependent on the mesh size of the polymer network, the degree of
crosslinking in the network and the polymsolvent interactionHoch et al., 2012)The

ESR is the maximum water uptake taken by the hydrogel. It was found that 10% GelMA
hydrogels reached ESR betweed & and maintained this ratio for more than 24k
illustrated in Figure 5.17. Therefore, the ESR of the hydrogel compositions was
calculated at 24 h in PBS. The wetted swollen hydrogel meshes were transparent and

had good adhesion to the skin as showirigure5.16.

Figureb.16. Wet 10% GelMA hydrogel mesh at equilibrium swelling placed on the skin.
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Figure5.17. The swelling ratio of 10% GelMA dry hydrogel meshes within 24 h imRBS.
mean+ SD.

Curing the 10% GelMA hydrogel printed meshes under various light intensities and for
different time intervals esulted in different crosslinking degrees of the GelMA, higher
degrees of crosslinking means more of the gelatine is crosslinked and thus not degraded
in the first 24 h The higher the gelatine content in the hydrogel, the higher the ESR since
the swellingratio generally reflects the high capability of gelatine to take up and hold
water (Hoch et al., 2012)Trerefore, it was found that the hydrogels that had the lowest

sol fraction inFigure5.10, had the highest ESR%dHigure5.18.
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Figure5.18. The dfect of crosslinking intensitiesf 7, 8, 10, 12, 13, 14nd 14 mW/cri on the
ESR of the 10% GelMA dry hydrogel meshes iaft8324 h *Statistically significant gt < 0.05;
n = 3; mearx SD.

All hydrogels have a certain degree of swelling that affects their mechanical and
functional properties. Therefore, the ESR is an essential factor to be considered in all
hydrogels used for tissue engineering applicatigfs Wang et al., 2018At lower
degrees of swelling, the hydrogpblymer chains are closer to each other and the
density of the entire hydrogel network is high. This enhances the interaction between
the polymer chains, which forms a hydrogel with high mechanical properties. On the
other hand, the high degree of swellidgutes the hydrogel network and weakens the
Van der Waals forces, which reduces of the tensile strength of hydrGiye¢sJing Wang

& Liu, 2012)
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Figureb.19. The dfect of PEGDA omentrationon the ESRfter 24 hof 8% GelMA dry hydrogel
meshes*Statistically significant gb < 0.05; n = 3; meaaASD.

In this study, the ESR of PO, P1 and P10 hydrogel meshe 714.2 36, 559.4+ 19

and 290.9+ 18, respectively. The swelling ratio of the hydrogel decreased significantly
with the increase in the amount of PEGDA incorporated. The presence of PEGDA
increased the degree of crosslinking, which led to a lowesllgng ratio and improved

the stiffness of the hydrogel meshes which was clearly obviousthéleasy handling

of the meshes without being broken compared to the PEGDA free hydrogel m@g&hes
Wang et al., 2018)This was in accordance with another study that showed that
crosslinker concentration increases the crosslinking density and thus reduces the
swelling ratio(Noshadi egl., 2017)

In vitro degradation

Hydrogels used in tissue engineering should meet specific requirements to promote the
generation of new tissues. They should mimic the extracellular matrix, promote
proliferation and differentiation of the desired celésxd should be biodegradable to
allow cell remodelling. Therefore, it is crucial to develop hydrogels witlteable

mechanical and biological properties to meet those requireméHigtson et al., 2011)

GelMA hydrogel meshes have a degradation prafilgitroandin vivodepending on the

concentration of GelMA and the photoinitiator and the crosslinking parameters applied
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on the printed structure. On the other hand, PEGDA is not biodegradable therefore the
incorporation of PEGDA to GelMA is suspected to affect the degradation profile of the
printed meshesTheeffect of the change in GelMA concentration on the degradation
profile of the printed meshesvere studied The degradation profiles of 8 and 10%
GelMAhydrogels with 0.5%LAP and cured at 13 mW/dan 150 s were compared.
Moreover, the effect of incorporation of 1 (P1) and 10% (P10) PEGDA to 8% GelMA
hydrogel using 0.5%LAP and cured at 13 m\Wfom150 s were evaluated.

GelMA hydrogels had an initidbss degradation rate where 50% of the matrix degraded
within the first 4 days, followed by quick degradation of the rest of the matrix in the last
day. There was no significant difference between the degradation profile of 8 and 10%

GelMA as shown iRigureb.20.
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Figure5.20. Degradation profile of 8 and10%GelMA hydrogel meshes in PBS at’@m = 3;
meanzt SD.

When PEGDA was incorporated witkine hydrogel network of GelMA, they influenced

the degradation profile of pur&0% GelMA (PO) as shownhkigure5.21. The hydrogel

(P1) degraded in 6 days instead of 5 days in the case of (P0) hydrogel, with no significant
difference in the gel fraction of the first 4 days were 50% of the hydrogel was deyrad
However, the remaining 50% degraded in the last 2 days in case of P1 instead of 1 day
in case of POON the other hand, the presence of a higher concentration of PEGDA in

the hydrogel matrix in case of (P10) hydrogels, enhanced the crosslinkingpuflymeer
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network resulting in a more compact structure and significantly prolonged the

degradation rate of the hydrogel mesh to more than 2 weeks.

Thus, the incorporation of PEGDA led to a higher degree of crosslinking and thus longer
degradation timein viro, which overcame the short comes of pure GelMA hydrogels.
This was in coherence with another study, where the degradation rate decreased in
formulations with a higher degree of methacrylation in GelMA hydrogels due to the
formation of a higher crossligkl polymer network (Nguyen, McKinney, Miller,
Bongiorno, & McDevitt, 2015)
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Figure5.21. The dfect of PEGDA concentration on thegtadation profils of 10%GelMA
hydrogel meshes in PBS at®7.n = 3; meart SD.

