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Abstract

Common eye diseasesch as dry eye syndrome affect 15%haf population. Although eye drops are
the mostcommon treatment for theskiseasespver 95% of the drugs applied through eye drops are
quickly cleared away due to blinking and tear turnover. Consequently, patients struggle with the

multiple daily applicabns required and the resulting side effects.

Nanoparticle (NP) drug carriers have gained significant traction recemibgause ofseveral
advantages they provide over conventional eye drop delivery nsetiBdsurfaces can be tuned to
achieve specific properties such as binding affinity towéndocular surfaceNPscan also carry a
large amount of drugs and release them in a sustained manner over a long period. Due to their small
size,NPsdo not causabrasve sensation®n the eye upompatient applicationWith these unique

advantaged\IP drug carriers may drastically improve patient complianb#ée reducingside effects

The thesis focuses on developing an ocular drug delivery platform NEistp improve retention
of ocular therapatics on the precorneal surfat®e developed a method to synthesize an amphiphilic
block copolymer composed of poly(Dlactide) (PLA) anddextran(Dex) that can selissemble into
NP drug carriers. The size of thé*slcan be tuned between 15 and 70 nm by adjusting the molecular
weights of PLA and/or DexThe PLAb-Dex NPs form the foundation of the ocular drug delivery
platform developed in this thesis.

A targeted delivery system is crucial for ocular drug delivarg tb the rapid clearance by tear
drainage on the corneal surfadée PLAb-Dex NPs were surface modified with phenylboronic acid
(PBA) molecules, which can undergo covalent binding with the mucous membrane to circumvent the
rapid clearanceDue to the abndance of functional groups on textran we were able to tune the
density of PBA on the NP surface to optimize Hieding affinity between the NPand themucin
While maximizing the PBA density on the NP surfaogrovedthe covaleninteraction betwen the
NPs and themucin it also compromisedhe NP colloidal stability. The PBAmodified NPs
demonstrated encapsulation of Cyclosporine A (CsA), a dry eye treadmignaind sustained release

for up to 5 daysn vitro, showing their potential as a lotgrm eye drogleliveryplatform.

We then performedbiocompatibility and efficacy studie®n these NPsusing animal models
Biocompatibility isof the utmostmportancen developing new drug delivery formulatiomuring the
12 weeks of studyno physicasigns of irritation or discomfonvere detected navasany inflammatory
response or ocular tissue damagserved in the eyegministeredvith NPs. Topical administration



of CsAloaded NPs on dry eye induced mice using once a week dosing demonstratdeteco
elimination oftheinflammatory response as well fadl recovery ofthe integrity of the ocular tissues.

In the same study, the commercial eye drop form of CsA, Restasis®, administered thrice daily only
eliminatedthe inflammatory infiltrates withat recovering ocular goblet cellBy delivering CsA
through PLADb-Dex-g-PBA NPs, we can significantly reduce the dose and the frequency of eye drop
administration without compromisirtgetreatment efficacy.

In vitro mucoadhesion as a result of P8&n NP surfacesvas demonstratedWe proceeded to
further demonstratthis mucoadhesionsingin vivo models Indocyanine green (ICG), a neafrared
fluorescent dye, was encapsulated in the NPs and administered to rabbit eyes its tvaclkar
retention. ICG delivered vidPBA modifiedNPs showed ocular retention beyondirson rabbit
eyes, whereas free ICG or ICG delivered wisnodifiedNPs were mostly cleared within the first 3
hours When the weekly dosing of CsA loaded PbADex-g-PBA NPswasrepeated for 4 weeks on
dry eye induced miceye observed the same elimination of inflammatory infiltrates dten the
damaged ocular tissue structures. Wherctmeentratiorof the CsA in thaveekly dosing oNPswas
further reduced 5 timeghe treatmengffect was much more pronoun¢stiowing both the elimination
of the inflammatiorandthe full recovery of the ocular surface tissues. Overall, by using mucoadhesive
nanoparticle drug carriersye reduced thedosage of CsA at least H6ld comparedwith the

commercial product, Restasis®, without compromisiredry eye treatment efficacy.

Finally, we developed acalablemethod tosynthesizePLA-b-Dex-g-PBA block copolymers using
a semisolid state reaction chemistry. The previous method of conjugating PBA etheequired
long reaction houraith multiple reaction and purification stepis.contrast,thie new method combines
the quickness dd semisolid state reaction with the simplicity afwilliamson ether chemistrptgraft
PBA to Dex. The results showed that the new method achiexstahilar range of tunability of PBA

densityonto Dex using reaction times as short as 10 minutes.

This thesiglemonstatesthe development procesta polymeridNP as a topical ocular drug delivery
system. The PLA-Dex-g-PBA NPsdemonstrated delivery @fclinically relevant dosage of dry eye
therapeutics, controlled release of therapeutics over prolonged period pfatichenucoadhesive
propertiesresulting inprolonged ocular surface retentioh drugs These mucoadhesiePs show
remarkablepromise as #ong-term topical ocular drug delivery system that significantly reduces the

dose and the administration frequentyhe eye dropsgvhile minimizingside effects.
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Chapter 1
| NTRODUCTI ON

1.1 Overview

A significant population of the world suffers frosome formof eye disease. The severity of eye
diseases rangérom daily complications to blindness. Dry eye syndrome is one of the mildes é6rm
eye diseasgthat cause dryness in the eye as a resutrefluced rate of lacrimation or increased rate
of tear film evaporationThis conditionaffects about 4.9 milliomdividualsin the United Stateslone
causing ocular surface irritation and inflammat[dh Although itssymptomsmay be mild, if left

untreated, dry eye syndrome can lead to varidiggtious diseases on the ocular surface.

Topical administratiortypically in the form ofeye drogformulatiors, is the most common delivery
method employed for treating diseases associated with anterior segments of Aitheygh simple
to use topicd administrations suffefrom low ocular surface retention as a resultagid drainage
through the nastacrimal duct, neaconstant dilution by tear turnover, and low drug permeability
across the corneal epithelils]. Thereforeeye dropsre normally administered multiple times daily
in order to achieve therapeutic efficacyhis, however, also leads smincreased risk of side effects

and lowered patient compliance.

Nanomedicind the fusion of nanotechnologind medicind has been a focal point of reseaich
the field of ocular drug delivery in the past decdde§-10]. Nanoparticlg NP) drug carriers have the
potentialto overcomechallenges posed by current eye drop formulatibis are particles with sub
100 nm sizes that can encapsulate and deliver therapeutic.afjemyhave high surface arda-
volume rati@ andthe surface®f the NPs can be tuned to achieve specific surface properties such as
adhesion to ocular mucous membrafte prolonged retention. NPs can also release the encapsulated
therapeutics in a sustained manner for prolonged treatment of the ocular diBeaaase of their

small size, NPs do not causkrasive sensatioms the surface of the eyenprovingpatient comfort.

The thesis explores the applicationMPsasa drug delivery platform to enhance the delivery of
therapeutics to the ocular surface.polymeric NP selfassembled from a block copolymer was
developed as the ocular drug delivery platfoiiine surfaces of these NPs were chemically modified
with phenylboronic acid (PBA)hich can covalently target the sialic acid moieties that are abundant
on the ocular mucous membrar@yclosporine A, a commercially used drug for the treatment of dry

eye, was used as a model drug to determine the capability of thenBBified NPs to encapsulate and
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release the drugs. In preclinical studies, the safety dfylatosporine Aloaded NPsvasevaluated in

animal models and their dry eye treatment efficacy was also tested. Further animal studies were used
to analyze the mucoadhesive properties of the NPs to calculate their ocular retention time, and the
dosage oflte Cyclosporine A in the NP formulation was tuned for the long term treatment of dry eye.
Finally, an improved methodology was developed to process theniRig#fied block copolymers in a
scalable way. Some of the avenues to explore in the future to adtes &€ drug delivery platform

into clinical trials include developing good manufacturing practice (GMP) process for the NP drug
delivery platfom andgood laboratory practice (GLP) studies to further investigate the safety and
efficacy of the NP formuaition.

1.2 Research objectives

Theoverallobjective of thgoroposed projeds to develop a hanopatrticle drug delivery system capable

of enhancing the therapeutic efficacy of topical formulations targeting anterior segments of Tiee eye
develop a nanoparte drug delivery system, we start by designing a block copolymer that can self
assemble into narsized micelles capable of encapsulating and controlling the release of therapeutics.
The nanoparticles are characterized for mucoadhesion, drug encapsaladioeleas@ vitro before
performingin vivo tests. Subsequeirt vivotests involve testing the biocompatibility and efficacy of

the nanoparticle formulations. Finally, a scalable process for synthesizing the block copolymer must be
developed talemongratethe feasibility of the formulation for clinical trial$he specificobjedives of

the study are as follows

1. Develop a polymerioanoparticle drug delivery system

9 Synthesizea block copolymer through conjugation ofhydrophobicpoly(D,L-lactide)

(PLA) and hydrophilicdextran that selfassemblginto nanoparticles

1 Characterize the size, morphologyd drug delivery capacity of the nanoparticles formed
from PLA andDex

2. Develop a mucoadhesive nanoparticle drug carrier for topical ocular deliveryagipptic

1 Demonstrate the mucoadhesion properties opkiemylboronic acid (PBAunctionalized

nanoparticle carriers

1 Demonstrate the capability of the nanoparticles to encapsulate and delivery ocular

therapeutic agents



3. Demonstrate tha vivo biocompatibility and efficacy of the nanopatrticles as a platform delivery

system to target the anterior eye

1 Demonstrate the biocompatibility and ripritancy of the nanoparticle formulation in

rabbit models

1 Demonstrate the treatment efficacy by delivgri@yclosporine A using mucoadhesive

nanoparticles to mice with experimentally induced dry eye

4. Demonstrate the prolonged ocular retention of nanoparticles and adjust the dosage of Cyclosporine

A in the nanopatrticles for loAgerm treatment of dry eye in nec
1 Investigate the ocular retention time of the nanoparticles on the ocular surface

1 Determine the optimal dosage of Cyclosporine A in the nanopatrticles for théelomg

treatment of dry eye in mice

5. Develop a scalable synthesis process for PBA modRieél-Dex block copolymers using semi

solid state reaction mechanisms

91 Develop afast, simple, and scalable process for synthesizing-PBdified PLADex

copolymes

1.3 Thesis outline

This thesis is comprised of eight chaptdt® introduction, a literature reew, five experimental
research based chaptessda final chaptefeaturing theconclusion and recommended future work.
Chapterl introduceghe key challengeso be addressed in the thesise hypothesisandthe specific
objectives to test th hypothesis.

Chapter 2 reviews the current status of the field of ocular drug delivery. Various types of
nanomaterials currently being investigated in the field of ocular drug delivery are discussed and their
advantages and disadvantages are outlined. The fatul@ok of nanomateriabased ocular drug

delivery vehiclegs also highlighted.

Chapter 3 describes the method of the synthesis of an amphiphilic block copolymeriandttbe
characterization of the nanopatrticles formed from theaselémbly proces$he block copolymer is
an initial building block of the nanoparticle drug carriers, which then becomes the dediagigrm

for us to explore various ocular treatment option
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Chapter 4 presents the method of modifying the surface ofPdAnanoparticle with PBA to
achieve mucoadhesive targeting. This is a crucial step in prolonging the retentiorsafediftayed to
the ocular surface. This study demonstrtiepotential of the nanoparticle drug carrier system to serve

as an enhanced drug deliveihgtform for treating ocular diseases.

Chapter 5 followghein vitro characterizations of Chaptemdth thein vivo characterization of the
biocompatibility and the treatment efficacy of thisicoadhesive nanoparticle formulatidmis study
provides thdoundation for the further advancement of this platform delivery system into clinical trials,
after demonstrating both the preliminary biocompatibility and treatment efficacy in preclinical settings.

Chapter 6 furtherexploresthe in vivo examination of tB mucoadhesive properties of the
nanoparticles as well as the dosagpendent dry eye treatment efficacy of the nanoparticles carrying
Cyclosporine A. The chapter investigates the ocular retention time of drugs dellwergte
nanoparticlesisinglive imagingof the drug molecule on animals, as opposed to more commonly used
method of posteuthanasia analyses. Due to the mucoadhesive nature of the delivery system, the dose
and the dosing frequency of the formulation must also be carefully controlle@uenprany side

effects.

