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Abstract

Most existing eyedrop formulations consist primarily of dilute solutionswatersoluble
polymers While thesesolutions provide temporary relief dry eye or a mean® transport a
drug to the cornea, dilute solutions greckly cleared fom the eyevia blinking, resulting in low
drug uptake and the need for multiple treatments per daycontrast, more viscous polymer
solutionscan cause discomfort or irritation of the ocular surf&tighly shearthinning polymer
solutionsthat can flowupon the application of shear but form gels ataest (even more ideally)
act to stabilize the tear film would insteaditdeal for eyedrop formulatios

Poly(oligoethylene glycol methacrylat®asedhyperbranchegolymers (prepared by the
Strathclydemethodology using dodecanethiol as a chain transfer agent to graft hydrophobes on
chain ends in a single ste@present a unique polymer building block intermediate between a
nan@article and a linear polymeiThese hyperbranched polymers exhibliear timning
properties over at lsa4 orders of magnituden addition to a distinct internal domain thvi
potential for drug delivery. Mixing linear, hydrophobicaliymodified polymers with
cyclodextrinfunctionalized hydrophobigrafted hyperbranched polymers results in the
formation of inclusion complexes between the hydrophobic cavity of cyclodextrin and the
hydrophobic groups introdudang additional benefits in terms of generatingrertely stiff gels at
zero shear while maintaining the lubricity in the eyhigh shear rates.

In addition dual hydrophobéoronic acid grafted copolymers based on a
poly(vinylpyrrolidoneco-vinylformamide) graft platform polymer offer significant potential as
artificial tear additivesThe nucoadhesive properties of phenylbaic acids (PBA) improves the
bioavailability of the drugs delivered to the front of the eye with eye drobde the

hydrophobic grafts on the polymer providdeearinducedlubrication for these materials.
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1.1 Drug delivery

The effectiveness of a drug depends on both its concentration at the site of action and its ability
to carry out its intended phys$ogical action. In most applications of drug delivery systeans

local increase in concentration of the dimmnediately following administratiors followed by a

rapid decrease in its concentration in a short period of time until the next dosage[dEcurs
(Figure 11). Therefore inorder for the drug to be effectivet is essential to keep its
concentration in theherapeutic windowfor as long as possibldpwer concentrations are

ineffective while higher concentrations can lead to drug toxicity

High Site specific controlled release Toxic
>
2
8% Therapeutic
£a B’ ndow
% = / Window
S
Low Ineffective
Time

Figure 1- 1-Drugrelease profile of conventional dosingrsus controlledeleasd?2]

Advances in synthetic chemisthave led to the developmenof drug delivery systems with
increased efficacyin particular, plymerbased drug delivery systemancarry the drug to site
of action and protect it from interacting wiimall moleculesand/or macromolecules such as
proteins thatmay change the pharmokinetics or activity of the dAugritical consideration for
these mateals is how they can beemowedfrom the bodyafter use; typically, the materidiave
to be either biodegradabs® they are clead from the body though metabolism or be excreted

directly throughkidneys.
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1.2 Barriers to ocular drug delivery
The drug biowailability is low at the intraocular tissues duethteeye60s i ntri cat e
mechanisms. Therefgrat is essential to understand the structure of the eye in order to

understand the barriers of ocular drug delivery.

1.2.1 Eye structure and anatomy

In order to improve the drug delivery to a specific target site, it is critical to understand the
barriers and limitations for the biopharmaceutical vehicles to access thahsiteuman eye has
been called the most complex orgariiebody. The eye is a gjhtly asymmetrical globe, about
oneinch in diameterlts structure can be divided into two sectiotie anterior segment which
occupies on¢hird of the eyeand the postericsegment which takes up the rest of the structure.
The anterior segmernhcludesthe cornea, cojunctiva, aqueous humor, irisand theciliary
bodies while the sclera, choroid, retinal pigmergpithelium, neural retina, optic nerve and
vitreous humorcomprise the posterisegment.Both of these segments can be affected by
various vison diseasesAnterior segmentliseases includglaucoma,allergic conjunctivitis,
anterior ueitis and cataractwhile the most prevalent diseases affecting the posterior segment

areagerelated macular degeneration (AMD) and diabegtinopathy
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Figure 1- 2-Structure oftheeye[3]

The anatomical structuie the eye provides numerous barriers which will result in reduction of
bioavailability of the drugn both the anterior and posterior segmefigure 1 3 shows the
drug movement and barrier/clearance in thes aafsocular drug delivery with the key barriers

described in more detail in the subsequent sections.

Qcular delivery

i Tear turmover
Nesolacrymal dreinage | MMM Precomeal Lamie! | g mmmup

. | Drug metabolism

i T — Protein drug binding
! | Ocular absorption i
o I ! |
Nasal epithelium i i - i
P ! i ,___l Conjuctival and scleral route ‘ | Comeal route ‘ !
: Lo \L !
- |
L !
v VR |
‘ Systemic circulation ‘ ‘ Ocular tissue (retina, iris, ciliary body) ‘ ;
| 1 i
v M ¥

‘ Elimination ‘

Figure 1- 3-Drugtransport mechanisms and barrigr®cular delivery[4]
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1.2.2 Tear film
While the tear film plays an important role in functionality of eye, it acts lbaraer forthe
bioavailability of biopharmaceutical formulationgigure ® 4 shows the structure of the tear

fil m.

LIPID LAYER
0.1 um

WATER LAYER
Bum

MUCIN LAYER
0.8 pm

Epithelial cell

Mucin Microvillus With kind permission from Allergan

Figure 1- 4-Structure ofthetear film

The main role of tear film is to protect the eye from harmful foreign substances by trapping or
washing them through blinkingln addition, itprovidessmooth refractive suate lubricaies the
conjunctival surfaces and carries the nutrients for cornea. The human tear film is made of three
layers. The outermost layer is the lipid lay@oduced by the meibomian glandghe lipid layer
is0.1le m t [B]iamdkcontrols the evaporation rate in order to maintain the tear osmolarity even
at low tear flow Themiddle layer is the agueous layarhich has a total volume @f2 ¢ L[6]

with the thickness of-1 0 [S]mand relatively fast turovers, asan aerage of 1.2 IL/min

with a range 0f0.5-2.2 ¢ Imin of tears are secretdny the lachrymal gland§6]. Its main
function ismaintaining thehydration of the epithelium layer of cornea. The aqueous layer also
contains a significant concentration of mucin which contributes to the reduction of tear drainage
by increasing the viscosity. Thenermostlayer is the mucus layewhichis ~0.2-1  ethiak [5]

5
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and comprised aflycoprotein chains which are bound to each other through the disulfide; bonds
coupled with the chain flexibility, these bonflskm a loose gel like network through ron
covalent interactins like hydrogen bonding. Mucin is highly anionic at eye pH-7740 since it
has sialic acid in its structuf@]. Mucin covers the corneal and conjunctiegithelial cells
which are highly hydrophobic due tbeir high concentration of lipoproteins and produce a
hydrophilic extracellular matrix through the differentiation of glycosylated glycocalix. The
mucous layer associates with the epithelium layerutjinoths glycocalix. The mucin layer is
viscous andhighly hydrated andlays a crucial role in physiological functionality of the eye
including the wetting of the corneal surface and lubrication against the eyelid movement.
Collectively, these three lagge of the tear form a significambucoaqueous barrier that
continuously removes the particles and foreign substances at the anterior surface of the eye.
Protein and mucin in the tear film can bind to drugs and retheeffectivedrug concentration
in cortact with corneaThe high buffer capacity of the eye (facilitatedviegak organic acids and
carbonic acids) can control the extent of ionization of the drug and consequently its
bioavailability. The high tear turnover rat@estoration time of -8 min [8] ) shortens the
residence time of drug and reduces the penetration time of drug through the ocularIhissues.
addition, given thathe tear filmhas a natural volume on the order e1(0’¢ Land most eye
drops dispensed have a volume of5f0¢ L. drug administration via eyedropssults inrapid
drainage of the formulation through the nasolacriduatt, reflex blinking, ovdlow of fluid onto

the face and eventually dilution of the formulation within the first minutes of application.

1.2.3 Cornea
The cornea is composed ain epitheial cell layerB o w ma lay@rs stroma,De s ce met 6 s

membrane andan endothelal cell layer The cornealepithelium (the innermos layer) in
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particularhas a significant defense mechanisgainst drugpermeation. Thepitheliumconsists

of 5-6 layers of cel that are packed closely together. The tight junctions between the cells
results in the low permeation of biopharmaceuticélvben or through the epithein cells[9].

The d¢romd layeris comprisedmainly of collagen fibers and ikighly aqueous and hydrated
potential barrier for biopharmaceutical penetration depending on the lipophilicity of the drug.
The innermost layethe endotheliumconsists of just aingle cell layeandis considered aeak

barrie, as it is 200 times more permeable than the epithdi®dh

1.2.4 Conjunctival and sclera

The conjunctiva and sclera are consideaaedlternative routes for ophthalmic drug delivery for
biopharnaceuticals that are poorly absorbed across the corrtidawever,they too have their

own limitatiors and restrictions. The conjunctiva is a mucus tissue and a thin transparent
membrane which ties the inner surface of the eye lids and is reflected on the globe. The
conjunctiva functions aalubricatantand protects the eye by producing mucin and antimicrobial
peptides.Molecules up to 20,000 kDa are able to permeate the conjunctival tissuee tidil
permeation limit for corneal tissue is 5000 k[34]. However, the @njunctiva iscommonly
considered as a neproductive way of drug delivery since it is highly vascularjzaath that

drug penetratinghe conjunctiva reaches blood circulatiorstead of significantly enhancing the
intraocular drug level. The sclerhose main role is tmaintain the shape of the ey& made of
extracellular collagenous fibrils and glycoproteins. The permeability ofldljer is less than
conjunctiva but more than cornf] with hydrophilic substances particularmore permeable
through this layer. Molecular radius and geometry as well as the chargsigraiicantly

influence the permeation of drug molecule through this lsiyee dycoproteins havéypically a
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largenegative chargeas suchthey @n trap positively chargeahd/or largedrugs making the

sclera more permeable to small amionicmoleculed5].

1.3 Ocular drug delivery systems
The anatomical and physiological characteristics of the eye makejitdynchdlenging in the
context ofdrug delivery Several drug delivery systems have been investigated over years for

ocular drug deliveryincluding polymeric solutions, ointments and inserts.

1.3.1 Inserts

Ocular inserts are erodible and rerodible polymer rods anthat areimplantedin the eye and
will eithergradually dissolve in the tear filto release drug or serve as matrices retarding the
diffusion of drug into the eyednserts carntake many forms, includingontact lenses, tablets
places in the conjunctivalutdesac, collagen shieldspuncal plugs and sclerd plugs.
Incorporation of drugs and lubricants into the matrix of these inserts results in aledntrol
release in some cases over montfi?]. However, they have low patient complkandue to
difficulties in the applicatioras well asinterference with visionin addition, they are often
uncomfortable since themay increase the frictiorassociated with blinking and thusduce
corneal inflammatiorj13]. Release is also dependentrmatural tear productigrwhich restricts
their useacrossall ocular diseases. Tb theuse of inserts ahedrug delivery vaiclesis limited

according taheirrelativelyhigh cost and low patient compliance.

1.3.2 Ointments
Ointments are another class of carrier systems for ophthdhmgcdeliveryand typically consist
of petrolatum or mineral oil incorporated with pharmaceutically active substances or wetting

agents. These formulations are able to increase the visobdite tear flmand subsequently
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enhance the bioavailabilitgf a drugby limiting the rapid drainage of the drug from the eye.
However, they cause a sticky sensation and blurred vjdin again leading to typically low

patient compliance in practical use.

1.3.3 Eyedrops

Eyedrops are the most frequently used formulation for ocular drug delivery due to their patience
compliance and eas# application. The disadvantage of eye drops is their low bioavailability
(BA, typically 1-10 %) This poor BA is contributed tprecorneal loss factorsich as solution
drainage, lachmyation, tear evaporation and tear turnoweadition to thelow perneability of

the corneal epithelial membrane which hinders the drug delivery to anterior and posterior of the
eye.

1.4 Eyedrop delivery improvementstrategies

1.4.1 Viscosity and permeation enhancers

The low BA of the drug requires frequent instillation of #yedop in order tomaintaina
therapeutic levebf drugin the tear filmas well as the ultimate site of action, resulting in a large
amount of drug administerashich may result in both local and systematic side effddt],

[16]. Numerous strategiesave been employed to increase the retention time of the drug.
Consideration of factors such as the breakup time of tear film and mucin layer as well as the
dispersion forces and interfacial tenseme allessential in designing a topical formulatiéinom

a kinetics perspective, the higher the viscosity of the tear film, the slower the release and the
higher the drug bioavailability; howevemlations with high viscosities can be uncomfortable

for patients during blinking and cause blurribg creatinga thick, uneven preorneal film

which can be uncomfortabl®©ne approach to improving the comfort of such materials is to

mimic the highly noANewtonian viscosity behaviour of the natural tear.e Tucin component
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of the tear filmis highly non-Newtonianin thatits viscosity dependstronglyon the shear rate

as such, thehear force applied during blinking reduces the viscosity ofttepromote patient
comfort[17]. Natural tears have a viscosity of onlg20.2 cpsat a shear rate of less than4 s
[18]; however, the eye can comfortably tolerate solutions with visessup to 15cps as
measured under the extremely high shear rates (betweer30000s") induced by blinking
[19]. The shear rate during blinking is estimated to loeiad 2000Gs™ and he relative velocity

of the lid and globe during blinking 51525 cm/s[20]. Thus nonNewtonian solutionshow
significantly less resistance to blinking and show greater acceptance compared vatls visc
Newtonian formulations.To increase the contact time of drug and enhance its bioavailability
highly nonNewtonian, mediunto-high molecular weight polymersuch as hydroxyl ethyl
cellulose[21] and sodium carboxymethyl cellulog@2] have been widely used. d@meation
enhancers likebenzalkoniumchloride [23], [24] can also be added to the formulations to
improve corneal uptakehowever, while suchpermeation enhancersarc increase the
bioavailability of the drugthey have alsshown a toxicological complications some studies
due to their role in disrupting cellular tight junctions that serve as barriers to drug as well as other

small molecule transpoj25].