Cellviability

The effect of the hydrogel mesh composition on the viability and growth of the
encapsulated cells was examined to determine the feasibility of using these composite
hydrogels in tissue engineering applications. The distribution of viable c#fis wthe
printed hydrogel meshes was also investigated since this is an essential factor-for 3D

printed scaffoldgJ. Park et al., 2017)

Live cells are distinguished from dead cells by the presenedwfdantintracellular
esterase activity, dermined by the enzymatic conversion of the virtually

nonfluorescentcellpermeant calcein AM (present in the dye used) to the intensely
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fluorescent calcein, which is well retained within live cells, producing an intense uniform
green fluorescence (ex/em 98 nm/~515 nm). On the other hand, the used EthDye
penetrates cells with damaged membranes and undergoes-ldOenhancement of
fluorescence upon binding to nucleic acids, thereby producing a bright red fluorescence

in dead cells (ex/em ~495 nm/~68f).

At first, the effect of the photoinitiator concentration was investigated whieyerogel
meshes of 10% GelMAsing either0.3 and 0.5% LAP concentratioasd cured at
13mW/cm2 for 150 svere usedto test cell viability. €ll viability results candseen in
Figure5.22, both hydrogel compositions had very high cell viability and well distributed
within the whole hydrogel mesh. Howevehe cells appeared denser in the hydrogel
mesh crosslinked with higher BAconcentration (0.5%). This might be attributed to the
higher gel fraction within the 0.5% LAP hydrogel meshes resulting in more crosslinked

GelMA, which is able to accommodate a greater number of cells.

Figure5.22. The dfect of photoinitiator concentration on cell viability.-sfacked confocal
microscopic image af0% GelMA+0.3% LAP (A), 10% GelMA + 0.5% LAP (B) hydrogel meshes
stained with live/dead assapfter 1-week incubation wittHCEpCThe greercolourindicates the

live cells, while the red coloyaresentsthe dead onesscale bar = 100 pum.

When the cell viability was comparéa various concentrations of GelVes illustrated
in Figure5.23, the highest number of cellsag observed in the 7% GelMA hydrogel
matrix. Thigmight be due to the cells being more free within tlogver densityhydrogel
matrix of the 7%GelMA hydrogematrix, which had ammpact on the rate of cell growth,
migration, distribution and proliferatio). Park et al., 2017)
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Figure5.23. Zstacked confocal microscopic imagef 7% GelMA (A), 8% GelMA (B) and 10%
GelMA (C) hydrogel meshsined with live/dead assagfter 1-week incubation wittHCEpC
The greercolourindicates the live cells, while the red colqresentsthe dead onesscale bar

= 100um.

Figure5.24. Zstacked confocal microscopic image of 8%GelMA (A), 8% GelMA+1% PEGDA (B)
and 8% GelMA+10% PEGDA (C) hydrogel mestieed with live/dead assagfter 1-week
incubation withHCEpCThe greercolour indicates the live cells, while the red colour are the

dead ones.
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Furthermore, the live/dead cell staining assay was used to investigate the cell viability
of HCEpCultured on the surface of the GelMA and the GelIMA/PEGDA hydrogel meshes
for 7 days FFigure5.24). Almost all cells were alive with a good distribution within the
hydrogel matrix after culturing for 7 days for all the tested meshes. This shihaethe
incorporation of PEGDA had no negative effect on cell viability and thus can be used for

seeding cells in tissue engineering applications.

sk e e 2 4

Figure 5.25. Phasecontrast image of 10%selMA hydrogel carryingdCEpCafter 1-week
incubation.

Interestingly, although all the tested GelMA hydrogel meshes that had no PEGDA
incorporated fully degraded within 5 days when they were inserted in PBS°&t, 3fie
hydrogel meshes in the cell culuexperiment retained their mesh structure for more
than 14 days. This shows that the cells were fully integrated within the mesh structure,
which helped maintain its original shape despfie degradation of the hydrogel matrix

as shown irFigureb.25.

5.4 Conclusion

In this work, the effect of different crosslinking parameters on 10% GelMA hydrogels
was studied, which revealed that the best curing intensitiesenbetween 1614
mW/cn¥? and the most suitable curing time was 150 s. The lower concentration of 0.3%
LAP was insufficient to crosslink 10% GelMA hydrogels; therefore, a concentration of
0.5% LAP was used in all other tests. The most appropriate printable concentration of
the teged GelMA hydrogels was 8% GelMA since it gave the highest crosstiekjireg

with reasonable crosslinking density that did ratistruct the cell proliferation within
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the hydrogel matrix. Therefore, this concentration of GelMA (P0) was used to compare

the effect of PEGDA incorporation within the hydrogel mesh structure.

The crosslinking degree, swelling ratio;vitro degradation and cell viability were
studiedin the three hydrogel formulations, PO, P1 and PTl@e incorporation of PEGDA
enhanced the mdaanical properties of GelMA hydrogels, increased their degree of
crosslinking and significantly reduced timevitro degradation ratesln vitrocell culture
experiments usinglCEpGhowed high adhesion, proliferation and viability over a period
of 1 week.Thisprovedthat PEGDA can be incorporated with GelMA or other hydrogel
polymers as a polymeric crosslinker to prolong the biodegradation of tisegaseered

hydrogels without a negative effect on the viability of the seeded cells.
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Chapter 6 3D -printed GeIMA me shes
as a cell -carrier for the treatment of
moderate -severe corneal injuries
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Abstract

