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ABSTRACT

Topical administration is the most common method to deliver ocular therapeutics. However, the eye
is highly resistant to foreign substances and its clearance mechanisms effectively remove drug,
significantly limiting the efficiency of common topical formulations. In the search for improved
ocular bioavailability, particle based delivery systems have arisen as a promising strategy to overcome
these limitations while retaining the patient friendly aspects of topical formulations. Nanoparticles
can be formed via the self-assembly of amphiphilic molecules into nano-sized aggregates consisting
of hydrophilic networks crosslinked with hydrophobic domains and referred to as “nanogels”. The
work presented in this thesis focuses on the design, synthesis and optimization of novel nanogels
ultimately intended to improve the efficiency of the delivery of therapeutics to the eye.
Methylcellulose, a hydrophilic, non-toxic and biodegradable natural biomaterial, has been extensively
investigated for biomedical applications, including ocular applications, and was therefore the polymer
of choice for the work. We first describe the synthesis of nanogels via self-assembly of
methylcellulose (MC) hydrophobized with side chains of poly(N-tert-butylacrylamide) MC-g-
PNtBAm), and demonstrate that their properties can be tuned by adjusting the degree of
hydrophobic grafting (Chapter 2). The results show the formation of stable monodispersed spherical
particles of ~140 nm, presenting good cytocompatibility with human corneal epithelium cells. The
impact of the methylcellulose molecular weight on the nanogel properties is investigated and the
results demonstrate that the polysaccharide backbone length provides another lever to tailor the
performances of the nano-aggregates as drug delivery systems (Chapter 3). These materials show the
ability to encapsulate dexamethasone with an efficiency supetior to 95% and release their payload for
over 30 days. Phenylboronic acid (PBA) functionalization is introduced on the surface of the
nanogels to improve their mucoadhesiveness and thereby prolong their residence time on the surface
of the eye (Chapter 4). Dexamethasone release from the grafted particles is maintained over 12 days,
with the results indicating that the additional PBA layer reduce the initial burst. In terms of
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mucoadhesion, zeta-potential measurements suggest interaction of some nanogel formulations with
mucin. Finally, the surface of the nanogels is covered with chains of poly(ethylene glycol) (PEG) and
the effect of PEGylation on the pharmacokinetics and mucoadhesive properties is studied (Chapter
5). PEG functionalization is found to significantly slow the release of dexamethasone phosphate
from 1 day to over 8 days, and zeta-potential results also suggest coverage-dependant mucoadhesive

properties. These materials show promise for the delivery of drugs to the anterior segment of the eye.
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CHAPTER1: LITERATURE REVIEW

Nanogels of self-assembled hydrophobized polysaccharides for
drug delivery

Authors: Marion Jamard, and Heather Sheardown
Objectives:

The objective of this literature review was to compile studies on self-assemblies of hydrophobized
polysaccharides looking for general trends ruling the relationship between the characteristics of the
amphiphilic copolymer and the properties of the resulting self-aggregates, as well as their
performance as drug delivery systems. By better understanding the connection between the nature of
the moieties, the structure of the molecule and its topology, the polysaccharide-based amphiphile can
be designed to synthesize drug delivery platforms tailored for specific applications.
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ABSTRACT

Nanogels are swollen nanosized hydrogel networks which can be synthesized through spontaneous
aggregation of amphiphilic polymers and have demonstrated a series of attractive properties as drug
carriers. Polysaccharides, hydrophilic natural polymers, present outstanding virtues such as
biocompatibility, biodegradability and a variety of physicochemical properties. They can be readily
modified to introduce hydrophobic segments for the synthesis of amphiphlic copolymer able of self-
assembly. The variety of polysaccharides, hydrophobes and structures possible allows for the
development of nanogels with different characteristics and properties. This review aims at finding
general trends controlling the features of the self-aggregates in order to improve the precision of the
copolymer design for its application as drug carrier. Recent progress in the synthesis of self-
assembled hydrophobized polysaccharides are subsequently described including their application in

drug delivery.

Keywords: Polysaccharide, hydrophobization, drug delivery, self-assembly, nanogel, particle,

amphiphilic
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1.1 INTRODUCTION

1.1.1  Nanogels

Hydrogels are defined as swollen three-dimensional polymer networks able to uptake large amounts
of water or physiological fluid while maintaining their internal network structure!. There is an
increasing interest in hydrogels of micro- and nanoscopic dimensions, referred to as microgels and
nanogels?3. Indeed, while having similar properties to their macro-sized counterparts, they can
penetrate more easily through different biological membranes and deploy in less accessible areas of
the body?®. Many drug molecules suffer from impediments such as low solubility, off-target toxicity,
instability or inefficient transfer across biological barriers, limiting their use in vivo. Their
encapsulation into nanogels may thus offer a solution for safe and efficient delivery as it imparts the
system with prolonged circulation time in biological media such as blood, excellent stability upon
dilution, protection from premature degradation, enhanced permeability, improved biodistribution
and pharmacokinetics®®. They can also be taken up by cells®!, and are therefore potentially ideal
candidates for intracellular delivery of cell targeted therapeutic agents such as siRNAs, peptides and
various low molecular weight chemotherapeutics. Furthermore, nanogels provide a large surface area
for multivalent conjugations, key to optimizing the particles and targeting the appropriate site of
action in vivo. Micro- and nanogels are thus versatile carriers for biomedical applications, as discussed

in many review articles?>.

1.1.2  Self-assembly

Four basic mechanisms can be used to synthesize polymer-based particles: covalent cross-linking,
ionotropic cross-linking, polyelectrolyte complexation, and self-assembly!'-12. The latter provides a

bottom—up paradigm that contrasts with conventional top—down microfabrication'? and is of
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growing interest as a new strategy to develop nanoparticles for pharmaceutical or biotechnological
application'*'8. Self-assembly refers to the spontaneous formation of nanosized aggregates via a
secondary force such as hydrogen bonding, electrostatic, van der Waals interactions and the
hydrophobic effect!®. This method takes advantage of the natural tendency of specific, local
interactions among the molecules triggered by polymer concentration, or environmental parameters
such as solvent, pH or temperature!®, while avoiding the use of photoirradiation, organic solvents,
cross-linking agents, and/or other teactive molecules which may damage bioactive agents to be
incorporated. Since self-assembling is induced by external parameters, the resulting well-organized
three-dimensional structure can present sensitivity to a range of different stimuli giving programmed

responses that can be controlled temporally and spatially?-22,

Amphiphilicity is one of the most important factors triggering their self-organization in aqueous
solution owing to intra- and/or inter-molecular hydrophobic interactions as amphiphiles are very
close to biological macromolecules?. The combination of hydrophilic and hydrophobic groups in the
same polymer allows for the spontaneous aggregation into different structures such as micelles,
liposomes, hydrogels or nanoparticles?#28 driven by hydrophobic interactions in order to minimize
interfacial energy?>30. Self-assembled nanoparticles made of amphiphilic copolymers have aroused
great interest in biomedical applications®3!, and many of them are made using poly(ethylene glycol)
(PEG) as the hydrophilic segment’?-35. However, one drawback of these PEG-based block
copolymers is the absence of reactive groups at their molecular chains, which limits further

modification or ligand coupling?¢. Polysaccharides thus appear as a promising alternative to PEG.

1.1.3  Polysaccharides

Of natural origin (animal, plant, algal, microbial), polysaccharides are the most abundant group of

biopolymers. They are polymers of repeating sugar units (monosaccharides) joined by glycosidic

4
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linkages and are non-toxic*#!. Owing to their native presence in the body, most polysaccharides are
subject to enzymatic degradation*?#, providing a release mechanism for polysaccharide-based carrier
systems. Biocompatible and biodegradable, they therefore have great potential for complying with in
vivo requirements?#-8. They also exhibit excellent properties such as stability, low cost (production
and purification), hydrophilicity and bioadhesion ability*!48-50, Many polysaccharides possess innate
bioactivity such as antimicrobial, and anti-inflammatory properties®52 and can be used to enhance the
therapeutic efficacy of an associated drug. Some are polyelectrolytes and their surface charge can be
used for bio-interactions such as cellular uptake or glomerular filtration3. The different chemical
structures, including degree and steric configuration of substitutions, linkages of monosaccharides
and substitutes, and molar mass, create a great diversity of polysaccharides and provide them with
various physicochemical and biological properties?3+36, The functional groups along the chain
backbone (including hydroxyl, amino, and carboxylic acid groups) enables site generation or covalent
bonding to small molecules, oligomers or other polymers to create derivatives with tailored
properties®#75758, These reasons suggest polysaccharides to be one of the most promising types of
materials for the synthesis of micro- and nano- carriers®#1.59-61. The structures and properties of the

more commonly used polysaccharides are given in Table 1-1.
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Table 1-1: Structure and features of commonly used polysaccharides
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1.1.4 Transition

In 1993, Akiyoshi disclosed that polysaccharides partially modified with hydrophobic moieties could
form nanoparticles through a self-assembly process in an aqueous environment®. They modified
various polysaccharides with palmitoyl/long alkyl chains or cholesterol to form self-aggregatesé2-66,
Since then, modification of polysaccharides to synthesize amphiphilic molecules is among the most
prominent methods to produce self-assembled nanostructures, as the numerous functionalities along
the polysaccharide backbone facilitate attachment of a hydrophobic moiety??-51.67.68,

The performance of drug carriers relies on key properties: their size, stability, loading capacity, release
kinetics, citculation time and biodistribution. The shape and hydrophobic/hydrophilic balance of the
amphiphile control the morphology of the self-assemblies morphology which in turn control those
propertie?5, More precisely, the factors which impact the nanostructuration of hydrophobized
polysaccharides include the nature, size and distribution of the hydrophobic moiety, the nature and
size of the polysaccharide, as well as the preparation method and surrounding environment. Thus,
controlling the self-assembly to synthesize matrices with distinctive architectures is essential. Self-
assembled polysaccharides as drug delivery systems have been reviewed>53626809  but the
nanostructuration of hydrophobized polysaccharides in aqueous solutions and the effect of the

different parameters which control it has remained virtually unexplored.