1.4.2 Mucoadhesion

In a dug deliverycontext,bioadhesion is the adherence of a drug carrier system to a distinct
biological location In the case of ophthalmic drug deliye the two logical targets for
bioadhesion in terms of enhancing drug bioavailability areethithelial tissue othe mucous

coatng coveing thattissue(the latter of which is referred to asicoadhesion26].

10
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1.4.2.1 Structure and function of mucosalmembranes
Mucosal membranelne the wall of body cavitiesuch aghe gastrointestinalrespiratory,and
reproductive tractsthe nostrils, the mouth and the eyehat are in direct contact with the
surrounding environment. Biological mucean be divided into two typesnembranebased or
soluble [27]. Membranebasedmucousforms a gellayer, is highly hydrated and is highly
viscoelasti¢c while soluble (secreted) mucins serve to enhance the local viscosity of the fluid in
which they are foundsecretednucins are high molecular weight glycoprotewsth a molecular
weight in the rangefd.5-40 MDa[27]. This high molecular weight structure can be divided into
500 kDa subunits #t are linked together througlysteinecysteire disulfide linkageq428]. The
subunits are made of protein backbone whiomprisesl2-17% of the mucinand has large
fractions ofserine, threnonie angroline amino acid427]. The protein base is grafted with
oligosaccharide chains made facetylgalactosaminelN-acetylglucosamine, galactose, fucose
and Nacetylneuramic acid (sialic aci)7].

Figure 15 shows the structure of the mucin.
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Figure 1- 5-Schematic of mucin structure and its mucoadhesive mo[e®gs
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Corneal and conjunctival epithelial cells secrete mucin to provide a gelatinous lubrication layer
to facilitate the spread dghetear film over thehydrophobicepithelial cells[30]. The secreted
mucins as well as some of the membrane bound mucin are able to diffuse into the aqueous layer
by the turbulence created during blinkinfhe mucus gel is a senpermeable system which
permeates water, nutrients and small molecules while stgysrimeable to bacteria and other
notorious microorganisms thus it can also inhibit diffusion of many drugs [21]

The @rboxylic group othesialic acidresiduegive anegative charge to most of mucins
These acid groups are completely ionized in the iplogical conditions sincsialic acidhas a
pKa of 2.6[27]. Mucin is able to show differenthysiochemical behavior depending on kbeal
pH; for examplejt becoms a soft gel at the acidic pH tifie stomaclwhile it is a visoelastic
solution at neutral pHalues. The pH of the muaus layeritself varies in different parts of the
body[31] , with the lungs and nasahvity mucus slightly acidic witlpH of 5.5 6.5[31], ocular
muaus slightly basic with a pl of ~7.8 [31], mouthmucusapproximately neutral witla pH of
6.2 - 7.4[31], andthe gastric mugs ranging from highly acidic at the lumeft.(-2.0) to ~7 at
the epithelial surfacg31]. Toxic and irritating substances can irritate mucin secretibich
results in thickenin@f the mucus layer, while gastric mucus characteristicsvasodepending
on food consumptianThe lifetime of mucus igenerallyshort althoughits clearance time is
different in different parts of the bod$1]. As a result, in all these sgshs, themucus gel is a
dynamic systemwith both stimuli from the environment and new mudesng produced

constantly by the goblet celtlynamically changing the nature of the mucosal layer.

12
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1.4.2.2 Factors affecting mucoadhesion
There are many factorsahcan enhance the mucoadhesioa dfug delivery system to the tear
film. These factors are related to the composition, structure and physiochemical properties of
different layers of the tear filf82]. A drug delivery system can interact with different layers of
tear film through electronieffects physicaladsorptionwetting, diffusioral interpenetrationor
covalent bonihg. Consideration ofspects such as contdane, the flexibility of the polymer
chains,and capacity forpolymer intediffusion are essentialn addition, the formulation of the
delivery system can also influence mucoadhesion; for exanim@eipnic strength of the drug
delivery systemcan influeme mucoadhesiorthrough hydrogen bonding, electrostatics or
hydrophobic interactionas thedegree of ionization of the functional groups daffuence the
shielding of the functional groups and the repulsion and expansion of the mucus nelmvork

general the following polymer properties are manipulated to tune mucoadhesion responses.

1.4.2.2.1 Molecular weight

Generally a minimum limit of molecular weight is needed rfarcoadheisono be successful
with the threkold values varyingor different polymers. An ehancement in mucoadhesion is
typically gained by increasing the molecular wejghh effect attributable to the improved
interpenetratiorand chain entanglemengghievable withhigh molecular weight polymers. As
an example20 kDa polyethylene glycol (PEGs slightly adhesive while 200 kDa PEG shows
improved bioadhesion artDOkDa PEG showsxtremely improvedbioadhesiorpropertied32],
[33]. The trend seen for linear polymers might notle samdor nonlinear (branched, comb,
etc.) polymers.For example, elxtran witha molecular weight 0fl9500 kDashows the same

adhesionas PEG with a molecular weighdf 200 kDa as a result of helical conformian and

13
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spatial formatiorof dextran that casscreen the bioadhesive functional grewp dextranfrom

efficient interactios [32], [33].

1.4.2.2.2 Polymer concentration

The oncentration of the mucoadhesive polyraéso plays a role in mucoadhesion. In systems
with a concentration higher than an optimum lewbke mucoadhesio decreaseshis trend is
attributed tothe compaction ofpolymer chainsin more concentrated solutions that drives a
changein corformation from the extended conformation to coiled molecléss prone to

interpenetrating into the mucosal §&8], [34].

1.4.2.2.3 Flexibility of the polymer chains

Polymer chain mobility typically enhances the degree of mucoadheB@nchains shoulthe
able to move freely and interpenetran¢éo the mucosal geio form the entanglement. If the
polymers become crosslinkedheir movement and mobility decreasetherefore the
interpenetration and length of polymer chain that can diffuse into the nayarsdecreases and

subsequently the mucoadhesion decrefigs

1.4.2.2.4 Swelling

An optimum level of hydration is needetlring the process omucoadhesion33]. The
magnitude of swelling observedepends on thehemistryof the mucoadhesive system, its
concentrationand theionic strengthof the mediumPolymer hydration results ithe relaxation
of stretched, entangled or twisted macodecules, exposing the adhesiumctional groups and
enablhg stronger mucoadhesive interactid@$], [37]. Furthermore, chainnterdiffusion is

favoured by polymeii water interactinos dominating the correspondingolymeii polymer

14
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interactiong36]. Exceedirg an optimum level of water cahpwever reduce the mucoadhesion

(sometimes even to the point of resulting in nearly zero adhesive [3@&jd)

1.4.2.2.5 pH of the polymeri substrate interface

If the mucoadhesiventeractionoccursthrough hydrogen bonding of the carboxyl grqupld
changes the degree of interactiéw lower pHvalues,protondonating carboxyl groups promote
higher hydrogen bonding compare to ionized carboxyl gratipsgh pHs. On the other harat
high pH values,the carboxyl groups are ionizemhducing expansion of the polymer coil that
promotes polymer chain mobility interdiffusion and physical entanglementhus, while
mucoadhesion typically occurs across @ values,the relative contributionsof hydrogen
bording and physical entanglememtsthe adhesive bond strengtBpends on the piKalue of
the functional group32], [38]. For example, &k andRobinsonshowed that the mucoadhesion
of polycarbophildecreases as the phtreasegiven that lhe hydrogen bondingontributionsto

mucoadhesion are stronger than those of interpenetration in this polymer B/gtem

1.4.2.2.6 Initial contacttime
The dgree of swding and penetration of the mucoadhesive carrier system in mucus is
determined by the initial contact time. Increasing the initial contactgnomoteghe interaction

to facilitate enhancechucoalhesion[39].

1.4.2.2.7 Mucin turn over

The mucin turnover time is rapid enough to be considered in the concept of mucoadhesion as a
mears for drug clearanceas itresults in detachment of mucoadhesive carrier system from the
surface [40]. Consequently the carrier does not havethe contact time needed for the

mucoadhesiventeraction to take plageven though it can resuit high strength interaction.he
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mucoadhesive polymer catself change the turnover time of mudny acting as an effective
crosslinker for the native mucosal geWhile the exact turneer time of mucinremains
somewhatunclear (and may vary between patients)is estimatd to be~1520 hours[41],
significantlyslower than the teaurnover. On this basismucoadhesioran beconsidered as an
efficient method to increase the bioavailabilityocular formulationsalthough the duration of

this benefit is limited to timescales on the order of days as opposed to weeks or months.

1.4.2.3 Mucoadhesive polymers
The firstreportof a mucoadhesivgolymerformulation goes back to 1947 in a study done by
Scrivener andschantz in which tragacantbgum was mixedwith dental adhesive for penicillin
application tothe oral mucosg27]. Typically, mucadhesive polymers have high molecular
weights making natural polymers (which have nativelgtimolecular weights) often the
polymers of choice for such applications, with polysacchaattescting particular interest.
Natural polymers that can form in situ gels when they are used as ophthalmics ¢avie
attracted particular interest as mudbeasive polymers in eyedrop formulatioX&nthan guma
polysaccharide made of glucose, mannose and glucuronievahidhigh molecular weightand
carrageenara sulfated polysaccharidare both examples of narellulosic mucilages that form
gels upon heir application and crosslinking withative lysozymein the tear film to forma
sheathinning gel with a long residence time in the ocular surfa2g [43]. Crosslinking can
also take place betweetginate an anionic polysaccharidand calcium ionsatively found in
the tear film [44]. The dravwack of these natural polymegelation approacheds their
dependence on naéuvear composition that can vary in different patients.

Alternately, highly swollen carbohydrates that can effectively build viscosty can enhance

residence timand thus improve mucoadhesidtyaluronic acid(HA) is naturally found in the
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vitreous humor and is a natural, Aontating polysaccharide that shows pseudoplastic properties
in that it is aviscous liquid at lowfrequency and behaves as an elastic 'shock absorber' at high
frequency Many studies have useHA polymers for ophthalmic applications due to its
pseudoplastiqroperties as well as mucoadhesive properfesnarily due to its structal
homology with native mucij10], [45]i [47]. HA hasshear thinning propees in additionto
havinga highwater binding capacity as well as bemgiscous mucoadsive polymer with low
ocular irritancy[45]. Anionic cellulosic derivative like sodium carboxy methylcellulose (CMC)
can enhance mucoadhesion by similar mechanisms. In an study d&ggrogen et a[48], the
bioadhesion of timololvasimproved three to nine times when the formulaticas made in the
presencef sodiumCMC.

Alternately, charge can be used tovd mucoadhesive interactiongor example,
chitosan (produced by deacetylation of chitin in alkaline environmast)widely used in
ophthalmic formulationsThe mechanism of mucoadhesion for this cationic polyséirough
the attraction between opposite charges of the cationic polymer with the negative charges of
sialic acid groups in mucin structufd9], [50]. Genta et al. shoed that acyclovirloaded
chitosan microspheseare able to promot the prolong release of drug and enhance its
bioavalibility [51].

Natural polymers are not structurally homogeneowkich means the degree of
functional groupsubstitution in cellulosic and molecular weight can waithin batches as well
as batcko-batch Therefore synthetic polymefsave attracted interest asbstituesto mimic
the functionality of natural polymemshile exerting improved control over poher structure at

lower cost
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Analogous tothe success of HA and CMC in mucoadhesive applicatiooigamonic
syntheticpolymers such as pdlgcrylic acig (crosslinked and neorosslinkedl show gredy
enhanced mucoadhesiandshear thinning propertie§or example the viscosity ofa 0.1wt%
solution of linear PAA with a molecular weight of2Imillion decreases from0-70 cps at 1s*
shear to 210 cps at 1000s* shear[19]. Both linear polymers (Carbomer) and gels lightly
crosslinked using polyalkenyl ethers (Carbopol) or divinyl glycol (Polycarbophds), [52]
exhibit enhanced mucoadhesionmith improved drug penetratioim the eye alsalemonstrated
with these materialfb3]. The disadvantagef these polymers is that they havigh viscosites
(1000cps als® shear) causing patient discomfort and blmg shorly after its applicatiorf54]

Neutral but highly flexible polymers have albeen used, taking advantage of the improved
mucosal interpenetration achievable with such polymers. In particular, grafting poly(ethylene
glycol) (PEG) or its higher molecular weight analog polyethylene oxide (PEO) can increase the
mucoadhesivity of theglymers due to the high mobility of these grafts (facilitating physical
entanglements with the native mucus) as well as the capacity of the ether linkage in PEO to form
hydrogen bonds with mucin. Different mucoadhesive approaches may also be combined
togeter; for example, RA grafting to Ruronic (PEOGpoly(propylene oxidePEO) polymer,

which undegoes a phase change from liquid to semisatidcular temperatur@creases drug

delivery to the eye and results in retention of the drug at the mucoisekeg41] .

1.4.2.4 Boronic acid copolymers as a mucoadhesiymlymer
While electrostaticss the most common methoged in mucoadhes, its useis limited due to
charge screening by counterioims the tear fluid. Thereforea novel class of mucoadhesive
polymers have been developeith which labile covalent bondformation betweenboronate

residues on polymers and progimups on mucins can enhance mucoadhd&ign [55], [56]. In

18



MASc Thesis- Sahar Mokhtari McMaster University-Chemical Engineering

particular, phenylboronic acid®BA) and derivativesre able toadhere to theis-diol residues

of sialic acid the terminal groups in ame-carbonbackbone othe glycan structurelominant in
mucins. Boronic acidmediated mucoadhesiohas attracted significantinterest since the
intermolecular intraction results in the formation of a pair of covalent bfsWs [58]. The
boronatecontaining polymers are mucoadhesive at alkaline pH-@fa8d physiological ionic
strength with the maximum level of mucoadhesion achieved when PBA is in its ionized form
(tetrahedral compare to the neutral trigonal forivgnov et alshowed that thporcine stomach
mucin is able to form insoluble complexes wita copolymer of N-acryloylm-
aminophenylboroniacid andN,N-dimethylacrylamide at pH $59]. However, since PBA has a
pKa of 9 (significantly higher than physiological pH), PBAediated mucoadhesion is relatively
ineffective at physiological pH, given that a relativelwlfraction of PBA groups are ionized in
this case. Therpsence of an amine linkage near the PBA functional group can reducg its pK
pH of 7.4 and subsequently enharbe covalent amplex formation[60]i [63], thought to be
associated with the lone pair on the amine nitrogen coordinating with the trigonal boronate
groups to create a tetrahedral geometry idealcfsdiol interactions Fluorination of the

benzene ring can also lower theuie to electronic induction effects.