Chapter 7 revisits the discussimom Chapters8 and 4 to improve the synthesis process for the-PBA
modified block copolymer. One of the key milestones to meet before proceeding to clinis& taal
develop a scalable manufacturing process for the formulation. Chapter 7 explores a nogelidemi

state reaction mechanism to achieve a simple dadtscalable way of producing the block copolymers.

Chapter 8highlightsthe conclusios drawn flrom the researcldescribed in Chapter3 to 7 and
recommendatiom for future work based on tke conclusios. While Chapter 7 discusses the
importance of a scalable process for the copolymer building bbmdkher important step before
proceeding to clinial trial is to also provide a manufacturing process for the nanopaitioie
formulation. Finally, an important futurgoal is to explore the flexibility of the nanoparticle drug
delivery platform to treat other common ocular diseases in addition toydrgymdrome, such as

glaucoma and allergic conjunctivitis.



Chapter 2
LI TERATURE REVI EW

2.1 The field of ocular drug delivery

Ocular drug deliverremains a challenging task due to the nature of the ocular structures and the unique
ocular physiologyThe eye is a sniadnd complex organ that is separated from the rest of the body by
multiple layers of biological barriers. Moreover, the eye tissue is protected from the external
environment by the tight junctions of the corneal epithelium and the mucosal surface. rEhénefo
primary challenge of ocular drug delivery is to circumvent these protective barriers in order to achieve
therapeutically effective concentrations of drugs in the intraocular tissues. The objective of ocular drug
administration is to treat diseases localized manner as opposed to serving as an intermediate route
to achieve systemic drug activity.

There are a plethora of visighreatening ocular diseases that require therapeutic treatment, and most
of these diseases are associated with intraostriductures such as the retina, retinal pigment epithelium
(RPE), or choroidl11] Typically, antiinflammatory drugs, antinicrobial agents, and angiogenesis
inhibitors are used to treat various types of locakgtibns or disorders such as chronic uveitis,
glaucomagndophthalmitisand choroid neovascularization among many; nevertheless, the efficiency
with which these substances are successfully delivered has largely been limited by the presence of
ocular barries. To date, most common ophthalmic drugs are administered topically in the form of eye
drops on the corneal surface. However, topically administered drugs suffer from low bioavailability
due to clearance mechanisms such as tear turnover. Alternativerglefigthods such as intravitreal
or periocular injections have been developed to improve the bioavailability of the therapeutic agents,
but due to the invasive nature of these methods, side effects such as retinal detachment or intravitreal
hemorrhage havieeen observed. The challenges affiliated with these conventional methods of ocular
drug delivery have lead scientists to contribute significant effort into developing advanced drug

delivery systems.

At present, nanocarridrased ocular drug delivery sgats appear to be the most promising tool to
meet the primary requirements of an ideal ocular delivery system. Nanocarriers, due to their small sizes,
are likely to have high diffusivity across membranes such as the corneal epithelium: a significant
number of studies have already demonstrated that the use of such nanomaterials via topical

administration improved the corneal permeability of dfidgs15] Similarly, due to their high surface
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areato-volume ratio, nanocarriers may also show improved interaction with the mucous membrane of
the corneal surface to prolong the retention of the topically administered drug formulations. Ongoing
adwances in developing improved nanocarbased ocular drug delivery system may also provide new
possibilities of effectively delivering therapeutic agents to intraocular tissues such as the retina or
choroid using nofinvasive delivery methods. The followg literature review highlights some of the

most recent findings in the utilization of nanomaterials, such as polymeric micelles, hydrogels,
liposomes, niosomes, dendrimers, and cyclodextrins, for enhanced ocular drug delivery performance
(Figurel).
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Figure 1. A schematic illustration of different nanomateriatbased ocular drug delivery systems.
Polymeric micelles are nanoparticles selissembled from amphiphilic copolymers with the
ability to encapsulate hydrophobic drugs in the core of the particles. Hydrogeolloids are 3D
network of water-soluble polymers which have the ability to incorporate hydrophilic drugs in
the 3D network. Liposomes/niosomes are vesicle structures with both lipophilic and hydrophilic
phases, and therefore can encapsulate both hydrophic and hydrophilic drug components.
Dendrimers are 3D highly branched treestructured macromolecules that can encapsulate
hydrophobic drug molecules since they possess internal empty cavities and open conformations

for low generation dendrimers. Cyclodefrins are a family of cyclic oligosaccharides, composed
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of 6 to 8 glucose units which have been shown to improve pharmacokinetic properties of many

drugs through formation of inclusion complex|1]

2.2 Challenges of conventional ocular drug delivery system

Difficulties in delivering drugs through the ophthalmic route arise from the anatomy and the physiology

of the eye, an organ which is divided into anterior and posterior segnrégise(2). Topical drug
administrations, such as eye drops, suspensions, or ointments, are the most preferred route of delivery
to the anterior segment of the eye due to the ease ohathaiion and low cost. However, local drug
administration to the anterior portion of the eye by topical application is significantly limited by the
clearance mechanisms of the corneal surface, which include lacrimation, tear dilution, and tear
turnover[6] In addition, topically administered drugs are generally absorbed either through the corneal
route (corned@ aqueous humod intraocular tissues) or nesorneal route (conjunctiv scleraA
choroid/RPE)6] which further limits the amount of drug that is ultimately absorbed in the intraocular
tissues. Due to these clearance mechanisms and ocular barriers, less than 5% of the total administered
drug reaches the aqueous lanfi6] For example, after administration of a common-éxagp solution
containing 0.05% cyclosporine to treat dry eye syndrome, more than 95% of the drug reaches systemic
circulation through transnasal or conjunatiabsorptior17]

The administration of drugs to the posterior portion of the eye is even more challenging due to the
lack of cellular components in the vitreous body which reduces the convection of molecules to the
posterior segments. Efficient drug delivery to the posterior segment of the eye is a challenge faced by
many pharmaceutical researchers, as most blindnéssing diseases are associated with the posterior
segmenfl8] Systemic administration has also been used to deliver therapeutic agents to the posterior
segment of the eye; however, this route of administration requires large administration doses because
of the inner and outer bloaetinal barriers that sepaeathe retina and the vitreous humor from the
systemic circulatioii9] studies to date have shown that less than 2% of systemically administered
drugs reaches the vitreous cavity. High administration doses or frequent administration directly

translates to poor patient compliance and increased risk of systemic side effects.

Recently, intravitreal injections and vitreal implants have been investigated in order to achieve
therapeutic concentrations at the posterior segment, although both intravitreal injections and vitreal
implants are very invasive methods with high degreesk{12] Frequent administration through the

intravitreal route is associated with sht@tm adverse effects such as retinal detachment,



endophthalmitis, intravitreal hemorrhage, and increased risk of cateselopmenitt, 14] More
recently, periocular drug delivery has been investigated as a less invasive method, compared to
intravitreal administration, in order to achieve high drug comadanhs in the vitreous cavi{@2]
Periocular administration refers to the injection of the drug in the vicinity of the ocular organ, such as
the subconjunctival, sudenon, or parabulbar regions, so thatdhggs can reach the vitreous cavity

by crossing the sclera, choroid, and RPE barfgZsHowever, periocular drug administration is not
without side effects: rise in intraocular pressure, cataract develophmagtitema, strabismus, and
corneal decompensation have been observed for some patients following periocular irfjffgicfierss.

result, topical drug delivery carriers that possess enhanced permeability acrodswemaanes and
prolonged retention of the carriers in the ocular moiety are still largely preferred over intravitreal or
periocular injectionslue to the invasive nature of the latter methods
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Figure 2. The anatomy of the eye iustrating various ocular barriers and various mechanisms

of drug delivery: 1. Topical administration, 2. Intravitreal injection, 3. Periocular injections (3a.



sub-conjunctival, 3b. peribulbar, 3c. subtenon, 3d. retrobulbar), and 4. Systemic

administration.[1]

2.3 Contact lenses in ocular drug delivery

Earlier advancement in ocular drug delivery came from the idea of using contact lenses as sustained
drug delivery systeri6, 23-25] In 2007, there were about 35 million contact lens wearers in North
America alone, and the number is expected to have risen continuously [p6idtke idea of using

contact lenses as drug delivery ®aherefore, has been considered very practical. The contact lens
drug delivery systemaretypically prepared by soaking commerdiahs productssuch as silicore
hydrogel, in a drug solign, allowing retention of drugs in the hydrogel matrix. Subsequently, the drug

is allowed to be released at the corneal surface upon application of the lens on the eye. The purpose of
using a contact lens drug delivery system is to increase the residiemeeof drugs on the corneal
surface, compared to topical applicaspsoas to increase the amount of corneal absorption of these
drugs.A mathematical model was used to postulate that as much as 50% of the drug released from
contact lens could be abserbby the cornea, burt vivostudies have yet to confirm the hypothdgig]

The drug release from the lens is governed ¢hjfusional mechanism, which may often result in burst
release of drugs for initial few houi23] Therefore, several studies have focused on using additional
components in the contact lenses to control the release rate of the drugs.

Ciolino et al. used the formulation of poly(lacto-glycolic) acid PLGA) film, which is an FDA
approved biocompatible polymer that has shown to be able to contralafieage kinetics, coated with
poly(hydroxyethyl methacrylate) (pHEMA) hydrogel layers to control the release of ciprofld2a&gin.

The formulation resulted in steady zenaler release of ciprofloxacin up to 4 weeks. When the PLGA
film was not present, ciprofloxacin released at a rate more than 3 times faster from pHEMA hydrogel
than from the PLGAHEMA combinaton. Several of more recent studies examined the usage of
nanomaterialaden hydrogel contact lenses to achieve controlled drug release phef@2ndal]
Neverthelesspnanomaterialaden contact lendrug delivery systemstill face challenges in practical
applicatiors. The obvious challenge is that with the controlled release mechanism, the dur#tien of
therapeutic window is also prolonged. This metnag the patient must wear the lenses for a longer
period of time which may cause discomfort in the eyes. Another challenge is that the diffbasethl
drug release mechanism still causes some of the drugs to be released ihetetpiag film, as omsed
to the postens tear film (i.e. between the cornea and the lens), which are also exposed to clearance
mechanisms similar to topical administration. Lastly, the nanomaterials that allow slow release
9



mechanism may also trap the drugs permanently irmyheid hydrogel matrix, which is shown in
PLGA-pHEMA layers: only about 10% of the total drug from the contact lens was released during the
sustained release phaf28] This implies that the drug shdife must be long enough so that efficient
amount of drug will be absorbed by cornea before losing its therapeutic efficacy. In general, the
incorporation of nanomaterials in the contact lens must also not compromise some of the key properties
of the lens itselsuch as biocompatibility, transparency, comfort and wettability. Much progress has
been made in applying contact lenses as drug delivery system in order to overcome the challenges
outlined previously. With the advent of nanomaterials, the contact leresestantially one of the more

convenient ways of delivering ocular drugs.

Particle laden
contact lens

Post Lens Tear

Fim(POLTF) N ¥  Nanoparticles

Cormnea

Figure 3. Schematic of nanoparticleladen lens inserted in the eyéReproduced with permission
from[2]).

2.4 Nanomaterials in ocular drug delivery

Much research has been carried out on using different types of nanomaterials for the ophthalmic
delivery of drugs. Sahoo et al. have outlined three major goals for ocular drug delivery nanocarriers: 1)
enhancing drug grmeation, 2) controlling the release mechanisms of drugs, and 3) modifying the

surfaces of the nanocarriers with specific targeting moif8isDue to the small size of these
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nanocarriers, the permeability thfese drug carriers through the vitreous barrier is greatly enhanced,
which in turn improves the delivery rate of the drugs to the posterior tissues. Moreover, with the
mucoadhesive properties exhibited by certain types of nanoparticles, drug carridoreteay be
significantly prolonged in the targeted tissues. The nanocamigr complex can be administrated as

eye drop solutions requiring less frequent administration due to the higher retention of the drugs,
reducing the cost of administration amttrieasing patient compliance. Zimmer et al. have suggested
that the sizes of administered particles for ophthalmic applications must be less than 10 um in order to
avoid the sensation of scratching upon administrg88h.The potential advantages of using
nanoparticles (NPs) for ocular drug delivery have been reviewed elsga#ere.

