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Chapter |

INTRODUCTION

1. Polymers for medical applications

For the last few decades, polymers have found extensive applications in the medical
field, such as scaffolds for tissue engineering, biosensors, actuators, bio separation devices,
reactive coatings, medical imaging, and medical devices. The production of polymers and
their preparation in different structures and compositions gives appropriate physiochemical,
interfacial and biomimetic properties for specific applications. Polymeric biomaterials have
ease of manufacturability and can be molded into films, gels, membranes, sheets, capsules,
spheres, particles, 3-D scaffolds. They have good processability, reasonable cost and

possess desired mechanical and physical properties’.

Polymers are large organic macromolecules consisting of repeating monomeric
units. Polymers are formed by monomers which are covalently bonded together by chains of
atoms. The entangled chains of the polymer are formed by the weak secondary bonds of
attraction between the covalent bonds such as hydrogen and Vander Waals bonds. Polymers

show weak thermal and electrical properties due to their covalent interatomic bonding



within the molecules. The molecular weight, chemical side groups, chain structure and
composition of backbone are responsible for the mechanical and thermal behavior of

polymers.?

According to polymerization techniques, polymers can be classified into bulk
polymerization, condensation polymerization, and emulsion and suspension polymerization.
In bulk polymerization, monomers are reacted with each other using appropriate catalyst
and initiators fed in to the reactor without solvent. At the end of the reaction, a solid mass of
synthesized polymer being formed. In condensation polymerization different monomer units
are condensed to form a polymer with byproducts. The reactions are slightly exothermic and
have low viscosity thereby enhancing ready mixing. In solution polymerization,
polymerization takes place in a solvent in which both monomers and formed polymers are
soluble. In suspension polymerization, the monomer is a dispersed phase in an aqueous
medium and the polymer produced from the reactions are formed as a solid dispersed phase.
Emulsion polymerization is same as suspension polymerization but differences are that the
initiator is dispersed in the aqueous phase compared to suspension and polymer formed is

obtained as very small particles.®

1.1 Synthetic polymeric biomaterials

Synthetic polymers have found various applications as biocompatible biomaterials
because of their well-known synthesis and moldable properties. Several synthetic materials
are already used as medical products such as poly glycolic acid as absorbable sutures and
polyurethane in artificial heart. Several synthetic polymeric materials and their applications

in the biomedical field are given below. (Table.1)



Table.1 Main properties and applications of synthetic polymeric biomaterials

2

Synthetic Polymer

Main Applications and Comments

Poly(lactic acid), poly(glycolic
acid) and their copolymers

Sutures, drug delivery systems and in tissue
engineering, biodegradable, regulate degradation
time during copolymerization.

Poly(hydroxyl
butyrate),poly(caprolactone) and
copolymers,poly(alkylene
succinate) etc.

Biodegradable. Used as a matrix for drug delivery
systems, cell microencapsulation. Used as additives
to change the properties of materials by chemical
modification, copolymerization and blending.

Polyamides (nylons)

Sutures, dressing, hemofiltration and blending

Polyethylene (low density)

Sutures, catheters, membranes, and

treatments

surgical

Poly(vinyl alcohol)

Gels and blended membranes for drug delivery and
cell immunoisolation

Poly(ethylene oxide)

Highly biocompatible with different polymer
derivatives and copolymers used for biomedical
applications

Poly(hydroxyethyl methacrylate)

Hydrogels as soft contact lenses, drug delivery, skin
coatings and immunoisolation membranes

Poly(methyl and

copolymers

methacrylate)

Dental implants and bone replacements

Poly(tetrafluroethylene) (Teflon)

Vascular grafts, clips and sutures, coatings

Polydimethylsiloxanes

As implants in plastic surgery, orthopedics, blood
bags and pacemakers

Poly(ortho esters)

Surface eroding polymers. Application include
sustained drug delivery and in ophthalmology




Polymers undergo degradation into smaller fragmented chain units followed by
mineralization and absorption. The biodegradation process is primarily chemical
degradation through hydrolysis. Physical forces such as wetting/drying, cooling, heating
helps in the deterioration of the polymer chains which is exacerbated by biochemical agents

that come into contact with the polymer surface fulfilling the degradation process.

In medical device applications, polymer degradation often limits the performance of
the implanted material. Depending on the application, different products with different
degradation rates are required. For example, polymers used as tissue engineering scaffolds
should have controllable degradation rate for enhancing tissue regeneration. On the other
hand, polymers for bone implants should have good strength and less degradability.
Polymers used for drug delivery applications should have tunable degradability ranging

between days to months.

1.2. Degradable polymers for medical applications

A lot of efforts are focused on developing biodegradable materials based on natural
and synthetic polymers.* Biodegradable natural polymers cause less toxicity and does not
evoke significant foreign-body reactions in host tissues compared to synthetic materials. In
biomedical applications, notable characteristics are required including, controllable
degradability, less inflammatory reactions in host tissues, desired mechanical properties,

good sterilizability and process ability.”

Biodegradable polymers are composed of hydrolytically and enzymatically
degradable polymers. Hydrolytically degradable polymers break down due to their

hydrolytically unstable chemical bonds and undergo degradation. Hydrolytically degradable

4



bonds in polymer chains mainly include esters, anhydrides, acetals, carbonates, amides, and

urethanes. Table.1.1 shows biodegradable polymers and their degradation profiles.

Table.1.1.Biodegradable polymers and their degradation profiles.

Polymers Structure Mw/ kD | Degradation | Medical
rate application
Poly(glycolide) Crystalline - 100% in 2-3 Suture, Soft tissue
months anaplerosis
Poly(L-lactide) Semicrystalline | 100-300 | 50% in 1-2 Fracture fixation,
years Ligament
augmentation
Poly(ecaprolactone) | Semicrystalline | 40-80 50% in 4 years | Contraceptive
delivery implant
Poly(p-dioxanone) | Semicrystalline | - 100% in 30 Suture, Fracture
weeks fixation
Poly(orthoester) Amorphous 100-150 | 60% in 50 Contraceptive
weeks delivery implant

1.2.1. Hydrolytically degradable polymers

Poly glycolide

Polyglycolides (PGA) are ester family of polyesters having an aliphatic bond in their
back bone. PGA is the first degradable polymer investigated for medical use. It has a

melting point at 200 °C and glass transition temperature of 35-40 °C. PGA is used as a



degradable suture, DEXON®, from 1970s. It is mainly used in short term tissue engineering

applications.

Polylactide

Polylactide is a naturally occurring polymer from lactic acid monomers. Poly
lactides include poly(L-lactic acid) (PLLA), poly(D-lactic acid) (PDLA), and poly(D,L-
lactic acid) (PDLLA), a racemic mixture of PLLA and PDLA, have been extensively used
for various applications. PLLA has melting point of 175 °C and glass transition of 60 -

65°C. It is used as bone fixator and as tissue engineering scaffolds for bone applications.

Polyethers

Most of the biomedical research with synthetic polyethers focus on the use of
poly(propylene glycol) (PPG) and poly(ethylene glycol) (PEG). Polyethers have good
stability and they do not readily undergo hydrolytic degradation. Polyether with lower
molecular weight is used for biomedical applications because of its lower accumulation of
degradation product compared to higher molecular weight polyethers. PEG based hydrogels
have been used as in situ-forming injectable hydrogels. It has also been tested in
formulations for intravitreal drug delivery, repair of scleral incisions and sealing retinal
detachments. For example, 5 wt% PEG in phosphate-buffered saline have been
administrated as artificial vitreous substitutes (VS). The injected VS had good mechanical
and optical properties similar to the natural vitreous and was well tolerated by the retina

with minimal histological electrophysiological changes during the rabbit implanted studies.®



1.3. Vitreous substitute

Retinal detachment is a significant cause of vision loss. Recently, efforts have been
undertaken for the development of innovative approaches in vitreo retinal treatments.
Vitreous humor is a gelatinous structure that fills the space between the lens and the retina’
and is composed of 98 - 99% water by weight. The human vitreous is composed of
collagen fibers and hyaluronic acid and hence is a natural polymeric hydrogel.® The vitreous
is the largest part of the eye by volume and plays an important role in the support and
growth of its structures. The retinal pigment epithelium (RPE) is dependent on the vitreous
hyaluronic acid composition®. The vitreous is a highly transparent substance that transmits
90% visible light and gives support to lens capsule.®*! Vitreous humor helps in the

circulation of metabolites throughout the eye and decreases lens exposure to oxygen.*?