Corneal stem cells migrate from the limbus to the cornea to substitute the natural daily
loss of corneal epithelial cells or in case of corneal injuries. However,|Istdra cell
deficiency (LSCD) might occur if these corneal limbal stem cellpeareanently
damagedn severe conditions or injuries. Failure in migration of limbal stem cells to the
corneal epithelium due to LSCD leads to the migration of adjacent fcetts the
conjunctiva resulting in scarring and blindness. Currently, corneal grafts or stem cell
transplants are performed in severe cases of LSCD. However, these are invasive and
expensive. In this work, a novel namvasive technique is proposed to deinHCEp@o

the injured cornea, via a hydrogel mesh carrier. The hydrogel mgsiop®sed to be
placedon the ocular surface as a bandagmntact lens (BClLtp promote regeneration

of the injured cornea without the need for surgical interventidhwas bund that
hyaluronic acid (HAhas astimulatory effect on the migration and proliferation of
epithelial corneal celland thuspromotes corneal epithelial tissue healifgoreover,
collagerhydrogels promote proliferation and differentiation of epithelial cells; however,
they have low mechanical properties. Therefore, the airnhisf chapteristo incorporate

HA and collagen withinGelMA hydrogelmatrix as a carriefor HCEpQGor treatment
moderate-severe corneal injurieslhe effect of various hydrogel compositions on the
mesh properties including shapdegreeof crosslinking, equilibrium swelling raig SR)
biodegradability and cell viabilitgf the printed meshesvere evaluatedIt was found

that 8% GelMA is a good hydrogel base for thep8ibted scaffolds. The incorporation

of a small concentration of HA within the hydrogel composition is beneficial during the
printing process. The presence of collagen within the hydrogel coitepobtained a
smooth printed mesh andnhanced theadhesion and proliferation of theeeded cells

resulting in the formatiorof cell sheetswithin the printed structure.
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6.1 Introduction

In the previous chapter, PEGDA was incorporated to extendéigeadation time of the
BCLsand theconcentrations and molecular weights of PEGDA used did not affect cell
viability, which proved to be netoxic and suitable for tissue regeneration applications
including repairs of corneal injuries. In this chaptewduld like to investigate the
incorporation ofmaterials that promote cell growth, not only the ones that prove to be
non-cytotoxic. Therefore, | have incorporated HA for its lubricating and corneal healing
properties,and collagensince it igoroved fromliterature that it enhances cell adhesion

and proliferation

The cornea is essential for the maintenance of clear vision. Thus, it is of paramount
importance that the corneal epithelium is rapidly regenerated after corneal injury or
surgery. Corneal epitlial healing involves the migration of epithelial cell sheets from
the remaining intact epithelium and proliferation of the basal epithelial cells
surrounding the injured part to restore the normal meliyered architecture of the
epithelium and promoteadhesion of the newly regenerated epithelium to the
underlying connective tissugH. S. Dua, Gomes, & Singh, 1994; Gomesnkwah,
PoweltRichards, & Dua, 2004)

The factory that produces epithelial cornestem cells that later differentiate into
epithelial cells is located in tHenbus, which is aarrowcircular tissudocatedbetween

the cornea (transparent) and the sclera (opaqy€ptsarelis, Cheng, Dong, Sun, &
Lavker, 1989; Schermer, Galvin, & Sun, 198@rneal stem cells migrate from the
limbus to the cornea to substitute the naturdhily loss of corneal epithelial cells.
However, these corneal limbal stem cells tenpermanently damageith certain cases
such as alkali burns, in Steven Johnson syndrome, after radiation or msitigleries
especially when ischaemia occurs in morartthalf of the limbal region, which results

in limbal stem cell deficiency (LSQPB)yatoomsoot et al., 2008 Moreover, in certain
cases including dry eye syndrome and diabetic keratopathy, it is difficult for the
epithelial cells to regenerate since the source of stem cells is already compromised. This
is referred to as a persistent epithelial defect (PED), which is characterised by a no
healing epithelial lesion aftethe failure of treatment with standard therapies after 2

weeks(McCulley, Horowitzusseini, & Horowitz, 1993; Ziaei, Greene, & Green, 2018)
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Failure in migration of limbal stem cells to the corneal epithelium leads to the infiltration
of adjacent cells from the conjunctiva resulting in neovascularisation, chronic
inflammation, ingrovth of fibrous tissue and scarring, all of which lead to reduced vision
and eventually blindnesfA. Huang & Tseng, 1991; T. Nakamura, Inatomi, Sotozono,
Koizumi, & Kinshita, 2016) Depending on the severity and the time passed from the
primary injury, the choice of treatment is made. rmild and partial LSCDamniotic
membrane (AM) transplants can be effective. Theesence of nutrients, amnti
inflammatory regulators and growth factors in the AM, aid theepthelisation and
reduction of inflammation, scarring, and vascularisation of the injured cornea, thereby
promoting the expansion of the remaining limbal stemsé{Eheorghe et al., 2016)n
severecases INF FOAYy3a avrtf LASOSa 2F KSIfaKe
(limbal autografts) or from the limbus of a close relative (allograft) is usually a successful

treatment (Gheorghe et al., 2016 owever, this is an invasive and expensive operation.