The field of ocular drug delivery has been significantly impacted in the past decade by adwance
technology, especially the development of nanostructured drug carriers. It was proposed that
microspheres and nanoparticles used for the encapsulation of drugs would enhance the overall
performance of ocular drug delivery syste@@] The application of nanotechnology in the field of
ocular drug delivery has been extensively reviewed by several groups. Gaudana et al. have highlighted
recent advances in nanotechnology applications for ocular drug delivery, listingerous
nanostructure carriers as potential ocular drug caf6érdudwig has discussed the use of
mucoadhesive polymer based nanostructures for the ophthalmic delivery of drugs, reporting the
enhancement of taeting and retention of the drugs at the tissue site of interest such as corneal
surfacg35] Nagarwal et al. have focused more on polyresed nanoparticles, exploiting the

application of the block copolymer micelligsthe field of ocular drug deliverl2]

2.5 Nanomaterial-based ophthalmic formulation currently in the clinical stages

The studies discussed thus far have focused on the initialgiceohcept stage of nanoreaials in
the field of ocular drug deliveryl.able1 below summarizes the progress of nanomatedakd ocular
drug delivery system in the clinicalagies.The mst few decades has seen significant increase in the
number of journal articles published dealing with developing advanced ocular drug delivery system.
Among these delivery systems, ey@p formulations incorporated with various drug release
controlling excipients (i.e. Polycarbophil) are currently available in the m{B&gtA number of
products in the form of intravitreal implant, inserts or punctal plug in the nocnmilli-scale are also
currenty being developed by various pharmaceutical compgB@ds.Although numerous
nanomateriabased ocular drug delivery systems have already progressed onto the preclinical studies
(i.e. in vivo animal studies) to chacterize their pharmacokinetic properties in physiological
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environment, very few of them have been analyzed in the clinical studies. Hycaogeisof timolol
formulation showed improved control over the individual variation of timolol concentratitimein
aqueous humor among human patients compared to the pure drug sugp@&hsisre lowered
variation in drug concentration reduces the probability of having insufficient local drug concentration,
and it also educes the risk of toxic effects causedabgxcessive amount of drug. Another interesting
delivery methodor transscleral iontophoresis was also studied in human patiesitg ahydrogel
formulation[38] lontophoresis usessmall electric current to deliver charged therapeutic agents across
biological membranes, and it has been extensively studied in ocular drug delivery due to the various
ocular barrier$25, 3943] The hydrogeiontophoresis delivery method in randomized human study
demonstratechiat totalc h ar g e | e srmin wete aell tolérated iy pAtients, rendering itself as

a promising ocular drug delivery method for targeting both anterior and posterior segments of the eye.
In addition to hydrogel ophthalmic delivery systems, incorporation ofthaphic drugs with
cyclodextrin has shown efficacy in lowering intraocular pressure in human p{ién#b] On the

other hand, evaluations of hanomaterials such as micellesprieagniosomes, and dendrimers are
currently limited to the preclinical animal studies. However, these nanomaterials are also expected to
be involved in clinical phase studies on human subjects in the near future as more preclinical studies

demonstrate theenhanced pharmacokinetic properties.
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Nanomaterial Drug Formulation Administration Treatment Clinical stage Ref
Microsphere  Triamcinolone acetonide PLGA (RETAAC) Intravitreal injection  diabetic macular edema Launched [46]
Micelles Dexamethasone NPIAAM -VP-MAA Eye-drop inflammation Preclinical [47]
Dexamethasone Pluronic F127Chitosan Eye-drop ocular hypertension Preclinical [48]
Cyclosporin A MPEG-hexPLA Eye-drop dry eye, autoimmune  Preclinical [49]
uveitis
Dexamethasone PHEA-PEG Eyedrop ocular hypertension Preclinical [50]
Hydrogel Timolol Topical ocular hypertension Randomized [37]
human
Transceral Randomized [38]
iontophoresis human
Liposomes Flurbiprofen stearic acid + castor oil Eye-drop inflammation Preclinical [51]
Ciprofloxacin HCI chitosan coated liposome Eye-drop conjunctivitis Preclinical [52]
Fluconazole liposome Eyedrop fungal infection Preclinical [53]
Ciprofloxacin HCI chitosan coated liposome Eye-drop bacterial growth oP. Preclinical [54]
aeruginosa
Bevacizumab liposome Intravitreal injection  ocular neovascular Preclinical [55]
activity
Verteporfin Liposome (Visudyn® Intravitreal injection  classic subfoveal Launched [36]
choroidal
neovascularization
Dendrimer pilocarpine nitrate and PANAM Eye-drop myosis and mydriasis  Preclinical [56]
tropicamide
carteolol phosphorugontaining Eye-drop glaucoma Preclinical [57]
dendrimers
Cyclodextrin ~ Methazolamide HPBCD and Eye-drop ocular hypertension Randomized [45]
human
Latanoprost Eye-drop openangle glaucoma  Randomized [44]
human

Table 1. List of preclinical and clinical studies using nanomaterials in ocular drug delivery system
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2.6 Recent developments of nanomaterials in ophthalmic formulations

2.6.1 Polymeric micelles

Polymeric micelles are cohell structured nanoparticles formed by the-asfembly of amphiphilic
copolymers. Polymeric micelles have been investigated extensively in the field of drug delivery as they
preent numerous advantages. Polymeric micelles can be fabricated through the sirgdseselily
process, usually involving techniques such as nanoprecipitation, emulsion, or dialysis, in aqueous
medium. In addition, the comghell structure enables encagdign of hydrophobic drugs in its
hydrophobic core. Because the hydrophobic core is shielded by the hydrophilic corona, the stability
and the haHife of the drug is significantly prolonged in the circulation. Moreover, biodegradable and
biocompatible pgimers are selected for formulation of micellar carriers, which would prevent any
adverse effects caused in the physiological system by the carriers. With these benefits, polymeric
micelles have attracted great interest in the field of drug de[d2r$863], including drug delivery

in ocular routes in the pastweral decades.

Several groups in the past have used polylactide (PLA) or poly(laztidéycolide) (PLGA) drug
carriers to enhance the delivery of different types of digi€9] PLGA copolymers form microor
nanoparticles in agueous medium by -safembly phenomena and can be used to encapsulate the
drugs. However, the challengethviusing PLGA carriers is that the polymisrunstable in aqueous
medium: the ester backbone of the PLGA polymer is prone to hydrolytic degradation, which ultimately
lowers the shelfife of PLGA encapsulated drug complexes. Thus, many scientists have turned to
investigating copolymers with hydrbjlic chains, such as polyethylene glycol (PEG) or polyethylene
oxide (PEO) in order to increase the stability of the nanoparticles by shielding the hydrophobic cores
from hydrolytic degradation. In one study, the effect of PEG versus chitosan surfadieatiodion
polymeric micelles was compared in terms of the ability to penetrate and deliver drugs across the
corneal membran@0] Chitosan was electrostatically anchored to the surface of PCL nanocapsules,
whereas PCLb-PEG was synthesized. The results showed both nanocapsules increased the
permeability of encapsulated drugs through the corneal epithelium compared to free drug suspension,
with Chitosan coated nanocapsules increasing the amount of drug permapatidhree folds at 4 hour
interval. However, the mechanism of transport enhancement remains to be completely dissected. A
triblock copolymer poly(oxyethyleng)oly(oxypropylene)/poly(oxyethylene) (PERPOPEO, trade
name: Pluronic F127) was suggestedPlepic et al. for encapsulation and delivery of pilocarpiié.

The triblock copolymer is comprised of a central hydrophobic chain (PPO) with two hydrophilic chains
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on either side (PEO) which was shown to -sslfembleinto a micellar structure in aqueous
environment with sizes ranging from 16 to 30 nm having pilocarpine encapsulated. Although the drug
encapsulation efficiency was very low (maximal 1.9 wt%), the authors demonstrated that the miotic
response (area undeurve of miotic response vs. time) using micellar solution of pilocarpine base
showed 64% increase compared to standard pilocarpindregesolution. PEGPPGPEO triblock
copolymer was also used by two other studies. Liaw et al. developed eye dramsmuataining the
polymeric micelles of Pluronic F127 to deliver DNA plasmids for gene therapy in order to increase the
stability of DNA plasmidsn vivo.[72] More recently, Kadam et al. used the micellization of Plaroni
F127 in aqueous environment to encapsulateegqilgptic drug carbamezapine to increase the water
solubility of the drud73]

A stimuli-responsive micellar drug delivery system has also been developed. A tdbjmalymer
comprising Nisopropylacrylamide (NIPAAM), vinyl pyrrolidone (VP) and acrylic acid (AWas
crosslinked with N,Nmethylene bisacrylamide (MBA) to form NP§/4] The micellar NPs were
analyzed for the delery of antiinflammatory drug Ketorolac. The polymeric micellar system
possesses a unique thermosensitivity since the lower critical solution temperature (LCST) of triblock
copolymer was found near the physiological temperature. Therefore, the miceltan sfwowed
temperatur@lependent release phenomena which can be utilized to control the release of the drugs t

specific targeting tissues.

Other types of block copolymers were also exploited by various research groups. Due to the small
sizes and the stablsuspension in aqueous environment, polymeric micelles have also been injected
into the vitreous cavities using intravitreal delivery route. Roy et al. was able to demonstrate intravitreal
delivery of antisense oligonucleotides to the retina of a ratjymilyoxyethylengolyspermine (PEO
b-PSP) carrier to decrease the fibronectic expression in retinal vascul@r sgllee block copolymer
formed an effective diameter of 12 nm with the oligonucleotides embedded mmathig. The NPs
persisted up to 6 days in the retinal microvessels without showing any toxic effects after being delivered
intravitreally. The study provided that the NP delivery method successfully reduced the expression of
fibronectic MRNA level to 86.79 days after injection, and down to 46.7% at day 6inArivo study
carried out by Bourges et al. demonstrated that nanoparticles injected through intravitreal means
showed tendency to migrate through the retinal layers and accumulate in RPE celtshSdmegd the
presence of the nanoparticles in RPE cells up to 4 months after the initial single intravitreal injection,

which provides a promising long term drug delivery tool to the posterior segment of ffi&keye.
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Various types of amphiphilic copolymers have also demonstrated their ability to improvevite
bioavailability of the encapsulated drugs. Qu et al. synthesized chitasad amphiphilic copolymer,
guaternary ammonium palmitoyl glycol chitosan (&JP77] The modified amphiphilic copolymer
encapsulated hydrophobic drugs by forming micellar clusters, and showed encapsulation ofiup to 20
200 times more hydrophobic drugs compared to that of Pluronic blockyomgrs. Upon both
intravenous injection and topical ocular application of GCPQ with prednisolone, the bioavailability of
prednisolone increased-i6ld compared to a commercial emulsion formulation of the same drug. Shen
et al. utilized thiolated PEG stede as a surfactant to modify the surface of nanostructured lipid carrier
(NLC) in order to render mucoadhesiveness for the nano drug cBlieiee Mucoadhesion was
achieved by the disulfide linkage between the throlups of the nanocarrier and the mucin particles
(Figure 4). When topically administered to the rabbit eye, the thiolated NLC improved the drug
concentration and the precorneal retention time of the encapsulated cyclosporine, which remained in
the culde-sac for up to 6 h. A number of studies have also focused on using prodrugs for enhanced
penetration through ocular barrigr&, 79] An amphiphilic prodrug of tilisololQ-palmitoyl tilisolol,
was developed by Kawakimi et al. in order to improve the ocular adsorption of the drug through
corneg80] Upon topical instillation, the prodrug form of tilisolol showed prolonged retention and high

drug cancentration in both tear fluid and cornea compared to the tilisolol suspension.

Micellar drug carriers have also shown increased ocular permeability of various drugs, when
compared to their pure drug solution forfa8, 81] From these studies, it is evident that polymeric
micellar drug carriers have great potential not only in improving the drug stability and release
mechanism to prolong the therapeutic activity of the encapsulated drugs, balstheshow promise

in increasing the permeability of the drugs through various ocular barriers.
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Figure 4. Schematic representation of the interaction between the thiolated NLCs and mucus

(Reproduced with permission from[3]).