1.4. Structure and function of vitreous body

1.4.1. Anatomical Properties

Vitreous humor consists of several parts with different densities and biochemical
compositions so it is not homogeneous. The vitreous cortex is closest to the retina and is
also the denser part of the vitreous with variable thickness.*® Vitreous is overlying the
vitreous base which is denser than the cortex, also called as ora serrata. Vitreoretinal
interface is a membrane complex seen between border of vitreous and retina. It is comprised
of internal limiting membrane of the retina (ILM) and a layer of dense collagen fibers

adjacent to the ILM™*.



1.4.2. Chemical Composition

Vitreous body contains 98% weight is water, but is not in free form as some of it is

bound to proteins and glycosaminoglycans.™

Proteins: The content of proteins in the vitreous is small when compared to the size of the
vitreous body. The vitreous synthesizes transferrin and iron-binding proteins which gives a
protective effect towards small vitreal hemorrhages.’® The most abundant insoluble collagen
concentration in vitreous is ~300pg/ml and is found in the form of type 11 (60-70%), type 1X

(25%), type V/XI (10-25%) and type IV (<10%) collagen.®’

Glycosaminoglycan: It is an important constituent of the vitreous, and is present as
hyaluronic acid (HA), chondroitin sulfate (CS) and heparin sulfate. Hyaluronic acid
determines the viscosity of the vitreous body and serves as a template for assembly of other
extracellular matrix.'® Chondriotin sulfate in vitreous is in the form of two proteoglycans,
versican and type 1X collagen. A small percentage of heparin sulfate is present in the

vitreous and is presumed to maintain adequate spacing between the collagen fibrils.

Metabolites: The major metabolites, glucose and lactic acid, are found in vitreous and is
needed for support of enzymatic activity. The concentration of glucose is found to be half

that in plasma for most species.

Ascorbic acid: Ascorbic acid found in vitreous body is higher than in plasma and is
associated with the process of liquefaction during aging. Recent studies have showed that it

plays an important role as a potent antioxidant and prevents early cataract formation.*?



Amino acids: Amino acids concentration in the vitreous is similar to those in plasma.

Fatty acids: The total lipid concentration in the vitreous is stable with age and unsaturated

fatty acids constitute around 50-55%"°.

Prostaglandins: Prostaglandins are a group of physiologically active lipid compounds
composed of unsaturated carboxylic acids. The human vitreous contains~ 100 g/ml of

prostaglandins.

Cells: Three types of cells are mainly identified in vitreous body. They are hyalocytes,
fibrocytes and macrophages. Hyalocytes are located on the vitreous surface adjoining the
retinal ILM. Fibrocytes help in the secretion of collagen and macrophages are also involved

in phagocytosis.?

1.4.3. Physical properties

Organization: The long chain collagen fibrils and hyaluronic acid molecules makes the

vitreous gelatinous and provides it with viscoelastic properties.”*

Gradients: The vitreous contains several compositional gradients including collagen,
protein, bound water, HA, glucose, lactate and oxygen. A small pressure gradient also helps
in the movement of ions. The standing potential of eye is fortified by the gradients and
constant movement of ions. Gradients in anterior and posterior of the eye part is much more

viscous and denser?” compared to the middle segment of the eye.



Figurel.1. Transverse section of the eye with an outline of the vitreous body landmarks.?®

1.5. Function of native vitreous

The vitreous plays an essential role in the growth of RPE. Hyaluronic acid in
vitreous plays a role in sustaining internal pressure within the eye.?* The high HA content in
the vitreous protects the eye from low frequency mechanical stress and vibration. HA
behaves as viscoelastic body rather than a viscous liquid thereby acting as shock absorber of
the eye. The highly transparent ocular medium that transmit 90% visible and near infrared
light also acts as a support for the lens capsule.’® The vitreous acts as a barrier to
biochemical substances and cells thereby inhibiting proliferation, inflammation and
neovascularization. Vitreous helps in the metabolism of the surrounding tissue by
transporting essential molecules and minimizes the risk of cataract formation by protecting

the lens from oxidative damage.*

As age increases, the vitreous undergoes liquefaction which affects normal vision.
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Vitreous liquefaction causes retinal detachment, a condition where the neurosensory retinal
segments separate from posterior part of the eye, which leads to dangerous eye
complications such as macular hole, vitreous hemorrhage, vision loss, etc.?® To treat this
condition, vitrectomy, a surgical procedure which involves the removal of the vitreous in
the central cavity of the eye and replacing with an artificial substitute, is performed.
Currently used vitreous substitutes have the ability to reproduce some of the important

characteristics of native vitreous.

1.6. Artificial vitreous substitutes

There are several types of VS currently available. These include gases (air, expansile

gases), liquids (perflurocarbon liquids) and polymers.

1.6.1.Gas based substitutes

Air-based substitutes: In 1911 Ohm first used air as VS for retinal detachments.
Cheaply and readily available air can easily absorb by eye and replaced by aqueous humor.
Air based materials have short residence time and hence have limited use as a vitreous

substitute.

1.6.2.Expansible Gas-based Substitutes

Sulfur hexafluoride (SFg) and perfluoropropane are heavier than air and are
commonly used as VS. Both are colorless, odorless, non toxic and are used in non-expansile

concentrations to fill the vitreous cavity.

11



1.6.3. Per fluorocarbon liquid

The more ideal vitreous substitute is a liquid or gelatinous solid that can respond to
head movement and maintain tamponade effect without being absorbed or degraded. Water
and balanced salt solutions were the first liquids used as VS.?® In 1990s, modern liquid
substitutes such as perfluorocarbon liquids (PFCLs) were investigated. PFCLs are synthetic,
fluorinated, carbon containing compounds with clear, colorless, and odorless characteristics.
They possess an extensive capacity for transporting and releasing both O, and CO, and is
twice denser than water.”” They have good oxygen carrying capability and was originally
designed as blood substitutes.”® The most commonly used PFCLs are perfluorodecalin
(PFD), perfluorohexyloctane (F6H8), perfluoroperhydrophenanthrene, and

octafluoropropane.

Use: PFCLs could potentially be used as long-term tamponade of inferior retinal
detachments by virtue of being heavier than water. In complex retinal detachments PFCLs
are used intraoperatively to temporarily flatten the retina and are used as replacement for
silicone oil or another long-term substitute. However, they are currently limited by long-

term toxicity.

Advantages: PFCL’s high specific gravity makes them useful for the intraoperative
repair of complex retinal tears. The intraoperative removal of PFCLs gives peculiar
complications in anterior and posterior segments.?® The high oxygen solubility of PFCL’s

provides good neuroprotective effect on ischemic retina®®.

12



Disadvantages: PFCL’s are intraopratively limited because of their long-term
toxicity. Disorganization of retinal cell growth pattern, neuritis, and other toxic effects are

showed by PFD and perfluoroperhydrophenanthrene in in vitro experiments.*

1.6.4.Semi fluorinated alkanes

Semifluorinated alkanes are also known as partially fluorinated alkanes. It is the first
tamponade agent used for intraoperative setting and is heavier than water.®* It have low

specific gravity, 1.35 g/mL, compared to PFCLs with a refractive index of 1.3.

Use: In earlier days, SFAs were used as a solvent for silicone oil and was
temporarily used as endotamponade for special cases of retinal detachment when silicone

oil did not offer desired results.

Disadvantage: It is associated with cataract formation, emulsification followed by

the presence of soft epiretinal membranes.

1.6.5.Silicone oil

In 1960s silicone has been used as a VS. Its structure is similar to that of silicone
rubber but shorter polymer chains and absence of crosslinking makes it exist as a liquid
form. It has hydrophobic characteristics with a specific gravity of 0.97 g/mL and refractive

index of 1.4.

13



Use: It is the currently accepted vitreous substitute for long term application. It is
available in many viscosity variants which is measured in centistokes. Clinically 1000 to

5000 centistoke silicone oils (SO) are used now. SO are typically removed after 3-6 months.

Advantages: SO is very good VS because of its high surface tension, low toxicity,
ease of removal and transparency. It possesses 70% anatomical integrity due to its
immiscible characteristics with water which gives it high surface tension and low specific
gravity. Difficulties in post operative positioning with SO in children and adult is very less

so it is a versatile tamponade agent for VS.