1.2 NANOSTRUCTURATION OF THE NANOGELS

1.2.1  Self- assembly mechanism

12.1.1 Introduction

Self-assembly is a bottom-up process: during fabrication, molecules spontaneously associate in a

disorder-to-order transition through noncovalent interaction with each other, such as van der Waals,
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hydrophobic and hydrogen-bonding’™. It is driven by competing interactions between the
incompatibility of moieties and covalent bonding of those moieties within the same molecule. As a
result, instead of forming separate homogeneous macroscopic phases, the system can stabilize into

microdomain structures.

Hydrophobization of water-soluble polymers drastically changes their solution properties as the
polymer conformation is controlled by the association of hydrophobic moieties in aqueous media.
The hydrophilic characteristic of polysaccharides is attributed to the polarity of their hydroxyl groups
through the formation of hydrogen bonds with watet’72. When conjugated with hydrophobic
segments, the resulting amphiphilic copolymers self-assemble in response to a shift in the
hydrophobic/hydrophilic balance. In this case, the competing interactions are between the solvation
of the hydrophilic blocks by water molecules and the exclusion of the hydrophobic blocks from the
aqueous medium, thus inducing the self-assembly process in order to minimize the interfacial energy
of the system’7. Different approaches have been used to study the interaction and
nanostructuration of amphiphilic molecules such as viscosity”™, light scattering®?, fluorescent

spectroscopy®?, nuclear magnetic resonance’’’® (NMR) or electron microscopy™.

1.2.1.2  Critical aggregation concentration

The critical micelle concentration (CMC) is the lowest polymer concentration at which molecules can
self-assemble into micelles in aqueous solutions. It is an indicator of micellization ability and micelle
stability. Although the self-assemblies might not have a micelle structure, the same concept applies
and is called critical aggregation concentration (CAC). Lower CAC values indicate a strong tendency
towards formation of stable nanogels. This characteristic is crucial for drug delivery applications as it

indicates the nano-aggregate stability when subjected to extensive dilution or “sink conditions” (such
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as when circulating in the bloodstream). Therefore, a low CAC is critical to ensuring the morphology

of the particle until reaching the target site.

The CAC is often measured using a fluorescence technique using pyrene as a fluorescence probe?780-
82 to monitor the occurrence, above a given concentration, of aggregates with hydrophobic domains.
Upon aggregation of the amphiphilic copolymers, the preferential partitioning of pyrene into the
hydrophobic cores of the nanogel occurs, inducing a shift from 335 to 338 nm in the excitation
spectra. CAC can also be found by measuring the surface tension of series dilutions of copolymers3.
Before reaching the CAC, the surface tension decreases strongly with the copolymer concentration as
they partition into the air-water interface removing the hydrophobic segments from contact with
water and covering the surface. Upon reaching CAC, the addition of further amphiphilic molecules
results in aggregation, still in order to decrease the contact area of hydrophobic parts with water,
while the surface tension remains relatively constant. The change of slope when plotting the surface

tension versus concentrations thus indicates the CAC.

1.2.1.3 Size

The size of the nanogels is a critical factor of drug delivery systems as it largely influences the
circulation time and organ distribution of the vehicle$4. Particles of below 5 Jm are able to circulate
through small capillaries and particles below 200 nm are less susceptible to clearance through the
reticuloendothelial system®. Furthermore, particles with a size of less than 200 nm possess the unique
feature of selective accumulation in tumor tissue because of their enhanced permeation and retention
(EPR) effect586. Bimodal population distribution is a common problem with block copolymer
micelles®’, the large aggregates corresponding to clusters of individual primary micelles due to

hydrophobic interactions between the cores of the micelles®”. Unpredictable change in both the
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drug’s pharmacokinetic parameters and organ biodistribution may result from a broad micelle size

distribution.

12.1.4  Structure

To assess the structure of aggregates generated from their amphiphilic polysaccharide derivative in
aqueous media, Nagahama et al. used NMR, dissolving their copolymer in two different solvent
systems: DMSO-d6 and D>O. As the molecule completely dissolved in DMSO-d6, characteristic
peaks of hydrophilic and hydrophobic moieties were observed. In D>O however, the peaks of the
hydrophobic units disappeared, indicating their formation into hydrophobic domains. The peaks of
the polysaccharide could still be observed, suggesting the formation of a hydrophilic skeleton®77.
However, this method does not give information on the repartition of the hydrophobic domains

within the hydrophilic mesh.

A very recent study from Guo et al. on (L-phenylalanine ethyl ester)-modified hyaluronic acid (HA-
Phe) reported the formation of vesicles™. Their conclusions on the nanostructuration were supported
by TEM images showing a clear contrast between the periphery and the central area characteristic of
the vesicles®, and SEM pictures displaying spherical particles with holes on their surface provided
evidence to hollow interiors®. They suggested that the hydrophobic chains formed a middle layer in
the vesicle wall sandwiched by two outer layers of water-associated HA which maintained the stability
of the vesicles. The authors hypothesized that the structure was due to stronger hydrophilicity of HA-

Phe.

Hydrophobic modification of one end of the polysaccharide creates diblock copolymers with a
hydrophilic segment and a hydrophobic segment. They can be described as polymer surfactants and

are able to form micelle-like associations with a core-shell structure in aqueous solutions®®8!. The

10
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association of amphiphilic diblock copolymers made of a hydrophilic head and hydrophobic tail has
been extensively studied and the good understanding of the self-assembling mechanism allow to
predict the geometry of the resulting aggregates391-94. In the case of polysaccharides hydrophobically
modified along their backbone creating comb-like copolymers, core-shell structures are often
assumed without proof of the uniqueness of the hydrophobic domain?-. Unlike end modified
polysaccharides, introduction of hydrophobic moieties by chemical modification leads to a relatively
regular distribution of the hydrophobic units throughout the copolymer”. While the expected feature
is that the minority component gathers into domains within a matrix created by the majority

component, vatious morphologies might be formed?.

The intra-particle distribution of hydrophobic domains has first been investigated by Akiyoshi et
al.382 using a fluorescence quenching technique to estimate the number of associating cholesterol
moieties in one particle. They showed that the cholesterol moieties associated into noncovalent cross-
links forming multiple hydrophobic micro-domains in the highly stable hydrogel network, rather than
a single hydrophobic coref282100, Thus, while other groups suggested rearrangement into a
hydrophobic core and a hydrophilic shell”.101.102 Akiyoshi et al. proposed a polycore model as a
plausible structure for their nanoparticle’2. These physical crosslinks are confined within the
hydrophilic network and justify that the nanostructure be referred to as “nanogel”. Since then,
other studies have reported the self-assembly of hydrophobized polysaccharides into nanogels with

multiple hydrophobic cores!04105,

The hydrophobic core being single versus multiple hydrophobic domains has been reported to be
dependent upon the concentration of the amphiphilic polysaccharide!®s, the nature of the
hydrophobic group used for polysaccharide modification!?’, and the degree of substitution of the

hydrophobic group along the polysaccharide backbone!?6107. The mnanostructuration of the

11
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amphiphilic polymers is hard to predict as several of those parameters vary from one study to another

(Figure 1-1).

For instance, dextran was hydrophobized with poly(D,L-lactide) (PLA) by grafting a PLA chain at
one end!", or several chains along its backbone!®. The block polymer, presenting a surfactant-like
diblock structure, i.e. with a hydrophilic side/head and a hydrophilic side/tale, was reported to self-
assemble into core-shell structured particles. However, the comb-like copolymer of dextran grafted

with PLA side chains formed nanogels with a hydrophobic polycore into hydrophilic skeleton

structure.
Hydrophobic Hydrophobic Hydrophobic Hydrophobic
side groups side chains end group end chain
Polysaccharide /
'& ’
/ / p 7~
AN ANy TS SN
\ %
Hydrophobic ) i
moiety \

Nanogel Micelle Vesicule

Figure 1-1: Schematic representation of the possible structures of the self-assembled nano-aggregates
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12.1.5  Parameters

Polysaccharides can be hydrophobized on one end, on both ends, forming block-copolymers, but
also by grafting hydrophobic groups or even hydrophobic chains along the backbone, creating a
comb-like molecule. The strength of hydrophobic interaction, corresponding to the free energy
change, depends on both the number of hydrophobic units and their relative hydrophobicity?.
However, as seen above with the nanogel structure, the distribution of the hydrophobic groups is
also in important factor’+11%111, For instance, it has been reported that two copolymers with the same
molar quantity of hydrophobic units, one in which they are in blocks and the other in which they ate
dispersed as discrete units, had very different viscosities’. They were higher for the block copolymer
as the hydrophobic segments are more likely to form inter- and intra-molecular interactions and
aggregates, while single units are more easily solubilized. Thus, the rearrangement of amphiphilic
polysaccharides depends on many parameters, such as the nature of the polysaccharide and
hydrophobic moiety, their size, the degree of substitution and how they are distributed, the
copolymer concentration, as well as the surrounding characteristics of the medium and the
preparation technic. All of these parameters make the resulting nanostructure difficult to predict. For
each new polysaccharide derivative, the effect of at most a couple of those parameters is usually
investigated. Herein the results of studies on self-assembled hydrophobized polysaccharides are
combined with the aim of finding general trends and better understanding how all those parameters

affect molecular association.