2.6.2 Hydrogels

Hydrogels are defined as wataluble polymeric network that has the ability to absorb more than 20%

of its weight of water and still main its 3D struct{®2] Hydrogek havebeen studied extensively in
medicinal applications such as tissue engineering and drug delivery due to their unique pféggrties.
The chemical and physical properties of hydregah be easily modified siply by changing choice

of polymers since hydrogels can be fabricated from any hydrophilic polymer. Hydrogel networks are
extensively studied as controlled and sustained drug delivery system since their porosity of the matrix
can be tailored by modifying ¢éhcrosslinking density, or using external stimuli such as pH or

temperature, to control the diffusivity of the drugs in the matrix.

Barbu et al. fabricated nanoparticulate hybrid polymeric hydrogels with size range from 10 to 70 nm
to investigate their fesibility of employing different ophthalmic dru@4] The copolymers used for
fabricating the nangized hydrogels combined chitosan or acrylic duaitttionalized chitosan which
has been copolymerized with either-hydroxyethyl methacrylate (HEMA), or with -N
isopropylacrylamide (NIPAM) to impart thermosensitivity to the nanoparticulate system. Chitosan
based nanomaterials have been widely studied for diverse applications in medicine due to its
biocompatible, biodegdable, mucoadhesive and roric propertie§85]Chi t osanés mucoad
property is especially important in topical ocular drug delivery system since it prolongs the retention
of the delivery system on the mugughich further increases the duration of drug activity. ifihatro

drug release results demonstrated that the nanoparticulate system showed gestaiseghenomena
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and the release rate of various drugs depended on the % content of chitosan inategialgdrogels.

More recent studies have focused on usirgjtim gelation properties of some of the hydrogel materials

in order to enhance the ocular bioavailability of the drugs anih thigo drug activity. Pluronic F127,

in addition to forming mickar structures due to its amphiphilic nature, has been used to fabricate
hydrogel network system. Due to its temperature sensitive nature, Pluronic F127 was studied by
different groups as an #situ gelling agent for ocular delivery applicatid8s, 87] The solgel
transition temperature of Pluronic F127 was below the human physiological temperature of 37 °C. The
property was utilized by preparing a liquid solution of Pluronic F127 with driigsterest at low
temperatures. Subsequently, upon administration into the physiological environment, the solution
undergoegelationto create a polymeric matrix where the drug is entrapped and released slowly
through the gel by diffusion mechanism.

2.6.3 Liposomes

Liposomes are biocompatible and biodegradable particles consisting of metikedipéd bilayers
composed mostly of phospholipif8] Formed by amphiphilic phospholipids, liposomes have hollow
spherical wuctures (vesicles) with both lipophilic (lipid bilayer) and hydrophilic (aqueous
compartment) phases. Due to this biphasic nature, liposomes can encapsulate both hydrophilic and/or
lipophilic therapeutic agents in each of the compartment. The propafrtipesomes, such as surface
charge, can be tuned substantially by varying the lipid composition. Since the sialic acid moieties in
the mucous membrane of the corneal surface is negatively charged, positively charged liposomes are
preferentially capturedt the corneal surface compared to neutral or negatively charged lipd8@ines.

In addition, a recent study showed that positively charged liposomes also increased the extent of
absorption of the encapsulatedigs across corneal membraif@d] To achieve this characteristic,

numerous studies have focused on coating the liposomal surface with mucoadhesive polymer chitosan.

Diebold at el. investigated the cellular uptake effects of liposdmitesan nanoparticle complexes
(LCS-NP) in the precorneal moieties. Strong cellular uptake of-NE€39n the conjunctiva and less
intense uptake by corneal epithelium suggested that tkendRe first retained by mucus layer, and
subsequently enter through the conjunctival cells. They also showed that ocular drug delivery system
liposomechitosan nanoparticle complexes (LGI®) showed negligiblein vitro toxicity and
acceptablén vivotolerance[90] Li et al. proposed using low molecular weight chitosan (LCH) coating
on liposomes and investigated thirvitro andin vivo propertied91] The coating of LCH nobnly
modified the surface to have positive charge, which enhanced its interaction with the mucous membrane
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of the corneal surface, but it also showed increased transcorneal penetration of the LCH coated
liposomes. The effect of surface coating subsequéetliyo prolonged retention of the encapsulated
drugs at the corneal surface, and also provided potential of using the liposomal carriers as transcorneal
drug delivery system to increase bioavailability of the drugs in the agueous compartment. However,
chitosan has shown precipitation phenomena near physiological pH, and therefore, some studies used
a modified version of chitosan to solve the precipitation issue. Wang et al. also explored -using N
trimethyl chitosan (TMGroated liposomes to delivery Coenzy/iQ, to the human lens epithelial

cells to protect against oxidative damaf#4. Chitosan chains were modified to the quaternized
derivative TMC in order to overcome issues such as precipitation of chitosanrat peutThe study

also demonstrated that the TMGated liposomes exhibited excellent corneal permeéatiocreasing

the permeability coefficient more than two times in comparison with values obtained from control

study.

Other studies have used differeabating materials on the liposomes to achieve enhanced
pharmacokinetic properties. Hosny developed ofloxacin encapsulated liposomes which were further
incorporated intén situt her mosensi ti ve hydr og e-glycergpkospbateinc o mp o s
orde to enhance the transcorneal permeation of oflo&8h.The liposomal hydrogel system
improved the transcorneal permeability of ofloxacin sevenfold compared to that of the agueous
solution. In addition,le drug delivery system ensured steady and prolonged permeation of the drugs
improving the bioavailability. Bochot et al. used PEG coating on the surface of liposomal formulation
to sterically stabilize the liposomes. Intravitreal methods were used ¢otimgeliposomal formulation
into the vitreous humor, where the liposomes showed favored biodistribution attatitwéd moieties
compared with notarget tissues such as sclera or lens. The administration of lipeswapsulated
phosphodiester (iBer oligothymidylate) oligonucleotides in the vitreous humor also showed
sustained release phenomenon, which offers prospect that the liposomes can be used as intravitreal
delivery system targeting retina and choroid where most of the ocular diseases aonakdlet al.
studied the effect of size and rigidity of the liposomes on the delivery performance of the liposomes to
the posterior segment of the g9d] It was shown that rigid liposomes with size ranges artane

scale showed potential as ocular delivery system targeting the posterior segment of the eye.

Despite the recent advancement of using liposomal formulations for ocular drug delivery showing

improvements in precorneal retention, sustained drug eebas transcorneal permeation, liposomes
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still face challenges in their limited long term structural stability and drug loading capacity due to the

inherent complex nature of their structures.

2.6.4 Niosomes

Niosomes, a type of liposomes, are comprised of gwhpit nor-ionic surfactants to form vesicle
structures. Niosomes, like liposomes, can entrap both hydrophilic and hydrophobic drugs. Niosomes
are generally preferred over other vesicular systems as topical ocular drug delivery systems due to
several reams: they are chemically more stable, less toxic because of tAiemomature of the
surfactants, easier to handle without special precautions, able to improve the performance of the drug
via better bioavailability and controlled delivery at a spedfte, and they are also biodegradable,

biocompatible, and neimmunogenid95, 96]

Abdelbary et al. investigated niosomes as potential topic ocular drug delivery system for local
antibiotic gentamicin[95] Thein vitro results showed that the encapsulation efficiency were as high as
92%, and the encapsulation of gentamicin showed prolonged release compared to the control study.
The encapsulation effiency and the release rate varied depending on the cholesterol content, the type
of surfactant used, and the presence of charge inducer dicetyl phosphate. Ocular irritancy test of
niosomes also showed no sign of redness, inflammation or increased tkastiprg indicating that
the niosomes can be used as enhanced and safe topical ocular drug delivery system. Prabhu et al. studied
the feasibility of vesicular formulation, using both liposome and noisome, as drug delivery system for
brimonidine tartrate imrder to improve its intraocular pressure (IOP) lowering activity for treatment
of glaucomd97] The vesicle formulations were in the size range 0f24%nm, with drug payload up
to 42 w/w%. Although the vesicularrdoulations did not show as high of I@&wering activity as that
of marked formulation of pure drug solution, they extended the duration of the activity up to 6 to 8 fold
compared to the marketed formulation. Niosomes coated with mucoadhesive matétiaianctvere
developed by Kaur at el. to investigate its potential as drug delivery system for timolol maleate (TM),
which is another treatment drug for glaucoma having IOP lowering ¥f@lcThe chitosan coated
noisome showed higher and prolonged corneal permeation of TM into the agqueous humor compared to
the pure drug solution. Consequently, the IOP lowering effect of the niosomal formulation of TM was

maintained up to 8 hrs, compared to 1.5 hrs of the drugj@olu
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2.6.5 Dendrimers

Dendrimers are thregimensional, highly branched, and tisteuctured macromolecules. Dendrimers

have nanoscale sizes due to their weflanized synthesis strategy. In addition, because of their highly
branched structure, the surfacetbé& dendritic macromolecules can be easily functionalized with
desired properties. Dendrimers can also encapsulate hydrophobic drug molecules since they possess
internal empty cavities and open conformations for low generation dendrimers. Due to thedéeprop

dendrimers are very attractive system for drug delivery applicd9@ps.

One of the most widely studied dendrimer for ocular drug delivery system is poly(amidoamine)
(PAMAM). Vandamme and Brobeck used PAMAdendrimers to improve ocular residence t{isg]
They have demonstrated that the use of 0.25 w/v% PANAM solution mixture with pilocarpine
prolonged ocular residence time of pilocarpine up to 5 hours, which isazabie to Carbopol® (a
commercial bioadhesive polymer for ophthalmic dosage forms) but without causing the irritation that
was observed in Carbopol® administration. The study also showed that residence time was longer for
dendrimers with hydroxyl or carkgl surface groups. PuerasPAMAM complexes were developed
by Yao et al. through hydrogdiond interactionfl00] Similar to the previous study, they have
demonstrated prolonged ocular residence time of the pudnaritaving the complex formulation,
compared to puerarin eye drops. It was also reported that, although the pRalAM complex did
not increase the corneal permeability coefficient, the physical mixture of cationic G4 PAMAM
dendrimer with puerarin wastind to have enhanced corneal permeability coefficient and increased
cumulative amount of puerarin permeating across the cornea. Durairaj et al. used complex formation
between dendrimeric polyguanidilyated translocators (DPTs) and gatifloxacin (GFXjptntib
improve the permeation across scleharoidretinal pigment epithelium (SCRPE) membrafisl |
The complex improved the permeation of GFX across SCRPE 40% in 6 Imoviks studies showed
that he topical administration of the complex was able to maintain higher drug concentration for up to
24 hours, compared to pure drug solution. New phosproamigining dendrimers, with quaternary
ammonium salt as core and carboxylic acid terminal groupsbesresynthesizd8.7] These cationic
dendrimers were able to physically associate with amino groups of carteolol (an ocuar anti
hypertensive drug) by forming ion pairs. The generation 2 denddarézolol formulation improved
the corneal penetration 2.5 times compared tteoknl alone. However, the generation 2 dendrimer

showed poor water solubility and therefore the amount of instilled carteolol was limited.
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The ease of surface functionalization and the ability to encapsulate hydrophobic drugs render
dendrimers an attragg ocular drug delivery system. In some animal studies however, vision blurring
effect was observed after the administration of dendrimer on the ocular JadhThis issue must be

addressed in the future stadiusing dendrimers before proceeding to clinical trial studies.

2.6.6 Cyclodextrins

Cyclodextrins (CDs) are a family of cyclic oligosaccharides, composed of 6 to 8 glucose units which

have been shown to improve pharmacokinetic properties of many drugs tfeougtion of inclusion

complex|102] The application of cyclodextrins in ophthalmic formulations has been reviewed
extensively in the past decad€2-104] The complex inclusion of hydrophobic drugs with CDs can

increase the aqueous solubility of those drugs. Toxicity studies in the past have shown that orally
administered CDs are practically ntwxic, due to the lack of abmption from gastrointestinal

tract][105] One of the most extensively reported cyclodextrin used as ocular drug delivery enhancement
is2hydr oxygbDopHPbED) which is modi f i eodncreasetith hydr ox
water solubility. Topical administration of CDs have also shown no toxic effects, and eye drop solutions
containing 45% of HPDb CD s h o 166} Simlav to iother tydesfd i on ef f
nanomaterials described in this report, CDs also act as a permeation enhancer at biological barriers,

such as cornea, by increasing the drug retention at the surface of the corneal epithelium.