Disadvantages: SO can undergo traction because it can pass through retinal breaks
due to low surface tension property. SO need optimal adjustments due to its refractive index
value close to 1.4. Post-operatively, SO shows oil emulsification, incidence of corneal
abnormalities at 24 months, which did not differ significantly from sulfur hexafluoride gas,

and has been reported to cause problems with both native and implanted lenses

1.6.6. Silicone oil/SFA combinations

One of the clinically approved tamponade agent for the vitreous is silicone oil/SFA
combination. The combination of both mixture gives the advantages of both liquids such as
high specific gravity of SFAs and high viscosity of silicone oil making it a good VS with
low emulsification. The solubility of this mixture called heavy silicone oils can produce a
homogeneous clear solution and varies with the ratio of liquids. The percentage of SO is

kept as lower to avoid toxicity.
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1.7. Ideal vitreous substitute

The currently used clinically approved vitreous tamponade have many drawbacks.
According to chirila et al, the ideal VS should have transparency and clarity, biological &
chemical inertness, refractive index and density equal to that of the natural vitreous,
sufficient rigidity to act as tamponade agent, ability to allow transfer of metabolites, non-
absorbable and non-biodegradable characteristics and should have storable, sterilizable,

viscoelastic properties.*

1.8.Polymeric hydrogels and vitreous characteristics

Polymeric hydrogels are wet and soft materials that are composed of three
dimensional hydrophilic network structure containing large amount of water (50-90%) *.
Hydrogels are convenient materials for biomedical applications as they are soft materials
with hydrophilic and porous nature whose stiffness can be tailored depending on the

application.>*

Injectable hydrogels are excellent biomaterials for tissue engineering applications as
they possess good biocompatibility, easily controllable physical properties, minimally
invasive delivery and undergo solution to gelation (sol-gel) transition in situ through

physical or chemical stimuli.®

1.8.1 Natural polymeric based vitreous substitutes

Collagen based semisynthetic polymer VS were used during the early days of

vitrectomy. Kurt et al reported that tropocollagen isolated from calf skin offered clear,
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stable hydrogels with properties close to native vitreous when implanted in rabbit and
monkey model.*® Pruett et al evaluated proctase-treated collagen VS but the gel lacked
rigidity.®” An alkaline—solubilized collagen with hyaluronic acid VS in rabbit model
revealed no adverse effect on ocular tissues with increased collagen half-life was reported
by Nakagava et al.*®® Recently Lai et al developed a chemically modified gelatin hydrogels
by crosslinking it with glutaraldehyde (GTA) and ethyl dimethyl amino propyl
carbodiimide (EDC). In vivo studies in rabbit model exhibited good biocompatibility in
EDC cross-linked gelatin gels.** Commercially available sodium hyaluronidate showed
excellent biocompatibility and tolerance in ocular tissues but due to its short residence time
in vitreous cavity and poor tamponade effect it was unsuitable to serve as an ideal VS.*°
Surie et al formed a gellan gum gel at RT and their structure was maintained in body
temperature. In vitro studies on mouse fibroblasts showed excellent biocompatibility but
poor rheological properties than that of natural vitreous. However, mechanical properties

was improved by adding CaCl, to the gellan gum/HA mixture.*

1.8.2. Synthetic polymeric vitreous substitute

There are several synthetic polymeric materials that show promise as good VS.
Current research is increasingly focusing on synthesizing highly biocompatible polymers
that might be able to mimic the functional properties of the natural vitreous, rather than its
physical characteristics. Poly(2-hydroxyethyl methacrylate) (PHEMA) is a solid hydrogel
that was well-tolerated by ocular tissues and did not elicit retinal damages without
undergoing bioabsorption or biodegradation. However, PHEMA implantation required
difficult surgical procedures and therefore, was no longer investigated.*? Polyvinyl alcohol
(PVA) also shows great promise as an artificial VS. Maruoka et al developed an autoclaved

PVA hydrogels and tested in a monkey’s eye. These hydrogels showed good optical
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properties and long-term biocompatibility.' Recently, Cavalieri et al studied poly(vinyl
alcohol methacrylate) (PVA-MA) hydrogels. The polymer contained a photo initiator that
could form a 3-D gel network by irradiating with light at 365 nm. The crosslinking density
can be varied by adjusting photo initiator concentration and the radiation exposure time to
form in situ gelification. In vitro test showed that hydrogel degradation occurred in the
presence of low degree of crosslinking indicating that suitable hydrogels would be those
synthesized at high polymer concentrations and with high degree of cross-linking. However,
such gels were found to be significantly stiffer than natural vitreous. Nevertheless, PVA-

MA hydrogels offers promise for long-term VS application.*®

Hydrogels offer great potential for the development of an artificial VS, however,
their drawbacks such as short residence time and uncontrolled biodegradation in vivo limits
their application. Several researchers are focused on clinically utilizable hydrogel
preparation for vitreous substitutes. Feng et al developed a novel approach of using foldable
capsular vitreous body (FCVB) injected with PVA hydrogel as VS. These crosslinked
hydrogels were formed using gamma irradiation and they exhibited good rheological and
physical properties with no potential toxicity in vitro. After 180 days retention, 3% PVA
hydrogels inside FCVB remained transparent, had good elasticity, minimal biodegradation,

good biocompatibility and retina support.**

Stimuli-responsive hydrogels have achieved notable consideration due to their
manifold applications. These hydrogels shrink or expand or switch between sol to gel state
in response to the environmental changes like pH, temperature, or light. Smart hydrogel can
be prepared, stored and injected in solution state and undergo in situ gelation via external
stimuli. For example, vitreous Pluronic F127 *° ocular and WTG-127*® have been attempted

for use as artificial VS. However, F127 was found to cause severe retinal toxicity and
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WTG-12 exhibited a short degradation time and tendency to drift under retinal tears before
complete gelation.*” Work is ongoing to prepare smart hydrogels that not only mimic the
optical and rheological properties of the natural vitreous but also bring in antifouling
properties and ease of application. Lirong et al developed a hydrogel using inexpensive
commercially available components: polyethylene glycol acrylate and dithiothreitol. The
prepared PEG hydrogels have a compressive modulus of up to 104 Pa and comprised of
87.5% water making their mechanical performance comparable to cross-linked PEG gels.
Furthermore, the dynamic nature of the boronate ester linkages imparted the hydrogel with

self-healing properties and the gels can be healed within 30 min without external stimulus*®
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Chapter 11

OBJECTIVES AND SCOPE

The removal of the natural vitreous from the eye during vitrectomy and the loss of
vision associated with retinal detachment after vitrectomy are major complications in the
area of ophthalmology. The development of an artificial vitreous is greatly needed to fill the
role as a tamponade agent to prevent retinal detachment in the posterior part of the eye.
Many materials have been developed and used for last few years; but none possess the ideal
characteristics of the natural vitreous due to their short term lifetime and biocompatibility

issues.

The objectives of this study were to design transparent, injectable pregel
formulations that can crosslink via free radical polymerization using a PEGDA as
crosslinker and form crosslinked hydrogels in situ. Toward this end, we have synthesized
two injectable pregel polymer solutions based on polyethylene glycol and polyvinyl alcohol
as main polymer chain units. We have introduced fumarate groups in PEG backbone and
allyl functional groups in PVA chain to yield a crosslinked hydrogel. The physiocochemical
properties, optical characteristics, degradation profiles and biological studies of the prepared

PEG and PVA hydrogels were evaluated and detailed below.
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Main objective of the study include

X/
°

Synthesis and characterization of oligo polyethylene glycol fumarate (OPF) and

allyl functionalized polyvinyl alchol (PVA) oligomers

X/
°

Characterization of prepared hydrogels by studying the swelling, degradation,

mechanical and optical properties

X/
°

Evaluation of cytocompatibilty of hydrogels
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Chapter 111

EXPERIMENTAL

3.1. Materials

PEG (Poly ethylene glycol, MW: 600) and fumaryl chloride were purchased from
Merck (India). Potassium carbonate, dichloromethane, polyvinyl alcohol (Mw = 18,000),
allyl bromide, sodium hydroxide, ammonium persulphate, tetramethylethylenediamine
(TEMED), and polyethylene glycol diacrylate (PEGDA, MW: 700) were acquired from
Sigma (Bangalore, India). High glucose Dulbecco’s Modified Eagle’s Medium (DMEM),
fetal bovine serum (FBS) and 100X antibiotic-antimycotic solution were obtained from
Invitrogen (India). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide)

assay kit procured from Invitrogen.