1.4.3 Hyperbranched polymers

Given that theshape of a macromolecule is a determining factor in its propdfeye has been
a growing interest in synthesizing polymers twiifferent structural architectures, sizand
functionaliies. In practice most polymersnow used in industry are linear or cross linked
networks but progress in synthetic chemistry has ledhediscovery of new nanostructref
polymeric materialsOne of these classes of materie@dsdendritic polymers symmetrically

branched polymers with a walefined molecular mas®endrimersare madefrom a central
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core based orthree different types of repeat unidich are defined as terminal (repeat units
bonded to one other monomer), linear (a repeat unit bonded to two other monomers) and
dendritic (a repeat unit bonded to theemoreother monomes). Such materialsffer versatile
structural platforms for drug delivery and gene delivery applicatioms t their high
functionality, high solubility, and small (10 nm) molecular sizes. Howevehetr extreme
symmetrical structurand stegby-step synthesimakes their synthesis time consuming émas
expensive

As an alternative,hyperbranched polymge (HBPs) have been introducetinlike
dendrimers,HBPs have random distributisrof linear, terminal and dendritic units in their
backbone making them highlyirregularin both size and internal structucempared to their
monodispersed dendritic analogouHowever,also unlike dendrimers, they can typically be
synthesized in a single synthetic stapd show similar characteristics tdendrimerssuch as
having alarge population osurfacefunctional groups, lower solution or melt viscasst and
higher solubilities relative to linear polymers with similar molecular weidlé#]. Given their
synthetic ease and desirable properties, hyperbranched polymers have attracted innterest
industrial applications such as additivfes coating and resin formulationf65] and molecular
templates for the growth of inorganic molecules to produce nanoma{égalsThey have also
shown potential to be used in biomedical applicatsaureh as drug and gene delivésy].

The first hyperbranched molecule was discovered by Berzelius'ircar@ury when he
was reacting a /B, monorrer (artaric acid) with a Bmonomer (glycerol}68]. In 1901 Watson
Smith reacted a Atype monomer (phthalic anhydride or phthalic acid) with sar®nomer
(glycerol)68]. However,in all these reactionbased on polycondensation of bifuoctal and

trifunctional monomersgelation can happen at higher degree of polymerization. In 1952 Flory
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developed the idea of synthesizing hyperbranched polymers usipdn&E2) monomer in
which the monomer has one A functional group and two or more B functionalsgireptinga
highly branched polymer with mixture ofdendritic (fully reacted Bandterminal (no reacted B
function) units withone focal unit (A function)This reaction is a typical step growth reaction of
multifunctional monomersthat avoids (or at least minimizeshe risk of gelation and
crosslinking. The AB monomer is the méscommon monomer used in these reactions but
AB;[69], AB, and ABs [70] havealsobeenused forpreparingbranched polymers with different
patterns. In 1995-réchet et al. introduced the conceftselfcondensing vinyl polymerization.
SCVP is based on an inime vinyl functional group that carries an initiator grdug], [72].

The propagation in these monom@ccursthrough the double bond (chain growth) and the
condensation of the initiating site (step growth)échet et al. also reported on using living
cationic, group transferand living free radical processes in sathdensing living
polymerization forthe production of hyerbranched polymerg1]. The dsadvantage of this
method is that special monomers are required to allow theasifensing to begin. This will
limit the use of SCVP in polymerizations such as reversible addition fragmentation termination
polymerization (RAFT), nitroxide mediated polynmation (NMP) or atom transfer radical
polymerization (ATRP)[72].

A simpler and more generic route to synthesizing hypechethpolymers is th free
radical copolymerization of a vinyl monomer and divinyl monomer with inclusion of a chain
transfer agent whi ch can i nhi bi t Stathalyde gel at i
met hodol ogyo and was i niworked[d3t Ehis méthod r8lieseomthei n gt o
fact that free radical polymerizations containing a bifunctional monomer uwadergo

macrogelation if the system is too centrated or microgelation if the system is diluted and
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these branched polymers are considered as the precursors for network dydfenTsis
methodology is a solution to scaling up and synthesizing large quantities of brancgyredrpol

without manipulation the conditions of polymerizatemd/ordiluting the system to high levels.

1.4.3.1Nanoparticlesas ocular delivery systems

Nanoparticlessuch asnanomicelles,nanospheres, nanocapsules, liposomesogels and
dendrimershave been wiely investigated as promising drug delivesystens for the eyd75]i

[77]. Their small sizg~10-100 nm)enables themot diffuse across théght junctions in the
corneal membrane and enhances the corneal permeability of[@&)gf/7]. In addition their

high surface area to volume raiitcreases their retention time by increasing their interaction
with mucusmembrane of the corneal surfd@®], [78]. An effective nanocarrier should be able
to enhance drug permeation while controlling the release mechanigims drug. In addition
specific targeting is possible using these nanopatrticles thwfgcemodificationwith ligands
targeting particular cell surface receptodsing nanoparticles for drug delivery reduces the
variation in drug concentration ankerefore the risk of toxic effects caused by having excess
amount of drug in a specific locatiom addition, their small size does not introduce any
disruption in the aqueous layer and thus frictional contributions to blinliog.example,
Zimmer and Keutershowedthatophthalmic formulations witthes i ze of hi gher t ha

cause sensation once they are applied on the ocular sfri®ce

Nanospheregin which drug is dispersed throughout the solid polymer partiate)
nanacapsule@n which drug is entrapped in solution inside the nanopartege)be made with
different release properties depending on the preparation méthedsimplest method it

emulsify a water insoluble polymer into an aqueous suspension and then evaporate the polymer
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solvent to form a solid polymeric nanoparticle. The most common chemistry used for this
purpose is plylactide (PLA) orpoly(lactideco-glycolic acid) PLGA), which can release drugs
both via simple diffusion as well as degradation of the nanoparticles (via hydrolytic degradation
of the ester backbone) over timescales of several days to several [BohtiBock copolymers
combining PLAPLGA with poly (ethylene glycol) (PEG) or poly (ethylene oxide) (PE@i
significantly enhance the residence time of such particles by blockingpsmific protein
adsorption and promoting chain intenggation into native mcus. Chitosancoated
poly(e- caprolactone) (PCL) nanocapsules and AREG block copolymers havalso been
reported teenhance the drug permeation through the corneal epithveliim still preserving the
capacity for degradation via ester backbone hydro[gdis PECL nanocapsulésave also been
extensivelyinvestigated forophthalmic drug deliverysince they carpermeatethrough the
cornealepitheliumwithout damaging the membraneitewreag drugbioavailability [82], [83].
Non-degralable particles have also been reported, although are less camohanlikely to find

real applications in the clinic One potentially interesting systetimough involves @llulose
acetate phthalatganoparticles that can situ gel in contactith the kacrimal fluid at pH of 7.2

7.4 [84]. Althoughsuch nanoparticles signifiatly improvethe bioadhesivity of the drughey

have the disadvantage of causing vision blurritayacryl-cyanoacrylatdPACA) nangarticles

and nanocapsuldgve also been investigatia enhancing the bioauability and permeability

of hydrophobicand hydrophilic drug on the cornea[85], althoughcorneal epithelium cell

membrane disruptiohas been reported using such nanopart[8iéls

Seltassembly oamphiphilic polymerdo resultin core/shell nanoparticlstructureshas

beenextensivelyexploredin thefield of drug deliverylf micellesare formedthe hydrophobic
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drug is trapped in the core of micell® enhance thdalf-life of the drug in the vascular
circulation. In contrast, if iposomesor polymersomes are instead assembled, the hydrophilic
drug partitions inside the nanoparticle while hydrophobic drug can be carried in the bilayer
structure. To date, the most popular approach is to form micelles of Pluronic Rliblock
copolymer of poly(ethylene oxidd)ock-poly(propyleneoxideplock-poly(ethylene oxide)
(PEOPPGPEO) thathas been used by several scientists to encapsulate drugs for eye drops
formulations[87], [88]. Pluronic F127 has also been used in fabricabulds hydrogel network
systems. Since it is temperature sensiéind has a sajel temperature below the physiological
tempeature of 373 8 , ieh@s been widely used in enhancement of bioavailability of drugs in
ophthalmic applicationgs]. Liquid Pluronic F127at room temperature3 mixedwith the drug

of interestand then gelled upon contacitvthe eye to trap the drug and control its release from
the polymematrix [89].

Natural amphiphiles (lipids) have also heeidely used for ophthalmic drug delivery,
with commercialformulations including Visudyne® (QLT Ophthalmics, Inc., Menlo Park,CA,
United Statesjor the delivery of thgphotosensitizer verteporfi®0] and TeargAgain® (Optima
Pharmaceutical GmbH, Germany) ftire treatment of dry ey¢91]. Surface modification to
enhance mucoadhesion has also been attenmptactouple of studigsusing chitosan as the
mucoadhesive agenbDiebold et al.showedthat the corneal andonjunctiva uptake of drug
(FITC-conjugated BSA using liposomehitosan nanagrticles (LCS/NP) is increased without
inducing significantin vitro toxicity [92]. In another studyliposome were coatedwith low
molecular weight chitosan to use its positive charge to improve the interaction with the mucus

membrane which subsequently uks in higher bioavailability of the drug93]. The
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disadvantage of liposomes as a drug carries is the challenges of nnagntamir structural
stability.

Nanogelsare comprised ofwatersduble polymers cosslinkinginto a nanoparticulate
form via physical, ionic or covalent interactionsanogelshave the abilityto maintain their
structure while absorbing watdrundreds or thousandisld higher than their dryweight.
Nanogels are usefubf delivering hydrophilic drugs sieahe drugcan be trapped in the pores of
matrix and bereleased either by simple diffusion or biging external stimuli like pH and
temperature.

Dendrimers are highly branchedymmetricmacromolecules with treghapestructure
arrangedaround their coreGiven that he branches can be eadiyctionalized hydrgphilic or
hydrophobic drugsan be transported their internal cavities depending on the properties of the
functional groupsAlternately, drugs can be faely conjugated (typically via covalent bond
formation) to the dendrimer surfad®4]. Surface modifiedpoly(amidoamine)(PAMAM)
dendrimers have been investigajeatticularly widely. In one study Vandamme and Brobeck
showed that surface modiieePAMAM (wi t h asuil N&ic e, a 1T COO®BH surf a:
surfac@ is able to increase the residence time of tropicamide (pyridinylmethyl
benzeneacetamide) and pilocarpine nitrate (parasympathomimetic alkimoidg eye[95].
Shaunak et ashowed thatonjugating glucosamin@-sulfate (DGS}o aG3.5CO2H PAMAM
glucosamine dendrimes introduces weltefined immunomodulatory and antiangiogenic
characteristicshat canbe used synergistically to prevent scar tissue form§®6h Dendrimer
fluocinolone acetonid&4-OH PAMAM showed a gstained release of drug over 90 d§§3].
Majoral showedthat carteololan ocuér antihypertensive drug for glaucomeonjugated in a

soluble G12-CO;H phosphorugontaining dendrimer is able to penetrate more in the aqueous
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humor of the eye compare to carteolol aldi®&]. DPTs (dendrimeric polyguanidilyated
translocators) have been investigated by Durairaj et al for delivery of gatifloxacin across the
biological barrierswith the dendrimerable to permeatinto corneal epithelial cells in 5 mites

and facilitate increasedransportation of GFX across the sclehwroidretinal pigment
epitheliumbarrier 40 % ncrease oved hourg [99]. Ease of functionalization and encapsulation

of hydrophilic and hydrophobic drugs in these nam®d drug vesicles has made dendrimers an
attractive ophthalmic drug delivery system. Sincepdrmpranched polymersiave similar
propertiesto dendrimersn the context of drug delivery but aless dependent on the medtep
synthetic proceduregquired for dendrimerghey also offer significant potential interest in this

context

1.4.4 Hydrophobic modified water soluble polymers

Hydrophobically associative polymefHAPS) are a class of water soluble polymers with a
hydrophilic backbone with hydrophobic grafithese polymers can tsynthesizedhrough two
differentmethodologiesThe first method is to copolymerize the hydroplkabbnomer withtthe
principal hydrophilic monomef100]; the second strategy is ¢hemically graft the hydrophabi
groupto the polymer backbonfllowing the synthesi§l01]. The advantage dhe latteris the
capacityto usecommercially availabl@olymers;however the grafting yield is lower compare to
monomer incorporatior(provided a common solvent can be found téeative perform a
solution polymerization with both monomers). Alternatahycellar polymerizatioa in whicha
surfactant such as sodium dodecyl sulfate (SDS) is used to solubilize the hydrophobic monomer
can be usedl102]. Microemulsionpolymerization can also be used ggnthesiz associative

polymers but this methodhas been largely supplantley the micellization technique. In addition
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surfomers are monomers that am@so surfactants can also be used for making associative
polymers[100].

Given that selassociations can occur between different polymer chains via the side
chain hydrophobes, the rheological properties of such materials have attracted pantengst
Associative polymers have high viscosities at low shear rate due to 3D network formation
facilitated by the hydrophobic segments of these polymbkosvever, these interactions can be
broken at higher shear to exhilsitrong sheathinning chaacteristics.Entropy is the driving
force for chain entanglement of hydrophobically modified polymers to reduce their exposure to
the solventthowever, if too many hydrophobes are added, the polymer solubility decreases to the
point that intrachain interéions begin to dominate and the solution viscosity decreaseffand
the polymer becomes insolub[@p1].