1.2.2  Tuning of the nanogel characteristics and properties

1.2.2.1 Impact of the polysaccharide structure

Copolymer self-assembly is directly connected with the chemical structure?’. Few studies compare

nanogels formed with different types of polysaccharides equally hydrophobized with the same

13
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hydrophobic moiety. Akiyoshi et al. presented a comparative study of cholesterol-modified highly
branched mannan (CHM) and cholesterol modified pullulan (CHP) with identical molar mass and
level of cholesteryl substitution®®. While both amphiphilic copolymers formed highly hydrated
nanogels in water through the association of the cholesteryl moieties in a similar manner, the
structure and level of hydration of the polysaccharide backbone significantly affected the structure of
the aggregates and the micro-viscosity of the hydrophobic domains. Compared to CHP, CHM
nanogels presented a lower density, a larger hydrodynamic radius, a smaller aggregation number
(number of copolymer molecule in one nanogel, N.g) and twice as many cholesteryl moieties per
hydrophobic domains. Those differences were attributed to the mobility of the cholesteryl groups
predominantly linked to short branches in the case of mannan, whereas they were linked to the main
pullulan chain in CHP. The conformational flexibility has been shown by several studies to influence

the characteristics of self-assembled structures?%112,

1.2.2.2 Impact of the degree of hydrophobization

Hydrophobic moieties can be introduced by linking a hydrophobic group, a preformed polymer or by
polymerization of a monomer at the end(s) of the polysaccharide chain or along its backbone. The
degree of hydrophobization (DH) is defined in this thesis as the extent of hydrophobic modification
of the polysaccharide. It increases with the hydrophobicity of the moiety, the degree of substitution
(DS) o, in the case of hydrophobic monomers, the degree of polymerization (DP). The hydrophobic
domains are postulated to serve as the cargo space for hydrophobic drugs. Thus, in order to exploit
the loading space available, it is necessary to understand the impact of the hydrophobic segment

characteristics.
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1.2221  Impact of the nature of the hydrophobic moiety

The structure or hydrophobicity of the hydrophobic group has been shown to influence the size,
density and stability of the nanoparticles®. Indeed, intra- and intermolecular interactions among the
hydrophobic units is the main driving force for self-assembly, so their physiochemical properties are
expected to affect the ability to form nanogels. Higher hydrophobic nature of the pendant group
expectedly led to more strongly driven assemblies inducing lower CAC values, as shown in a study

compating dextran modified with different bile acids with the same degree of substitution!?”.

Nagahama et al. compared poly(L-lactide)-grafted dextran (Dex-g-PLLA) with dextran-cholesterol
conjugate (Dex-Chol) with a similar hydrophobic unit content (in terms of weight) 77 to investigate
the effect of the nature of the hydrophobic unit. Dex-Chol formed nanogels with significantly larger
sizes compared to Dex-g-PLLA nanogels, suggesting that the difference in character between PLLA
side-chains and cholesterol side-groups played an important role in the nanogel forming behavior.
Dex-Chol showed a significantly higher CAC (thus lower stability) compared to Dex-g(PLLA) with a
similar hydrophobic unit content. However, cholesterol is a low molecular weight compound and
PLLA is a macromolecule with a relatively longer chain, Dex-Chol therefore possesses a higher DS
than Dex-g-PLLA. To explain the lower stability of Dex-Chol, the authors suggested the existence of
an interaction other than hydrophobic - entanglement - leading to lower CAC values. However,
entanglement occurs once the molecules are self-assembled, while CAC characterizes the
concentration at which the amphiphilic molecules start to self-assemble. The length of the PLLA
chains and their topology as hydrophobic blocks (compared to the more numerous but discrete
cholesteryl groups scattered along the backbone) are harder to solubilize as explained above’, hence
aggregate at lower concentrations explaining the lower CAC values. Dex-Chol nanogels showed a

significantly faster dissociation rate than Dex-g-PLLA nanogels with similar hydrophobic content
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because of gradual hydrolysis of the numerous ester bonds of PLLA chains inducing gradual erosion,
and Dex-g-PLLA assemblies exhibited higher colloidal stability in the presence of destabilizing agent.
Higher entrapment efficiencies of lysozyme also revealed a larger mesh size and higher flexibility of
the dextran network in Dex-Chol nanogels, characteristics which might also have contributed in their

faster dissociation rate.

Therefore, many parameters are to be taken into account when considering the nature of the
hydrophobic moiety. Its hydrophobicity but also its size, chemical structure and charge can all

influence the assembling process of the amphiphilic derivative.

1.2.2.2.2  Impact of the degree of substitution

The degree of substitution (DS) characterizes the number/frequency of hydrophobic units (groups ot
chains) along the backbone, hence it does not apply to end-modified polysaccharides. It is the most
investigated parameter in the self-assembling mechanism of hydrophobized polysaccharides. It is
generally controlled by varying the feed ratio of the hydrophobic moiety?>96:113.114" polysaccharide
concentration™, and reported as the number of units per polysaccharide chain or per hundred

anhydroglucos units626.115,

All studies report that higher DS result in stronger self-assembly interactions?956, which is expected
as higher substitution of the same hydrophobic moiety implies higher hydrophobic content (higher
DH). There is thus a stronger tendency to maintain the conformational structure of the nanogel
based on hydrophobic interaction. However, the higher DS is not necessatily better as excessive
hydrophobicity can lead to precipitation of the copolymer in aqueous media instead of self-

assembly!.
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1.222.21  Size

While some studies report that with increasing DS, particles tend to become larger and less
uniform!'’, and others find no impact at all'®®, most studies show that the size of the self-aggregates
decreases when increasing the DS03747995-97 1311511611819 Jt appears that increasing the content of
hydrophobic segment in the copolymer would not lead to expanded volume, but rather results in the
shrinkage of the aggregates driven by enhanced hydrophobic interactions. Indeed, higher frequency
of hydrophobic units along the polysaccharide would induce stronger assembly into a more
condensed mesh®. Assuming a homogeneous distribution of the hydrophobic domains in a nanogel,
Akiyoshi et al. estimated the average distance between the hydrophobic domains and found indeed
that it decreased with increasing the DS®, results supporting the hypothesis of a more compact

matrix.

Conversely, lower hydrophobic modification implies stronger hydophilicity of the polysaccharide
derivative which then leads to molecules that self-assemble into looser thus more swollen
particles”120, When considering assemblies with a vesicle structure, Zhang found that increasing the

modification degree would form smaller vesicles but also result in an increase in their wall thickness™.

1.22222 CAC

Higher DS implies higher hydrophobicity of the overall copolymer. Thus, the same way lower CAC
values were obtained for moieties with a higher hydrophobicity, the same trend was observed when
increasing the DS. All studies thus reported that polysaccharides with higher hydrophobic
substitutions presented a lower CAC value™779597107,109115116 The aqueous solubility of the

copolymer decreases when increasing the DS, as the increase of hydrophobic groups enforces the
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hydrophobicity of the polysaccharide derivative facilitating aggregation in aqueous media and leading
to smaller CAC values.

When self-assembling particles by adding water to a solution of cinnamic acid modified dextran,
Zhang et al. showed that less water was needed to induce aggregation when increasing the DS!13,
While CAC studies showed that fewer copolymers are needed to trigger self-assembly, these results
showed the same mechanism in a reverse manner; a higher content of hydrophobic moieties leads to
the necessity for a lower water content is to induce the hydrophobic aggregation to balance the

reduced solubility.

1.2.2.2.2.3  Dissociation

When comparing the effect of the DS on dextran grafted with PLLA side-chains, Nagahama et al.
showed that higher DS led to slower dissociation rate as the higher hydrophobic content induced a
stronger cohesion of the assemblies?”. Other studies have also indicated that more highly-substituted
polysaccharides were more stable against hydrolysis!!”. In addition, more PLLA chains also suggests

that there are more ester bonds to be hydrolyzed in order to dissociate the nano-aggregates.

1.2.2.2.24  Drug loading and release

Generally, higher loading efficiencies were achieved with higher DS74%, indicating that more
hydrophobic groups in the amphiphilic polymer improves its association in aqueous solution and
thus facilitates drug loading. These results could also be due to higher affinity between the more
numerous hydrophobic substituents and the hydrophobic drug®”!?!. For example, Wu et al. found
that with lower DS of deoxychloric acid on chitosan, the aggregates could not form nanocomplexes
with bovine serum albumin because of weaker interaction between the hydrophobic segments and
the protein'?!. The increased loading capacity could also be attributed to larger hydrophobic domains.