3.2. Synthesis of poly (ethylene glycol fumarate) oligomer (OPF)

The oligo polyethylene glycol fumarate (OPF) was synthesized using the
experimental setup as shown below (Figure 1). Dried PEG, fumaryl chloride, potassium
carbonate (K,COs) were measured out in a 1:1:1.5 molar ratio. PEG was dissolved in a
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methylene chloride (1:2 v/v) and placed in a two neck flask along with powdered K,COs.
The mixture was stirred with an magnetic stirrer to form a slurry to which fumaryl chloride
dissolved in methylene chloride (1:1 v/v) was added dropwise. The reaction mixture was
maintained at room temperature (RT) for 50°C for 12 h under reflux using a condenser
under nitrogen atmosphere. After polymerization for 12 h the reaction was cooled down and
transferred to centrifuge tubes and centrifuged for 15 min at 3000 rpm until potassium
chloride (KCI) and unreacted K,CO3; were pelleted out. The supernatant was then added
drop wise to petroleum ether to extract the oligomer and rotary evaporated to yield a light

yellow viscous product.*®

I Centifugation I

\

I Precipitation I

1.reflexer 2 water inlet T.Dripping runnel
1.Wter outlet 4.Nitrogen inlet 8.Het plate stirrer
E.0il bath &.RB with reaction mixture

Figure 3.1. Synthesis scheme of oligo polyethylene glycol fumarate
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3.3. Synthesis of allyl polyvinyl alcohol (APVA) oligomer

APVA was synthesized using the experimental setup as shown below (Figure 2).
Three grams of PVA were dissolved in 70 ml water at boiling temperature. To the solution
cooled at room temperature was added 30 ml of 0.013 mmol sodium hydroxide followed by
the addition of 10 ml of allyl bromide. The reaction mixture was stirred 20 h at 85°C
temperature. After 20 h, the obtained pale yellow resin was dialyzed and lyophilized to get a

yellow resin which was stored under 4°C.

Purification

Dialyzing the resin

a.Reflexer c.water inlet e.Hot plate stirrer
b.RB with resin d.water cutlet f.Thermometer

Figure.3.2. Synthesis scheme of allyl polyvinyl alcohol
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3.4. Preparation of pregel formulation

3.4.1 OPF pregel

Briefly, 0.3 g OPF resin was dissolved in 1 ml of distilled water. The mixture was
then gently neutralized with sodium hydroxide solution (2 M) to bring pH to 7.4. The pregel

solution was then mixed thoroughly and was used as the working solution.

3.4.2 APVA pregel

Briefly, 0.1 g APVA resin was dissolved in 1 ml of hot distilled water. The pregel

solution was mixed thoroughly and was used as the working solution.

3.5. Preparation of hydrogels

3.5.1 OPF based hydrogels

For the preparation of OPF hydrogel, 400 ul of this pregel solution was added to a
well of a 48-well tissue culture plate and added 12 mg of PEGDA crosslinker and then
polymer crosslinking was initiated by adding the redox initiators, APS (24 uL, 2 M) and
TEMED (8 uL, 6 M) was mixed thoroughly. After 15 min, the disc-shaped hydrogels (12
mm diameter and 3.5 mm height) were scooped out using a clean spatula and were
subsequently used for various characterization studies. Three different hydrogels with 6 mg,
12 mg and 16 mg concentration of PEGDA crosslinker were prepared for initial

optimization of gel setting and characterization.
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3.5.2 APVA based hydrogels

For the preparation of APVA hydrogel, 400 pl of this pregel solution was added to a
well of a 48-well tissue culture plate and added 12 mg of PEGDA crosslinker then polymer
crosslinking was initiated by adding the redox initiators, APS (24 pL, 2 M) and TEMED (8
uL, 6 M) was mixed thoroughly. After 2 min, the disc-shaped hydrogels (12 mm diameter
and 3.5 mm height) were scooped out using a clean spatula and were subsequently used for
various characterization studies. Three different hydrogels with 10 mg, 12 mg and 16 mg
concentration of PEGDA crosslinker were prepared for initial optimization of gel setting

and characterization.

3.6 Physiocochemical characterization of prepolymer

3.6.1 Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) spectroscopy is a strong analytical technique
used for the determination of molecular structure and purity of the material. The principle
behind NMR is that the nuclei of atoms have spin and are electrically charged. When an
external magnetic field is applied, an energy transfer from base energy to a higher energy
level takes place at a wavelength that corresponds to radio frequencies and energy emitted
when the spin returns to its base level is of the same frequency. The signal that matches this
transfer is measured in many ways and processed in order to yield an NMR spectrum for the
nucleus concerned. The NMR analysis of samples were done using Bruker 500 MHZ

spectrometer (Bruker Biospin, Billerica, MA) with DMSO as solvent
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3.6.2. Fourier transform Infrared spectroscopy (FTIR)

FTIR spectroscopy is a sensitive technique to determine the functional group
analysis of unknown compounds. In FTIR, when infrared radiation is passed through a
sample, some of the incident infrared radiation is absorbed by the sample and some are
transmitted resulting in a spectrum that gives the molecular absorption and transmission of

the sample. This spectrum gives the molecular spectroscopic finger print of the sample.

The synthesized polymer’s functional groups were determined using a JASCO
FT/IR-4200 spectrometer that included JASCO’S proprietary spectra Manager TM II cross
platform software. The FTIR spectrum was recorded by sandwiching samples between two
potassium bromide pellets and scanned in the range from 4000 —400 cm™ at a resolution of

4cm™.

3.6.3 Gel permeation chromatography (GPC)

GPC is a chromatographic technique for analyzing molecular weight of polymers.
Chromatography systems rely on pumps to pass a pressurized liquid solvent containing a
sample mixture through a column filled with a solid adsorbent material. Each component in
the sample interacts slightly differently with the adsorbent material thereby causing a shift
in flow rates for the different components which lead to the separation of the components as
they flow out the column. Particles are eluted based on the pore size of the adsorbent
material and volume of sample injected into the column. In general, low molecular weight
polymers have longer retention times compared to high molecular weight polymers.
Molecular weight of the sample was determined using the Waters GPC system 600 series

pump with waters Styragel column (HRS5E/4E/2/0.5). Five milligram samples were
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dissolved in tetrahydrofuran for OPF and THF was used as mobile phase with flow rate of 1
ml/min. For APVA, samples were dissolved in distilled water and sodium nitrate was used
as mobile phase with flow rate of 1 ml/min. Waters ultrahydrogel columns 2000/1000/500

with series were used. Dextran and PEG were used for relative calculation.

3.6.4. Determination of Viscosity of pregel formulations

The viscosity of pregel formulations of oligomer was determined using a rotational
viscometer (RVA-Starch Master 2, Newport Scientific). The polymer was dissolved in
water at 37°C and viscosity was measured at 200 rpm as per machine guidelines. Hydrogel
pregel formulations of 25 ml was directly put in to the constant stirring using a rotational
viscometer (RVA StarchMaster 2, Newport Scientific) and measure the viscosity at 37°C,

and 200 rpm for 15 min.

3.7. Characterizations of hydrogels

3.7.1. Swelling Studies

Swelling studies were performed to evaluate the water absorbing capacity of
hydrogels. Hydrogels were freeze-dried using a lyophilizer. The freeze-dried weight of
sample was measured and the hydrogels were incubated in either (PBS, pH~7.4) or water
for 24 h at 37°C. After 24 h incubation, the sample wet weight was measured and the
weight swelling ratio and equllibrium water content of each sample was calculated

according to the following equation.

Weight swelling ratio = W,, /Wy
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(Ww — Wd) x 100
Ww

Equillibrium water content(EWC(C) =

where, Wy is the weight of the freeze-dried hydrogel and W,, is the weight of the wet

hydrogel incubated in PBS or water.