Wang et al. used inclusion complex between disulfiram (@SR)d HPHCD i n eye drop fo
order to increase the bioavailability of the drug across the corneal menibd@hélong with the
addition of penetration enhancer hydroxypropylmethylcellulose (HPMC), the eyefatroplation
successfully suppressed the cataract effect (i.e. lens opacity) for up to 48 hours in rabbits. Similarly,
Zhang et al . al so used HPDCD with complex inclus
formulation[108]The i ncorporation of HPDBCD increased the a
the KET suspension, the HPBCD/ KET complex signific
8-fold in aqueous humor, and -f@d in cornea. More recentl another group has investigated the
complex between HPBCD and indomethacin and foundo
effect[109] While showing no signs of irritation after administration to faltbs , -idd®dfethBcin
complex showed significant improvement in therapeutic efficacy in healing corneal wounds. Mahmoud
et al. developed ionically crosslinked chitosan/sulfobutylebiheyclodextrin nanoparticles as ocular
drug delivery systerfi10] The nanoparticle system showed sustained release behavior of encapsulated
econazole nitrate. Furthermore, the incorporation of chitosan on the surface of the nanoparticles also
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significantly improved the ocular muaizesiveness which enable the nanoparticle as promising carrier

for controlled ocular drug delivery system.

2.7 Future perspectives

The vyeld of ocul ar drug delivery has taken a
nanotechnology. Numerous recent studliage focused on using various types of nanomaterials, such

as polymeric micelles, hydrogels, liposomes, niosomes, dendrimers, and CDs as drug carriers, to
increase the ocular bioavailability of various therapeutic agents. Topical administration ofgke dru
associated with the nanomaterials showed sustained release of the drug which increased the duration of
therapeutic activity, consequently reducing the need for frequent administration. To date,
demonstrating an enhancement in the extent of absorptionthia vitreous cavity across corneal
membranes, the topical administration of nanomaterial/drug complexes to target the posterior segment

of the eye has yet to be proven to be therapeutically effective compared to intravitreal or periocular
injections. Haevever, due to the invasive nature of intravitreal and periocular injections, further studies
utilizing nanomaterials to overcome the various ocular barriers are expected. Although several in vivo
studies have shown that the nanodrug carriers did notiradluecg si gns of i rritatio
responses, the lorigrm effect of these nanomaterials in both the ocular region and the systemic
circulation must be rigorously analyzed. There is no doubt that pharmaceutical researchers will continue
improving theperformance of ocular drug delivery systems with the help of nanotechnology, to achieve
therapeutically effective, patiembmpliant, and low cost systems with negligible sffects.

23



Chapter 3

Devel opment of nanoparticl-Rexdrhulgoclkar r i

C O pyorher s

3.1 Summary

NP drug delivery carriers formed by the satsembly process of linear block copolymer HDéx

have been developed. The characterization of the NPs formed by tasssetibly process of PEA

Dex showed some unique properties that are désifabdrug delivery system. The NPs sizes were
tuneable from 15 to 70 nm simply by changing the molecular weights of the PLA and/or Dextran used.
In addition to the abundant functional hydroxyl groups on the Dextran surface, the high surface area
to-volume ratio provides effective surface functionalization for targeted therapy. The NPs were also
able to encapsulate large dose of hydrophobic therapeutic agent, Doxorubicin, and showed sustained
release phenomenon for up&alays. These results demonstrdtattPLADex is a promising new
biomaterial for drug delivery purposes, which can be further exploratbagcal ocular drug delivery

system for targeted therapy through surface functionalization with specific targeting ligands.

3.2 Introduction

Nanomediciné the fusion of nanotechnology and medicirie one ofthe most promising approaches

to address challenges associated with conventional drug delivery mgthdgidn the past decade,

drug delivery systems constructed from polymeric nanoparticles (NPs) have been the cornerstone of
progress in the field of nanomedicifél, 112, 113 Various types of polymeric materials composed

of poly(D,L-lactide) (PLA), poly(glycolide) (PGA), poly(lactidgeo-g | yc ol i de) ( PPLGA) ,
caprolactone) (PCL), have been studied extensively for NP drug delivery appli¢a8oid 4, 114]

To date, masking the NP surface with poly(ethylene glycol) (PEG) has been the most effective strategy
to improve the stabilities of NP drug delivery systeémsitro andin vivo[115-121]. PEGylated NPs

with sizes under 70 nm in diameter have the poteafidypassing the reticuloendothelial system
(RES), which leads to prolonged circulation Hd# of the particle§122]. Particles with size smaller

than 100 nm preferentially accumulate at the tumor site by eatigrermeation and retention (EPR)
effect and also evade the organs of th&RE3]. Once the NPs reach the intended tusitg the rate

of NP uptake by the tumor cells is largely influenced by the particle sizas been demonstrated that

rapid cellular uptake of NPs can be achieved when particle size falls below @A24]. PLGA-PEG
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is the most widely used polymer for making biodegradable drug delivery system. Howewalf-the
assembly of PLGAPEG block copolymer generally yields NPs of sizes greater than h§Q25].
Although smaller particles can be synthesized, they suffer from low drug encapsulation and rapid drug
releasq125]. An emerging strategy for making PLG2EG NPs under 100 nm is by rapidly mixing

the block copolymers in a microfluidics devid25)].

Here, we synthesized a linear block alymer using PLA and Dextran (DdéxPLA), and
demonstrated that NPs composédex-b-PLA can selassemble into corghell structured NPs with
sizes less than 40 nm without using any Himeusing devices. We further showed the size of-Bex
PLA NPs can b precisely finduned between 130 nm by altering the MW of the compositional
bl ocks. Dextran, a natur al p cD-glusopycanosya unitsdweas ¢ o mp o
selected as a model hydrophilic block because of its high hydrophilicity anahipatibility. Studies
have shown that Dextran coated NPs showed superior colloidal stability compared to those coated with
PEG chain126]. Dextran and PLA have been explored together in the synthesis efRiftADex
[127]. However, Dextrasgrafted copolymer has a major limitation because grafting density (i.e. the
number of PLA per Dextran backbone) is difficult to control, and the grafting is limited only to low
MW PLA asopposed to high MW PLAN this study, linear block copolymers composed Dextran and
PLA were synthesized, and the size and morphologies of the NPs formed frobiHR#x were
systematically controlled by varying their composition. The drug encapsuédficiencies of the NPs
and their release kinetics were also evaluated using Doxorubicin as a model hydrophalzincamnti
drug. The hemolytic activity of the NPs was tested to profile the biocompatibility of the NPs in systemic

circulation and the bloodirculation halflife and biodistribution bthe NPs in rats were assessed
3.3 Experimental Section

3.3.1 Materials

Acid-terminated poly(D,Hactide) PLA, My ~ 10, 20 and 50 kDa) and PLE2EG (PLGA M, ~ 40

kDa, PEG M, ~ 6 kDa) were purchased from Lakeshore Biariats (Birmingham, AL, USA). PLA

was purified by dissolving in dimethyl sulfoxide (DMSO) and precipitating in methanol to remove
residual monomers. Dextran (Dex, M 1.5, 6, and 10 kDa), hydrochloric acid (HCI), triethylamine
(TEA), N-(3-dimethylaminoprpyl)-N-ethylcarbodiimide (EDC), and sodium cyanoborohydride
(NaCNBHs) were purchased from Sigma Aldrich (Oakville, ON, Canada), and used without further

purification. N-Hydroxysulfosuccinimide (Sulf®lHS) andN-Boc-ethylenediamine were purchased
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from CNH Technologies (Massachusetts, USA). Doxorublgé@® (MW = 580 Da, Intatrade GmBH,

Bitterfield, Germany) was deprotonated by adding TEA (2M equivalent) in the aqueous solution of
DoxorubicinrHCI, and the hydrophobic form of Doxorubicin was extracted usingpl®iomethane

(DCM).[128] Borate buffer was prepared at a concentration of 0.05M with pH of 8.2 by mixing boric

acid and sodium hydroxi de. Whol e sheep blood (i
(Burlington, ON, Canada). Veronal Buffer solution (VBS, 5x) was purchased from Lonza Walkersville

Inc (Walkersville, MD, USA). Tritium jH]-PLA-radiolabeled nanocrystals were purchased from
PerkinElmer (Boston, MA, USA).

3.3.2 Synthesis of PLA-Dex block copolymer

The synhesis of the linear block copolymeras divided into three stages: 1) reductive amination
between Dextran and-Boc-ethylenediamine, 2) deprotection of the Boc group, and 3) conjugation of
the end modifiedextran with PLA Figure 5). The first step of the synthesis involves reductive
amination between the aldehyde on the reducing end of Dextran and the amine gkbBpoof
ethylenediamine crodsiker. In a typical reaction, Dex6 (M6 kDa, 6 g) was dissolved in 15 mL of
borate buffer (0.05 M, pH 8.2) with excddBoc-ethylenediamine. The reducing agent, NaCNEH

g, 15 mmol)was added to the borate buffer solutiod #ime mixture was stirred for 72 hours in dark
conditions at room temperature. The mixture was then washed in methanol to remove any unreacted
molecules or catalysts. The enobdified Dextran was dried overnightvacuoand redissolved in de

ionized wate (DI-H-0). The deprotection of Boc group was performed first by adding HCI (~ 4 M) for

1 hour to cleave the amide bond between the Boc group and the protected amine moiety. Subsequently,
TEA was added to increase the pH of the solution up to 9 to deptetthre NH" end groups which

were deprotected. The mixture was then washed twice using methanol and gdgedo The amine
terminated Dextran and carboxyl terminated PLA20 (Mw~ 20 kDa, 6 g, 0.3 mmol) were dissolved in
DMSO. The conjugation between ttvéo polymers was facilitated by adding catalysts EDC (120 mg,
0.773 mmol) and SulfNHS (300 mg, 1.38 mmol) and allowing reaction to proceed for 4 hours at room
temperature. The resulting D&®PLA was twice precipitated and purified using excess methamol

order to remove free Dextran, the mixture was dissolved in acetone (30 mL) to form a cloudy
suspension. This was centrifuged at 4000 rpm for 10 minutes and the supernatant was extracted
carefully. The supernatant was purged with air to remove thergadnd then dried overnigimtvacuo

to obtain the final copolymers. The three stages of the synthesis were vénfild NMR

characterization.
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Figure 5. Synthesis of Dexb-PLA block copolymers. a) Synthesis dbDextran-NH-Et-NH-Boc.
Conditions: NaCNBHz in Borate buffer (pH 8.2) for 72 hr at RT in dark. b): Synthesis of

Dextran-NH-Et-NH,. Conditions: HCI/TEA in DI -H,0 for 1hr each at RT. c¢): Synthesis of
Dextran-NH-Et-NH-PLA. Conditions: EDC/Sulfo-NHS RT for 4hrs.

3.3.3 Characterization of PLA-Dex NPs

The PLADexNPs were prepared usiagnanoprecipitation method: 1mL of DéxPLA in DMSO (10

mg/mL) was added in a drapise manner to 10 mL of EH,O under constant stirring in order to form

NPs. This was stirred for 30 mites. The sizes of the NPs were analyzed using 90Plus Particle Size
Analyzer (Brookhaven, & = 659 nm at 90A). The Vv
mean diameters were used from the restilhe particle size and the morphology of the DeRLA

NPs were further verified using Transmission Electron Microscopy (TEM, Philips CM10).
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3.3.4 Doxorubicin encapsulation in PLA-Dex NPs

The encapsulation of Doxorubicin in the DiePLA NPs was accomplished usiaganoprecipitation
method. Dexo-PLA andDoxorubicin were both dissolved in DMSO (DB»PLA concentration of 7
mg/mL, with varying drug concentratig). 1 mL of the DMSO solution waadded dropvise into 10

mL of water under stirring amstirring was continuetbr additional 30 minutes. The NRswater were
filtered througha syringe filter (pore size = 200 nm) to remove the drug aggregates and subsequently
filtered through Amicon filtration tubes (MWCO = 10 kDa, Millipore) to further remove any remaining
free drugs in the suspension. The filteiPs containing encapsulated Doxorubicin were resuspended
and diluted in DMSO. Consequently, the drug loading (wt%) in the polymer matrix was calculated by
measuring concentration of the Doxorubicin in the mixture by obtaining the absorbance of tha soluti
at 480 nm usindzpoch MultiVolume Spectrophotometer SystéBiotek). The measurements were
obtained in triplicater( = 3, mean £ S.p The absorbance measured frira same procedure using

the polymers without the drugs was used as the baseline. Bbhebabce was correlated with the
concentration of the Doxorubicin in DMSO by using standard calibration obtained. The same procedure
was used for PLGAPEG to encapsulate Doxorubicin for comparative analysis.