One of the advantages of making asative polymers ighat effectivelyhigh viscosites
can be achieveavithout increasing the molecular weigtto mud. The properties of these
solutions arecontrolled via the degree of substitution atie nature andunctionality of
hydrophobic substitutes. In additidime temperature, molecular weight of polymackbonethe
ionic strengthof the solution and the wlymer concentrationall affect thepropertiesof the
associative polymer In particular, here is a critical polymer concentration for intermolecular
hydroghobic association to take plaf3]. Theoverlap conentration(C*) is the concentration
above which polymer chains are on average close enough together irtetnolecular
hydrophobic interactiaoccurand an enhancement is seen in viscd4difa], [104] The study
of associative polymer solution is usually done at concentrations both below andtlsove
critical concentration. Below the tical concentrationthere is a competition between the

intermolecular and intramolecular éndiction such thatthe viscositycan either decrease or
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increaserelative to the noiiydrophobically modified polymedepending on the competition
between these interacti@rintramolecular associations results in the contraction of the polymer
chains and a subsequedecrease in the intrinsic viscosithowever, above the critical
aggregation concentratipthe inter-chain crosslinking is more dominant which results in an
increase in the viscosifi03], [105]

Another factor affecting the viscosity of these solutions is the length and degree of
substitution of the hydrophobic groups. Longer polymer chains and higher slegfree
substitution are wre effective in increasing the viscos[ty06]. For exampleDesbrieres et al.
showedthat a minimum length of six carb®ms needed in order to see an enhancement in
viscosity of the[106]. Lower hydrophobic content is needed for polymers made with higher
molecular weight backboseand longer alkyl chainto preserve overall polymer solubilityn
addition incorporatingonic functional groups irthe base polymer can incesathe solubility of
associating polymers in wattr facilitate increased hydrophobic functionalization

In addition to their interesting rheological properties in the context of lubricating the
blinking responseamphiphilic polymers are able to disseydrophobic chemicals through
their hydrophobiadomains[107]. This approach is one of the few available that facilitates the
delivery of a hydrophobic drug target using a wa@ubke polymer precursor, offering

advantages in terms of formulation as well as patient compliance.

1.5 Objectives

The main objectiveof this researchis to develop synthetic polymers with improved shear
thinning properties and mucoadhesion by controlling thephmogy ad composition of those
polymers inorder formore effectiveusein ophthalmic formulationsFirst, to investigate the

effect of polymer morphology on shedinning behaviour, poly(m@oethylene glycol
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methacrylatebased hyperbranched polymerswere prepared using tkylene glycol
dimethacrylate as therosslinker and dodecanethib as the chain transfeagent. These
hyperbranchedoolymer building block provide a dense, nanoscale structusm(lar to a
dendrimey for potentialdrug releasevhile still maintaining solution transparency due to their
small size. In addition, the branched structure of these polymers provides unique flow properties
which we hypothesize may enhance the speed of network recovery following shearing, critical
for ophthalnic applications due to the speed and frequency of blinkiRmally, the use of
dodecanethiol as the dmaransfer agent imparthearthinning properties with high viscosities

at low shear rates and low viscosities at high shear, nategiding ease ofadministration and

comfort during blinking.

Second, to evaluate the role of mucoadhesion (or, more broadly, petynceus
interactions), dualgrafted poly(vinyl pyrrolidoneco-vinyl formamide) (P(VPco-VF)
copolymers were preparedhe hydrolysis of vinjormamide groups gives reactive amine
groups for further grafting of alkyl groups {£and Gg chain lengths for shear thinning
propertie3 andphenylboonic acid groupgfor mucoadhesion)rhe high hygroscopicity aPVP
facilitates thegrafting longer kdrophobes while maintaining soluble, hydrated polymer.
Interactions between mucin on the mucin layer as well as in the aqueous, coupled with
interactions between the polymers themselves, is expected to lead to improved properties for dry

eye therapies.

29



MASc Thesis- Sahar Mokhtari McMaster University-Chemical Engineering

2 -Manipulating Shear Thinning Properties of Ophthalmic
Polymer Solutions as a Function of Polymer Morphology and
Functionalization
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2.1 Introduction

The unique anatomy and physiology of the gya&se significant challenges witbcular drug
delivery. Topical administration in the form of eye droftypically usedfor anterior segment
diseasekis limited by pecorneal and anatomical barrighst can change the bioavailability of
the drug upon administratiohess than 5%fahe applied dosgypically reahesthe intraocular
tissues given thatmost drugs are washed away blinking or lachrymal drainage with15-30s
after application; furthermorethe tear restoration time @nly 2-3 minutes, providing minimal
contact time for the drug to reach the aatcular tissuesven if it is not quickly washed away
Therefore frequentdruginstillation is needed in order toaintain aherapeutic drug level in the
tear film, potentiallycausingtoxic side effects and cellular damage at the o@udace108].

The retention of an eyedrop ithe eye is influenced by viscosityyydrogen ion
concentration, theosmolality and the instilled volumeTo improve the drug contact time,
different additives such as viscosityodifiers and permeation enhancers can be ddde
Increasing the viscosiig particularly of interest in the context of artificial tears; however, while
enhanced viscositiesan improve the residence time on the ocular surtaey alsadecrease the
lubricity between the eye lid and the ocular suféy increasing the friction coefficiefit4].

As such, a balanaaust be struck in terms of optimizing the viscosity as a function of shear rate
for the design of effective artificial tear formulations.

Current eyedrop formulations emploglpmeric mateials such ascellulose derivatives
poly (vinyl alcohol) (PVA), cabomer (a lightly crosslinked poly(acrylic acid)) poly (vinyl
pyrrolidone), polyethylene glycol, and dextran are used to lubricate and increase the
bioavalibility of drug formulation$36], [44]. However,additives at the relatively low molecular

weights used in curng artificial tear formulations behawsNewtonianfluids in that theydo not
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shear thin upon blinkingeither demanding the use of lower concentrations (and thus facilitating
lower retention times and thus efficacy) or resulting in Hrgttion betwea the ocular surface
and eyelid (resulting in patient discomfort).

To overcomethis isse, growing interest has beetlirected toward fsearassociative
polymers[19]. Sudh polymersare able to increase the viscosity of the formulation at rest by
forming physical intermolecular interactions between the polymer gHairistate disruption of
these interactions when the shear is applied during blinkirayiding the requid lubrication),
and reform the interactions once the shear is remo¥edsuch, sheaassociative polymers can
expresshigh viscosiies even at relatively lownolecular weigtg, often desirable foin vivo
applications in the context of clearance as sllavoiding potentiahechanical degradaticof
the higher molecular weight polymeasthe high deformation rateimduced upon blinking The
most common method to induce such shieaponsive behavior is to graft hydrophobic side
chains to watesolublepolymers that can form a physical network via hydrophobic interactions
[109], althoughother physical interactions such as charge, inclusion compleX&y, or
hydrogen bondingre used as we111].

We have recently reported the use of hydrophobigaiited poly(vinyl pyrrolidoneo-
vinyl formamide) (PVPco-VF) polymers as shedhinning ophthalmic materiald12]. PVP is
a highly hygroscopic polymer, such that its solubility and-fgehing potential can be
maintained even aftehydrophobic modification.Grafting of G 7 Cis hydrophobes to
hydrolyzed vinylformamide residues produces stassociative polymers with over four
decades of shear thinning from zero shear to infinite shear, while at the same time being well
toleratedin vivo. Howeverthe potential use of these materials as anterior segment drug delivery

vehicles is limited by two factors: (1) the viscous recovery of the network following shearing is
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slower than ideal for the case of blinking, where recovery must bengedy fast (within a
second or two) to prevent significant lachrymal drainage and (2) drug delivery from such
networks is extremely fast, particularly for small hydrophilic drugs.

Hyperbranched polymers offer a poti@l solution to this problemHyperbanched
polymers are highly branched polymers analogous to structurally imperfect dendrimers;
however, unlike dendrimers, they can be produced in a single synthetic step using the Strathclyde
methodology by balancing the quantities of added dinksr andchain transfer agent in a free
radical polymerization procesg72], [73], [113][116]. Relative to linear polymers,
hyperbranched polyars are significantly denser (assisting with drug delivery) and stiffer
(keeping the orientation of hydrophobes more stationary during the shear process), both
potentially favorable properties in the context of artificial tear solutions.

In this work, weprepare hyperbranched polymers based ay (oligoethylene glycol
methacrylate) (POEGMAUsing theStrathclyde methodoby and use them as additives to RVP
co-VF-based ophthalmic solutionBOEGMA has been demonstrated to menimmunogenic
and norcytotoxic, making it of interest fordrug delivery applications[117]. Using 1-
dodecanethioas the chain transfeagent will introduce & hydrophobes at the branch chain
ends of the hyperbranched polymer tha eapable of forming association between each other
(and between hydrophobicaliyodified linear polymers) thatan be disrupted undshearWe
anticipate that yperbranched POEGMA with DDT in its structwél have utility in the context
of ocular drug delivery sinc€l) its nanesize structurecan introduce denser drug delivery
domains into the solution without inducisgnificantlight scattering and2j eitherthe residual

double bonds(from singlereacted crosknker) as well asacrylic acid functional groups
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copolymerized into the netwodan be used torosslink hyperbranched polymers together, graft
drugs/drug binding domaire the network, or graft affinity grougs the matrix.

In addition, we exploited these functional groups to graft cyclodextrinBsjGo these
hyperbranched polymersCDs, while water solubldhave a 12 nm hydrophobi@ockets which
are able to inte with hydrophobic entities dut the orientationof carbons and ethereal
oxygens of const i tCDsaretfreqdently Usadcirodsug deliverysapplioatorss .
to increase the bioavailability of hydrophobic dsugy solubilizing and stabilizan the drug
inside a watesoluble matrix{118]. CDs are also widely reported to form inclusion complexes
with hydrophobic graft copolymers to act as a gelation aid via-dweestt interaction§l19]i
[121]. As such, incorporating CDs in the hydrophobicatigdified hyperbranched polymer
building blocksoffers the potential for hogjuest interactions to suppdhe network formation
via simple hydrophobic graft sedfssembly, providing an additional shel@pendent network
forming unit of potential interest for ophthalmic formulationd/e hypothesize that improved
shear responses can be achieved by combixiffgrent building blocks with different

morphologies and functionalization (i.e. CD grafts) relative to any single component alone.

2.2 Experimental

2.2.1 Material s

Oligo(ethylene glycol) monomethyl ether methacrylate (OEGMA30Q,=MBOO g/mol,Sigma

Aldrich, 98%), was passed over column of basic aluminum oxide (Aldrich, type @2G) to
remove the i1inhibitor and stored at 5 eC prior
(EGDMA, Sigma Aldrich, 98%), acrylic acid (AA, Sigma Aldrich, 99%), -tlodecanethiol

(DDT, Sigma Aldich, 0999, b-c y c | od eXxDx,r i $i gnba Al drich, 097 %),
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(Sigma Aldrich, 099.0% purity), adi podiem aci d
hydroxide pellets(EMD Chemicals Mississauga, Ontario), glacial acetic acdi@aledon
Laboratory Chemicals Georgetown, Ontario), MNthykN-(3-dimethylaminopropyh
carbodiimide (EDC, Carbosynth, Compton CA, commercial grade)dimethyl2 , -2z06bis(2
methylpropionate) (AIBME, Wako Chemicals, 98.5%) were used as receie#iCl and

NaOH solutionsused for titratiorwere prepared from Acculustandards.All water used was of

Milli -Q grade (resistivity 181 q-cm).

2.2.2 Synthesis
2.2.2.1 Hyperbranched POEGMA-co-AA
Hyperbranchedpolymers were prepared by free radical polymerization metlodlioxane
where OEGMA and AA were comonomerdEGDMA was thecrosslinker, and DDTwas the
chain transfemgent The polymerizationsvere conducted in a 250mL thraecked flask with a
condenseunder magnetic stirring (200 RPM) under apurge at7 0 ¢ C . The reactan
flask were purged withN, for 30 minutes prior to the injection of the initiator solution. The
reaction was caied out for 4 houws, after which theolymers were purified by evaporating the
dioxane solvent and precipitating the polymer @hyl ether. The precipitates were left in a

desiccator connected to a vacuum pump overnight for evaporatiesidfialethyl ether.

2222Pr epar at i lyperbrarfched pgolidnerderivatives

2.2.2.2.1 Synthesis ofcarboxymethyl cyclodextrin (CM-CD)

bCD was di&a30M solutioread NaOlHChloroacetic acid was added to the solutiemd
the mixture was then stirred at room temperature untilcaiponents were dissolved. The flask

was submerged in a water bath with the temperatife 0 ¢ add he reaction was allowed to
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proceed for 15 minFollowing, the solution was cooled to room temperature and glacial acetic
acid was used to neutralize thdwon to pH 7.0. Methanol was used to precipitate the product
and collect it through vacuum filtration. The produasstirred n acetone overnight to reduce
its syrupy consistency followed by collection through vacuum filtration. The predscleft in

anoven at 60 @2l until It 1s dry

2.2.2.2.2 Synthesis of hydrazidefunctionalized cyclodextrin (Hdz-CD)

In the subsequent reaction, hydrazide is grafted oygil@dextrinby carbodiimide chemistra g

of carboxymet hyl at ed b nDlar exagessrelaivexacarboymethyh ADH
groups) in 120 mL of deionized water. The pH of the solutias adjusted to 4.75 with 1 M

HCI, and the reactiomvas startedvith the addition of EDC (5 molasxcess of carboxymethyl
groups). The reactiowas conductetbr 4 hours over which time g@H 4.75was maintained via
theaddition of 1 M HCI. The solutiowascooled to room temperatuesnd1l M NaOHwasused

to neutralize the solution to pH 7.0. Rotatory evaponatvas therused to remove wateafter

which the productwas precipitated using a large excess of acetone. The predigstirred in

acetone overnight to reduce its syrupy consistency followed by itscwofiethrough vacuum

filtration [122].

2.2.2.2.3 POEGMA -co-AA -g-cyclodextrin hyperbranched polymers

In the subsguent reactionHdz-CD was grafted to POEGMAco-AA hyperbranched polymer
usingcarbodiimide chemistry. In a typical experimehig of POEGMAco-AA wasmixed with
Hdz-CD (2 molar excess of acrylic acid groupstie hyperbranched polymein 100 ni of
wate. The reactiorwas then initiated via thaddition of EDC (2 molar excess of acrylic acid

groups in the hyperbranched polymet a constant pH of.75. The resulting product was
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purified by dialyzing against MiliQ water (MWCO 3500) followed by lyoplaation and

storage of the polymet room temperature in sealed containers.

2.2.2.2.4 Hydrophobic grafted Poly (N-Vinylpyrrolidone) linear polymers

Free radical polymerization of-Mnylpyrrolidone and Nvinyl formamidewas performed using
isopropanol as both the Igent and the chain transfeagent and dimethy2 , -@z6bis(2
methylpropionate) (AIBME) as the free radical initiatdmis step was followed byasic
hydrolysisof the Nvinylformamide monomer residugés N-vinylamineresidues to provide the
necessary ptéor for grafting alkyl groups. The third step is the condensation reaction of alkyl

halide (L-chlorododecané C;;) and amme groups of the graft platforfhl12].