Stem cell therapy and tissue engineering are promising novel approaches in the
treatment of injured corneas were LSCD occurs, wee transplantedstem cells
promote regeneration of the corneal epithelium and help restore epithelial clarity
(Gheorghe et al., 2016%tem cell transplant is a recently successful procedure used in
various cases of LSCDsthis processstemcells are cultured in the presence of growth
factors on a scaffold sheet of a biological (AM) or biosynthetic (fibrin, collagen) origin.
The scaffold provides the required support, promoting cellular differentiation and
proliferation throughout their form#on into new tissue. Hydrogels can be designed to
mimic the mechanical and biological properties of soft tissues and are therefore the
perfect candidate for tissue engineering scaffolds. Modifying the hydrogel polymer
precursors can affect the mechanieald biodegradable properties of the hydrogels and
may provide signals that help in specific cell attachm@ittandler et al., 2011; Hutson
etal., 2011)

Gelatine is a proteitnased material derived by hydrolysis of collagen. Due to its high
solubility, biodegradability, biocompatibility and low cost it has bextersively used in
many pharmaceutical and food applicatioff®. T. Jones,0R4; WM, JY, & GH, 2013)
Moreover, gelatine can be chemically crosslinked or modified to have advanced
mechanical and biochemical properties. Crosslinked geldtas®d materials have been

used owing to their high water content and transparency, inlactherapeutics as
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bioadhesivegH. C. Park, Champakalakshmi, Panengad, Raghunath, & Mehta, 2011;
Yamamoto et al., 2013)scaffolds(Alireza BaradaraRafii, Biazar, & HeidaKeshel,
2015; Lai, 2013a; Lai, Li, Cho, & Yu, 2@hd)celisheet carrierqLai, 2013b; Lai &,Li
2010a; Lai et al., 201.3ylammalian gelatine such as porcine and bovine gelatines have
high cell adhesion properties since they have a high number of specific domains that
bind to celtsurface receptors and other extracellularatrices(ECM) proteins such as

fibronectin (Katagiri, Brew, & Ingham, 2003; Rose et al., 2014)

Hyaluronic acid (HA) is a naturally occurring glycosaminoglycan of the extracellular
matrix. Due to its viscoelastic properties, high water retentcapabilities, adhesion
properties and long ocular surface residence time, it is used in intraocular sur@dries
Inoue & Katakamil993; VolkeDieben, Regensburg, & Kruit, 19%t)d as wetting

agent in the treatment of dry eye syndromgM. Korogiannaki, Guidi, Jones, &
Sheardown, 2015; Maulvi, Soni, & Sh2a015; Troiano & Monaco, 200&Ithough there

IS no HA in the normal corneal basement membrane, HA becomes available when an
epithelial lesion is formed to initiate the healing process of an injured cofiva
Nakamura, Mishima, Nishida, & Otori, 199¥)oreover, it was found that levels of HA
increase during the epithelial wound healing process in animal models, with a
stimulatory effect on the migration and prolifation of epithelial corneal cell@sari et

al., 1996; MIYAUCHI et al., 1996urthermore, it was reported that HA promotes
corneal epithelial tissue healing after various ocular surgical procedures due to its role
in facilitatingthe adhesion, migration and proliferation of the cdlGomes et al., 2004,

Lai et al., 2010; Lu, Lai, Ma, & Hsiue, 2008)

Collagen (type I) is the most abundant protpnesent inthe corned stromaandamajor
component of the ECM. It is biocompatible, biodegradable and possesses low
immunogenicity, tierefore it is a suitable material for use @sorneal scaffoldYe et al.,

2014) Collagen hydrogels promote proliferation and differentiation of epithelial cells;
however, they hae low mechanical properties. This can be improved with elioksg

and with the incorporation of other hydroge($sai et al., 2015 Chemically crosiinked
recombinant human collagen (RHC) hydrogels have been successfully used to treat
patients suffering from corneal thinnin@/lerrett et al., 2008; Rose et al., 2014 the

case of 3Bprinting, it is hard to use collagen hydrogels solely as inks due to their slow

thermal gelation, which makes it very difficult for a structure to retain its shape while
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printing. Incorporation of other rigid hydrogels such as alginate can prevent diffusion of
collagen through the surface of the printed structufieatinovic, Hough, & OGvang,
2010; Pataky et al., 20).2

This chapter aims to deliver human corneal epithelial primary cells (HCEpC) to the
injured cornea, via a hydrogel mesh carrier placed on the ocular surface as a corneal
bandage, to promote regeneration of the injured cornea with no needsiamgical
intervention. Gelatine methacrylate (GelMA) or its composites with either hyaluronic
acid or collagen were used to prepare the hydrogel matrix. The hydrogel was printed in
the form of a mesh structure and theCEpQvere seeded on the mesh and irzated

for 1 week to promote cell proliferation and differentiation. The effect of various
hydrogel compositions on the mesh properties including shape, crosslinking, equilibrium

swelling ratio, biodegradability and cell viability was evaluated.

6.2 Materials and methods

6.2.1 Materials

An Allevi2 double extruder 3Dioprinter, printing needles and lithium pheng/4,6

trimethylbenzoylphosphinate (LAP) from Allevi, Philadelphia, B&&ine gelatine type
A with 300 Bloom valydeuterium oxide (BD) 99.9 atom % [Dnethacrylic anhydride
and Phosphate buffered saline (PBS)l&b1.0M, pH 7.4 (28C)were obtained from
SigmaAldrich, New Zealand. Sodium hyaluronate (HA1.5 MBa3 from Lifecore
Biomedical, Chaska, Minnesota, USAe collagen used in this study was\pded by
the New Zealand Leather and Shoe Research Association (LASRA).

6.2.2 Hydrogel preparation

GelMA was prepared as stated in tli&repaation and characterisation of GelMA
hydrogelsection in chapter 4 (66). To prepare thénydrogels, LARas first dissolved

in PBS using a magnetic stirrer at°80 Then the GelMA was added to the solution and
mixed at the same temperature for around 20 min until fully dissolved. The hydrogel
mixture was then transferred to a 10 ml Luer lock syringe, the black plunger was
inserted, then the contents of the syringeere pushed to remove the excess air. The

whole syringe wawrapped with aluminium foil and inserted in a beaker full of ice for 8
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min to enhance the physical gelation of GelMA, then left at room temperature overnight

until the printing time.