Indeed, there are more hydrophobic units, hence the hydrophobic domains are more numerous or
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composed of more hydrophobic moieties, or higher nanogel concentration for equal copolymer
concentration (assuming a smaller aggregation number). A study from Akiyoshi et al. showed that the
number of hydrophobic domains in a particle increased with increasing DS while the number of
hydrophobic moieties in each domain was almost independent®. Thus, more hydrophobic segments
are available to interact and provide space to entrap drug molecules. While higher DS leads blank
nanogels to shrink in aqueous media, the size change in water is due to the decreased swelling of the
hydrophilic network. The trend is reversed in the dry state; the hydrophobic domains are therefore
larger and can lodge more drug. Further, while the hydrophobic domains should have a high loading
capacity and allow for a controlled drug release profile, the compatibility of the drug with the

substituents has also been found to be a key determinant for the carrier efficiency!?L.122

It has been reported that higher DS induced slower release of the payload”. These results were
interpreted as the consequence of the slower dissociation behavior”, but Nagahama et al. also
suggested that higher DS might induce smaller mesh size”’. Indeed, the self-assemblies might be
denser as the hydrophobic segments are more numerous thus closer along the polysaccharide
backbone, inducing a more compact polymeric mesh. This could also explain the results of higher

hydrophobicity inducing higher interaction with the hydrophobic drug.

1.2.2.2.3  Impact of hydrophobic chain length

The impact of the chain length has been much less studied. Indeed, even though the degree of
polymerization (DP) is not always applicable as it concerns polymeric hydrophobic moieties, studies
grafting side chains along the polysaccharide backbone generally only investigate the degree of
substitution”%, Like DS, increasing the DP — corresponding to the length of the side chains - results

in higher hydrophobic content, thus stronger self-assembly interactions?.
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1.22.2.3.1  Polymer surfactant

Nichifor et al. reported the synthesis of dextran derivatives with hydrophobic alkyl end groups of
different lengths®. The copolymer thus presented a surfactant di-block structure resulting in the
formation of micelles. They found that CAC decreased with increasing the length of the alkyl chains,
which is in concordance with previously described studies for the DS as longer hydrophobic chains
mean higher hydrophobicity. Thus longer chains also imply enhanced stability of colloids, which is in
accordance with other studies on polymeric micelles®!#7. The aggregation number was significantly
decreased by increasing the alkyl chain length. This could be attributed to steric hindrance of the long
chains, and/or less molecules necessaty to form and stabilize aggregates due to the higher
hydrophobicity. When studying the size, all polymeric surfactants showed a bimodal distribution: the
smaller population identified as single micelles and the larger population as clusters of associated
micelles. The size and relative percent of the two populations depended on the alkyl end group
length. Longer alkyl chains decreased the size of single micelles but enhanced their tendency to

aggregate. Those results were attributed to the lower Nag.

Other studies investigating the impact of the hydrophobic chain length reported increased micelle
size for longer hydrophobic segments!?123, These results could be explained by the presence of larger
hydrophobic cores due to the larger hydrophobic segments, and possibly less packed depending on
chain flexibility. For polymer surfactants, an increase in the length of the hydrophobic block has been
found to change the partition coefficient of the drug between the micelles and the external medium
in favor of the core®’, thus increasing drug loading. As with the DS, the longer hydrophobic segment
might provide higher interactions with the hydrophobic drug, but also provide a larger space to

entrap the drug molecules. A longer hydrophobic segment has also been found to result in slower
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drug release, which may be attributed to a stronger hydrophobic interaction between the drug and the

hydrophobic corel?,

1.2.2.2.3.2  Comb-like copolymer

Nagahama et al. studied the impact of chain length on a comb-like copolymer of polylactide grafted
dextran!®, and in this case, a polycore structure was assumed in this study. The different geometry of
the copolymer might be the reason for the variation in the structure of the resulting nanogels, as
unlike polymer surfactants, comb-like copolymers can not only show intermolecular but also
intramolecular interactions. As for end-modified polysaccharides, they found that longer hydrophobic
chains induced lower CAC values, but reported much larger particles. It is noticeable that while
increasing the DS was reported to decrease the size of the aggregates, longer chains increased their
size for both block and grafted copolymers. As in both cases the hydrophobicity of the copolymer
increases with the amount of hydrophobic units, the size change is most likely controlled by their
distribution within the copolymer. Higher DS means that the hydrophobic segments are more
frequent, hence closer along the polysaccharide backbone, preventing the hydrophobic chain from
expanding in water and thus impeding the swelling ability of the nanogel. For block and grafted
copolymers, increasing the length of the hydrophobic segment does not reduce the expansion ability
of the hydrophilic block or backbone. In all cases the increased amount of hydrophobic units
increases the volume of hydrophobic domains as mentioned eatlier. So with longer chains, as the
swelling remains the same the overall size of the particle increases, while with more numerous chains

the decreased swelling prevails inducing smaller particles.

When considering longer hydrophobic side chains for a same DS, both the higher degree of
hydrophobization and the distribution can be factors contributing to the observed change. Therefore,

it would be interesting to compare comb-like polymers with the same hydrophobic content, but
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distributed throughout the polysaccharide among many short chains or fewer long chains in order to

investigate the effect of the copolymer structure alone.

The extent of the influence of the length of the side chains also depends on the overall size of the
molecule, specifically the size of the hydrophilic polysaccharide segment®. Varying DP would have a
much stronger impact on a shorter polysaccharide and this impact is reduced by increasing the molar
mass of the polymer backbone. The key parameter here might be the ratio of the length of the side

chains compared to the length of the backbone.

1223 Impact of the polysaccharide molecular weight

The length of the backbone polymer has been reported to affect self-assembly of the nanoparticle!?.
Nichifor et al. studied the effect of the polysaccharide length on their dextran based polymer
surfactant®. They found that CAC values decreased with decreasing dextran length. Considering that
the polysaccharide chain is the hydrophilic part of the copolymer, a shorter chain means an overall
more hydrophobic molecule. The derivatives are thus more strongly driven towards self-assembly. As
for the length of the hydrophobic block, particles presented a decreasing N,e when increasing MW
of dextran. Steric hindrance of the long polysaccharide chains forming the hydrophilic shell might
limit the number of molecules forming each aggregate. Those results on CAC and N, are in
accordance with previous reports on block copolymer aggregates®”. It was also found that longer
polysaccharide chains increased the size of the micelles®®$7. Indeed, the longer hydrophilic block
forms thicker shell and provides higher swelling ability. A study of a block copolymer of dextran and
PLA reported a reverse effect of the MW of dextran!® which was attributed to its ability to “fold-

down” into a mushroom conformation!24,

22



Ph.D. Thesis — M. Jamard — McMaster University — School of Biomedical Engineering

Very few studies investigate the impact of the polysaccharide length as the backbone of a comb-like
structured copolymer. Zhang et al. compared nanogels of poly(€-caprolactone) grafted trimethylated
chitosan with two different chitosan molecular weights'?>. They found that the CAC of aggregates
decreased when increasing the chitosan MW. Those results were explained by the fact that at similar
DS, longer chains were grafted with more PCL side chains than the shorter ones, thereby favoring
intramolecular hydrophobic interactions and lowering the concentration necessary for aggregation.
They also reported that a shorter chitosan backbone resulted in smaller particles, in concordance with
a study from Akiyoshi et al. showing that the aggregation number decreased when increasing the

polysaccharide MW while the hydrodynamic diameter of the aggregate increaseds>.

1224 Impact of other parameters

Some studies reported that the formation of the particles strongly depended on preparation
parameters such as the method used for self-assembly, the solvent used or the concentration of
polymer solution®”!'”.  For instance, Hornig et al. compared particles synthesized by dropping
acetone into water or adding water into acetone!!’. Small and uniformly sized particles were obtained
in the first case while the second method lead to larger particles. In a study from Zhang et al. self-
assembly of their cinnamic acid grafted dextran was induced by adding water to a solution of
copolymer dissolved in DMF!13, This method resulted in the formation of bowl-shaped structures
with a dimple on the surface. DMF remaining inside the aggregate during the formation process
would, upon water addition, move to the thinner wall as a solvent “bubble” under the action of
asymmetry force and finally break through, resulting in the formation of the dimple. A very slow rate
of water addition did not induce dimple formation. The slow change in water concentration would
indeed allow more homogeneous mixing and slower self-assembly, preventing the formation of a

DMF bubble entrapped within the aggregates.
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The method of particle formation depends on the degree of hydrophobization. For amphiphiles with
high solubility, the self-assembly process could be accomplished by direct dissolution with slight
stirring®>126.127) while those with low solubility due to high MW or strong hydrogen bonds require the
assistance of sonication!?¢118.128, For derivatives with high hydrophobic modification, dissolution in

organic solvents and dialysis against water is necessary to initiate self-assembly®5129,

Several other groups have reported that the copolymer concentration influenced the particle
formation in terms of size and shape of the aggregates”107.113,117, However, once the particles formed,
Nichifor et al. compared solutions of different concentrations and only observed a low influence of
dilution on aggregate size for their polymer surfactant®. The characteristics of the surrounding
medium, including pH, temperature and electrolyte concentration, have also been found to strongly

influence molecular interactions, thus modifying the size and shape of the structures™.