3.7.2 Crosslink Density

The crosslink density and number average molecular weight between crosslinks of
hydrogels were determined. The prepared hydrogels were freeze-dried and their weight was
measured. The diameter and thickness of the dried sample was measured using digital
vernier calipers. The pre-weighed dried gels were incubated in water for 24 h in 37°C. After
24 h incubation the sample wet weight was measured. Modified Florry-Rehner’s equation

was used for the calculation of the above parameters.*

[V. + xV2 + In(1 — V)]

Vi
2

Crosslink density = 1
dI‘VO (VI‘3 -

Molecular weight between crosslinks, M, = <

where, y is the Huggin’s polymer-solvent interaction coefficient, assumed to be 0.34 and Vr
is the volume fraction of the polymer in water-swollen hydrogel, which can be calculated

from the swelling coefficient, @ using the relation,

- - bp
1+ W~ Ds
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where, W is the weight of the solvent in the swollen polymer, W, is the weight of the
swollen hydrogel, D, is the density of hydrogel, Ds is the density of water and d; is the
density of the polymer. The number average molecular weight between crosslinks (MC)

was calculated as the reciprocal of crosslink density (mol cnr?).

3.7.3 Mechanical Property

Hydrogels were prepared in circular plastic mold with 1 cm height and 1 cm
diameter with different concentration of crosslinker. The samples were lyophilized and
incubated in water for 24 h at 37°C. After swelling, the height and diameter of the sample
was again measured using digital vernier calipers. Compression test was carried out in an
Instron instrument (model 2510-104) with a 500 N load cell and crosshead speed of 5
mm/min™ at RT with samples compressed to 60% of their thickness. Compressive stress,
load at break and Young’s modulus were calculated using InStron’s proprietary Bluehill 3

software.

3.7.4 Degradation

The degradation studies of lyophilized samples were carried out in PBS (pH~7.4) by
aging at 37 °C for 7, 14, 21, 28 and 35 days of incubation. Disc shaped hydrogels with 6
mm diameter and 3 mm height were prepared. Gels were incubated in PBS and placed in a
orbital shaker under constant agitation of 100 rpm with temperature set to 37 °C. At each
time point, the change in pH of the medium was recorded using a pH meter (Cyber scan pH
510, Eutech instruments); the hydrogels were removed, lyophilized and weighed. The

weight loss of hydrogels was calculated using the equation below.
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(M, — M,) X 100

Mass loss(%) = T
(o]

Where, M, is the initial mass of the hydrogel and M is the mass of the hydrogel at various

time points.

3.7.5 .Surface Morphology

Scanning Electron Microscopy (SEM) is a versatile methodology for analyzing the
surface morphology of the material. It helps observe the minute details related to the
material’s surface characteristics and corresponding pore sizes. SEM provides high
resolution images by using electron beams instead of light waves. SEM uses vacuum
atmosphere in a column that contain electron guns which emits beams of high energy
electrons. The electron beams travels downwards, passess through a series of lenses and
focuses on the sample. The kinetic energy carried by accelerated electrons interact with the
sample which in turn produces various signals and secondary electrons that are detected by

detectors.

Surface morphology and pore size distribution of the hydrogel were recorded using
an environmental scanning electron microscope (ESEM). The analysis was performed on
lyophilized samples at different time points (days O, 21 and 42) and visualized under low

vacuum conditions (FEI, Quanta 200, USA).
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3.7.6 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry is a thermoanalytical technique in which the
difference in the amount of heat required to increase the temperature of a sample and
reference are measured as a function of temperature. DSC gives the glass transition
temperature, melting point, phase transformation information of the samples. The transition
of water content in the hydrogels was measured using Differential scanning calorimeter
(DSC Q20 V24.4 Build 116, TA Instruments). The lyophilized hydrogel samples of OPF
and APV A were swelled in distilled water for 24 h. From that 5 mg samples were cooled to
-50 °C and heated to 100°C at a heating rate of 5 °C/min in a nitrogen atmosphere. An
empty aluminum pan was used as reference. The ratio of endothermic heat flow of hydrogel
to the endothermic heat flow of pure water (334 J/g’ gives the freezable water content in the
hydrogel. The non-freezable water content (NBW) was obtained from the subtraction of

free water (FW) content from the equilibrium water content (EWC).

Enthalpy of melting endotherm

Freezable water content(FW or FBW) = Enthalpy of melting pure water * 100

NBW = FW — EWC

3.7.7 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is used to measure the thermal properties of the
material. TGA is the measure of weight change of material as a function of temperature
under nitrogen or helium atmosphere. It gives temperature and weight change of
decomposition reactions and often allows quantitative composition analysis. The thermal

behavior of the OPF and APVA hydrogels were determined by using TGA (TG, SDT-
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Q600, TA, USA) at a heating ramp rate of 10 °C /min. The TGA trace was obtained in the

range 40-1000 °C under nitrogen flow using a platinum crucible.

3.7.8. Contact angle sessile drop method

Contact angle of hydrogels were measured by sessile drop method. Thin films of
hydrogels were prepared and dried under RT. Surfaces were appropriately cleaned just
before contact angle measurements. The specimen was placed in a measuring cell partially
filled with deionized water and covered to initiate saturation of phases. The syringe filled
with the deionized water was taken and a small drop was deployed onto the specimen
surface with the needle located in the apex of the deposited drop. The contact angle values

were measured using a contact angle system (OCA-15 plus, optical contact angle system).

3.8 Optical properties

3.8.1 Refractive Index

Optical properties are important for hydrogels for use as VS. Refractive index is a
measure of velocity of light through vacuum to the velocity of light through medium. It is a
fundamental property of material which is useful for calculating the purity of material for
optical applications. The freshly prepared OPF gels and APVA gels are incubated in PBS
for 24 h. The refractive index of the incubated gels was measured on a J357 Refractometer

(Rudolph Research Analytical, Hackettstown, NJ) using a standard protocol.
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3.8.2 Transparency

Transparency is the physical property of the material that allows light to pass
through the material without being scattered. Transmittance is the ratio transmitted light to
that of incident light. It is expressed as percentage of light transmitted. The transmittance of
OPF gels and APVA gels were measured by UV-visible spectrophotometer (Shimadzu,
Model UV-1800,240 V, Japan) between 400 nm to 800 nm in water at 25 °C. The measured
absorbance (A) value was used to calculate percentage transparency (T) using the equation

below A =2-logio %T

3.9.Biological characterization of oligomers and hydrogels

3.9.1 Cytotoxicity

In vitro cytocompatibility of OPF and APVA oligomers and its hydrogels were
assessed with L929 fibroblast cells purchased from NCCS, Pune. The cells were cultured in
complete DMEM containing high glucose supplemented with 10% fetal bovine, 1%
antibiotic—antimycotic solution serum and 0.37% sodium bicarbonate. Cells were cultured

at 37°C in a humidified 5% CO, incubator.

3.9.2. MTT Assay of oligomers

OPF resin (300 mg/ml) and APVA resin (100 mg/ml) were diluted in PBS and was
filtered through a 0.22 um filter. A concentration range between 150 mg/ml - 2 mg/ml was
prepared with DMEM medium and incubated at 37 °C for 24 h. Then, L929 cells were

seeded onto a 96 well tissue-culture plate and incubated under CO at 37 °C and cultured to
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70% confluency. After 24 h, 100 pl of the diluted polymer resin solutions were seeded on to
the cells and incubated for 24 h in a CO; incubator. Each sample was taken in a triplicate.
After 24 h incubation, the samples were aspirated and 40 pl of MTT (5mg /PBS) solution
was added and incubated for an additional 4 h at 37 °C. Then, 200 pl of DMSO was added
to dissolve the formazan crystals formed and the plate was kept for 30 min at RT. The
absorbance at 570 nm was recorded using a UV/Vis microplate reader (Varian, Cary 50, and

USA).

3.9.3. Direct Contact Assay

The OPF and APVA hydrogels were prepared under sterile conditions. The diluted
polymer resins prepared in PBS with PEGDA crosslinker and both initiators, APS and
TEMED, were filtered through a sterile 0.22 pum filter. Hydrogels were prepared in a 48-
well cell tissue culture plate and were incubated in 1.5 ml of DMEM medium for 72 h at
37°C. After 72 h, 10 mg weight of hydrogels were directly placed into the wells of a 24-
well plate containing 80% confluent L929 fibroblast cell monolayers.. After 24 h
incubation, pictures were taken using a fluorescent microscope (Olympus IX71). to evaluate

the morphology of cells.