To prepare G0.5 and GH1 hydrogetbe required volume of PBS was divided into two
halves, one was kept at € to dissolve the HA, and the other was heated tdGQ@o
dissolve LAP and GelMA. Then, both solutions were mixed°& ®8/preparesHO0.5 and

GH1 were GH.5 and GH1 had 0.5% and 1% of HA of the total hydrogel volume,
respectively. The hydrogels were transferred to a 10 ml syringe, inserted in ice for 8 min

and left at room temperature overnight until the printing time.

Collagen is insoluble in cold and HeBS, therefore, to prepare 1 ml of GC1 hydrogel,
0.01 g of collagen was dissolved in Or@bcold 0.5 N acetic acid overnight, while LAP
and GelMA were dissolved in 0.75 ml PBS & MBoth mixtures were mixed at 3C

before being transferred to a 10Imsyringe, inserted in ice for 8 min and left at room

temperature overnight until the printing time.

Table6.1. Composition othe hydrogel composites.

Formulation Abbreviation GelMA LAP HA Collagen
symbol (%ow/v) (Yow/v) (% wiv) (Yow/v)
F1 G 8 0.5 - -
F2 GHO0.5 8 0.5 0.5 -
F3 GH1 8 0.5 1 -
F4 GC1 8 0.5 - 1

6.2.3 Preparation of the3D-printed meshes

A square mesh design with crossing vertical and horizontal lines was created using
SolidWorks CAD. The dimensions of the square were set to 8®.50mm in diameter,

with a 0.5 mm gap between the line&.detailed description of the printing process is
F2dzy R dzy RSNJ at NBLINNY A YA HZAUKIREKESOD A2ZY
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All printed hydrogel meshes in this work were cured urttierpreviously set and tested
parametersin chapter 5under the Allevi bioprinter 40Bm lamp set atn intensity of

13 mW/cn? for 150 s to crosslink the printed meshes

The printed and cured hydrogel meshes were vacuum dried while still on the slide. In
the vacuumdrying technique, the printed cured meshes were kept under vacuum at

room temperature in a vacuum oven for 24 h.

6.2.4 Characterisation of the printed meshes

Visud and microscopic examination

Visual examination and camera images of the syringe carrying the prepared hydrogel
(ink) after the printing process. Images of the extruded ink filament at the used printing
pressure were taken to show the consistency of titenient and to give an idea on the
viscosity of the ink. Images of the hydrogel mesh printed on a glass slide were taken just
after printing against a ruler to show the printed mesh size. The glass slide was covered
with plastic tape to prevent adhesion tiie hydrogel to the slide and aid with easy

removal after drying.

After vacuum drying of the printed meshes, they were imaged using a camera, an optical
microscope and a scanning electron microscope. The optical images were captured using
a digitalmicroscope (Leica ICC508M750, New Zealand) to show the diameter of the
printed lines and the pore size of the meshes. Measurements were taken from three

different places for each mesh for three printed meshes.

After drying, meshes were soaked for 2AtBiml PBS, then removed and kept&fC
for 24 h then placed infaeeze drier(Martin Christ, Alpha2 LDplus, John Morris Group,
New Zealand) for 48 h before SEM imaging to view the inside structure of the wetted

meshes.

Prior to SEM imaging, all ntess were placed on metallic stubs and coated with
platinum under vacuum for 20 s using an ion sputter coater (Hitad45, UK) for
visualisation. The images were scanned using Schottky field emission SEM (Hiachi SU
70, UK) under a working voltage ok8. Three meshes were images for each hydrogel

composition.
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Degree of crosslinking

The printed, cured meshes were dried in a vacuum oven for 48 h, and the dry weight of
each sample (wl) was recorded. The meshes were then immersed in 3 ml PBS solution
at 37 °C. After 24 h, the meshes were removed from the PBS solution and dried in a
vacuum oven for 48 h. The weight of the dry meshes (w2) was recorded. The sol fraction
is the amount of hydrogel that was not crosslinked and thus dissolved in PBS. It can be
calculated usinghe following equationBukhari et al., 2015; Ranjha & Qureshi, 2014)

veal & HoPaE et 2% prm

vp

To compare the effect of incorporation of HA and collagen on th&8¥A hydrogels,
the sol fraction of all hydrogel compositions preparediable5.2 were compared. At

least, three meshes were used from eamposition.

Swellingstudies
The swelling ratiowas determmned gravimetrically using a sensitive balance. Three
vacuum dried meshes from each hydrogel formulation weighed (DW), then they were
immersed in 3 ml PBS for 24 h, blotted gently with tissue papad then reweighed to
record the swollen weight (SW). The equilibrium swelling ratio (ESR) of all hydrogel
formulations was calculated usirige following equationHoch et al., 2012; Noshadi et
al., 2017; Yin et al., 2018)
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In vitro degradation

To test the invitro degradation profile of the cured printed meshd2 meshes of each
formulation were dried in a vacuum oven at room temperature for 48 h and the weight
was recorded (W1). Then the meshes were immersed in 3 ml of PBS in plastic well plat
dishes and kept in an incubation room at temperaturet36°C. At various time intervals

at days 1, 2, 4 and 7, three meshes of each formulation were carefully removed from
the PBS solution and dried in a vacuum oven at room temperature for 48 h then

reweighed (W2). The percentage weight remaining after degradation at each time point
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was referred to as the gel fraction (%) and was calculated tisenfpllowing equation

(Bukhari et al., 2015; Y. Wang et al., 2018)

. W
0QA wwoPQ¢ e— pnm
wp
The degradation profiles of the tested hydrogel formulations with 0.5% LAP cured at 13

mW/cn¥ for 150 s were compared.