2.2.3 Characterization
2.2.3.1Nuclear magnetic resonance
Hyperbranched polymer composition was analyzetHbMR (Bruker 600 MHz spectromete

in deuteratedlimethylsulfoxide.

2.2.3.2Potentiometric-conductometric titrations

Potentiometrieconductometric titration of the polymevgas used to evaluate the acrylic acid
content of the hyperbranchedlymers. The polymenseredissolved in water at a coantration
of 1 mg/mL, and (KCI) saltwasaddedto reachaninitial conductivity of 5mS/m 1 M HCl was
added dropwise to set the solution initial pH~2.5. Samplesre then titrated using NaOH
(0.1M), recording pH and conductivity as a function of theebaslume added (Mandel PC
Titrator). The datavasanalyzed using the derivative of the pErsusvolume curve to identify

the inflection point onsetffset corresponding to the acrylic acid titrated.
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2.2.3.3Gel permeation chromatography

Gel permeatiorthromatogrphy was performed using &Vaters2996 photodiode array detector,

Watess 2414 refractive index detectowaters 2475 multie- fluorescence detectoand four
PolymerLabsP L g e | I ndi vi dual pore si za&5 ecno lbuemands smazien
pore sizes of 100, 500, 103 and JA5THF was used as the eluent at a flow rate ofmiLO

min?, and polystyrene standards neeused to calibrate the instrument. All polymevsre

dissolved in THF at a concentration 10 mb/followed by filtering the solution through a 0.2

em PTFE membr ane.

2.2.3.4Transmittance by UV-vis spectroscopy

The transparencygf the hyperbranched polymer stins wasmeasured using a Variant Cary

Bio 100 UV-vis spectrometer. Polymevgeredissolved in PBS (pH 7.4) at a concentration of 1

mg mL™. The absorbance of the solutiaras recordedat a wavelength 06 00 nm a't 0. 5
intervalsover a temperaturerangef 10e C t o 80eC, with the tempe

mint,

2.2.3.5Particle size measurementbdy dynamic light scattering

Particle size measurements were conducted using dynamic light scattering with a 632.8nm light
source. Detectionwas conducted usinga 90c¢e¢ angl e and phot omul t
(Brookhaven Instruments Corporation). All polymers were dissolvetl imM KCI, with pH

adjusted if necessary usiigM HCI. The concentrationerevaried for different polymers to
achievea count rate thatadlitates sufficient signal:noise while avoiding multiple scattering
(100-250 counts per second)The effective diameter was reported as the average of five repeat

measurementsvith theerror bars representing the standard deviatfdhose measurements
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2.2.3.6Rheological measurements

A cone/plate rheometer (ATS, Rheologica Instrument, USA3 used to measure the shear
thinning potentialof hyperbranchegolymer solutions. A coneof diameter of 4cm and cone

angle of 20 was usedPolymer solutions a conentration of 20 wt%werepreparedn Milli Q
waterand leftin the vials for 48 hours and at room temperataresach a level of equilibrium
selfassociationprior to testing. After the samplas loadedon the plate a wait time of5

minutes was used tdissipateany residual stress. Shear dependent viscosity was measured by
applying stresses from 0.01 to 100 Pa and measuring the resulting strain. The range of the stress

was dividedover35 intervalsand an integration time of 60 seconds wssd per sapie.

2.3 Results and discussion
2.3.1 Characterization

2.3.1.1 POEGMA-co-AA characterization
The onepot Strathclyde methodologwas used to prepateyperbranched polymenga facile
free radical polymerization of OEGMA and AA with varying amounts of EGDMA as the-cross
linker and 1-dodecanethiolDDT) as the chain transfeagent DDT was usedas the chain
transfer agent sincet was reported to be an efficient transfer agent in methacrylate
polymerizationshas a low volatility and provides hydrophobic groups on branch ends that
are relevant for sefissociative hydrogel formatidi14]. The '"H NMR spectra Figure 2 1)
confirm theincorporation of all these units into the final hyperbranched polymer, showing peaks
for the COOH group (from acrylic acid,~12.24 ppm)O-CHs; (from OEGMA, 3.353.45 ppm),
O-CH,-CH,-O (from OEGMA, 3.53.58 ppm), O=GCH; (from OEGMA and EGDMA 4-4.4

ppm), SCH,-CH, (from DDT, 0.5-1 ppm),andS-CH, (from DDT, 1-1.5ppm).
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Figure 2- 1-'H NMR spectrum of hyperbranched POEGMA-AA synthesized with EGDMA as tharosslinker
and DDT as the chain transfagent

The NMR can be used for calculating the degree of branching by calculating the mole fraction of
EGDMA incorporated in these polymers using the methodology reported by the Wang group
[123]. Unfortunately,in this case, thenol% of EGDMA isvery low compare to OEGMA and
the DDT (CH)q signaloverlaps withthe otheii CH, signals from the polymer backbgmaaking
NMR of limited quantitative utilityfor this purpose

The degree of incorporation ofcrylic acid in the hyperbranchedpolymers was
guantitatively measured by potentiomeitimnductometric titratiomo bel5 17 wt % AA, which
on a monomeonly basis (assuming the amount of OEGMA incorporated in the copolymer is

much greater than the amds of EGDMA and DDT)results in acopolymer composition of
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approximately 6nole% OEGMA and 40 moR&é AA. This acrylic acidfraction can further be
used for conjugation other chemicals on the polymer backbodmr as an affinity group for

cationic drugs

2.3.1.20ptimization

The hyperbranched polymer recipe was optimizedrder toachievethe maximum levels of
both EGDMA and DDT withat having an insoluble networlEigure 2 2 summarizes the
resuls, with recipes yieldg hyperbranched polymers denoted in blue and recipes yielding bulk

gel formation denoted in redThe detailed recipes used for each of the data points are given in

Appendix ATable Al.
8
*le Hyperbranched
71 ¢ @ Cross-linked

DDT %

0 & ) | |
0 10 20 30 40
EGDMA%

Figure 2- 2i Polymer structure resulting from preparing hyperbranched polymers with varying éin ¢ransfer
agent)andEGDMA (crosslinker) concentrations
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Initially, two distinct groups of hyperbranched polymers were prepared to explore the reaction
space. In the first set all hyperbranchegolymer were made using 1.23 mole% DDand
varying the mole% of EGDMA from 0.19 to 9 mole%ffectively reducing th©® DT/EGDMA

ratio from 6.36 to 0.13. The polymerization proceeds homogeneously without any gelation for
polymers with EGDMA mole% of 0.16.88 with gelation observed at higher EGDMA
concentrations In the second sethe DDT mole%was increasetb 1.45mole% andwaskept
constantwhile the EGDMA contentvas variedin the range of 0.15 to 9.8 mole, ¥oveing
DDT/EGDMA ratios from 9.66 to 0.5. In both sets macrogelatimtcurswhen the ratio of
chain transfer to crodsker falls below 0.2.

Based on theesults of thesenitial two libraries additional polymerswere prepared
using different ratios of DID to EGDMA to obtain polymers with highest raiof DDT and
EGDMA while still lying in the hyperbranched region of the graph. As the level of dirdes
in the feed increasesiore chain transfer is needed to avoid gelatiomddition, if the DDT and
crosslinker content is too high, while macrogelation is avoided, the polymers become insoluble
in water; for example,gymers 3134 prepared witl> 5mole% DDT and>12 moleo EGDMA
were not water solubleThis result can beattributable to anincrease inpolymer molecular
weight(due to more EGDMA being usgedoupled with an increase in the hydrophobicity of that
polymer (due to the enhanced incorporation of DOHeseinsolublepolymers were ot used

for further experiments.
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2.3.1.3Molecular weight optimization
Gel permeation chromatograplas conductedon thehyperbranchegbolymers to obtain their
molecular weights and polydispersitiesith the results of both series of polymers generated

shown inFigure 2 3.
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Figure 2- 3-Effect of EGDMA (crosdinker) mole percentage on hyperbranched polymgr M

By comparing polymerprepared usinghe same amount of chain transfer and diffesgnbuns

of crosslinker, it can be concluded thdtighe crosslinker fractionsresult in hyperbranched
polymers with higher molecular weightsand broader molecular weight distribution
(independent of what fixed amount of DDT is used to prepare the polyniéis) result is
consistent with the general frealieal mechanism by which these polymers are made. At lower
crosslink levels, he number of pendant methacrylate groups is s(f@lla given amount of
initiator) and decreases to low levels as the reaction proceeds to high convetswwaser,as

the dmethacrylate monomer content increases in the, feete pendant double bonds are

incorporated into the polymer structure and tlaudarger number of reactive groups for
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propagationbecomeaccessiblgresultingin higher molecular weight polymers. The nml&ar
weight can be controllled by tuning the ratio of branching agent and chain transferFagent.
example, plymer 35, which was prepared usirige highest amount of EGDMALO5 mole%)
and DDT(3.7 mole %Yhat still produces hrancledand watetsolulde polymer, has a molecular
weight of 55 kDa, significantly higher than polymers produced using lower elioksr and/or
chain transfer agent concentratiorfsigure 2 4 shows the polydispersityalue andFigure 2-5
shows the full molecular weight distributions associated with whBous hyperbranched

polymess produced
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Figure 2- 4-Effect of increasing the EGDMA (crodimker) concentratioron hyperbranched polymerolydispersity
at two different DDT (chain transfer agent) concentrations
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Figure 2- 5-Molar mass distribution curves of hyperbranched polyrtfesen GPC refractive index detectiofor
polymerspreparedwith different concentitions of EGDMA and a)1.23 mole % of DDT and b)1.45 mole % of DDT
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In discussing these results, we should first note #a&h datum point at a specific elution
volumerepresentpolymer chains with complex and different structuies different degreesfo
branching, densities, crofisking, etc.) that coincidentally have the same hydrodynamic
volume. Thereforeon this basis, the high polydispersities and bnoedar mass distribution

curves observed are expected and indekdracteristic of hyperbranathgolymersydems in

which chain transfeand the chain branching are happening at the sames$ithe propagations

steps in the polymerizatiorjl13], [114] For polymers prepared with constant DDT
concentrations, the polymers become significantly more polydisperse (withi miclecular

weight distributionsps the level of EGDMAvas increasedThis result is again related back to

the fundamental mechanism of the free radical copolymerization used to prepare these materials,
sincethe number of primary chains is controlled the chain transfer agent while the level of
branching is controlled by the level of fully reacted brandbessslinker) incorporatedAs a

result, for a relatively fixed number of primary chains (constant DDT content in each series),
more crosslinker results in higher molar mass ardue to the increased uncertainty related the
length of each branch formed as more branching occurs at the same level of chain transfer agent,
a more multimodal distribution.In addition, the polydispersity increase highe at a lower
EGDMA concentration for hyperbranched polymers prepared wgher DDT concentrations

(Fig. 23). We anticipate this result is a function of increased chain transfer agent again
increasing the degree of polydispersity within the differeminblres, as the values of chain
transfer agent used here are not so high that propagation would be significantly limited for the

vast majority of the branches formed.
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2.3.1.4 Transparency
Any ophthalmic application of these polymers requires them to be higiiiggarentHowever,
the % transmittance of 15 wt% (in water) solutionpwfified hyperbranched polymers prepared
with different EGDMA contats and measured at 500 nm with a 1 cm path lesgtbnsistently
<30% (Figure 2 6). We hypothesizehat this poor transmittance result is a consequence of a
few, larger polymers (more akin to microgels) being formed during the Strathclyde methodology
synthetic process, which is a relatively uncontrolled prottegsnay resilt in the formation of a
microgel fraction that would have a disproportionate impactautiontransparencyccording
to Mie scattering theorfl24]. To test this hypothesisamples were filterethrough @0 . 4 5 ¢ m
filter and retested for transparency, withe weight percent of polyméost due to filteringalso
measured by lyophilizinghe filtrate and measuring thesidualmass relative to the initial
filtered mass Resultsfor an example 1.45 mol % DDT and 4.65 mol % EGDMA hyperbranched
polymer indicatehat while only <10 wt% ofthe initial polymermassis lost through filtration
the transparency of the resulting solution increase®90%( Figure 2 6). This resultsupports
our hypothesis of a (small) microgel fraction that can be eliminated via filtration
disproportionately influencinghe light scattering of the solutiofthis result is echoed across a
broad spectrum of hyperbranched polymers with different dnosslensities tested, with mass
losses of <10% resulting in transparencies increasing fro3020 to >90%(Table 2 1).We
should also note that these results are collected using a 1 cm path length cell while the tear film
has a thickness of onlyl® pm, making this result of high significance for an artificial tear

formulation.
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Figure 2- 6-(a) Visual appearance and (b) UV/vis transmittance value at 500 nm wavelengftbiaa solution
of hyperbranched polymer with 1.45 mol % DDT and 6.2 mol % EGDMA

Table 2- 1-UV/vis transmittance value at 500 nm wavelengthlfawt% solution of hyperbranched polymeith
varying percentages of DDT and EGDMA before and after filtration. Measured wt% of mass loss due to filtration
(via gravimetry) are also included for reference.

Polymer EGDMA DDT Mass loss %Transmission  %Transmission
before filter after filter
(mol %) (mol %) (wt%)
1 0.19 1.23 9 25 93
7 6.2 1.23 10 23 94
10 0.15 1.45 10 25 92
20 6.45 1.45 12 26 94
35 10.47 3.72 8 21 89
2.3.1.5Size

The hyperbranched polymer build block represents dense, nanoscale structure (akin to a

dendrimey only one that can be made in a single synthetic step and with much less expensive
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precursors)ith a defined size that may be tuned according to the target application. In this
appliation, given that transparency was the principal goal, smaller sizes are preferred; however,
in the context of drug delivery, larger sizes (or at least a fraction of larger sized hyperbranched
units) may be desirable to prolong release kinetics. Dynhght scatteringneasurementsf

hyperbranched polymers of particular interest in this work are shotxigume 2 7.
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Figure 2- 7-Hydrodynanic diameter of hyperbranched polymerepaed with varyingEGDMA (crosslinker)
contents at fixed DDT (chain transfer agent) concentrations before and after sample filtration

First, filtration clearly decreases the average particle size measured independent of the DDT or
EGDMA concentration used.This result again suggests that the small (<10 wt%) of mass
eliminated via filtration was disproportionately largban the majority of the hyperbranched
polymers produced. The broad polydispersity of the hyperbranched polymers produced is also

furtherdemonstrated by comparing the light scattering results with the GPC resultgyiveB&
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numberweighted result while light scattering is an intensitgighted result, which (according to
Mie scattering theory124]) will significantly more highly weight the larger particles in the
mixture (particularly when the primary particle populatisnas small as GPC suggests). In
addition, he effective diameter of the polymers decreaagthe mole% ofcrosslinker used to
prepare the polymer increas@is is consistent with the expected result of eg crosdink
densities resultig in more cpactand branched polymer structaréhat are less able to swell in
water Thus, increased crodisker content both increases the refractive index gradient of the
hyperbranched polymers with water (leading to increased scattering) and reduces thésize o
particles (leading to reduced scattering according to Mie theory), accounting for the roughly
equivalent transmittances observed as a function of EGDMA content in the previous $ection.
this context,using more EGDMA can be duwleffective by both incresing the molecular
weight (increasng the viscosity and decreasg the size of these nanoparticldswer light

scattering).