1.2.3 Summary

The degree of hydrophobization (through the nature of the hydrophobic moiety, its distribution on
the polysaccharide and its length), the nature and molecular weight of the polysaccharide, the
preparation technique and the surrounding media, alter the properties of self-assembled nanogels.
Comprehending the impact of these different levers on the self-assemblies structures and properties
is key to tailoring their size, surface charge, loading efficiency, stability, swelling capacity and
degradation for specific drug delivery applications. However, many of the performance related
properties are influenced by the same factors, and while some general rules seem to apply, the nature
of moieties involved and the chemistry used maintain a large degree of unpredictability. It is therefore

difficult to design nanogels which possess all of the ideal characteristics.
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1.3 APPLICATION TO DRUG DELIVERY

1.3.1 Introduction

In this part of the review, the most recent studies on self-assemblies made of hydrophobized
polysaccharides focusing on their application and performance as drug delivery systems will be
discussed. Drugs can be loaded within the nanogels or covalently linked to the polymer chains thus
acting, at the same time, as the hydrophobic moiety responsible for the self-assembly. In general
terms, the drug release mechanism will depend upon the rate of diffusion of the drug from the
cartier, the stability of the aggregate and/or the rate of biodegradation of the copolymet. In case of
good stability and slow biodegradation, other factors will control the kinetics, such as material-drug
interactions, molecular weight of the copolymer, hydrophobic-hydrophilic balance, localization of the

drug within the nanogel, amount loaded and dimensions of the nanogels, among others.

1.3.2 Dextran

1.3.2.1 Introduction

Dextran, mainly obtained from enzymatic processes performed by specific bacterial species*:13, is a
high molecular weight polysaccharide consisting of «-1,6-linked D-glucopyranoses with some degree
of 1,3-branching. Highly water soluble, it is biocompatible, biodegradable and resistant to protein
adsorption*’. It also presents a large quantity of hydroxyl groups per monomer unit, available for

chemical modification via reactive hydroxyl chemistries*.

1.3.2.2 Dextran modified with polycaprolactone

Several studies on nano-aggregate preparation from dextran-Poly (e-caprolactone) copolymers have

been reported. Poly(e-caprolactone) (PCL) is a hydrophobic polyester with excellent biodegradability,
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biocompatibility, low immunogenicity, nontoxicity, good mechanical and thermoplastic properties. It
has been frequently applied as an implantable biomedical material and sustainable
bionanocomposite!3-133, and has been used as the hydrophobic component in micelle-forming

materials!34135,

Liu and coworkers synthesized diblock copolymers of dextran and PCL. They self-assembled into
sphetical particles with diameters ranging from 20 to 50 nm and a CMC of 0.06 mg/ml. When
applied to the release of doxorubicin'?3, those nanogels made of dextran-b-poly(e-caprolactone)
diblock copolymers showed a drug loading content of 8.47-10.43% and an encapsulation efficiency
of about 40-50%. Larger sizes (90-125 nm) of black particles were reported in this study with a slight
increase upon drug loading, while maintaining a narrow distribution. After a 10-hour burst of 40%,
doxorubicin was released in a sustained manner up to 70-80% in 96 hours, depending on the PCL
length. Doxorubicin was shown to remain pharmacologically active after encapsulation, and the
loaded carriers were found to be easily taken up by SH-SY5Y cells. Another group reported the
synthesis of disulfide-linked dextran-b-poly(e-caprolactone) diblock copolymer for the formation of
reduction-responsive biodegradable micelles and tested them for triggered release of doxorubicin in

vitro and inside cells!3,

More recently, amphiphilic copolymers of poly(€-caprolactone)-grafted dextran (Dx-g-PCL) were
synthesized by ring opening polymerization'?”. The Dx-g-PCL nano-aggregates were prepared by
emulsion and solvent evaporation, using poly(ethylene glycol) (PEG) as a stabilizing agent to prevent
agglomeration, and resulting in spherical particles of an average size of 86 nm. These showed an
entrapment efficiency of Amoxicillin of 78% (w/w) with decreased stability when loaded with the

drug. The quick 50 hour release of 85% of the drug was followed by a plateau stage suggesting that
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the drug might be located in the micellar shell and was released by a combination of diffusion and

eroding mechanisms.

1.3.2.3 Dextran modified with poly(D,L-lactide)

Polylactide (PLA) is a biodegradable and biocompatible polymer that is widely used in the biomedical
field!38.1%, A self-assembling block copolymer of dextran and poly(D,L-lactide) (Dex-b-PLA) was
developed and reported to form particles with core-shell structures!'®s. Their size could be precisely
tuned in the 15-70 nm range by altering the molecular weight of the blocks. Using doxorubicin as a
model drug, the nanogels could catty up to 21% (w/w) of the drug payload, and provided sustained
release for over 6 days. By tuning of the copolymer molecular weight, a long circulation lifetime

almost eight times longer than PEG-coated nanoparticles could be achieved.

Dextran was also hydrophobized with PLA by grafting PLA chains onto the polysaccharide
backbone!®. The resulting copolymers were able to spontaneously self-assemble into spherical
nanogels with a hydrophobic polycore and hydrophilic skeleton structure. They exhibited
hydrodynamic diameters ranging from 16 to 73 nm and CAC varying between 2.1-8.0 mg/L. A DLS
study over time revealed that the nanogels dissociated by hydrolysis. Size, stability and degradation

could be tuned by varying the size and number of PLA chains.

1.3.2.4 Dextran modified with cholesterol

PLA grafted dextran (dex-g-PLILA) was compared to dextran modified with cholesterol (dex-chol)
with varying hydrophobic unit content’. Dex-chol self-assembled into nanogels of 125 nm, with a
CAC of 12.6x10* wt%. Their size decreased due to fast dissociation upon collapsing of the

cholesterol cores by hydrolysis of the ester bond.

27



Ph.D. Thesis — M. Jamard — McMaster University — School of Biomedical Engineering

1325 Protein release from Dex-g-PLLA and Dex-Chol

The self-aggregates made of Dex-g-PLLA and Dex-Chol were studied for entrapment and release of
protein”. Entrapment of lysozyme during nanogel formation was shown to be more successful than
the soaking method, and the loading efficiency and release kinetics could be controlled with the
hydrophobic content. The amount of protein encapsulated increased by increasing the initial amount
of protein, showing great potential of the inner space of the nanogels for lysozyme loading. At
3mg/mL protein, Dex-g-PLLA showed 5.1-6.3% loading capacity while Dex-Chol showed
approximately 8.2%. The nanogel size increased when loading increased for both copolymers,
indicating that the change can be attributed to an increase in physical space and swelling capacity due
to the loaded hydrophilic lysozyme. Although slightly faster for Dex-Chol, all nanogels exhibited a
sustained release over 1 week without any initial burst release, and conservation of the lysozyme

structure.

13.2.6 Dextran functionalized with poorly water-soluble drugs (ibuprofen, naproxen)

The hydrophobic moiety can also be the drug itself. Hornig et al. reported the functionalization of
dextran with pootly water-soluble drugs (ibuprofen and naproxen)!'’. The resulting amphiphilic
molecules self-assembled into nanoparticles in the range of 102-287 nm for the ibuprofen-modified
ones, and 177-387 nm for the naproxen-modified ones. The sizes were strongly influenced by the
degree of substitution and preparation technique. The particle suspensions remained stable over
months solutions with a pH value of between 4 and 11. For the use of those dextran derivatives as
potential prodrugs in drug delivery systems, their cleavage under physiological conditions is an
essential prerequisite. In a preliminary experiment, dextranase, the enzyme responsible for dextran
biodegradation in living organisms!¥-14!, showed efficient depolymerization of the dextran-drug

conjugates.
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1.3.3 Chitosan

1.3.3.1 Introduction

Chitosan is a linear heteropolymer consisting of varying amounts of b-(1,4)- linked D-glucosamine
and N-acetyl-D-glucosamine. It is obtained by partial deacetylation of chitin, the second most
abundant polysacchatide in nature after cellulose!*2. Recognized as biocompatible, chitosan has been
demonstrated to be non-toxic in both animal and human models'#2!43. It can be biodegraded by
enzymes!#+14 resulting in amino sugars as degradation products which are also non-toxic and
completely adsorbed by the human body!6.147. Unlike chitin which is insoluble in aqueous and many
organic solvents, chitosan is soluble in water at low pH by protonation of the free amine groups!#.
Although mainly hydrophilic, the presence of N-acetyl groups induces a slight degree of hydrophobic
behavior. Chitosan is the only natural, positively charged polysaccharide!#$14 providing inherent
mucoadhesive properties via ionic interaction between its quaternary amino and negative sialic acid
groups of mucin!#2146.150.151 [t is also beneficial for cellular uptake and opening of tight junctions!>?
through interactions with the negative charges carried by membrane proteins’*!51. In addition, this
cationic nature of chitosan can be manipulated giving pH-responsiveness!3. Chitosan has well
established antibacterial activity!53154, as it was found to be toxic to several bacteria, fungi and
parasites??. The backbone is rich in functional groups such as hydroxyl, amino and acetylamino

groups, endowing chitosan with versatile chemical properties and allowing chemical modification!>.

This unique combination of properties makes chitosan an extremely useful material in the
pharmaceutical and biomedical fields!>® for its application in drug delivery!'57!5 and can be tailored to
suit to specific use in the form of micro and nanoparticles or hydrogels's-162. A recent study reviewed
all types of chitosan-based self-assemblies and their application in drug delivery”. Chitosan is

amphiphilic as the chemical structure of chitosan already includes hydrophobic sites, but its
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amphiphilicity is limited as the polysaccharide is unable to self-aggregate in aqueous solution. Besides,
only acidic conditions allow solubility of chitosan in water. Thus, chitosan derivatives were prepared
to enhance water solubility of the polysaccharide backbone as well as to provide hydrophobic

segments to allow self-assembly.