Cell viability

To determine the effect of HA and collagen concentration on cell viabilityG8dA,
0.5%LAP hydrogel printed meshes containing either 0.5% HA, 1% HA or 1% collagen
were cured at 13 mW/crby a 405 nm lamp for 150 s.

In all cell viabilg experiments, the printed and cured meshes were put in a vacuum oven
for 48 h at room temperature to dry. Before seeding the cells, the dried meshes were
individually placed in wells of a 4#ell plate and put in a fume hood under UV light for
30 min to ke sterilised. Table5.2 above shows the composition of GelMA hydrogel

meshes tested for cell viability.

HCEp@xtracted fromdonor tissuesvere used in this experimenA cell suspension of
1x1@ cells per millilitre of cell culturenediumwas preparedPrior sterilisation of the
meshes, 100 pl of the previously mentioned cell suspension was pipetted into the mesh
and left 15 mm to settle before adding 500 pl of the culture medium and incubated for

1 week.

The culture medium was prepared as a 1:9 ratid 0%FoetalCalf SerunfFCS): MEM,
GlutaMAXM Supplement, then 1% of Antibiotisntimycotic (100) was added. Fresh
culture medum was added on day 1 and the madi wasreplaced every other day
during the week. At day 2, the meshes were removed and placed in a clean plate with

fresh culture media.

After 7 days,Invitrogen LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells
(Thermo Fisher Scientificjas prepared OO2 NRAY 3 (12 GKS YIA dZF I O
volume of 10Qul of the prepared solution were added to the hydrogel meshes and left

for 20 to 40 min at room temperature® stain the cellsMeshes were then washed with

PBS for 15 min, then removed and mounted on glass slides for imaging under a
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fluorescence microscope. The resultant images were used to visualise the proportion of

live to dead cells over a period of 7 days.

Statistical analysis
Data were subjected to oneay analysis ofariancelANOVA) using Microsoft 365 Excel.
t2a0 K20 Ydzf GALX S O2YLI NAazya 6SNB RSOSSN

significance set at P < @.0All data were presented as meahSD.

6.3 Results andliscussion

6.3.1 Hydrogel preparation

Introducing methacryloyl substitution groups to gelatine via a chemical reaction with
methacrylic anhydride (MAA) results in the formation of gelatine methacrylate (GelMA)
as shown inFigure6.1. Unlike gelatine, GelMA undergoes permanent fast chemical
gelation upon exposure to light irradiation in the presence of photoinitiators. The
produced GelMA retains the excellent biocompatipiand bioactivity of gelatine, such
as cell adhesion, spreading, and proliferation due to the presence eddiafisive RGD

motifs and MMPdegradable amino acid sequences within its struc{{hee et al., 2015)
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Figure6.1. GelMA synthesis from gelatine and MAA, showing the RGD motifs responsible for cell
adhesion (Adapted frorfivue et al., 201%)

6.3.2 Preparation of the3D-printed meshes

Tableb.5 shows the printing parameters used with each hydrogel composition to obtain
the best print. Clear plastic tapered needle of inner diameter (ID) 0.21 mm (27 G) was
used in printing all hydrogdbrmulations since this small diameter was sufficient to
extrude a continuous flow of the hydrogel filament and print a kigbolution line at

the set pressure and speed. However, the (GH1) hydrogel formulation was too viscous
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to be extruded via the 2G needles, therefore the 2& needles with an inner diameter

of 0.26 mm were used.

Table6.2. Printing parameters for 8%GelMA hydrogel meshes

8%GelMA (G) 8%GelMA 8%GelMA 8%GelMA

+0.5%HA +1%HA +1%collagen
(GHO0.5) (GH1) (GC1)
Needle (G) 27 27 25 27
Pressure (PSI) 12 7.7 8.1 6.9
Speed (mm/s) 3 3 3 4

It was noted that the incorporation of HA to 8%e€IMA hydrogel reduced the required
pressure to extrude the hydrogel filament during printing. This might be due to the
shearthinning properties of HA hydroggls. Ouyang, C. B. Highley, CR&dell, W. Sun,

& J. A. Burdick, 2016; Stratesteffen et al., 2017; S. Wang, Lee, & Yeong Sh@Hs)
thinning materials undergo disassembly (sh#@nning) when injected through a
syringe and then reassemble within secorfdslthealing) once they are extruded out

of the needle and shear forces are removgaebel, Rodell, Chen, & Burdick, 2017)
Hydrogels with shearthinning properties are perfect candidates in bioprinting
applications since minimum pressure is required to extrude those inks out of thzéesoz
during printing, which is very helpful if cells are incorporated withig hydrogel since
this will reduce the load on the carried cells and thus produce a printed structure with
high cell viability. In this work, the incorporation of 0.5% HA withenhydrogel matrix
reduced the printing pressure from 12 to 7.7 PSI in printing hydrogels G and GHO.5,

respectively, using the same printing needle of&7

Moreover, all hydrogels were printed at a speed of 3 mm/s, while hydrogel formulation
(GC1), cordining 1% collagen was printed at a higher speed of 4 mm/s. This might be
due to the presence of 0.5 N acetic acid within the hydrogel, which might have lowered
its viscosity. The low viscosity of GC1 hydrogel resulted in lowering the pressure used
for printing from 12PSI in case tfie G hydrogel to 6.9 PSltine GC1 hydrogel as sown

in Table5.5 above
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6.3.3 Characterisation of the printed meshes

Visual and microscopic examination

The olour of the cooled hydrogels is shownFigure5.5. The incorporation of HA to 8%
GelMA in GHO.5 and GH1, led to the formation of a turbid hydrageh cooling,
compared to the colour of the 8%GelMA (G), this might be contributed to the
immiscibility of HA in GelMA hydrogel. Moreover, the presence of 1% collagen in GC1
hydrogel formulation resulted in a white hydrogel colour since the collagen hgtirog

was white in colour.