3.3.5 In vitro release of Doxorubicin from PLA-Dex NPs

Using the procedure described in the previous section, drug encapsulated NPs were prepared and
filtered to remove noencapsulated drug aggregates. A purified sample ofdiRgsuspension was
collected to measure the maximum absorbance and this wasaasdte 100% release point.
Subsequently, the N&rug suspension was injected into a Skeleyzer Dialysis cassette (MWCO =

20 kDa, Fisher Scientific) and dialyzed against 200 mL of phosphate buffered saline (PBS, pH 7.4) at
37 °C under mild stirring. Apredetermined time intervals, 1 mL of the release medium was extracted
and the same volume of fresh new PBS was added to the release medium. The extracted release medium
was used to perform UVis absorption measurements at 480 nm in triplicates (n = 8nmes.D).

The release ntBum was replaced several times to maintain the concentration of Doxorubicin in the
medium below 3 pg/mL and to stay below the solubility limit of the Doxorubicin in PBS. The release

of Doxorubicin from PLGAPEG was also obtainedtividentical procedure for comparative analysis.

All experiments were performed in dark environment, and the beakers were sealed with Parafilm to

prevent evaporation of PBS.
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3.4 Results and Discussion

3.4.1 H NMR characterization of PLA-Dex

The three steps of th®ynthesis were verified using Proton Nuclear Magnetic ResondAdeMR,

300 MHz) spectroscopy. The conjugation of Dextran witBd¢-ethylenediamine was confirmed by

the presence of multiplets at 1.3 ppm corresponding to the Boc gFigyrg 6, 1), which then
disappears in the deprotection stEfgqares, Ill). The last step, the conjugation between Dextran and
PLA, was demonstrated by showing both peaks corresponding to the monomers of Dextran (multiplets

at 4.86ppm) and PLA (multiplets at 5.2 ppm).

y
Wi

* A

1
I R B R R RS R R e e e R A1
3.20 3.15 3.10 3.05 3.00
Chemical Shift (ppm)

O o o o e B B LI B o e R e R R R
55 5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5
Chemical Shift (ppm)

Figure 6. *H NMR of I. Dextran (10 kDa), . Dextran-Ethylenediamine-Boc, Ill. Dextran-
Ethylenediamine, IV. PLA (20 kDa), V. PLA-Dex (PLA20-Dex10)[4]

3.4.2 Size and morphology of the PLA-Dex NPs

It is hypothesized that, due to th@amphiphilic nature, PLAex block copolymers undergo self
assembly process to form nanoparticles with micellar structure. In aqueous medium, the hydrophobic
PLA chains form the core of the nanoparticles while the hydrophilic Dextran form the she#l of th
nanoparticles, shielding PLA core from the surrounding water. It was shown that varying the molecular
weights (MW) of PLA and/or Dextran affected the particle sizes formed by the F@s € 7a).
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Increasing the MW of PLA increased the NP size since larger core was formed by higher MW of PLA's.
On the other hand, increasing the MW of Dextran decreased the NP size since longer Dextran was more
flexible and therefore able to "foldown" on the particle surface, resulting in smaller hydrodynamic

diameterqg129] Transmission Electron Microscopy (TEM) images further verified the sizes and the
micellar morphologiesfadhe PLA-Dex NPs Figure7b).

particle Size (nen) o
o338
o © ©

Figure 7. Particle size and morphology of PLADex NPs: a) Effect of MW's of PLA and
Dextran on the sizes of the NPs formed from nine different polymers; b) TEM image of PLA20
Dex6 (MWPLA =20 kDa, MWopex = 6 kDa)[4]

3.4.3 Drug encapsulation and release

The ability of the NPs to encapsulate hydrophobic dragsrelease them in a sustained manner were
also studied. Using anticancer drug Doxorubicin as a model hydrophobic drug, HBlex80and
PLA20-Dex10 were selected for the study and were also compared with the commercially available
biomaterial Poly(lactico-glycolic acid}b-Poly(ethylene glycol). The PL®ex NPs showed
maximum drug loading of 21.2 wt% (PLAZDex10), whereas PLGREG NPs showed maximum
loading of 7.1 wt%(Figure 8). The maximum loading of PL®ex NPs are also comparable to that
commercially available liposomal formulation Dd&iln in vitro Doxorubicinstudy, both PLA-Dex NPs

and PLGAPEG NPs showed initial burst release region followed by a sustained release region. The
initial burst release region is due to the release of Doxorubicinstke#@her in the free suspension or

loosely bound near the surface of tiPs. On the other hand, the sustained release region is associated
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with the diffusion of Doxorubicin thas encapsulateth the PLA core of the NPs. PLGREG NPs
exhibited burst release for the first 6 hours of the study followed by a sustained fiaiegst® 4 days,
whereas both type of PL-Bex NPs showed 24 hours of burst release and subsequent sustained release

region lasted up t8 days.

One of the main reasons that RD&x NPs showed more desirable drug encapsulation and release
phenomenon comped to PLGAPEG is hypothesized to be due to the greater hydrophilicity of
Dextran over PEG chains. Having greater hydrophilicity than PEG chains, Dextran chains have less
chance of being randomly associated with the PLA core of the NPs, thus improvasggtieetion of
hydrophobic drug with the hydrophobic PLA core. This phenomenon may explain the increased drug
loading in PLADex NPs as opposed to PLGZEG NPs, which also increase the amount of drug that
slowly diffuse from the core of the PLA thus preging the duration of sustained release region.
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Figure 8. Drug encapsulation and release: Doxorubicin loading in PLADex and PLGA-PEG
NPs (left), and Doxorubicin in vitro release profiles (right)[4]

3.5 Conclusion

A linear block copolymer of Dextran and PLA was synthesized and used for making size tuneable NPs.
The size of NPs was controlled under 50 nm, simply by modulating the MW of Dextran and PLA.
These NPs demonstrated efficient doxorubicin encapsulanacontrolled drug releas@hese NPs

have provided us with promising tools for developing a controlled drug delivery system for

nanomedicine applications.
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Chapter 4

Mucoadheasinwe arft otrolpascal ocul ar drug

4.1 Summary

Mucoadhesive NP drug carriers have attracted substantial interest as a potential solution to the low
bioavailability of topical formulations. In this study, NPs composed of BPleX and surface
functionalized with PBA were developed as mucoadhesive NPcdmigrs. The NPs encapsulated up

to 13.7 wt% Cyclosporine A and exhibited sustained drug release for up toib digsat a clinically

relevant dose. High densities of PBA functionalization were achieved due to thdaaba of
functional groups onektran surfaces, and 23 mol% or more functionalization facilitated the mucin

NP interaction inin vitro analysis.Thesedata show that PL®ex PBA NP is a promising new
biomaterial to significantly improve the bioavailability of topical formulations.

4.2 Introduction

Topical administration is the most common delivery method employed to treat corneal diseases.
Common topical formulations, such as eye drops or ointments, suffer from low ocular bioavailability
due to rapid drainage through the nésmrimal duct, early constant dilution by tear turnover, and low
drug permeability across the corneal epithe[&imAs a result, topical formulations are normally
administered multiple times daily in order to achieve therapetfitaacy, resulting in a higher potential

for side effects and lower patient compliance.

Recently, formulations usingPsas drug carriers have beproposedo overcome the limitatian
associated with topical administration methods. NP carriersbeamshown to improve drug stability
in water and also prolong drug activityough the controlled releaseaicapsulated compourdls6,
12, 35] NPs formulated using biodegradable polymers, such as poly{¢aetiiycolic acid) (PLGA),
have beenestedfor ocular topical drug delivery applicatiglt, 7, 9, 33] Poly(ethylene glycolpased
NPs, or PEGylated NPs, have attracted significant attention due to their ability to improve the stability
of drug carrier systems in physiological environmfriis, 119, 130, 131]n chapter 3, w synthesized
a cextranbased amphiphilic block copolymer, poly(Diactidg-b-dextran (PLADex), that can self
assemble to form corghell structured NP3.he size of PLADex NPs can be precisely tuned between
20 to 60 nm in diameter by simply adjusting the molecular weight of the two polymer [éhains

Dextran has an abundance of functional hydroxyl groups on its back bone, as opposed to PEG, which
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has ondree functional group per chain. The higher density of surface functional groups can improve
the efficiency of surface functionalization, and thdssirable surface properties are more easily
achieved withdextran based NP#loreover dextran coated NPs showed excellent colloidal stability

in physiological median vitro and long retention in the systemic circulationvivo [4, 132] We
postulate that the abundance of functional groupslextran can be modified to target the ocular

surface, and thus prolong corneal retention.

The surfaces of polymerPshave been functionalized witholecular ligands that can selectively
bind tothe ocular mucosa to increapeecorneallrug retentiof133-136]. To dde, the most widely
used method to achieve mucoadhesion exploits electrostatic interactions between the negatively
charged sialic acidesiduesof the corneal mucin and cationic polymers such as chitdsah 136]
However, the electrostatic interactions may Iiénderedby various counter ions in the tear fluid,
resulting in the clearance of these NPs by tear turndver use of covalent binding via specific
targeting ligandsan further strengthen the mucoadhesive in order to improve corneal retention of the
NPs.Phenylboronic acidRBA), which contains a phenyl substituent and two hydroxyl groups attached

to boron, can form a complex with the diol groups of sialic acid yiplogical pH137-142].

In this study, we aimed to functionalize PiD¥ex NP surfaces wit PBA molecules for specific
targeting of sialic acid residues of the ocular mucosa. The amount of PBA functionalization on the
dextran surface can be varied to analyze its effect on the size of the NPs formed and the extent of their
interaction with mucinparticles in order to find the optimal formulation at which desirable
mucoadhesion is achieved, without compromising the colloidal stability of the NPs formed.
Cyclosporine A (CycA), which is prescribed for chronic dry eye syndida@, 144] was used as a

model hydrophobic drug. The CycA encapsulation and release kinetics were evialwéted
4.3 Experimental Section

4.3.1 Materials

Acid-terminated poly(D,tactide) (Mw ~ 20 kDa)was purchased from Lakeshore Biomaterials
(Birmingham, USA) and washed with methanol to remove monomer impurities. Dextran (Mr ~ 10
kDa), Cyclosporine A (CycA), -Aminophenylboronic acid monohydrate (PBA), sodium periodate
(NalQy), glycerol, and sodium cyanolhydride (NaCNBH) were purchased from Sigma Aldrich
(Oakville, Canada). Simulated tear fluid (STF) was prepared fanthiéro release experiment using
previously known formulatidi45]
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4.3.2 Surface functionalization of PLA-Dex NPs with PBA

The synthesis alextranb-Poly(D,L-lactide) (PLADex) was describeid Chapter 34]. PLA-Dex was
dissolved in DMSO (30 mg/ml), and added slowly into water under mild stirring. Perioddéiax

of thedextran surfacevascarried out by adding 60 mg of Naj@nd stirring for an hour. Subsequently,
glycerol was added to quench the unreacted Nalarious amourstof PBA (i.e. 40mg for PLA-
Dex_40PBA) was added to the mixture along with NBEBIfor 24 hours. All reactions were rciged

out in dark. The mixture veathen dialyzed in ¥D for 24 hrs to remove any unreacted solutes, changing

the wash medium 4 times.