1.3.3.2  Chitosan derivative with phosphorylcholine and deoxycholic acid moieties

A biodegradable amphiphilic chitosan derivative (DCA-PCCs) was synthesized by grafting
hydrophilic cell membrane mimic phosphorylcholine (PC) and hydrophobic deoxycholic acid (DCA)
moieties along its backbone!?!. A tuned hydrophilic-hydrophobic balance by controlling both DS
values DCA allowed the copolymer to self-assemble. Bovine serum albumin (BSA) was used as
model protein. BSA loaded nano-complexes had a size of 213 nm with a PDI of 0.195 while the
blank nanoparticles had a larger size and size distribution of 285 nm and 0.253 respectively. These
results suggest that the interaction between the copolymer and the protein induced smaller
aggregates. A biphasic release of BSA following first order exponential decay kinetics was observed
with 45% rapidly released at first 12 hours, followed by a slow release up to 72 hours reaching a
cumulative release of BSA close to 85%. Both loaded and blank particles showed excellent
biocompatibility with cytotoxicity and hemocompatibility assays due to the presence of cell

membrane mimic phosphorylcholine

1.3.3.3 Poly(p-dioxanone) end-modified chitosan

An amphiphilic block copolymer of chitosan and poly(p-dioxanone) (PPDO) was synthesized with
two different MW of PPDO-macromers?!. The polymer surfactant could self-assemble into micelles
with pH-responsive shells based on chitosan with a CAC in the range of 5-9.10-2 mg/mL. The
micelles were 115 nm for the short PPDO copolymer and 77 nm for the long PPDO copolymer.

These results are reverse of the previously discussed effect of the length of the hydrophobic block in
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polymer surfactant, and were attributed to the fact that the short PPDO chain had poorer
crystallization properties resulting in a looser core. Decreasing the pH caused the diameter of the
micelles to increase suggesting increased hydrophilicity of the chitosan and swelling of the micelle.
Camptothecin was encapsulated into the micelles with a loading of 8.21% and a loading efficiency of
82.05%, and showed much faster release at pH 5.0 than at pH 7.4. The pH-responsive micelles could
thus realize differential drug release inside and outside of the cellular environment. Blank particles
were found to be nontoxic and the loaded cattiers could be effectively internalized by Hela cells and

showed potent antitumor cell efficacy.

1.3.3.4 Biotinylated N-palmitoyl chitosan

Chitosan, previously hydrophobized with palmitoyl chloride,!¢3 was further modified with biotin for
active tumor cell targeting®. The copolymer self-assembled into positively charged spherical particles
with sizes in the range of 300—400 nm and a narrow size distribution. The low content of biotin
reduced their diameter compared to assemblies based on N-palmitoyl chitosan reported to be 429
nm, but only induced a slight dectease of the CAC from 0.083 mg/mL to 0.081 mg/mL. The cattiers
were loaded with docetaxel with an encapsulation efficiency of 79% and a drug loading of 8.92%,
improved compared to N-palmitoyl chitosan reported to be 68% and 5.84% respectively. They
exhibited a biphasic drug release pattern with an intitial 6-hour burst and a subsequent sustained
release phase. A slight pH-dependency was noticed as the release was slower at pH5.5 compared to
pH 7.4. The rates were much slower for the biotinylated copolymer, with only 10-20% released in 72
hours compared to 45-60% for the non-biotinylated one. The particles also showed susceptibility to

biodegradation and hemocompatibility.
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1.3.3.5 Chitosan functionalized with N -acetyl cysteine and vitamin E succinate

Chitosan was modified with N-acetyl cysteine (NAC) as the hydrophilic group and vitamin E
succinate as the hydrophobic group!®*. The resulting copolymer was able to self-aggregate into
particles with a hydrodynamic diameter in the range of 220-250 nm. The carriers were loaded with
paclitaxel, showing significant improvements in pharmacokinetics as the relative bioavailability of the

nanoparticle system was 425% compared with a simple paclitaxel solution.

1.3.4 Hyaluronic Acid

1.3.4.1 Introduction

Hyaluronic acid (HA) is a linear, anionic, high molecular weight polysaccharide made up of repeating
disaccharide units of D-glucuronic acid and N-acetylglucosamine®. It is the only non-sulfated
glycosaminoglycan that occurs primarily in vivo as sodium hyaluronate, present in the extracellular
matrix. Biocompatible, biodegradable and hydrophilic, it holds remarkable viscoelastic properties and
the ability to retain water'65. Intracellular degradation of HA occurs within a low pH environment, as
is the case in the lysosome!®%. It has also shown mucoadhesion through hydrogen bonding!66167. HA
serving within the extracellular matrix as a direct receptor for cell behavior, is capable of specific
recognition to interact with transmembrane glycoprotein CD44, that is over expressed on the surface
of different tumor cells!®-170, HA based nanoparticles hold thus a major advantage over other
polysaccharides, which is the ability to combine both passive targeting by utilizing the EPR effect in

tumors and active targeting towards the HA receptors overexpressed by the majority of tumors.

1.3.4.2 HA grafted with bromohexyl derivative of riboflavin tetrabutyrate

Di Meo et al. report the synthesis of HA and pullulan grafted with bromohexyl derivative of

tiboflavin tetrabutyrate!’!. The copolymers presented a different derivatization degree: 30% mol/mol
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for HA and only 5% mol/mol for pullulan. The copolymers self-assembled into aggregates with sizes
of about 312 and 210 nm for hyaluronan and pullulan respectively. They exhibited long-term stability
in water and physiological conditions, and excellent cytocompatibility. Only the HA-based particles
were loaded with levofloxacin, a water soluble drug, showing an encapsulation efficiency of 15%

w/w, a value higher than was previously obtained with HA-cholesterol detivatives!72173,

1.3.4.3 HA conjugated with hydrophobic poly(L-histidine) (HA-Phis)

HA was conjugated with hydrophobic poly(L-histidine) (PHis) to prepare a pH-responsive and
tumor-targeted copolymer able to self-assemble into a mnanocartier for anti-cancer drugs!!s.
Copolymers formed monodispersed spherical aggregates in the range of 150-215 nm with low PDL
Average sizes and zeta potentials could be changed with the DS values. Unlike the tendency reported
in most studies, drug loading and encapsulation efficiency of doxorubicin slightly decreased with an
increase in the DS. The authors suggested that it could be because the stronger hydrophobicity would
result in weak exclusion between the hydrophobic drug and the micellar core region. In vitro drug
release studies demonstrated slower doxorubicin release at physiological pH than at lysosomal pH.
Studies also showed that the particles were taken up in significant amounts by receptor-mediated
endocytosis and doxorubicin was efficiently delivered into cytosol. Therefore, the study suggested
that the nanogels could be able to accumulate at the tumor site by the EPR effect, selectively taken up
and internalized into the tumor cells via CD44 receptor-mediated endocytosis and transported to

lysosomes, where they would release their payload.

1.3.4.4  Alkyl chains grafted HA

HA grafted with alkyl chains self-assembled into nanogels with sizes in the range of 177 to 293 nm,
negative surface charge and narrow size distribution!’. The CAC value was determined to be in the

range of 0.1-0.3 mg/ml.. Loading amount of budesonide was varied from 5.7 to 9.3%, depending on
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the drug to polymer feed ratio. The drug release was divided into three phases based on the release
rate. An initial burst of 2 hours corresponding to the budesonide soaked on the nanogel surface, a
slower release up to 20 hours corresponding to the diffusion of the drug inside the particles driven by
the concentration gradient, and a final plateau phase. The cumulative release in 50 hours was not
equal to the total amount of budesonide loaded, attributed to the fact that the particles were still
intact at that point and the reduced concentration gradient. The cartiers showed an enhanced cellular
uptake via CD44 receptor mediated endocytosis and using a cellular model of inflamed intestinal
mucosa, the authors demonstrated that the particles may improve the anti-inflammatory efficacy of

budesonide.

1.3.4.5 Taxol conjugated HA

Porphyrin modified paclitaxel (PorTaxol) was conjugated with permethyl-B-CD modified HA taking
advantage of the strong affinity between porphyrin unit in PorTaxol and the permethyl-8-CD cavity
by simply mixing them in aqueous solution®. It formed an amphiphilic complex able to self-assemble
into nanoparticles made of a hydrophilic HA shell and a hydrophobic PorTaxol core. The spherical
assemblies with sizes of around 171 nm were found to be stable. PorTaxol was shown to be released
by hyaluronidase-mediated hydrolyzation breaking the HA chains and degrading the complexes. The
particles exhibited specific targeting internalization into cancer cells with much lower side effects that

regular solution of paclitaxel.