The incorporation of 0.5% HA within the 8%GelMA in GHO0.5 hydrogel composition
resulted in a continuous flow filament extruded from the@heedle as shown Figure
5.5(B), this might be related to thehearthinning properties of HA as explained by
Loebel et al(Loebel et al., 2017nd as indicated by the low extrusion pressure of 7.7
PSI. On the other hand, the higher concentration of 1% HA resulted in a hydrogel with
high density that was difficult to extrude from 255 needles and failed to obtain a
continuous filament when extruded using @bneedles as shown kgure5.5(C). Irthe
caseof GC1 hydrogel, the incorporation of acetic acid required to dissolve the collagen

resulted in a hydrogel with lowensityand thus a continuous flow.

Although the printed meshes of the G hydrogel haghresolution print as shown in
Figure 5.5(A), the incorporation of 0.5 and 1% HA in GHO0.5 and GH1 hydrogels,
respectively, resulted in a printith inconsistent lines. This can be explained by the
difficulty in proper mixing of the high viscosity HA hydrogel with 8%GelMA &€37
which caused inconsistent extrusion of the filament. It is worth noting that due to the
instability of HA at high tengratures, it was not possible to mix the viscous HA hydrogel
with the GelMA at 50C or to use any sonication. In this work, the molecular weight of
HA used was very high (1500 kDa); using lower molecular weight or lower
concentrations of HA is expected itaix properly with the GelMA due to the formation

of lower viscosity HA solutions.
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Figure6.2. Images of the cooled hydrogel ithe syinge prior to printing (top), the extruded
filament from the nozzle to determine the appropriate pressure (middle) and printed mesh
above a 1 cm ruler (bottom). Images show the formulations G (A), GHO.5 (B), GH1(C) and GC1
(D), ruler is in mm increments.

Inthe case of collagen incorporation in GC1 hydrogel, the structureatmégh resolution

and the printed lines retained their shape after printing. Moreover, the continuous
filament and the low viscosity of the irdllowed for increasing the printing speed to 4
mm/s compared to G hydrogels. All of which resulted in smoother and thinner lines in

the printed structure as shown iRigure5.5.

The microscopic images of the printed meshes of hydrogel formulations G, GHO0.5, GH1
and GC1 illustrated the effect of HA and collagen incorporation in the hydrogel

composition. InFigure5.7(A), the image of the printed formulatio® shows smooth
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printed lines which indicates that 8%GelMA hydrogel composition had high printing

resolution under pressure of 12SI and speed of 3 mm/s.

0.5 mm’

0.5 mm!

Figure6.3. Microscopic images printed hydrogel meshes imaged immediately after printing (left)
and microscopic image (4X)wdcuum dried hydrogel meshes after vacudming (right)of G
(A), GHO0.5 (B), GH1 (C) and GCs¢@le bar = 0.5 mm.

The incorporation of 0.5% HA in formulation GHO.5 led to inconsistency in the printed
structure with variations in line diameters andneosizes. This might be contributed to
the effect of HA on the sheahinning properties of the hybrid hydrogel that resulted in
extrusioninconsistency while printingMoreover, the incorporation of 1% HA in the
GelMA hydrogel composition led to thickends with a visibly rough surface due to

extrusion from athicker needle(25 G). Inthe case of incorporation of collagen, the
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printed lines were thicker and maintained their layer height and showed no sign of
spreading compared to the printed structure & hydrogels. This proves that the

incorporation of collagen results in printed structures with high resolution and fidelity.

After vacuum drying, the meshes of G hydrogels looked the same as before drying as
shown inFigure5.7(A), however, those of GHO.5 showed shrinkage of the whole mesh,
which resulted in smaller pore sizes. Both hydrogel formulations GH0.5 and GH1
containing HAhowed rough and irregular lines after vacuum drying. On the other hand,
the incorporation of 1%collagen within the 8%5elMA hydrogel meshes resulted in

smooth straight lines after vacuum drying.

Furthermore, SEM was used to characterise the structufeeezedried G, GHO.5, GH1
and GC1 hydrogel meshafter swelling in PBS to determine the effect of hydration on
the mesh structure as shown Figure5.9. There was no significant difference between
the microscopic and SEM images of trecuumdried G and GC1 hydrogel meshes.
However, the rough and irregular surface of the printed lines and the inconsistent pore
sizes of GHO.5 and GH1 hydrogeishes were more visible in the SEM images shown in
Figure5.9.

There were no obvious poregthin the printed lines of théydrated Gand GCIneshes,

while porouslines were observedin GHO0.5 and GH1 hydrated meshes were HA was
incorporated. This might be related to the high volume of water absorbed by those
hydrogels due tdhe hygroscopic nature of HBansal, Kedige, & Anand, 201There

was no significant difference in the shape or dimensiogisveen G meshes before and
after swelling. On the other hanthe swelling of GH0.5 and GH1 hydrogels resulted in
the loss of the mesh structure due to the rapid degradation of the meshes in PBS during
the swelling test. Interestingly, GC1 hydrogel mes$tesved a uniform mesh structure

and a very smooth surface after swelling as showRigure5.9(D). The smooth surface

of the mesh is very useful, especialliien it is appliedo the injured cornea.