4.3.3 Characterization of PLA-Dex_PBA

PLA-Dex_PBA was analyzed using NMR (Bruker 300MHz) using DMSQd6 as the solvent. The
amount of PBA attached to tldextran chain was quantified using BXis absorption at 291 nm after
performingthe standard calibration of PBA in DMSO. PiD¥ex polymer in DMSO was used as the
baseline. The sizes of thi°s were determined using dynamic light scattering (DLS) by measuring the
multimodesize distribution (MSD) volumaverage mean diameters. The sizes and morphology were
further confirmed using transmission electron microscopy (TEM) by deysaymple oNP suspension

on a copper grid and using phosphotungstic acid solution as the negatiyé]stain

4.3.4 Cyclosporine A encapsulation and in vitro release

The determination of encapsulation of CycA in RDax andPLA-Dex_PBA NPs was accomplished

using methods described previougly. Both PLA-Dex and PLADex_PBA NPs were also usediin

vitro release study. 10 ml of N&rug suspension was dialyzed against 200 mL of STtR,G w/v%

sodium dodecyl sulfate, at 35 °C under stirring. At predetermined time intervals, 1 mL of the release
medium was extracted and same volume of fresh STF was added to the medium. The amount of CycA

was quantified usinbigh-performance liquid almmatographyPLC) equipment

4.3.5 In vitro mucoadhesion

Mucoadhesion was calculated as the amount of mucin adsorbed per mg of NPs. NP suspension (1ml)
was mixed with 1ml of mucin solution (1mg/ml in STF) and incubated at 37°C for 1 hr. The mixture
was then cetrifuged at 15,000 rpm for 1 hr and free mucin in the supernatant was quantified using the

periodic acid/Schiff (PAS) staining meth{ii6]. Mucin adsorption was calculated by subtracting the
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free mucin concentrath from the initial mucin concentration. Mucin standards (0.1, 0.25 and 0.5

mg/ml) were determined using the same procedure to obtain a calibration curve
4.4 Results and Discussion

4.4.1 Synthesis and characterization of PBA functionalized PLA-Dex NPs

The!H NMR spectrum of PLADex_PBA shows peaks corresponding to both PLA (multiplets at 5.2
ppm) anddextran (multiplets at 4.86 ppm), while also showing multiplet peaks at 6.6 ppm and 6.9 ppm
which correspond to carbons from position 2 to 6 in the phenyl group ¢¥BRe(Figure 9). UV
absorption at 291 nm was measured to quantify the amount of PBA on the NPs with respect to the
dextran monomers. Increasing the amount of PBA in the initial reaction mixture propdytional
increased the final PBA conjugation on tlextran surfacelfable2), with highest density of 34.6 mol%
(equivalent of about 3.5 PBA conjugated perdé@tran monmers) achieved for PL®ex_320PBA

NPs.
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Figure 9. 1H NMR characterization of PLA-Dex_PBA

Upon formation of NPs using nanoprecipitation method, the size and morphology of the PLA
Dex_PBA NPs were characterized using DLS and TE$pectively. The sizes of the NPs were in the
range of 25 to 28 nm, which are smaller than the unmodified NPs of 47 Baine 2). We postulate
that the particle size reduction is attributed by the PBA molecules cailesitrgn chains to be less
hydrophilic, leading to form more compact shells around PLA patrticle core. TEM images confirmed
spherical morphology due to the formatimfircoreshell structure of the amphiphilic block copolymers
(Figurel0). The sizes of PLAex_PBA NPs obtained are smaller compared to what can normally be
achievedith PEG based block copolymers such as PLREJ125]. We postulate that smaller NPs
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may be more desirable for mucoadhesion since they provide greater surface area for interaction mucous
membrane.

Figure 10. TEM imaging of PLA-Dex_320PBA NPs

Table 2. PBA conjugation efficiency and mucin adsorption of PLADex NPs.

Formulation PBA:Dex? Diameter” Mucin adsorbed/mg of
(mol%) (nm) NPs(mg)

PLGA-PEG 0 133.916.1 0.177+ 0.004
PLA-Dex 0 479+£0.5 0.452+ 0.007
PLA-Dex 10PBA 2.85x0.03 27.5zx0.9 0.575+ 0.028
PLA-Dex_40PBA 122+0.2 26.7+£0.1 0.584+ 0.026
PLA-Dex 160PBA 229+0.3 252x+1.0 0.604+ 0.016
PLA-Dex 320PBA 34.6+0.2 28.1+0.3 0.471+ 0.009

@Mol% of PBA with respect toextran monomer$)NP diameter was determined from DLS

4.4.2 Cyclosporine A encapsulation and in vitro release

The encapsulation of CycA was accomplished throtighnanoprecipitation method. Maximum

encapsulation of CycA was achieved at initial feed of 40 wt%:-Beix NPs encapsulated up to 10.8
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wt% whereas PLAex 40PBA and PLADex 320PBA encapsulated up to 11.2 and 13.7 wt%
respectively Figure 11a). The 13.7 wt% encapsulation is equivalent of 2.38 g of CycA in 28 uL
formulation (same as the administration volume of commercially available RESTA®S:reas the
commercial product contains 14 pg. Therefore, a therapeutically relevant dosage can be achieved by
simply adjusting the polymer and drug concentration in the formulation. One possibility that PLA
Dex_PBA NPs encapsulated higher amount of CycA compared. AcXex NPs is that the more
hydrophobicdextran chans, due to the PBA conjugatianay be able to trap more CycA near the
surface of the NPs.

In vitro CycA release phenomena from both PBA modified and unmodifiedBP&ANPs in the
STF at 35°C were analyddy quantifying the CycA in the STF at predetermined time intervals using
HPLC. Both PLADex and PLADex_PBA NPs (PLADex_40PBA and PLAex_320PBA) showed
total release point at around 120 hFg(re 11b), which is significantly longer than some of the
previous studies involvingn vitro release of CycA from micro or nanoparticlgst5, 147149]
Moreover the release rate may potentially be a significant improvement over commercial product
RESTASIS which requires administering twice a day. WherPag\-Dex NPs showed sustained
release rate for up to 120 hours, RD&x_PBA NPs showed two regions of slightly different release
rate. In the first 48hrs, the PLBex PBA NPs released CycA at a faster rate compared telRIXA
NPs, which may be due to thelease of CycA that were encapsulated near the slightly more
hydrophobic surface PL®ex_PBA NPs. The subsequent slower release rate, compared {Dd3_A
NPs, may be due to the release of drugs from the core of thdBkAPBA NPs, which need to diffuse
through more compadextran surface. When the volume of PBA modified NP formulation were scaled
to the administration volume of RESTASIS® (28 L), the CycA release rates were in the range of
ug/day, which is similar to the daily administration dosage of CycRESTASIS. Therefore, it is
possible to optimize the formulation by changing the concentration of the PBA modified NPs and/or

the amount of CycA to achieve clinically effective release rate.
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Figure 11. a) CycA loading and b)In vitro release from PBA modified and unmodified NPs.

4.4.3 In vitro Mucoadhesion

Mucoadhesion of the NPs was measured usinmtyitro PAS staining method. Compared to the PLA

Dex and the PLGAPEG NPs, the PLAdex_ PBA NPs showed increased mucin adsorpfiable?2).
PLA-Dex_10PBA, PLADex_40PBA, and PLAex_160PBA NPs showedstightincrease in mucin
adsorption from 0.575 to 0.605 mg/mg of NPs as the degree of PBAestufectionalization increased.
However, further increase in PBA surface functionalization (i.e.-Pe& 320PBA) decreased the
amount of mucin adsorbed. It is likely that excess functionalization of the NP surfaces with PBA causes
thedextran to become merydrophobic. This would increase the potential foraggiregation of the

NPs, reducing the total available surface area for mucin adsorption. It is therefore ideal to tune the
amount of PBA functionalization to achieve optimal muidi interaction witbut compromising the

NP colloidal stability. It is also possible that smaller NPs render higher mucin adsorption due to their
larger total surface area, as shown by comparing RPE&, PLADex, and PLADex PBA NPs.
However, as each type of NP exhibit difat surface properties, the trend is inconclusive. The-PLA
Dex_PBA NPs all exhibited significantly higher mucin adsorption compared to the previous studies
involving chitosan based NPs and thiolated NPs, which showed about 0.25 and 0.13 mg/mg of NPs
respetively at 1 hr incubatidi46]. Although the current study is limited ito vitro studies, it shows

great promise for PLAex_PBA NPs as a potential mucoadhesive drug delivery system
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4 .5 Conclusion

The surface of theanoparticle formed from a linear block copolymer polydattide}b-dextran was
modified with PBA to form a mucoadhesive nanoparticle for topical ocular drug delivery application.
The NPs, with sizes around 86 and spherical in morphology, encapsula#uerapeutically relevant
dosage of Cyclosporine A and demonstrated sustained release for up to 5 days. Mioredtver,
mucin-NP interaction was facilitated when the NPs were functionalized with PBA molecules, which is
difficult to achieve using PE®ased systems. Since PBA functionalization also cadesdsan to be

more hydrophobic, it is ideal to adjust the amount of PBA to achieve optimal #kBcinteraction
without compromising the colloidal stability of the NPs. The current report involvinguaini vitro
studies provides promising results for the potential use of-B&A PBA NPs to improve the

bioavailability of ocular drugs intended to target the anterior segment of the eye.
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Chapter 5
Phenyl boronic acid modified mucoadhesi
carmg efacilitate weekI| y t rienadtunteendt dorfy e

eye syndr ome

5.1 Summary

Topical formulations, commonly applied for treatment of anterior eye diseases, require frequent
administration due to rapid clearance from the ocular surface, typicallygthtba lacrimal drainage
system or through ovepillage onto the lids. We report on a mucoadhesive nanopatrticle drug delivery
system that may be used to prolong the precorneal residence time of encapsulated drugs. The
nanoparticles were formed from seffsembly of block copolymers composed of polydxéttide) and

dextran. The enhanced mucoadhesion properties were achieved by surface functionalizing the
nanoparticles with phenylboronic acid. The nanoparticles encapsulated up to 12 wt% of Cyclosporine
A (CycA) and sustained the release for up to 5 days at a clinically relevant dose, which led us to explore
the therapeutic efficacy of the formulation with reduced administration frequency. By administering
CycA-loaded nanoparticles to dry eyaluced mice ore a week, inflammatory infiltrates were
eliminated and the ocular surface completely recovered. The same once a week dosage of the
nanoparticles also showed no signs of physical irritation or inflammatory responses in acute (1 week)
and chronic (12 weekstudies in healthy rabbit eyes. These findings indicate that the nanoparticles
may significantly reduce the frequency of administration for effective treatment of anterior eye diseases

without causing ocular irritation.

5.2 Introduction

Topical administratiorof an eye drop solution is the most commonly used drug delivery method for
treating anterior eye diseases due to itsingasiveness, low cost and ease of administration. Such a
delivery method, however, suffers from low ocular bioavailability due tadralg@arance from the

ocular surface through tear dilution and drainage through the lacrimal drainage system, resulting in less
than 5% of the active drug reaching its intended tdfjefAs a result, high doses tife formulations

must be administered multiple times per day to achieve therapeutic efficacy, ultimately leading to a

high risk of adverse effects and low patient compliance.
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Much effort has been invested in improving topical formulations to overcome shestcomings
without compromising their benefits. One such approach includes the development of drug carriers
developed from polymeric nanoparticles (NF3) By encapsulating therapeutic agents as their ¢cargo
NP drug carriers enhance the solubility of drugs in water, control the release rates of these drugs, and
improve the precorneal retention by targeting the ocular surface mdjgties 58, 150] NPs
formulated from biodegradable polymers, such as poly(lactglycolic acid) (PLGA), have been
studied in the delivery of ocular therapeutics to the corneal sUy8a&8, 67, 68, 151]Researchers
have also focused on adding poly(ethylene glycol) (PEG) on the surface of the NPs to improve the
stability of the NPsn physiological environments as well as precorneal tear i, 119, 130, 131,
152154]. In a previous study, we synthesizedeatran based amphiphilic block copolymer, poly(D,L
lactide}b-dextran (PLAb-Dex), that seHassembles into NPs with sizes ranging from 20 to 60 nm in
diameter by tuning the molecular weights of PLA and [2¢xDextran based NPs have shown colloidal
stabilities superior to those of the PEG based NPs previously[L26H Moreover,dextran has
abundant functional groups (i.e. Ologps) on its backbone that can be used for modification, as
opposed to the single functional group on the end of PEG chains. As a result, the high density of surface
functional groups indextran based NPs increases the efficiency of surface functioraiizand
consequently provides greater control over surface properties. In previous studies, researchers
functionalized the surfaces of various NP drug carriers with ligands that can target the ocular mucosa
to increase the precorneal retention time ofdhegs[35, 133135]. The most common method of
achieving mucoadhesive properties was through functionalizing the NPs withicatdymers, such
as chitosan, to take advantage of the electrostatic interaction between the cationic polymers and the
negatively charged ocular mudBR, 91, 110, 147, 155However, the electrostatic interaction may be
partially impeded by the presence of ions in the tear fluid, resulting in the relatively rapid clearance of
the drug carriers. Phenylboronic acid (PBA) males form a complex with cis diol groups of sugar
residues, such as sialic acids, that are abundant on the mucin structures at physiol¢dt/RAlLAR].
In addition, several studies have demonstrated biocompatibilities of PBA molecules using both in vitro
and in vivo assayfl42, 156, 157] We hypothesize that the PBA functionalized Ph-®ex drug
carriers will significantly reduce the required dosage of drugs and their administration frequency in

treating anterior eye diseases by enhancing the precoeteation of the encapsulated drugs.