2.3.1.6Viscosity optimization

Rheological experiments confirm that thee of DDT as the chain transfer agent impsinsar
thinning properties tothe hyperbranchegolymers. Figure 28 shows that increasing the
EGDMA contentin hyperbranchegolymers prepared usin@ fixed 1.4 mole% DDT has a
significant impact on the infinite shear (blinking) viscosity of the hyperbranched palyong

minimal to no influence on the zero shear (at rest) viscosities of the polymers.
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Figure 2- 8-Viscosity versus shear rate as a function of increase in EGDMA contdntderbranchegolymers
prepared witta) 1.2 mole % DDTandb) 1.4 mole % DDT

All DDT-containing hyperbranched polymers exhiBi# magnitude higheviscosities at low

shearcompared to lgher shear rate viscosities. This is desirable in ophthalmic fations
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given that the enhanced low shegscosity enhances the retention time of drug or any other
substances trapped in the branch structuleseasing the crodsmk density has two competing
effects on viscosity: (1) the hyperbranched polymer besodemser and thus more compact,
decreasing the hydrodynamic radius of the polymer at a fixed molecular weight and thus acting
to reduce the viscosity and (2) the hyperbranched polymer molecular weight increases, resulting
in the need for fewer distinct poher chains to sefissociate in order to create a network
structure but also increasing the probability of intramolecular versus intermolecular interactions.
The net result of these competing factors is a slight increase in infinite shear viscosity (and
concurrent reduction in shear thinning potential) for the highest malewadight (i.e. highest
EGDMA content) hyperbranched polymerEhis general trend was observed independent of the
DDT content of the hyperbranched polymer studidyre 28 (a) and(b)).

Comparingthe viscosity of the twdnyperbranched polymers prepaneith the highest
amount of EGDMA ineach setKigure 28 (a) and (b)with the hyperbranched polymer made
with the highest amount of DDT and EGDMssiblewhile still producing a dable polymer
(polymer 35 Figure 29) shows that there is a limio the degree of viscosity increase observed

at higher shear rates.
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Figure 2- 9-Rheological comparison dfyperbranchegolymerspreparedvith the highest EGDMA content and
1.45mol€% and 1.23nole% DDT (from Figure 25) with the hyperbranchegolymerpreparedwith the highest
EGDMA and DDT conterstresulting in a soluble hyperbranched polymer (EGDMA 16RRT 3.7%); Inset:

polymer compositin map showing location of the three polymers consider#te sample space

Polymer 35 even though has the highest molecular weight as waticasporating thehighest

amount of DDT and EGDMAshowsessentiallythe same viscosity profile as thgperbrached

polymerpreparedwith significantlylower amourd of EGDMA and DDT.Again, this result can

be attributed to the competing factors regulating the viscosity of hyperbranched polymers. Here,

where both the DDT and the EGDMA content are varied, theositgcof the hyperbranched

polymer solution is correlated with both thelecular weigh{fEGDMA content) and th®©DT

content(degree of branchingnd hydrophobicity) according to thdark-Houwink-Sakurada

equation[ d ] :VUNI’NWhiCh M, is the molar mass of the polymer akd a n d

U

ar

determined by the specific solvemblymer combination at a certain temperatéier a random coil

in a theta solvent h e

U ~0.§ inthe sainessolvent]for hard sphkre is zerovhereas for

semicoils and rigid rods it is1l and ~2 respectively. Hyperbranched polymerslue to their
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internally crosdinked and highly branched internal structureshave more like a sphesech

that UA 0; in addition, ashe content ofDDT increasesthe polymersalso become more
hydrophobig resulting in chain deswelling according to the reduced pokgoleent interactions
(and concurrent ef f eThus,tlkermore bramchédlstouctyre caouplgdavitha me t
the reduced polyer-solvent affinity counteract the increased molecular weigpobfmer 35in

terms of determining its infinite shear viscosityhis result demonstrates clearly that changing
the composition of the hyperbranched polymer has a relatively limited effieits @iscosity
profile. While this results not ideal in the context of manipulating the shear thinning properties
of an artificial tear formulation, this property is highly desirable from a formulation perspective
in that the viscosity of the artifididear solution can be kept largely constant irrespective of the
composition of hyperbranched polymer used, allowing for facile switching between denser,
higher affinity and less dense, lower affinity hyperbranched units to (for example) change the
drug ddivery kinetics within the formulation.

The shear thinning potential of hyperbranched polymers can be tuned, however, by
changing the concentration of the polymer, as demonstrat&igure 2 10. Reducing the
polymer concentratiosignificantly decreases the infinite shear viscosity while it litde to no
effect on thelower shear viscosityvalues This result is consistent against multiple
hyperbranched polymers tested. Note that, consistent with the rsimieshear viscosity
profiles measured, the macroscopic appearance of the material remaimggelasra viscous
solution evenupon dilution from 60 wt% to 20 wt%; this result is in contrast to previous
observations with linear hydrophobicalyodified pdymers, in which higher concentrations led
to significantly higher zero shear viscosities as well as infinite shear viscosities (at least over the

concentration range explored here for the hyperbranched polymers). Beaceolymer
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concentrations dilutedwithin the tear filmimmediatelyafter administratiorand further diluted
over time due to tear twover, maintaining the capacity for gel/viscous solution formation and
shear thinningover such a broadoncentrationmange represents a significadvanageof these

hyperbranched polymens terms ofpotentialophthalmicapplications.
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Figure 2- 10-Viscosity versus shear rate foyperbranched polyme0 (6.45mole% EGDMA,1.45mole% DDT) as
afunction of polymer concentratio

Combining linear, hydrophobicalyodified polymers with g-terminated
hyperbranched polymerssults ina significantly higher viscosity at higher shear rates but

minimal changes in the viscosities observed at lower shezs, as shown iRigure 2 11.
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Figure 2- 11- Rheology of hyperbranched polymer (10.4 mole% EGDMA, 3.7 mole% DDT) mixed with (a) PVP
(b) linearhydrophobially graftedPVP linear polymers(55 kDa molecular weight, 1.7 mol % {hydrophobes)
mixed withCD-grafted hyperbranched polymer
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In the absence of hydrophobic grafts on the PVP component, no significant change in viscosity is
observed upon mixing lined?VP and hyperbranad hydrophobicallymodified polymers at
different ratios (Fig. ZL1(a)). This resulindicaiesthe lack of a latent interactisitbetween the
pyrrolidone groups in PVP and the ether groups on the POEGMAckar. However, when

the PVP polymer is hydrophbically grafted, a significant enhancement in infustear
viscosity is observetbgethermwith minimal changes in zershear viscosity. This result suggests

that the hydrophobic networks formed byixing hydrophobicallymodified linear and
hyperbranche polymers together are stiffer than those formed with either component alone. We
hypothesize this result is related to the rigidity and high multivalency of the hydrogjrelfted
POEGMA hyperbranched polymers being combined with the flexibility amtdjiog capacity of

the hydrophobigrafted linear PVP polymers, combining the advantages of both individual
components while mitigating thheweaknesses in terms of promoting the formation of stronger,
more sheastable networks. This result, however, wbubnly be relevant to eye drop
formulations if the zero shear viscosity needed to be enhanced to minimize tear drainage during
blinking in the context of avoiding higher molecular weight polymers that are more challenging
to biologically clear [grovidedthe resulting, higher viscosity during the blink did not induce

patient discomfojt

2.3.2 Cyclodextrin complex inclusion

2.3.2.1POEGMA-co-AA-g-CD characterization

' H NMR of hyperbranched POEGM#0o-AA grafted with cyclodextrin confirms the
i ncor por atGDdmthe dinal hyperbrandned polymer, showing peaks for theO8B

hydr ogen-Cb f 9 ppoh Appéndix B Figure B1). The cegree of incorporation of
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Hd z-Cbin the hyperbranchedoolymers was quantitatively measured by potentiometric
conductometric titrationtracking the consumption 6fCOOH groups following CD grafting.
From this resultthe degree of substitutioof CD on the available AA monomer residuiss~

41%, resultingin 8 mole % of the total monomer residues contain@p in these samples.

2.3.2.2 Rheology of POEGMA -co-AA-g-CD
The incorporation of cyclodextrin in the hyperbranched polymers significantly modifies the
rhedogical properties of the material ovére full range of Bear rates studied, as shown in

Figure 212.
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Figure 2- 12-Rheology of CDgrafted hyperbranched polymet0(4 mole% EGDMA, 3.7 mole% DDT): (a)
comparison of viscosity profilef hyperbranched polymer before and after CD grafting; (b) rheology of mixtures of
linear hydrophobically grafted polythinylpyrrolidone) linear polymerss6 kDa molecular weightl.7 mol % G
hydrophdoes) mixed with CBgrafted hyperbranched polymer
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Rheobgical experimentssuggestthat hydrophobic dodecanethiol chains are ableforon
inclusion complegswith the hydrophobic cavity of cyclodextrinvith a10 wt % solutionof
CD-functionalized hyperbranched polymer exhibiting significantly higher viscesatiall shear
rates tested relative to the same polymer before CD grafiggré 212 (a)). In addition, vhen
CD-functionalized hyperbranched polymevgere mixed with hydrophobic grafted poly¢(N
vinylpyrrolidone) linear polymerssignificantly higher zeo-shear viscosities ankbwer-shear
increases inviscosity as a function of shear ra{goth attributable to stronger interpolymer
interactions)are achievedavith only a slight enhancement tfe viscosity at higher shear rates
relative to using either dhe two components alon@/e attributethis result to théormation of

an inclusion compleketween hydrophobes grafted to the Pdé2ed polymerwith the CDson

the hyperbranched polymers. Combining the advantages of the increased flexibility oédhe lin
polymer component (acting as more effective bridges betweefuiionalized hyperbranched
units) with the relative structure and rigidity of the hyperbranched polymer component is
hypothesized to lead to the significantly enhanced increase in Wsassithe shear rate is
reduced as well as the significantly higher zginear viscosity achievedAs a result, the 50:50
mixture of the two polymers leads to tlmsvestshear thickeningesponse and the highest zero
shear viscosity, as the favorable pedpes of both building blocks are most effectively leveraged
(and the negative properties of both building blocks on viscosity are effectively minimized).
Both these propertiggelation at higher shear and stiffer gel formation at zero shear) are highly
desirable in the context of ophthalmic formulations, as thdilgelproperties of the polymer
solution can be recovered faster following shearing and the gel formed is effectively stronger,

minimizing clearance without significantly sacrificing lubricéihigher shear rates.
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2.4 Conclusions

Hyperbranched polymers offer potential utility in the context of functional ghearing
materials. Hyperbranched polymers can be prepared with a broad range tihkeyssontents
(related directly to molecular wght) and branching densities (related to ciadser and chain
transfer agent content)Functionalization of the polymers with ;£ groups by using
dodecanethiol as the chain transfer agent results in shear thinning materials that can shear thin
overup o 4 orders of magnitude and whose shear thinning potential is surprisingly independent
of the crosdinker and chain transfer agent concentrations used in the polymer redipe,
reduced shear thinning only observed at extremely high (>6 mole%}leross contents. This
independenceffers potential to tune the properties of the hyperbranched additive (for tuning
drug delivery kinetics, for example) without significantly changing the rheological properties
relevant to their use. Filtering to remove #mall (<10 wt%) fraction of larger, microgkke
particles results in solutions that are functionally transparent even at high concentratid@s (15
wt%), and dilution of the solutions does not significantly affect the low shear viscosity of the
solutionover a broad concentration range-@®bwt%), both ideal properties for use in the highly
diluting environment of the eye. Finally, by combining linear, hydrophobicatidified
polymers with Goterminated hyperbranched polymetbe infinite shearviscosity of the
mixture solutiorsignificantlyincreasespotentially useful for ghandng the retention time oén
artificial tear formulation madefrom these polymersvithout requiring the use of very high
molecular weight polymers that may be challengingbtologically clear. Mixing linear,
hydrophobicallymodified polymers  with cyclodextrifunctionalized hydrophobic
hyperbranched polymer introduces additional benefits in terms of generating extremely stiff gels

at zero shear (due to the combination @fldophobic interactions and inclusion complex
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formation in these systems) almiver-shearviscosity build-up, with potential benefits in terms

of more rapidly reforming a gdike structure following blinking to minimize drainage between
blinks without conpromising lubricity. We anticipate these materials have significant potential
both for the treatment of dry eye (i.e. hydration can be maintained with fewer eyedrop
administrations) as well as drug delivery to the front of the eye (i.e. enhanced resichence

the drug on the corneal surface).
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3 -Mucoadhesive, SheatAssociative Polymers basedroDual
Hydrophobe-Phenylboronic Acid Grafted Poly(vinyl
pyrrolidone)
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3.1 Introduction

Eye drops ar¢he primary methoof deliveringtherapeutic agents to the antesegmenof the
eye[125]. Due toseverakffective defene mechanisi at the fronof the eyethe bioavailibilty

of drugs using an eye drop is Ipand most of theadministered drug igliminated from the

ocualr surfaceafter a couple of blinkEL08], [126] Other methods of delivery such as implants
[127], viscous solutins [21], ointments[12], and contact lenseg 28] have been used as
alternatives to eye dropinplants can increase the bioavalibility of the drug but they have issues
with poor patient compliance or patient discomfo@intments can jvide a sutained contact

with the eye, but at the same time they typically result in blurred vision and irritation, leading to
characteristically low patient complianfB4]. The use of highly concentrated, viscous polymer
solutions has been demonstrated to increase the bioavalibility of the drugs by reducing the tear
turn-over time but can also increase the local and systematic toxicity as a consequence of that
drug therapy{108]. Contact lenses have low patient compliance and difficulties associated with
administration, especially for elderly people who are typicalyremat risk for developing the

type of ophthalmic diseases the drug is intended to treat (e.g. dry eye, glaucoma, etc.). As such, a
significant need exists to develop novel, patiei@ndly, and effectiveapproches t@address the
challenge of lowdrugbioavailibilty associated witlkeye drops.