140



KV 15.6mm x30 SE(M) : 5.0kV 15.6mm x30 SE(M)

Figure6.4. SEM images of 3frinted 8% GelMA meshexter vaawum drying (left) and after
swelling test (rightpf 8%GelMA (A), 8%elMA+ 0.5%HA (B), 8%zelMA+1%HA (C) and 8%
GelMA+ 1%ocollagen (D).
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Degree of cosslinking

Although all the tested hydrogel meshes had the same concentration of GelMA (8%),
same concentration of photoinitiator (0.5%) and same crosslinking parameters (13
mW/cn¥ intensity for 150 s), the incorporation of HA and collagen impacted the sol
fraction dissolved from each hydrogel composition in PBS after 24 h. The incorporation
of 0.5 and1% HA to 8% GelMA hydrogel led to a significant rise in the sol fraction from
9.07£ 0.851t0 21 + 1.4 and 28 * 3.79%, respectively, as showigume6.5. This might

be explained by the large volume of water absorbed by HA resulting in the quick
degradation of the hydrogel matrix. The sol fraction of GC1 hydrogels increhgktly

from 9.07+ 0.85 to 12 + 0.54 compared to G hydrogels, but this crosslinking value is

within the acceptable range of 15%.
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Figure6.5. The dfect of hydrogel composition on the crosslinking properties of G&MA
hydrogel meshes cured under 18W/cm? for 150 s *Statistically significant gb < 0.05; n = 3;
meanzt SD.

Swellingstudies

The swelling ratio is the ratio of water uptake of a hydrogel in relation to its dry weight.
It is dependent on the mesh size of the polymer network, the degree of crosslinking and
the polymersolvent interaction(Hoch et al., 2012)The ESR is the maximum water

uptake taken by the hydrogel.
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In this study, the swelling ratios of G, GH0.5, GH1 and GC1 hydresjgtsnwere 714.2

+ 36, 618+ 51, 387+ 56 and 593t 25, respectively The swelling ratio of the hydrogel
decreased significantly with the increase in the amount of HA incorporated as shown in
Figure6.6. Thisis in compliance with the swelling test studgasrformedby CamciUnal

et al. 013) which demonstrated that increasing theoncentratiors of HAMA within

the GelMA/HAMA hyhd hydroges decreaseé the ESRcompared to hydrogels
composed solely of GelMA. This wamtributed to the increase in therosslinking
density following theaddition of HAMA to the hydrogel netwarkvhich generates
hydrogels with smaller pore sizeShe smaér porescauseless water penetration and
thusresults inless swellingCamciUnal, Cuttica, Annabi, Demarchi, & Khademhosseini,
2013) A gmilar effect on theswellingof the hydrogel meshewas observedvith the
incorporation of collagenvith a reductionin the ESRompared tothe GelMA meshs.
However,the incorporation of 1% collagedid not reduce the ESR to the same extent
aswith the incorporation of 1% HAThis might be explained by the low molecular weight
of collagen compared to the HA used, which in twith not have the same effecin the

crosslinking density of thieydrogels formed.
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Figure6.6. The dfect of hydrogel composition on the ESR of @&MA dry hydrogel meshes.
*Statistically significant gh < 0.05; n = 3; meahSD.
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In vitro degradation

The tested hydrogels should mimic the extracellular matrix and promote proliferation
and differentiation of the carried cells. Moreover, they should have a certain degree of
biodegradability to allow for cell remodelling. Therefore, it is crucial to develop
hydrogels withtuneable mechanical and biological properties and test the effect of
incorporation of various hydrogels within the hybrid hydrogel network structure
(Hutson et al., 2011)

When HA and collagen were incorporated within the hydrogel network of GelMA, they
influenced the degradation profiteof 8% GelMAhydrogel meshesis shown irFigure

6.7. Although all the testechesheglegradedafter day 5, they had different degradation
patterns.Both hydrogel formulations containing HA (GHO0.5 and GH1) had a significantly
higher degradationate compared to G hydrogel meshes. GH0.5 and GH1 degraded to
almost 50% of its original dry weight between days 2 and 3, compared to day 4 in case

of G hydrogel meshes.

On the other hand, the incorporation of collagen did not affect the degradation rate
between days 1 and 3 compared to G hydrogel meshes, with an abrupt increase in
degradation rate at day 4. The gel fraction remaining at day 4 for GC1 was$.23

compared to 43t 6.7 in case of G hydrogel meshes as showkignre6.7.
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Figure6.7. Degradation profilsof G, G0.5, GH1 and Gijdrogel meshes in PBS at&7.n = 3;
mean+ SD.
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Cellviability

The effect of the hydrogel mesh composition on the viability and growth oféselel

cells were examined to determine the feasibility of using these composite hydrogels as
an epithelial cells carrier to promote corneal healing. The distributibriable cells

within the 3Dprinted hydrogel meshes was also investigatédPark et al., 2017)

Live/dead cell staining assay was used to investigate the cell viabilityeddCEpC
cultured on the surface of G, GH0.5, GH1 and GC1 hydrogekem&sh7 days and the
z-stacked images of the confocal microsc@pedisplayed irFigure6.8. Most cells were
alive, withhomogenoudlistribution within the hydrogel matrix after 7 days culturing in
all the tested meshes. This showed that the incorporation of HA and collagen with
GelMA had no effect on cell viability and thus can be used in the composition of the

scaffolds.
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Figure6.8. Zstacked confocal microscopic image of B®MA(A), 8%GelMA+0.5%HA (B), 8%
GelMA+ 1%HA (C), and 8%elMA+ 1%collagen (D) hydrogel meshsetained with live/dead

assayafter 1-week incubation wittHCEpCThe greercolourindicates the live cells, while the
red colourshowsthe dead ones

The incorporation of 0.5 and 1% HA in GHO.5 and GH1 hydrogel meshes, respectively,
resulted ina higher number of growing cells compared to G hydrogel meshes (0% HA)

as shown irFigure6.8. This showed that HA has a positive effect on cell growth, which
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