The objective of this studwas to develop a mucoadhesive nanopatrticle drug delivery system that
can reduce the administration frequency of ophthalmic drugs without compromising the therapeutic

efficacy. Here, we reporthe formulation of PLAb-Dex polymer nanoparticles with surfaces
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functionalized with PBA to achieve a mucosaigeting drug delivery system. We evaluated the ability

of these nanoparticles to encapsulate Cyclosporine A (CycA), an immunosuppressant gommonl
administered for treating dry eye syndrome, and analyzed the subsequent release profile. We then tested
the compatibility of these NPs by investigating both the acute and the chronic responses after
administration on rabbit eyes. Finally, NP+CycA forntigias with reduced administration frequencies

were evaluated for treatment of experimental dry eye induced in mice.
5.3 Experimental

5.3.1 Materials

Acid-terminated poly(D,Hactide) (PLA; Mw ~20)was purchased from Lakeshore Biomaterials
(Birmingham, USA) and waskewith methanol to remove monomer impurities. Dextran (Dex; Mw
~10 kDa), hydrochloric acid (HCI), triethylamine (TEA),-(B-dimethylaminopropybN-ethyl
carbodiimide (EDC), Aminophenylboronic acid monohydrate (PBA), sodium periodate (NalO
glycerol, saium cyanoborohydride (NaCNBMH and Cyclosporine A (CycA) were purchased from
Sigma Aldrich (Oakville, Canada) -Nydroxysulfosuccinimide (SulftéNHS) and NBoc
ethylenediamine were purchased from CNH Technologies (Massachusetts, USA)

5.3.2 Synthesis of PLA-b-Dex and surface modification with PBA

The conjugation of the PLA and Dex polymer chains to form a block copolymetbHD#x and the
surface modification of the PL-A-Dex NPs with PBA were reportéa Chapter 34, 158] Briefly, the
aldehyde end group of thdextran was conjugated with tieBoc-ethylenediamindinker through
reductive amination with NaCNBHAfter conjugation with théinker molecule the Boc group was
deprotected using HCI/TEA treatment. The deprotected amine end group is then conjugated with the
carboxyl terminal group of the PLA using SulftHS and EDC as catalysts. The surface of these NPs
were modified with PBA molecules by a tvgtep approach: the hydroxyl groups of tlextran were
oxidized to form more reactive aldehyde groups in the presence of,Nal®the aldehyde groups
were conjugated with the amine groups of PBA molecules through reductive amination. The amount
of PBA dtached to thelextran chain was quantified using BXis absorption at 291 nm after obtaining

the standard calibration of PBA in DMSO. The RbMex polymers in DMSO were used as the

baseline.
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5.3.3 Characterization of PLA-b-Dex-g-PBA NPs

The NPs of PLAb-Dex-g-PBA polymers were formed using nanoprecipitation. The sizes of the NPs
were determined usindynamic Ight scattering (DLS) by measuring the multimodee distribution

(MSD) volumeaveraged mean diameters usa®@0Plus Particle Size Analyzer (Brookhaven, = 659
nm at 90°). The zeta potential of the RbADex and PLAb-Dex-g-PBA nanoparticles were measured
using Zetasizer Nano ZS (Malvern Instruments Worcestershire, U.K.). The sizes and morphology were
further confirmed using Transmission Electron Micasg (TEM) equipmentby drying the PLAb-
Dex-g-PBA NP suspension on 300 Mesh Formvar coated copper grids (Canemco and Marivac) and
using phosphotungstic acid solution as the negative stain. The mucoadhesion ofth®E%-4-PBA

NPs were quantified usingnén vitro periodic acid/Schiff (PAS) staining method described previously
[158]. In brief, the NP suspension and the mucin solution were mixed and incubated at 37 °C for 1 hr.
The mixture was then centrifuged ame free mucin in the supernatant was quantified using the PAS
method. Mucin adsorption was calculated by subtracting the free mucin from the initial mucin
concentration. Mucin standards (0.1, 0.25, 0.5, and 0.75 mg/ml) were also used with the sameprocedur

to obtain a calibration curve.

5.3.4 Animal studies

All animal studies performed are in compliance with the guidelines of the Canadian Council on Animal
Care (CCAC) and the University of Waterloo (UW) as well as regulations under the Animals for
Research ActfoOntario Canada. Female New Zealand White Albino rabbitsi(2% kg, Charles

River Laboratories, Canada) were used for both the acute and chronic ocular irritanity (a&ts
Female C57BL/6 mice (Charles River Laboratories, Canada) aged ardunmriths were used for
experimental dry eye model. All animals were acclimated in the animal facility for at least one week
prior to the experiments. All formulations used in this study were dialyzed, filtered, and sterilized prior

to administration to the @mnals.

5.3.5In vivo ocular irritancy test

The shorterm biocompatibility of the NPs was assessed using ocular irritancy tests adapted and
modified from previous studig8, 159] Three female ralits were housed individually in cages on a
standard laboratory diet. One eye of each of the rabbits was administered with 28 pl of #®Bk-A

g-PBA NP formulation (containing about 17 pg of the NPs), while the cdaiieaal eye was used as a

control. Both eyes were observed using a slit lamprhioroscope at 0 (before administration), 1, 8,
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24, 48, 72, 96, 120, 144, and 168 hours after administration to examine the extent of irritancy on the
ocular surface. Upon observation at each time point, bothvesree graded using 7 categories: apparent
discomfort, conjunctival redness and swelling, lid swelling, discharge, corneal opacification, and
number of infiltrates from 0 (no sign) to 4 (severe) under the supervision of trained optometrists with
experiencevorking with animalqd90, 160] After 168 hrs, the rabbits were euthanized and the ocular
tissues were extracted for histopathology.

The longterm biocompatibility of the blank NPs and th€s with Cyclosporine A (NP+CycA)
encapsulated were assessed using similar techniques described above at 0, 1, 24, and 48hr each week
repeated for 12 weeks. Five female rabbits were used for blank NP irritancy test and four female rabbits
were used for NP@ycA irritancy test. Similarly, one eye of each rabbit was administered with 28 pl
of NP formulation (~17 ug of the PL-A-Dex-g-PBA NPs) or 28 ul NP+CycA formulation (~17 pg of
the PLADb-Dex-g-PBA NPs and <8 pg of CycA (may also include some freely suggefgcA)),
while the contralateral eye served as a control. Similarly, both eyes were examined under a slit lamp
bio-microscope on the extent of irritancy based on the 7 categories described above. After 12 weeks,

the rabbits were euthanized and the octigaues were extracted for histopathology.

5.3.6 Histopathology

The eyes were enucleated and collected immediately after euthanasia for histopathological evaluation

by one of the authors (DH), who is a trained pathologist. The entire upper eyelids weliessted

and collected for evaluation of the tarsal conjunctiva and the underlying soft tissues. Consecutive
sections of the entire ocular globe and eyelids were processed for microscopic analysis: after initial
fixation in 10% neutral buffered formalithe tissue was embedded in paraffin, serially sectioned into

5 em thick sections, and stained with hematoxyl:i

evaluated using bright field microscopy (Leica DM1000, ICC50 HD, Leica Microsystems Inc, Canada).

5.3.7 Experimental dry eye model i in vivo efficacy test

The PLADb-Dex-g-PBA NPs encapsulating CycA were analyzed for treating experimental dry eye
syndrome in a mice model. First, the mice were induced with dry eye conditions using a previously
reported methofiLl61]. Transdermal scopolamine patches (TranseéyiNovartis) were cut into two

pieces each, wrapped around the midtails of the mice, and further secured using surgical tape. The
patches were replaced every other dagughout the duration of the study. To simulate a desiccating

environment, the mice cages (ogep) were placed in a fumehood for 1 hr, 3 times per day throughout
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the study (until day 12). After 4 days of this dry eye inducement procedure, the miativicere into

7 different groupsTable4) for various types of treatments on both eyes (3 mice per group; 6 eyes per
group) for an additional 7 day®n day 1 (before dry eye inducement), 5 (before first administration),

8 (before second administration), and 12 (before euthanasia), tear volume measurements and corneal
fluorescein staining were performed to measure the rate of tear production and tralgzealar

surface damage. Note that NP+CycA (1/wk), Saline (1/wk) was only administered on day 5, whereas
NP+CycA (2/wk), Saline (2/wk), and Blank NPs were administered on days 5 and 8. Tear volume was
measured by holding a phenol red dyed cotton th(Bade-quick, White Ophthalmic Supply) with
jewel erdés forceps in the | ateral canthus of the
was observed and photographed with alatitp biecmicroscope using a cobalt blue light 10 minutes
afterthe administration of 1 pl of sodium fluorescein solution (10 mg/ml). After the 12 day period, the
mice were euthanized and the ocular tissues were collected for histopathological analysis (as described

in the previous section).

5.4 Results and Discussion

5.4.1 Characterization of PLA-b-Dex-g-PBA NPs

We functionalized the surface of PHADex NPs, formed from nanoprecipitation, with the mucosal
targeting ligand PBAFigurel2). The characterization of the PBA functionalization, the CycA loading,

and diameters of the NPs are summarizédinie3. The amount of PBA density on ttextran surface

was 17.6 + 2.7 mol% (mol of PBA/mol dextran monomers). NP diameter decreased from 45.8 nm

to 28.6 nm likely due to the functionalization with PBA, and was also observed in a similar previous
study[158]. The size decrease is possibly a result of¢deced hydrophilicity of theaxktran surface

or the change in the packing density of the nanoparticles due to the volume change of the hydrophilic
chains. We found that having exce€¥AP(i.e. more thar23 mol% PBA/@xtran) on the NP surface

may cause the NPs to be too hydrophobic and thus compromise its colloidal stability in our previous
study[158]. Therefore, PBA density must be tuned to balance between nhesdad and colloidal
stability. The NPs exhibited a spherical morphology as observed in TEM im&gggeg13). The zeta
potential of the PLAb-Dex NPs is close to 0, but when PBA is grafted onto the surface, the potential
has dropped to ne&ar30 mV (Table3). The pKa of the PBA molecules are n8&[162], thus at pH

~7.4 (at which the measurements were taken) some percentage of the PBA molecules would be in their

deprotonated state, contributing to the overall negative surface charges of the nanopanrtitdes; s
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range of zeta potentials were measured on nanoparticles with PBA molecules on the surface previously
[163]. The PBA functionalized NPs showdd vitro mucoadhesion properties, resulting in mucin
binding of 1.8 + 0.02 mg/mg of NPs, which is much higher than the values obtained for other types of
mucoadhesive NPs such as chitosan based NPs (~ 0.25 mg/mg of NPs) and thiolated NPs (~ 0.13 mg/mg
of NPs)[146]. From these pteninary findings we postulate that the PBA functionalized NPs may
exhibit strong binding affinity toward the ocular mucosa under physiological environment

Figure 12. Schematic illustration of the selfassembly process to fornCyclosporine A loaded

PLA-b-Dexg-PBA nanoparticles, and the mucoadhesi on

Table 3. PLA-b-Dex-g-PBA characterization: PBA surface functionalization, Cyclosporine A

loading, and diameter.

Sample PBA/Dex CycAload Meandiameter ¢ pot e
(mol%) (wt%) (nm) (mV)
PLA-b-Dex 0 0 458+ 15 -2.63+x1.55
PLA-b-Dex-g-PBA 176+ 2.7 0 28.6£3.1 -31.3x15
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