Formulations using mucoadhesive polymers as drug carriers have been proposed to
overcome the limitations associated with topical administration methods. Mucoadhesive
polymers are able to interact with mucin throuslcombination ofelectrostatic interactions,
hydrophobic inteactiors, hydrogen bonding, covalent bond formati@mdor interdiffusion of
the polymer chains into the mucin netwdmesulting in mechanical interlocking) Natural

polymers such as chitos§9], [50], cellulosic derivatives like sodium carboxymethylcellulose
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(CMQ)[48], and natural polysaccharides like hyaluronic gdia9], [130] and alginate130]

have all lren used as mucoadhesive polymers to increase the residence time of the drug at the
ocular surface. Synthetic polymers, which offer the advantage of improved compositional
homogeneity batcko-batch, have also been investigated as mucoadhesives, witlaqrgliy(

acid) and its lightly crosBnked derivatives (trade names Carbopol and Carbomer) in particular
showing a high degree of mucoadhesion due to its anionic rjafijr¢52], [131]} Carbgol has

been used to increase the concentration of drug in the corneal and aqueoud 82nor

Alternately, functional groups that can bind to mucin may be grafted to or copolymerized
with synthetic polymers to promote mucoadhesive bond formatiomparticular, phenylboronic
acid (PBA}unctionalized polymers have been widely investigated due to their ability to attach
to mucin through covalent bonding of PBA in its charged form @sdliols of mucin[56].

Using covalent binding can strengthen the mucoadhesion observed, and the interaction is not
influenced by counterions in the tearid like other mucoadhesives.

Recently, we have reported on shassociative polymers based on poly(vinyl
pyrrolidoneco-vinyl formamide) (P(VRPco-VF)) grafted withCg 1 Cis hydrophobes[112].
Shearassociative polymers such as these able to form physical intermolecular interactions
betweentheir hydrophobic grafts whichan subsequently be digpted by applying shear and
reformed once the shear is remoy&tilitating enhanced residence times at the ocular surface
(via viscous solution/gel formation at low shear) while also promolirtgication during
blinking. These P(VRo-VF) hydrophobically grafted polymers exhibited significant shear
thinning (~4 orders of magnitude between zero shear and infinite shear), remained transparent up
to extremely high concentrations (~30 wt%), andeneelttolerated bothn vitro by corneal and

retinal epithelial cells as well a@s vivo following both anterior and posterior administration.
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However, to effectively use these materials for lortgem anterior segment drug delivery or
longerterm dry ge relief, the retention time of the polymer needs toeldanced;an
enhancement we anticipate may be achieved by making this polymer mucoadhesive.

In this study, we investigated the conjugation of PBA groups to these hydrophabically
modified P(VRco-VF) backbones to enhance the mucoadhesion of the poly®eguential
grafting of two different grafts (hydrophobes and PBA) is uniquely facilitated by this initial
copolymer design, as thieygroscopicity of the PVP backbone maingam highly hydrated
system the random copolymerization kinetics facilitates effective spacing of the grafts along the
polymer backbone, and the capacityhydrolyze theVF residues (exposing reactive amine
groups) to different degrees as a function of hydrolysis time can fecigaguential grafting of
alkyl halides(as shear associative grojpsd PBA(as mucoadhesivgroups) In addition, by
grafting the PBA functional groups to the exposed amine groups via reductive amination
(producing a secondary amine bond that servesnaslectron donor to the aromatic group in
PBA), the pK, of PBA groups is effectively lowered from ~8.8 (in the free state)/td {in the
grafted state), significantly enhancing the percentage of PBA groups in the charged, trigonal
state that can strongbind tocis-diol groups in mucinSuch a design igusanticipated to have
significant advantages iterms of both shear thinning and mucoadhesion, promoting enhanced

retention times of polymer on the ocular surface while still lubricating blinking.

3.2 Experimental

3.2.1 Materials
N-vinylpyrrolidone (NVR >99%, Sigma Aldrich) and Ninyl formamide (NVF 98%, Sigma

Aldrich) were purified prior to uséby mixing the monomers with Dowex 50W X8ydrogen
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form, SigmaAldrich) for 24 hours followed byassingthemthrough an alumina basic column
for inhibitor removal Dimethyl2 , -@z6bis(2methylpropionate)(AIBME, Wako Chemicals,
98.5%),sodium hydroxide(EMD Chemicals MississaugaON), alkyl halides1-chlorododecane
(©9 9 , 5%maAldrich), and Zchloroatadecane (96% SigmaAldrich), 4-formyl
phenyl bor oni ¢ SigmeAlddch),(tQ9 5e.t0h% | a,nSigmaAldrich)) 9 antb
sodium cyanoborohydride96%, SigmaAldrich) were all used as receiveddCl and NaOH
solutionsused for titrationwere Acculutestandards All water used was of MIlQ grade

(resisti-om).ty 18 Mq

3.2.2 Synthesis

3.2.2.1P (VP-co-VF)

Free radical polymerization of-Mnylpyrrolidone and Nvinyl formamidewas performed using
isopropanol as both the solvent and the chain trarefent and dimethy2 , -@&@bis(2
methylpropionate) (AIBME) as the free radical initiator. Molecular weigititthe copolymers
can bechanged by using different amoaraf solvent and initiatgrwhile the maximumamine
contentof the copolymercan bechangedoy changing thé/P:VF monomerratio ( Table 3 1).
The reactants and initiatevere mixed in a 3neck glass round bottom flask with a condenser
attachedunder 200 rpm magnetic stirring and a nitrogen pufdee reactiorwas carried outat
75¢e¢e C f orfollawked by evaporation of isopropanol using a rotatory evapotat@olate
the crude polymer producthe polymer was then dissolved in watgiglyzed using cellulose

membrane$MWCO 3.5 kDa, minimum®6 cycle3, and lyophilizedfor storage.

3.2.2.2P (VP-co-VA)
Basic hydrolysisvas performedto convert the Nvinylformamide monomer residues of PAVP
co-VF) to N-vinylamine residues 500 mg of P(VPVF) wasdissolved in 1IN NaOH (0.2 wt%
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polymer) in a thre@ecked round bottom flasknder 200 rpnmagnetic stirringheated to7 5 ¢ C
and left to react fo24 hours. Upon coolinghe reactionis stopped by neutralization of the
solution with 1M HCI followed by dialysis against MilliQ water for 6 cycles usingelulose

membrane (MWCG@.5 kDa) and lyophilisation fostorageat roan temperature.

3.2.2.3P (VP-co-VA)- C,

Alkylated P(VP-VA) was prepared via a condensation reaction of alkyl halides (
chlorododecané C;;, or 1-chlorooctadecane C;g) and amine groups of the graft platform. 0.1
wt% P(VRVA) was first dissolved in al:10 watemmethanol mixture containing0.02wt%
sodium hydroxideafter which the alkyl halide was gradually added. The flask was submerged in
an oil bath (65C), and the reaction was carried out for 48 hours. At completion, the methanol
solvent is evaporated using@atory evaporator and the solution was mixed with hexanes for 4
hours to separate the unreacted alkyl halides into the organic phase. A separatory funnel was then
used to separate the aqueous phase (containing the grafted polymer and water) froemibe org
phase (containing the unreacted alkyl halide), with three sequential extractions performed to the
point that the lower agueous phase in the funnel is clear (i.e. no emulsified component). The
solution was then dialyzed against M} water for 6 cyds using a cellulose membrane

(MWCO 3.5 kDa) and was lyophilized to dryness for storage at room temperature.

3.2.2.4P(VP-co-VA)-C,-PBA

Phenylboronic acid functional groupsere grafted to the residual freemine groups left
unreacted in thalkylationreactionusng a reductive amination procedure. Arh@/mL solution

of P(VR-VA)-C is dissolved in methanol followed by addition of 2 equivalents of sodium

cyanoborohydride as the reducing ager?;fald excess of 4ormylphenylboronic acid relative
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to the availableamine groups for graftingand 2 equivalents of triethylamine to convert amine
salts to free amine groups facilitate reductive aminationThe solutionwas purged with
nitrogen and stirred at room temperatéwe 24 hoursto complete the reactiomhe resulting
polymer wadlialyzed againsMilli -Q water (6 cycles, MWCO 3500) followed by lyophilization

for storage at room temperature.

3.2.3 Characterization

3.2.3.1Nuclear magnetic resonance
The degrees of grafting ofy@roups and PBA groups to the PC¢BVF) polyme backbone
were assessed usiftd-NMR on a Briker AVANCE 600 MHz spectrometersing deuterated

wateras the solvent.

3.2.3.2Potentiometric-conductometric titration

Potentiometrieconductometric titration of the polymersasused to evaluate tremine content

on the P(VRVA) polymer backbone (to assess the degree of hydrolysis) as well as the amine
content after alkyl grafting (to assess the mole% alkyl grafting achievEd)ymers were
dissolved in water at aoacentration of 1 mg/mL, after which KGhlt wasadded to reach an

initial conductivity of 5mS/m. 1 M HCI was added dropwise to adjust theinitial pH of the
solution to~2.5 after which amplesweretitrated using NaOH (0.1M) pH and conductivity

were measure@s afunction of the base volume added (Mah PC Titrator). Theitration
endpoints wereanalyzed using the derivative of the pErsusvolume curve to identify the

inflection point onsebffset corresponding to thguantity of amine titrated.

3.2.3.3Gel permeation chromatography
Polymer molecular weightare determined by gel permeationromatography (GPQ)sing a

Waters 590 HPLGump, three Waters Ultrastyragel Larecolumns (30 cm7.8 mm (i.d.); <10
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em particl es)C, andhacWaters 410 gefraative indldx gletectgger at iGig at
The eluat usedwas 50 mM LiBr inN,N-dimethylfaomamide (DMF),and the system was

calibrated vith narrow molecular weight PE&Gandards (Waters).

3.2.3.4Transmittance by UV/visible spectroscopy

The % transmittance of the samp{espresenting the transparency with exstto optical clarity)
were meaured overtie full UV and visible spectrun800- 700 nn) using a DU 800 UWis
spectrophotometer (Beckman CoulteFhe transmittances of the samples were recorded using a
15 wt% solution (in phosphate buffered salinegath P(VPVA)-Cs-PBA polymer tested and a

1mm path length quartz cuvette.

3.2.3.5Refractive index
The refractive indces of P(VP-VA)-C,-PBA polymers (dissolved at x wt% in phosphate
buffered saline) wereneasuredat 25°C usinga digital PAL-RI handheld pocket efractometer

(ATAGO).

3.2.3.6Rheology

A cone/plate rheometer (ATS, Rheologica Instrument, Us#)g a cone with a 4 cm diameter
and 20° cone angle wassed to measure théynamic viscosityof P(VP-co-VA)-Cy-PBA
polymer solutions. Polymer solutionswere prepam at a concentration ofl5 wt% in Milli Q
waterand equilibratedor 48 hours at room temperature prior to testiigesses from 0.01 to
100 Pawere then applieénd the resulting straiwas measured to assess the viscosity as a
function of shear rat@ he stress range @ividedinto 35 intervals with an integration time of 60

seconds applied aachshear stresgoint
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3.2.3.7Mucoadhesion via Rheological Synergism

Oscillatory rheologymeasurementaere performed to assess the magnitude of mucoadhesive
bondformation between different &/P-co-VA)-C«-PBA polymer solutions and mucin (in this

case fromporcine stomach typéll Measurements were performed 80 wt% solutions of
polymers(dissolved in phosphate buffered saling)wt% mucin(also dissolvedn phosphate
buffered saling and the combination of 30 wt% polymer and 4 wt% mu@m phosphate
buffered saling Solutions werestoredat 4°C for 48 hours prior their use to ensure they are
completely hydrated and any mucoadhesive equilibrium was reachexscilation stress sweep

was first performedo find thelinear viscoelastic region; following, an intermediate stress within
this linear regime was selected and held constant as the oscillation frequency was varied from
0.01 to 100 Hz (30 intervals). h& magnitude of mucoadhesion observed was quantified based
on the theory of rheological synergismeferring to the excess property measured within a
mixture of mucus gel and the test material comgbéwethe arithmetic sum of that same property
measured dr the two components individuallj133]. Bot h st@#@ge rodulyselastic
componentlan d  @6s modulus viscous component) may be considered in terms of this
concept of an excess property, with Gdheof par
excess modulus representing tieological synergism can be calculated udtogidions 31

(elastic modulus) or 3.2 (loss modulus)

AG" = G'mix — (G'polymer + G'mucin) Equation 31

AG" = G"mix — (G"polymer + C"mucin) Equation 32

The higher thé&s 6 ( nvalxe the measured modulus value of the combination of the polymer

and mucin) relative tthe geometricsumfo t he t wo i ndi vi dual compone
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the excess modulus property and thus the strahgemucoadhesion between mucin and the
polymer. Alternately, this synergism can be expressed in terms @l#tiee synergisngi.e. the
relative increment in viscoelasticity with regard to the polymer and mucin solution$ biswsel

on Equations -3 and 34.

AG'fG" G &G dolymer +G dmucin Equatior33

AG" /G G &G opolymer +G dmucin Equationd3

3.2.3.8In vitro cytotoxicity assay

The cytotoxicity of thedual graftedpolymers was assessesing an MTT assay against human
corneal epithelial cells (HCECs, anterior segmenijazolyl blue tetrazolium bromide (MTT)
assay is a metabolic process in which the concentration of the purple metabolite of the MTT dye
can be related to the level of cefletabolism and thus the total number of viable cells in the
presence of various concentrations of the tested polymers reported relative to the cell viability in

a nontreated control wellCell viability was calculated based on the following equation:

CEH Viflbﬂity (%j — HbSﬂT‘bﬂ,ﬂCE polymer solution Equation 35
Absorbance g ..