3.9.4. Live /dead cell assay of direct contact

Cells from direct contact method were incubated with PBS containing 5 mg of
acridine orange and 5 mg of ethidium bromide for 5 min. Cells were again washed with

PBS and images were taken using a fluorescent microscope(Olympus 1X71).
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3.9.5. MTT Assay of Hydrogels

OPF and APVA hydrogels were prepared under sterile conditions as described
previously. The prepared hydrogels were incubated in 1.5 ml DMEM medium for 72 h at
37°C in a sterile 48-well tissue culture plate. The leachable containing medium was used as

for cell viability test.
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Chapter IV

RESULTS AND DISCUSSION

4.1. Synthesis of oligomers and pregel formulations

4.1.1.Polyethylene glycol fumarate oligomer (OPF)

The schematic representation for the synthesized polyethylene glycol fumarate
oligomer is shown in Scheme 4.1. The reaction of polyethylene glycol and fumaryl chloride
has resulted in a light yellow coloured viscous liquid. This OPF liquid; a linear polyester, is
formed via a condensation reaction in the presence of potassium carbonate as a proton
scavenger. Proton scavengers such as K,COs3 and triethylamine have been utilized in the
synthesis of OPF.* However, the use of K,COjs results in a light colored product which is
beneficial for the present application. OPF resin also has an added advantage of finite chain
length of PEG block and fumarate double bond which offer fixed crosslinks in the

formation of OPF hydrogels.>*
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Scheme 4.1.Schematic representation of synthesis of oligo
polyethylene glycol fumarate

37



4.1.2. Allyl - poly vinyl alcohol

The reaction scheme for the synthesis of allyl-poly vinyl alcohol is shown below
(Scheme 4.2).The nucleophilic substitution reaction between polyvinyl alcohol and allyl
bromide was conducted at 85 °C for 20 h in the presence of sodium hydroxide. A light
yellow coloured liquid with a pungent HBr smell was obtained as product. The excess
byproduct was removed by rotary evaporation and the product purified by dialysis to give a

pale yellow colored solution. The final product was obtained after lyophilisation.

+ WEF

©H Allyl Bromide
Poly vinyl alcohol
NaOH
Condensation at 85°C

20 Hrs

Allvl Poly vinyl alcohol

Scheme 4.2 .Schematic representation of synthesis of allyl-poly vinyl alcohol.
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4.2. Characterization of pregel formulation

4.2.1. Spectral analysis of oligo polyethylene glycol

The chemical composition of the polyethylene glycol fumarate oligomer was confirmed

using H'NMR spectrum as depicted in figure 4.1.

s

Fig.4.1.H-NMR spectrum of oligo polyethylene glycol fumarate
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The spectrum displayed peaks at 6.78 ppm and 6.706 ppm confirming the presence of
fumarate groups. The peaks at 3.40 - 4.29 ppm and 4.273 ppm correspond to the methylene

groups in PEG and fumarate group adjacent to PEG respectively.

4.2.2. Spectral analysis of allyl polyvinyl alcohol

The H'NMR spectrum of allyl polyvinyl alcohol oligomer confirms the allyl group
substitution in the polyvinyl alcohol (figure 4.2). The characteristic peaks in the region, 5.703-
5.918 ppm, confirm the presence of allyl group. Similar substitution of allyl group was reported
by Ming Kuo et al.>® The multiple peaks around 3.801 - 3.897 ppm corresponds to the protons

near the ether group.

b
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H DMSO
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Figure.4.2.H-NMR spectra of allyl polyvinyl alcohol oligomer
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4.2.3 FTIR analyses of oligo polyethylene glycol fumarate (OPF)

Fourier transform infrared spectrum of OPF oligomer is shown in figure 4.3. The
characteristic stretching at 2874 cm™ and 3425 cm™ belong to -CH and -OH groups
respectively. The spectrum further displays bands at 1644 cm™ and 1455 cm™ corresponding
to C=C stretching and methylene asymmetric bending respectively. *® The pertinent peak
for ester unit was observed at 1721 cm™ and the presence of the poly(ethylene glycol) unit is

confirmed with the appearance of —C-O- stretching of ether group at 1180 cm™. >

110
100~
S
%T pﬁ. i
Y : : :
; . . g i
o o "
9 i - n
g ] =]
: - n 3
a
-
D 1 | 1 | ‘ 1
4000 3000 2000 1000 400

Wavenumber [em-1]

Figure 4.3 FTIR spectrum of oligo polyethylene glycol fumarate
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4.2.4. FTIR analysis of allyl poly vinyl alcohol oligomer

Fourier transform infrared spectrum of APVA oligomer is shown in figure.4.4. The
peaks obtained in the spectrum confirm the successful conversion of PVA to allyl
substituted PVA. The characteristic peaks at 1655 cm™ and 1086 cm™ correspond to C=C
stretching of the double bond in allyl group and the ether bond in allyl PVVA respectively.™

The spectrum also displayed the characteristic broad band at 3264 cm™ corresponding to the

OH group in PVA.
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Figure 4.4. FTIR spectra of allyl poly vinyl alcohol oligomer
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4.2.5. GPC analysis of oligomers

The molecular weight of oligomers was determined using GPC. The synthesized
OPF and APVA oligomers molecular weight values are given in Table 4.1. It showed
weight average molecular weight of 7438 with poly dispersity of 1.30 confirming oligomer
formation. The substitution of allyl group in the polyvinyl alcohol gives the number average

molecular weight of 11484 with poly dispersity of 2.91.

Table 4.1.Molecular weight data of oligomers

Pregel resin Mn Mw MP Poly dispersity
Oligo PEG fumarate 5742 7438 6911 1.30
Allyl PVA 3949 11484 5791 291

4.2.4. Viscosity of pregel formulations

The studies on viscosity of pregel formulations determined using a rotational
viscometer reveal viscosity in the range of 30-32 cp and 30-34 cp for pregel formulations of

OPF and APVA oligomers respectively.
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4.3. Preparation of Hydrogels

4.3.1. OPF based hydrogels

OPF based hydrogels possess low protein absorption properties, minimal
inflammatory effect and good safety for in vivo uses. OPF hydrogels were prepared from
the synthesized OPF resin via free radical initiation with PEGDA crosslinker as shown in
(Table 4.2). In general, crosslinking of injectable hydrogels are initiated by physical
interaction between polymer chains or via chemical crosslinking such as disulphide bond
formation, Michael addition reaction etc. Compared to physical crosslinking, chemical
crosslinking gives improved mechanical properties and tunable degradation profiles. In this
experiment the OPF hydrogels were prepared using APS and TEMED as initiators.
Crosslinking of the hydrogels are initiated between the double bonds of fumarate groups
present in the OPF chains. Different concentrations of PEGDA crosslinker were used for

varying hydrogel characteristics (Table 4.2).

Table 4.2 OPF hydrogel formulations and setting characteristics

Hydrogels OPF PEGDA | APS | TEMED | Setting Setting
(30%bsolution) time | Temperature

(min) (°C)

OPFI 400 pL 6mg | 24 8 uL 21 32
puL

OPFII 400 uL 12mg | 24 8 uL 8 32
pL

OPFIII 400pL 16mg | 24 8 uL 4 32
pL
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The representative image of the prepared OPF hydrogels with APS and TEMED as
initiators is shown in Figure. 4.5. The different percentage crosslinker incorporated
hydrogels showed different setting time at RT. It was observed that the setting time showed
an inverse relationship to the percentage of crosslinker used. The non-polarized double
bond of the fumarate ester group in OPF is far less reactive than acrylic ester and hence do
not undergo easily self-crosslinking. Hence, crosslinker molecules are typically added to
initiate crosslinking and reduce crosslinking time.>* The schematic representation of

crosslinking and formation of hydrogel is shown in the Scheme 4.3.

Figure 4.5. Prepared OPF hydrogels
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4.3.2. APVA based hydrogels

Poly vinyl alcohol based hydrogel have so many ocular applications because of its
excellent transparency property. Allyl-poly vinyl alcohol.oligomer based hydrogel
hydrogels were prepared using APVA resin by free radical polymerization with different
percentage PEGDA crosslinker (Table 4.3). The hydrogel setting time varies with different
percentage of crosslinker used. APVA hydrogels prepared with different percentage
crosslinker are represented as APVAI, APVAII, and APVAII (Table 4.3). The experimental
data revealed that the setting time showed an inverse relationship with the percentage of

crosslinker used.