1.3.5 Cellulose and derivatives

1.3.5.1 Introduction

Cellulose is the most abundant polysaccharide in nature.  Cellulose fibers constitute the basic

structural element of wood and annual plants. It is a linear polymer composed of of (1—4) linked B-
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D-glucopyranosyl units. Cellulose has been reported to have outstanding biocompatibillity and
biodegtradability!7%. Its water insolubility is assigned to inter/intramolecular association, leading to the
formation of ordered crystalline regions!”>. The abundant hydroxyl functionalities of cellulose!7* allow
chemical modification through various polymerization techniques in order to control elasticity, ion
exchangeability, thermal stability and mechanical properties’®-17, While cellulose is insoluble in
water, it has been converted to water-soluble polymer with various chemical modifications. An
important class of cellulose derivatives are cellulose ethers, such as methylcellulose (MC),
hydroxyethyl cellulose (HEC), hydroxypropyl cellulose (HPC), and hydroxypropyl methylcellulose

(HPMC), all of which are commercially available

13.5.2 a-tocopherol succinate-conjugated hydroxyethyl cellulose

Tocopherol succinate (TOC), also known as vitamin E succinate, is a lipophilic vitamin'®® which has
been recognized as an excellent solvent for many water-insoluble drugs due to its good
hydrophobicity!8.182. TOC has thus been introduced into the backbone of hydroxyethyl cellulose
(HEC) as the hydrophobic moiety, and the amphiphilic HEC-TOS conjugates were shown to self-
assemble into spherical micelles?. They had a size in the range of 24.5-115.1 nm and a CMC of 16-99
ug/ml. By encapsulation, the nanocattiers provided a concentration of paclitaxel about 50 times
higher than water, and released their payload over a period of 4 days. Three stages could be identified
in the release: an initial burst release of 40.0% in the first 24 hours possibly corresponding to the
paclitaxel in the outer shell of the particle, a second slower stage where 40% of the drug was released
over the following 3 days, and a final plateau stage where the 20% of drug left remained encapsulated
attributed to the low concentration gradient with the outside media or possible interaction of

paclitaxel with the conjugates.
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1.3.5.3 Linoleic acid conjugated hydroxyethyl cellulose

Linoleic acid (LA) is an essential fatty acid for metabolism in human body which, because of its high
hydrophobicity, has been successfully applied to the encapsulation and controlled release of fat-
soluble compounds!®. A series of HEC-g-LA copolymers with different contents of LA were
synthesized and showed the ability to self-assemble into monodispersed spherical particles in aqueous
solution, stable at room temperature for at least ten days®”. The sizes and CMC of the aggregates were
found to be correlated with the LA content of copolymers, and vatied in the range of 20-50 nm and
1.92-21.76 Hg/ml, respectively. The catriers were investigated for loading and release of the
hydrophobic active component B-carotene. The encapsulation efficiency and loading content
changed upon drug concentration in the initial phase and wete found to be up to 84.67% (w/w) and
4.23% respectively. B-carotene was gradually released from the nanogels over a petiod of about 200
hours. A 10 hour initial burst of 20% was followed by a sustained release with a decreasing rate up to

150 hours where it seemed to plateau with 20% of B-carotene remaining the particles.

1.3.5.4 PLA modified cellulose

Many studies report the grafting copolymerization of PLA onto cellulose derivatives!®+-187. A recent
study from Guo et al. reports the synthesis of a series of cellulose-graft-PLLA copolymers with various
structural factors, including grafting ratio, PLA chain length, and final copolymer molecular weight™.
In this work, self-assembled particles were used as carriers for paclitaxel. Their size varied from 6 to
52 nm and increased when loaded in the range of 97 to 167 nm. The loading capacity was found to
increase with DS wvalues of PLA, the highest obtained being a drug loading of 4.97% and
encapsulation efficiency of 89.30%. Unfortunately, no release study and cytotoxicity assay were

carried out.
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1.4 CONCLUSIONS

Polysaccharides partially modified with hydrophobic moieties are able to self-assembled into nanogels
in aqueous media. They present a spherical shape and diameters generally below 300 nm with a
narrow size distribution and a low CAC. The examples discussed in this review demonstrate that
hydrophobized polysacchatride-based nanogels have already offered significant improvements to the
field of drug delivery such as increasing drug solubility, controlling its release, protecting it from
adverse external environmental factors thus enhancing its efficacy. The large wvariety of
polysacchatides and hydrophobic groups provides infinite possibilities, multiplied by other factors
such as distribution of the hydrophobic moiety and other preparation parameters. The effects of
different levers on the characteristics and properties of the self-assemblies were reviewed in an effort
to gain insight into the role of the polymer structure on intra- and intermolecular interaction, the
mechanism of nano-structuration, and the resulting features of the self-aggregates. By providing an
overview of general rules on the impact of the hydrophobic/hydrophilic moieties, their size and the
copolymer topology, we hope to enable better prediction and tuning of the nanogels to meet the

requirements of its application in drug delivery.

1.5 'THESIS SCOPE

1.5.1  Ocular drug delivery limitations

The anatomy of the human eye is divided into two regions called the anterior and the posterior
segments. The anterior segment composed of the cornea, the conjunctiva, the iris, the ciliary body,
the anterior and posterior chambers, the lens, the lachrymal apparatus and the eyelids. The sclera, the
choroid, the retina, and the vitreous constitute the posterior segment!88189, Eye drops have been

globally accepted as a formulation for the management of diseases in the anterior segment of the eye.
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Convenient and easy to use, they are still largely preferred over intravitreal or periocular injections
and account for 90% of ophthalmic formulations’*1°1. However, topical formulations are associated
with some limitations in terms of pharmacological and pharmacokinetic profile, dosing frequency,
systemic untoward effects, patient non-compliance, low drug bioavailability, and rapid washout from
the ocular surface. Therefore, only 0.1-5% of the topically administered dose is absorbed through the

corneal epithelium and roughly 1% reaches the aqueous humor!92-19,

The eye indeed presents numerous batriers to topical drug delivery!?e. The pre-corneal bartrier
mechanisms include dilution, elimination from the lachrymal fluid either by drainage from the
conjunctival sac into the naso-lachrymal duct, conjunctival absorption or clearance by tearing!®7-200,
The corneal barrier is mainly the result of the corneal epithelium presenting a pore size in the range
of 1-5 nm?! due to intercellular tight-junctions surrounding epithelial cells, therefore impeding the
diffusion of macromolecules as well as hydrophilic molecules via the paracellular route??. In addition,
the corneal and conjunctival membranes present efflux pumps restricting the entry of substrates into
the deeper ocular tissues®3-205. The sclera also largely influences the pharmacokinetics of drug
diffusion206207_its highly hydrophilic tissue being a rate-limiting barrier for most lipophilic drugs. The
sclera is 10 times more permeable than the cornea and the conjunctiva is 15-25 times more
permeable than the sclera?’. Characteristics of the drug such as hydrophobicity, molecular size,

charge, ionization and solubility affect the rate of its penetration in the cornea??-211,

Thus, because of the structural organization of the eye and its numerous clearance mechanisms,
efficient ocular drug delivery remains a major challenge. Ideally, the formulation should specifically
and efficiently reach the target tissue to reduce systemic uptake and side effects, provide a sustained
and controlled release to maintain therapeutic concentration of the drug for a prolonged period of

time, all the while remaining patient friendly.
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1.5.2  Particulate systems

Nanocarriers appear as a promising tool to overcome the limitations of conventional delivery systems
in ocular drug delivery and the different batriers of the eye2!2213, Suspended in aqueous solution, they
can be administered topically as liquid dosage formulations. Due to their small sizes, they are likely to
have high diffusivity across membranes such as the corneal epithelium thereby improving the corneal
permeability of drugs via topical administration!9%196214-216, Their high surface-area-to-volume ratio
may show improved interaction with the outer mucous membrane of the corneal surface, prolonging
pre-corneal retention. Slowly cleared and releasing the drug for a longer duration, nanoparticles are
expected to enhance the ocular bioavailability and offer sustained therapeutic drug concentration for
a longer duration and thereby reduce frequency of administration with improved patient
compliance?!7218, Therefore, nanocarrier-based ocular drug delivery systems have been widely
explored for ocular drug delivery as they appear to be a promising strategy to meet its primary

requirements of therapeutic efficacy, compliance and safety!96:219.220,

1.5.3  Cellulose in topical drug formulations

Cellulose and its derivatives have been extensively investigated for ophthalmic applications including
the synthesis of ophthalmic drug delivery systems. They have been used for artificial tear
solutions??1.222, Farly findings suggested that hydroxypropyl methylcellulose provided long coverage
and protection for the ocular surface, potentially suitable for patients with severe dry eye??3. They
were also employed as viscosity enhancers in ophthalmic solution and suspension formulations?+22,
By increasing the viscosity and wettability, cellulose ethers increase the contact time of the drug on
the ocular surface and thereby its bioavailability?28230. Their film forming ability has been exploited
for the synthesis of platforms for the delivery of drugs?!, or drug loaded nanoparticles?32. Inserts
were also developed by film casting and compression moulding?® such as Lacrysert®, or as