HCECs were cultured in complete KSHivedia(Gibco), including the provided bovine pituitary
extract and EGF supplement, and 1% penicillin/streptomycin. Cells were plated el 24
polystyrene multiwell plee at a density of 100,000 cells per well, with a total volume of 1 mL of
the appropriatenediaadded to each wellCells were allowed to adhere for 24 hours, after which
2 mg/ml polymer solutions prepared in PBS (sterilized via filtration through a ®.Zyringe

filler and a 3 hr exposure to UWjithconcentrations ranging from
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transferred into wells with cultured cells and incubated for.Zlhb MTT assay test was done

by exposing the cells to 150 €L of a 40 mg/ mL
cel |l s wiDM$O, @8 reading the resulting absorbance at 570 nm using a multiwell plate
reader. Percentages of cell viability were calculated in reference to a positive control of cells
grown under the same conditions but not exposed to any polymers, with thbaalogsoof
themediaitself measured as a negative control and subtracted from the measured MTT signal.

A total of four replicates was performed for each polymer and each plate was scanned 3 times,

with the reported error bars representing the standaidtaba of the replicates.

3.3 Results and discussion

3.3.1 Characterization

3.3.1.1P (VP-VF)

The diemical compositionf the P(VP-co-VF) polymer backbone was quantitativeigrified by

'H NMR by comparing the peak area of €¢toups inpyrrolidonering (~2.83.9 ppm)with the

CH peak from théormamide grougd~7.7-8.4 ppm). The reactivity ratio of the two monomers is
~1 [134], resulting in functional monomers being incorporated randomly and nearly
guantitaively in the polymers (Table-3). Polymers intended to have 10 nileNVF
incorporation yielded 8-:8.4 mole% NVF in the synthesized samples, while 17 mol% and 28
mol% NVF was incorporated for the intended 20 mole% and 30 mole% NVF polymers

respectively.

Molecular weights of these graft platform polymers were determisgdy a DMF GPC,

first calibrated with narrow molecular weight PEG standards. However, commercial (albeit
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broader polydispersitypayvinylpyrrolidone samples wittknown M,, values (10 kDa, 40 kDa,

and 50 kDaSigmaAldrich) show significantly lower moledar weights compared to what is
anticipated when the PEG standards are used, with the calculated molecular weights roughly 2
fold lower than the provided Mvalues of the commercial PVP samples. Therefore, to achieve
more accurate measurements of molecwleight, all M, values obtained from the GPC were
calibrated against the PVP samples instead of the PEG standards. The resyltihg &hd

PDI values for the polymers produced are showiahle 3 1, with graftplatform molecular
weights ranging between ~@80 kDa achieved by varying the solvent:monomer ratio in the
polymerization. Note that overall, two sets of graft platform polymers are produced: (1) same
molecular weight (~6®6 kDa) but different mole peentages of functional monomer (29
mole% of aminebearing monomer) and (2) same mole percentage of functional monorr@r (~8
mole% of aminebearing monomer) but different molecular weights (280 kDa). This data

set allows for independent assessmenthe effects of graft platform molecular weight and

functionalization on the ultimate polymer properties.

3.3.1.2P (VP-VA)

VF can undergo both basic and acidic hydrolysis. Acidic conditions result in lower conversions
due to cationic nature of amine groups atdo pHs which results in repulsion with" kbns

[135]; in contrast, basic hydrolysis can result in quantitative hydrolysis of the amide groups
[136]. Following base hydrolysis on our graft platform P¢VF) polymers,'H NMR
indicates the complete disappearance of the formamide amidp gt@.#8.4 ppm, suggesting
guantitative hydrolysis in these polymers. However, potentiometric/conductometric titration
analysis of the polymdsound amine groups suggests that the amine % calculated from the

titration is consistently lower than the auigative conversion suggested by NMRable 3 1).
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We anticipate this difference is a result of a gielection that can convert formamide residues
into OH groupsresulting in a copolymer consisting of vinylamwéh a negligible amount of
vinyl alcohol. Thus, synthesizing these samples slight excess of Vé&qusred to produce

stoichiometric equivalents of reactive amine groups availablgrafting following hydrolysis.
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Table 3- 1-Recipes and molecular weigtdf poly(vinyl pyrrolidoneco-vinyl formamide) (P(VPco-VF)) graft platform polymerand mole percentage of monomer residues bearing a
primary amine group in P(\\Bo-VA) copolymersbased ortH NMR andconductometriditration

Sample code Monomer Initiator  Solvent/chain Initiator M M, PDI Correcte Targeted Amine Amine
Vol% wt% transfer (Da) (Da) d M, amine mole mole % mole%

(Da) % based on  based on

(theoretical) NMR titration
P(VP(91)}VF)60kDa 15 0.015 Isopropanol  AIBMe 10100 25500 2.5 60000 10 9.4 8.8
P(VP(84)}VF)65kDa 15 0.015 Isopropanol  AlIBMe 11800 27600 2.37 65000 20 17.7 15.8
P(VP(75)}VF)65kDa 15 0.015 Isopropanol  AIBMe 11900 27900 2.4 65700 30 28 25
P(VP(91)}VF)83kDa 20 0.03 Isopropanol  AIBMe 11600 35300 3.05 83000 10 9.9 8.9
P(VP(92)}VF)178kDa 30 0.1 Isopropanol  AlIBMe 23500 75800 3.22 178200 10 8.8 8.2
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3.3.1.3P(VP-VA)-C,
Hydrophobicallymodified polymers were prepared with different backbone molecular weights,
different hydrophobic graft lengths, and different degrefefunctionalization (based on different
amine mole fractions in the P(WM®-VA) graft platform) to create a she#rinning polymer
material. While botttH NMR and titration can theoretically be used for determination of degree
of alkylation, calculatiorof the degree of alkylation with NMR is challenging due to low degree
of alkylationtargeted in these materiasd the overlap of the signal from the hydrophGib&
groups ad theCH; groups in the polymer backbgnastead, titration was used for thigrpose.
Table 3 2 shows the dgree of alkylatior{i.e. the percentage of amine residues grafted
and mole% of alkyl chains in polymére. the total maot percentage of all monomers in the graft

platform functionalized with alkyl grafts) for the hydrophobicaltyodified polymers produced.

Table 3- 2-Degree of alkylatiomnd the resulting mole% of total monomer residues functionalized with
hydrophobic grafts in P(Vieo-VA) -C, polymers a measured by titration

Sample code Degree of alkylation Mole % of monomer units
with alkyl
chains

Ci2-P(VP(91)}VA)-60kDa 20% 1.8
Cis-P(VP(91) VA)-60kDa 20% 1.8
C1-P(VP(84) VA)-65kDa 7.%% 1.2
C1-P(VP(75) VA)-66kDa 6.25% 1.6
C.-P(VP(91) VA)-83KDa 25% 2.25
C1-P(VP(92) VA)-178KDa 13.%% 1.1

The degree of alkylation is relatively low for all polymers tested, presumably due to steric

inhibition associated with long hydrophobes (both in terms of blocking additional grafting to
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adjaent reactive functional groups and, as the grafting reaction proceedassaifating to
further reduce the accessibility of the reactive functional groups). This hypothesis is supported
by the particularly low graft yield achieved with the highest ma@ weight polymel(Ci2-
P(VP(90)}VF)17&Da), which could be interpreted as a direct result of the higher affinity for
these polymers to sedfssociate and increase the steric hindrance. Interestingly, the ultimate graft
density on a per monomer unit ke similar regardless of the number of free amines present in
the graft platform polymer, further confirming the impact of steric hindrance on this reaction but
also facilitating an opportunity to compare the properties of polymers with different desidua

reactive group contents but similar graft densities.

3.3.1.4P(VP-VA)-C-PBA

Given the relatively low graft yields of hydrophobes, a relatively large fraction of the amine
groups on the original graft platform polymer are still available for conjugation wit \R&
reductive amination with flormylphenylboronic acid. The choice of the reducing agent is
essential in this reaction given that it must selectively redugees (or iminium ionswithout
affecting aldehydes and ketonesia@oborohydride (NaBsCN) is used as the reducing agent
given its solubility in the methanol (used as the solvent for this step) and its repored pH
sensitive selectivity137], with aldehydes and ketones reduced at pHIR&it imnium moieties
selectively reduced at pH ofBin the absence of significant aldehyde or ketone reactivity; pH 6
was subsequently chosen to perform the reductive amination step. The secondary amine linkage
produced effectively reduces the p&f PBA (Figure 3 1) such that it is significantly more
ionized at tear pH, increasing the strength and frequency of bond formatiothe sialic acid

residues in mucin
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Figure 3- 1-Degree of ionization for C1-P(VP(75}VA)-66kDaand the corresponding PBA grafted polymer €12
P(VP(75}PBA (4))}66kDa

'H NMR was used for determination of PBA content conjugated in these polymers by
comparing the integration of the phenyl ring protons frdranylboronic acid (7:8.5 ppm) with
all the other protons of polymer backbone {4.5 ppm).Table 3 3 shows the degree of
substitution of amine groupg®ormalized to the total number of amines present in thygnat
graft platform P(VPco-VA) polymer by PBA groups and the resulting PBA mole% (expressed
as the percentage of total monomer units functionalized with a boronic acid graft) in the polymer

backbone.
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Table 3- 3-Degree of amine substitutigne. percentage of amine groupshe original P(VRco-VA) polymer
grafted with PBA) and the resultind3R content(mole% of total monomer unitgf graftcopolymer

Sample Code Degree of substitution mole% of PBA
(based ontotal
monomer residues)

P(VP(91}PBA)-60kDa 58% 5.2
Ci2-P(VP(91)}PBA)-60kDa 63% 5.3
Cis-P(VP(91}PBA)-60kDa 60% 5.1
Ci»-P(VP(84)PBA)-65kDa 84% 12.8
Ci2-P(VP(75)}PBA)-66kDa 87% 18.8
Ci2-P(VP(91}PBA)-83kDa 51% 43
Ci-P(VP(92)PBA)-17&Da 46% 4.0

The graft yield in the reductive aminationsignificantly higher compared to the alkylation step
likely attributable to the mealler size of4-formylphenylboronic acid graft relative to the
hydrophobic grafts However, it should be noted that we mitenally kept PBA contents at
relatively low values in these copolymers for two reasons: (1) PBA grafting increases the
hydrophobicity of the polymer and thus can sacrifice the favorable humectancy associated with
the PVP backbone at higher degrees obiporation and (2) extremely high amounts of PBA
mightincrease the residence time of the artifitegr on the ocular surface too significardahyd

result in corneal epithelium inflammation.

3.3.2 Transmittance
One of the requirements for the use of theseenas for ophthalmic application is that they are

transparent at high concentratiofisible 3 4 shows the percent transmittaree600 nm of 15
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wt% solutions of PBA/¢ dualgrafted polymerspreparedusing different hydrophobe chain
lengths different molecular weight graft platformard different PBA contents, while Figure 3

2 shows the percent transmittance of these polymers over thasiblie wavelength scan. The
higher PBA content polymers exhibit loweansmissions at all wavelengths than polymers
prepared with lower PBA contents. However, transmittance values of >80% over the visible light
range (~400/00 nm) are consistently observed for thesgerials; given that these

measurements are performedngsa 1 mm path length cuvette, such transmittance values are

likely acceptable in the tear film (thickness ~1@) in a practical application.
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Figure 3- 2-Transnittance of polymeras a functiorof wavelengh (15 wt % solutions)
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Table 3- 4-Percent transmittaned dual G-PBA graftedpolymers at 600 nm (15 wt% solutions)

Sample Code Transmission %

P(VP(91}PBA(5))60kDa 82.41
C1.-P(VP(91}PBA(5))-60kDa 89.68
Cis-P(VP(91)}PBA(5))-60kDa 95.63
C12-P(VP(84)}PBA(13))-65kDa 80.29
Cro-P(VP(75)}PBA(19))66kDa 80.98
C1.-P(VP(91)}PBA(4))-83kDa 88.69
Ci2-P(VP(92)}PBA(4))-178KDa 87.80

3.3.3 Refractive index

The refractive index oflual G-PBA grafted P(\P-VA) polymer solutions (at 15 wt%}with
different molecular weigis and PBA contest was measuredo assess the suitability of
concentrated solutions of this polymer in the context of potential ophthalmilTabke 3 5).
Given the similarity in the measured refractive index values to water (1.33) anshtinal
cornea and lachrymal fluid valsef 1.341.36[138], the resultsshown inTable 3 5 indicate
that this polymer solution should not pose any problemth refraction and thus vision

impairmenteven at high concentration in ophthalmic applications.
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Table 3- 5-Refradive index of 15 wt% solutions (in water) of dugl-EBBA graftedP(VP-VA) polymers

Sample Code Refractive index

Water 1.3328
P(VP(91}PBA(5))-60kDa 1.3478
C1.-P(VP(91}PBA(5))-60kDa 1.3500
C1s -P(VP(91}PBA(5))-60kDa 1.3479
C12-P(VP(84)PBA(13))65kDa 1.3465
C1. -P(VP(75)PBA(19))66kDa 1.3482
C12-P(VP(91}PBA(4))-83kDa 1.3479
C12-P(VP(92)}PBA(4))178kDa 1.3477

3.3.4 Invitro cytotoxicity assay

MTT assay esults indicate no significant cell toxicity diial G-PBA graftedpolymers with
different molecular weiglstand PBA contestover a wideconcentratiorrange(Figure 3 3).
Although the concentrations tested in timsvitro assay are significantly lower than those
envisioned for use in eyedrop formulations, cytocompatibility to this degree using a @hosed,
vitro sygem such as thatsed is typically predictive of the material being welerated even at

much higher concentrations in the contexinofivo applications.
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Figure 3- 3- Percent cell vikility of HCEC cells exposed tpolymeis grafted withhydrophobic groups of different
chain lengthsPBA content and molecular weigieative to celonly (i.e. no polymer) controls

3.3.5 Rheology
Relative to theCx-only polymers (previously reported to exhibit shear thinning over at least 4
orders of magnituel of viscosity between zero and infinite shEt?2]), dual graftedCy-PBA

polymers exhibit similar rheological behavior.

Figure 3 4 compares the shedependent viscosity of a representative- ®(VP-VA)-60kDa

polymer before and after PBA conjugati

84



MASc Thesis- Sahar Mokhtari McMaster University-Chemical Engineering

Figure 3- 4-Viscosity versus shear rate of P (VP-VA)-60kDa before and after PBA conjugation

Figure 3 5 compares the effect of hydrophobe chain length on gwsity of polymers.
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Figure 3- 5-Viscosity versus shear rate of dugtBA grafted P(VP(91PBA)-60kDa polymerfunctionalizedwith
differenthydrophobechain lengths
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