Table 4.3. APVA hydrogel formulations and their setting characteristics

Hydrogel | Allyl PVA | PEGDA | APS | TEMED Setting Setting
(10% time (min) | Temperature
Solution) (°C)
APVAI 400 pL 10mg | 24puL | 8puL 3 32
APVAII 400 M1 12mg | 24 uL 8 uL 2 32
APVALIII 400 Ml 16 mg 24 uL 8 uL 1 32

Chemical crosslinking gives good strength and desired gel strength. Hence APVA
hydrogels were prepared using 10% allyl PVA oligomer with different percentage of
PEGDA crosslinker (10%, 12%, 16%). APS and TEMED were used as initiators for gel

crosslinking and the hydrogels were prepared in 48 well cell culture plate. The schematic
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representation of cross-linked APVA hydrogel is shown in Scheme 4.4. The formed

hydrogels were showed in the Figure 4.6.
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Scheme 4.4 Crosslinking of APV A oligomer in the formation of hydrogel
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Figure 4.6. Prepared APVA hydrogels

4.4 Hydrogel physiochemical properties

4.4.1. Swelling studies of OPF hydrogels

The weight swelling ratio and equilibrium water content of the prepared OPF
hydrogels with different crosslinker concentrations are given in Figure 4.7. The data reveal
increased swelling in water than in PBS. The equilibrium water content (EWC) of OPFI,
OPFII, OPFIII hydrogels in PBS are 73.62, 70.80, 68.36 whereas in water they are 76.39,
73.21., 74.06 respectively. It was observed that swelling ratio and EWC of hydrogels

decreased with increasing crosslinker concentration.
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Figure 4.7. (a) Weight swelling ratio and (b) Equilibrium water content of the
OPF hydrogels (Data represents mean+SD with n=4 samples)

4.4.2. Swelling studies of APVA hydrogels

The weight swelling ratio and equilibrium water content of the formed APV
hydrogels with different crosslinker concentrations are given in Figure 4.8. The swelling
ratio and EWC of hydrogels showed increased swelling in water than PBS. The equilibrium
water content of APVAI, APVAII, APVAIII hydrogels in PBS were 86.12, 84.69, 82.39
whereas in water it was observed to be 85.72, 84.52, 81.71 respectively. Again, as
crosslinker concentration increased, the swelling ratios and EWC decreased gradually.
When compared to OPF hydrogels, APVA hydrogels have better water swelling capacity

which is desired for the development of artificial VS.
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Figure 4.8. (a) Weight swelling ratio and (b) Equilibrium water
content of the prepared APVA hydrogels

4.4.3 Crosslink density and molecular weight between crosslinks of hydrogels

The crosslink density and molecular weight between crosslinks depicts the
physiochemical properties of hydrogels. The crosslink density of OPF and APVA hydrogels
in water are shown in Table 4.4. In general, crosslinked hydrogels with higher crosslink
density absorb less water in compared to hydrogels with lesser crosslink density.>® The
crosslink density increases with increasing crosslinker concentration. Also, molecular
weight between crosslinks decreases with increasing crosslink density. Compared to OPF
hydrogels, APVA hydrogels have less crosslink density and hence more molecular weight
between the crosslinks. Furthermore, the swelling property of the hydrogel increases with
decreased crosslinking density. In the case of APVA hydrogels, the hydrogels were
prepared with 10% APVA pregel solution whereas OPF hydrogels were obtained from 30%
OPF polymer solution. This explains the increase in water uptake capacity of APVA

hydrogels which have lower crosslink density compared to OPF hydrogels. It is also
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reported that with low PVA content in Salcan/PVA hydrogels, the physical crosslink

density decreased leading to increased swelling properties. >

Table.4.4. Crosslink density and molecular weight between crosslinks of hydrogels

Hydrogels Crosslink densigty Moleculaf weight bet;Neen
(x10™° mol cm™) crosslinks (gcm™)

OPFI 17.097 58.48979
OPFII 17.497 57.15265
OPFII 18.829 53.10888
APVAI 14.323 69.81736
APVAII 14.491 69.00767
APVAIII 15.832 63.16125

4.4.4. Mechanical Property

The influence of crosslinker concentration on the mechanical properties of hydrogels
was investigated. As shown in Table 4.5, both OPF and APVA hydrogels showed an
increasing trend in mechanical properties with increasing crosslinker concentration. APVAI
hydrogels were too soft and did not maintain their shape for evaluating mechanical
properties because of their high water content. The OPFI, OPFII, OPFIIl showed a
compressive strength of 41.748 kPa, 59.85 kPa, and 72.97 kPa while APVAII and APVAIII

showed compressive strength of 0.538 kPa and 1.025 kPa respectively.
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Table 4.5. Mechanical properties of OPF and APVA hydrogels

Maximum load | Young modulus Compressive
at break (N) (kPa) strength (kPa)
Oligo polyethylene glycol fumarate based hydrogel

Hydrogels

OPFI 3.433308 218.098 41.748
OPFII 2.40865 318.43 59.85
OPFIII 5.693393 392.14 72.97

Allyl polyvinyl alcohol oligomer based hydrogel

APVAI - - -
APVII 0.08008 5.028 0.538
APVIII 0.142058 6.803 1.025

4.4.5. Degradation Studies

Degradation studies of OPFII hydrogels were carried out in PBS solution. OPFII
hydrogel having the optimized 12% crosslinker were selected for degradation studies. For
degradation studies, the percentage of mass loss and pH changes were noted every 7 days
for a period of 6 weeks as shown in Figure 4.9a. It was observed that 47% hydrogel
degradation occurred in the first week following which degradation a constant. At the end
of the 6™ week, a total of 63 % degradation was observed in OPFII hydrogels. This is not
surprising as OPF oligomers, composed of PEG-fumaric units, undergo ester hydrolysis and
breakdown into their constituent parts.>* OPFII hydrogels maintained neutral pH throughout

the 6 week time period.
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Figure 4.9. Variation of mass (a) and pH (b) of the OPFII hydrogels during aging
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APVA hydrogels

In vitro degradation studies of APVAII hydrogels were performed for 6 weeks in
PBS solution. The percentage weight loss and change in pH during the 6-week degradation

period is shown in Figure 4.10.
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Figure 4.10. Variation of mass (a) and pH (b) of the APVAII hydrogels during aging



The pH variation during the degradation period was around neutral pH ranging
between pH 6.3 to 7.8. Degradation profiles of APVAII hydrogels revealed 70% weight loss
during the first week following which the rate remained constant until the end of the 6"

week.

4.4.6. Surface Morphology
OPFII hydrogels

The surface morphology of virgin and degraded OPFII hydrogels in PBS are shown
in Figure 4.11. The SEM morphology of cross-sectioned fresh OPFII hydrogels showed a
surface devoid of pores and cracks. After 3 week, the hydrogel showed cracks and
interconnecting pores because of degradation. Furthermore, pore size increased by the end

of the 6™ week.

APVAII hydrogels

The surface morphology of freshly prepared and degraded APVAII hydrogels are
shown in Figure 4.12. As seen in the figure, the cross-sectioned surface of fresh APVAII
hydrogels was devoid of pores and cracks. At 3 and 6™ week of degradation, a number of
interconnecting pores were observed and appeared to increased gradually during the 6 week

degradation study.
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Figure 4.11. Surface morphology of OPFII hydrogels. virgin hydrogel (a),
hydrogel after 3" week of aging (b) and hydrogel after 6™ week of aging (c)
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Figure 4.12. Surface morphology of APVAII hydrogels. virgin hydrogel (a),
hydrogel after 3" week of aging (b) and hydrogel after 6" week of aging (c)
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4.5 .Thermal properties of hydrogel

4.5.1.DSC analysis of hydrogels

The property of water in hydrogels was analyzed by thermal analysis. The DSC

curves of the OPFII and APVAII hydrogels are shown in Figure 4.13.
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Figure 4.13. DSC curve of prepared hydrogels. (a) OPFII and (b) APVAII.
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In the polymer network, water exists in more than two states, bound water and
unbound water. The water molecules absorbed in the hydrophilic region are present in three
forms, non-freezable bound water, freezable bound water, and free water. The non-freezable
bound water is tightly hydrogen bonded water with undetectable phase transition. Freezable
bound water interact weakly with the hydrogel molecule whereas free water does not
interact in hydrogen bonding and hence both are categorized as freezable water.>” In OPFII
hydrogels, freezable water content was 67.305 % whereas no freezable water content was
5.95% (Table 4.6). In the case of APVAII hydrogels, freezable water content was 73.35%
and non-freezable water content was 11.34%. The low free water content indicates good

hydrophilic characteristics of the prepared hydrogels.

Table 4.6. DSC analysis of hydrogels

Properties OPFII APVALII
Enthalpy of melting of freezing water (J/g) 224.8 245

On set of crystallization of freezing water (°C) | -2.44 -2.99
Equillibrium water content(%) 73.21 85.42
Freezable free water content (%) 67.305 73.35
Non-freezable water content (%) 5.95 11.34

4.5.2.TG analysis of hydrogels

TG curve of OPFII hydrogel is given in Figure 4.14. The curve; shows a two stage
decomposition with significant mass losses obtained at 130 °C and 342 °C respectively. The
decomposition temperature of OPFIl was around 429 °C, as obtained in OPF/sodium

methacrylate hydrogel systems®®.
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Figure 4.14. TG curve of OPFII hydrogel.

TG curve of APVAII hydrogel is given in Figure 4.15. The curve exhibits three
zones of mass loss, corresponding to the degradation of the polymer components in
accordance with reported literature *° After the water loss step, the decomposition occurred

mainly in the second degradation step that starts at 300 -C where it loses about 65 % of its
mass and reflects the decomposition of side APV A chain. The second smaller step at 469-C
is attributed to the PVA main chain degradation. At 895-C a residue of about 7.4% of the

starting mass can be observed.
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Figure 4.15. TG curve of APVAII hydrogel.

4.6. Contact Angle Measurements

The contact angle measurements of OPF and APVA hydrogels are shown in in
Figure 4.16. OPF hydrogel had a contact angle of 58.90° whereas APV A hydrogel exhibited

a contact angle of 65.5°, both less than 90° indicating that the surface wetting characteristics

are hydrophilic in nature.
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Figure 4.16. Contact angle measurements.
OPFII1 hydrogel (a) and APVAII hydrogel (b)

4.7. Optical properties

4.7.1. Refractive Index

The refractive index value of OPFII and APV AII hydrogels are shown in Table 4.7.

The refractive index of both hydrogels are in line with that of the native human vitreous
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which is reported to range between 1.3345-1.3348.%° Furthermore, a foldable capsular
vitreous body (FCVB) injected with 3% PV A hydrogels showed a refractive index value of

1.3361.%

Table 4.7. Refractive index of OPF and APV A hydrogels

Hydrogels Refractive index
OPFII 1.34060
APVAII 1.33232

4.7.2. Transmittance

The transparency of the vitreous substitute is important to mimic the optical characteristics
of native vitreous. The transparency of OPFII and APVAII hydrogels in the range between
400 - 800 nm is shown in Figure 4.17. OPFII hydrogels exhibited 15.12 - 70.46% of
transmittance whereas APVAII hydrogels showed 44.66 - 74.30% of transmittance in the
measured range. PVA has been reported to have good optical properties and long

termbiocompatibility and could serve as a long-term artificial vitreous tamponade agent.®
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Figure 4.17. Transparency of hydrogels. OPFII (a) and APVAII hydrogel (b)

4.8 In vitro Cytotoxicity

4.8.1 MTT Assay of resin

The cytocompatibility of the pregel formulations were determined using L929
fibroblast cells by MTT assay. Results showed 73% cell viability for OPF pregel
formulation having 30 mg/ml concentration whereas APVA pregel formulation having 50
mg/ml concentration showed 76% cell viability (Figure 4.18 and 4.19). These data show

that both oligomers showed significant cytocompatibility towards cells in vitro.
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Figure 4.18.MTT assay of leachable from the OPF pregel solution
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Figure 4.19. MTT assay of leachable from the APVA pregel solution
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4.8.2. Direct Contact Assay

The direct contact assay of OPFII and APVAII hydrogels on L929 cell monolayers
are shown in Figure 4.20. Results demonstrate that the cultured L929 cells did not show any

change in cell morphology thereby indicating good cytocompatibility.
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Figure 4.20. Cytocompatibility- Direct contact assay of hydrogels.

OPFII hydrogel (a), APVAII hydrogel (b) and L929 control cells (c)

4.8.3. Live/Dead cell Assay

The cell viability of cells after direct contact with prepared hydrogels was
qualitatively assessed by live/dead staining. Acridine orange and the homodimer of
ethidium bromide were used to stain live cells (green) and necrotic or apoptotic cells
(orange). Figure 4.21 depicts the live dead stain of hydrogels along with cell control. Both

OPFII and APVAII hydrogels showed excellent cytocompatibility in vitro.
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Figure 4.21. Cell viability of cells on direct contact with hydrogel.
OPFII hydrogel (a) , APVAII hydrogels (b) L929 Control cells (c)
(Ethidium bromide/Acridine orange staining)

4.8.4. MTT Assay of hydrogels

The cytocompatibility of leachable and degradation products of OPFII and APVAII
hydrogels were investigated by MTT assay. The studies reveal 80% cell viability for OPFII
hydrogel and 100% cell viability for APVAII hydrogel at a high concentration of 10 mg/ml

illustrating excellent cytocompatibility in vitro (Figure 4.22 and 4.23).
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Figure.4.22. MTT assay of leachables from the OPFII hydrogel
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Figure.4.23. MTT assay of leachables from the APVAII hydrogel
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Chapter V

SUMMARY AND CONCLUSION

Vitreous replacement is a challenging and complex problem in clinical
ophthalmology. We report syntheses and characterization of in situ cross linkable PEG-
based and PVA-based pregel formulation and their comparison for potential use as
injectable hydrogel for potential vitreous replacement. Water soluble OPF was synthesized
by condensing PEG and fumaryl chloride. In the case of APVA synthesis, the -OH group of
PVA underwent a nucleophilic substitution reaction with allyl bromide. The FTIR and *H
NMR analyses revealed the formation of OPF resin with functional fumarate groups that
can facilitate crosslinks to form a 3-D network. In the case of APVA gels, FTIR and 'H
NMR confirmed the successful substitution of allyl group into the PVA polymer chain
through the presence of double bonds. The determination of molecular weight and
polydispersity index of synthesized OPF and APVA via GPC confirmed the oligomer

nature.

Polymer hydrogels were prepared using different concentration of PEGDA cross-

linker with APS and TEMED as inititators. Both OPF and APVA hydrogels gave the
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optimal setting time at RT showing great promise for in situ injectable application. The
swelling studies of OPF and APVA hydrogels in water and PBS showed comparatively high
swelling in water. The mechanical properties of OPF and APVA hydrogels showed
increasing trend of compressive strength and Young’s modulus with increasing PEGDA

concentration.

Hydrogel degradation studies showed a mass loss of around 60 - 70% for both
OPFII and APVAII hydrogels at the end of the 6-week period. ESEM images of hydrogels
aged in PBS medium confirmed the presence of interconnecting pores and increase in pore
sizes with increase in aging duration. DSC curves of both OPFII and APVAII showed free
water content of 67.302% and 73.35% demonstrating the increased hydrophilic character of
the both hydrogels. Furthermore, contact angle measurement displayed an angle < 75’
thereby confirming the surface wettability of the hydrogels. In addition, both OPFII and
APVAII hydrogels showed a refractive index close to ~1.33 which falls close to that of the
native vitreous. OPF hydrogels exhibited 15.12 - 70.46% of transmittance whereas APVAII
hydrogels showed 44.66 - 74.30% of transmittance in the measured range. The transparency

data of these hydrogels is promising for potential use in vitreous application.

The in vitro cytotoxicity of pregel formulations was performed on L929 fibroblast
cells. OPF demonstrated 73% cell viability at a high concentration of 30 mg/ml whereas
APV A showed 76% cell viability at a high concentration of 50 mg/ml after 24 h incubation.
The direct contact assay of both OPFIl and APVAII hydrogels showed good cell
compatibility with no difference in morphology compared to cell controls after 24 h. Live
dead assay on cells after direct contact assay showed very few apoptotic cells for both
OPFIl and APVAII hydrogels. Furthermore, MTT assay on leachables from prepared
hydrogels showed > 80% cell viability for OPFII hydrogels and 100% cell viability for

APVAII hydrogels at a high concentration of 10 mg/ml.
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Taken together, our results show that both PEG-based and PVA-based hydrogels
prepared in this work exhibited relevant physical, optical and biological characteristics for

use as an in situ forming injectable artificial VS system.

Future studies will aim at employing non-degradable crosslinkers to reduce the
degradation of prepared hydrogels thereby prolonging its lifetime which will bring it a step

closer towards clinical application as a long-term artificial VS.
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