lyophylisate which would hydrate with the tear fluid once deposited in the cul-de-sac?®.
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Hydroxypropyl mcethylcellulose has been used with PLGA to make a biodegradable matrix implant,
Surodex™ (Allergan, Inc., Irvine, CA), for insertion in the anterior chamber following cataract
surgery to control postoperative inflammation?¢-2.  Hydroxypropyl —methylcellulose and
carboxymethyl cellulose were used for the fabrication of a nanowafer, a small transparent circular disc
containing arrays of drug loaded nanoreservoirs to be applied on the ocular surface?®. Transparent
cellulose-based hydrogels were also fabricated with a contact lens geometry for use as a corneal
bandage immediately following ocular trauma?*!. Some cellulose derivatives such as methylcellulose
and hydroxypropyl methylcellulose are temperature responsive. At low concentrations (1-10 wt.%),
their aqueous solutions are liquid at low temperature, but gel upon heating. This sol-gel
transformation has been exploited to design in situ gelling systems?¥2. Ophthalmic in situ gelling
vehicles have mainly been developed combining cellulose derivatives with others polymers such as
Poloxamer, sodium alginate, polyacrylic acid or Carbopol for scaffold formation in the cul-de-sac of
the eye?4-2%, Cellulose derivatives were also added to improve drugs retention or solubility?22, In
vivo studies on cellulose or cellulose derivative-based ophthalmic systems demonstrated good in vivo

tolerance?36,241,253,

1.5.4 Nanogels of hydrophobized methylcellulose for ocular drug delivery

As a target organ for drug delivery, the eye is physiologically unique. Ocular diseases have been most
often treated by topical administration of drug solutions, preferred to systemic routes as they tend to
enhance drug distribution to the ocular tissues while minimizing systemic exposure and potential side
effects. However, the anterior segment of the eye presents natural barriers such as dosage spill-over,
nasolacrimal drainage, blinking, tear film and tear mucin, and low corneal permeability. These
clearance mechanisms and biological barriers of the eye allow only 5% or less of the applied dose can
reach intraocular tissues?>*257. All of these factors result in poor drug delivery efficiency of topical

formulations. While high drug concentrations and frequent administration are used to achieve
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therapeutic efficacy, those strategies have a potential negative impact on therapeutic efficacy and
disease control. Patient noncompliance also remains a significant issue with this strategy?>$-260,
Improving the bioavailability of drugs to obtain an optimal drug concentration at the target site for a
prolonged period of time is therefore one of the biggest challenges in ocular drug delivery.

We hypothesize the widespread acceptability of topical formulations make them a logical target for
improving the release kinetics of drugs in the treatment of diseases of the eye, and in particular
diseases of the anterior segment. Particulate systems thus appear as a promising approach as
suspended in liquid formulations, they can be delivered topically. They have shown the ability to
encapsulate bioactive compounds, thereby improving their stability, and to sustain the release of their
payload, thus avoiding drug concentration fluctuations. The enhanced ability of particles to cross
biological membranes, potentially improved by surface functionalization, is also an attractive feature
to overcome the effective clearance mechanisms of the eye, allowing the drug to reach the tissues to
be treated. Self-assembly is an attractive method of particle synthesis as it avoids the use of reactive
compounds which may damage the bioactive payload. Amphiphilic polymers have demonstrated the
ability to spontaneously aggregate in aqueous media into stable suspensions of nano-sized particles

composed of a hydrophilic mesh physically crosslinked by hydrophobic domains called “nanogels0.

In the current work, self-assembled nanogels of hydrophobized polysaccharides were developed as a
potential drug delivery platform to treat diseases in a localized and efficient manner, thereby
addressing the limitations of current topical formulations. Biocompatible and biodegradable,
polysaccharides appear as an ideal biomaterial choice for the design of nanoparticles. The variety of
chemical structures provides them with a great range of physicochemical and biological properties
which can be readily tuned by conjugation of different molecules to their numerous functional
groups. When modified with hydrophobic moieties, the resulting amphiphilic polysaccharide can self-

assemble in aqueous media and spontaneously form highly stable nanogels without harsh synthesis
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conditions?!. Those nano-aggregates can be loaded with therapeutics offering protection against
premature degradation as well as enhanced solubility, increasing permeation through longer residence
times on the eye and improving pharmacokinetics. The properties of these nanogel carriers can be
tailored by the choice of polysaccharide and hydrophobic moiety, and further adjusted with the size
and distribution of each segment, in order to match the pharmacokinetic requirements of the
therapeutic to be delivered. Furthermore, their surface can be functionalized to target the precorneal
tissue for prolonged residence time on the ocular surface allowing enhanced corneal penetration.
Therefore, nanogels of self-assembled hydrophobized polysaccharides have tremendous potential to
overcome some of the current obstacles of ocular drug delivery and improve the bioavailability of the

therapeutics, while remaining patient friendly.
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CHAPTER 2: NANOGELS OF METHYLCELLULOSE
HYDROPHOBIZED WITH N-TERT-BUTYLACRYLAMIDE
FOR OCULAR DRUG DELIVERY

Authors: Marion Jamard, Todd Hoare and Heather Sheardown

Objectives: Design of self-assembled nanogels based of methylcellulose grafted
with poly(N-tert-butylacrylamide) side chains for topical delivery of
pharmaceuticals to the anterior segment of the eye.

Main Scientific contributions:

* Hydrophobically modified methylcellulose by grafting poly(N-tert-butylacrylamide)
side chains onto the polysaccharide backbone.

* Produced a copolymer capable of self-assembly into a stable suspension of spherical
monodispersed nanogels in aqueous media.

*  Demonstrated the ability of the nanogels to encapsulate a hydrophobic model drug
and sustain its release.

* Showed tunability of the properties of the self-aggregates varying the degree of
hydrophobization of methylcellulose.

*  Demonstranted in vitro cytocompatibility of the nanogels after 48-hour incubation

with human corneal epithelium cells.

Publication information:
Submitted January 2016 to the special Ocular Drug Delivery issue of Drug Delivery and

Translational Research.

Author contributions:

Marion was responsible for the synthesis and characterization of the materials, and paper
write-up. The design of the polymer was suggested by Dr Hoare who also provided guidance
along the project.
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ABSTRACT

While eye drops account for the majority of ophthalmic formulations for drug delivery, their
efficiency is limited by rapid pre-corneal loss. In this study, we investigate nanogel
suspensions in order to improve the topical ocular therapy by reducing dosage and frequency
of administration. We synthesized self-assembling nanogels of 140 nm by grafting side chains
of poly(N-tert-butylacrylamide) on methylcellulose via cerium ammonium nitrate. Successful
grafting of PNtBAm onto methylcellulose was confirmed by both NMR and ATR FT-IR.
Synthesized molecules (MC-g-PNtBAm) self-assembled in water driven by hydrophobic
interaction of the grafted side chains creating colloid solutions. Materials were synthesized
changing feed ratios of acid, initiator and monomer in order to control the degree of
hydrophobic modification. The nanogels were tested for different degrees of grafting.
Viability studies performed with human corneal epithelial (hCE) cells testified to the
biocompatibility of poly(N-tert-butylacrylamide) grafted methylcellulose nanogels.
Dexamethasone was entrapped with an efficiency superior to 95% and its release presented
minimal burst phase. Diffusion of drug from the nanogels was found to be delayed by
increasing the degree of grafting. The release profile of the entrapped compound from the
MC-g-PNtBAm nanogels can thus be tuned by simply adjusting the degree of hydrophobic
modification. MC-g-PNtBAm nanogels present promising properties for ocular drug

delivery.
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Keywords: Methylcellulose, polysaccharide, hydrophobization, self-assembly, nanogels,

ophthalmic, drug delivery/release
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2.1 INTRODUCTION

Topical administration is the most common delivery method employed to treat diseases of
the anterior segment of the eye. Due to their convenience, eye drops account for
approximately 90% of commercially available ophthalmic formulations'”. However, the eye
is characterized by its high resistance to foreign substances’. Rapid drainage through the
naso-lacrimal duct, constant dilution by the turnover of tears and low drug permeability
across the corneal epithelium®™ significantly limit the efficiency of common topical
formulations. Only 1% to 5% of the drug reaches the intraocular tissues®’; the remainder of
the drug dosage undergoes spillage or nonproductive systemic uptake the latter of which may
result in serious adverse effects®. Multiple daily administrations are then often necessary to
achieve therapeutic efficacy, resulting in a higher potential for side effects and lower patient
compliance. Thus, there is a need to improve ocular bioavailability and extend drug effect in
targeted tissues. The drug delivery system should allow for prolonged contact time with the

precorneal tissue to enhance corneal penetration, while remaining patient-friendly.

36,10-15

There is a growing interest in the development of particulate topical formulations
overcome the limitations associated with topical administration methods. Indeed,
nanoparticle carriers have been shown to improve drug stability in water and prolong drug
activity through the controlled release of encapsulated compounds™'**'.  Hydrophilic
nanogels are easily dispersed in aqueous media forming free-flowing opalescent solutions' ™,
and can thus be administered in liquid dosage forms for parenteral or mucosal

administration. Able to encapsulate bioactive compounds and release their payload in a

controlled fashion™?, such formulations could improve topical ocular therapy by reducing
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dosage and frequency of administration. Furthermore, previous studies demonstrated that
the drug penetration capability across the cornea could be significantly improved when the

] : : : 23-25
particle size of nanoparticles is decreased™ ™.

However, a few limitations remain in the currently developed nanoparticle formulations. The
synthesis of those nanogels often involves harsh conditions, including the use of organic
solvents and high temperatures which can be detrimental to the encapsulated compound**?.
Furthermore, an additional step is needed in most cases to induce nanogel formation. When
entrapped in particulate systems, the payload is sometimes released within a day with a

: : 14,15,28,29
significant burst phase ™ ™.

As natural biomaterials, polysaccharides are highly stable, non-toxic, hydrophilic and
biodegradable. Numerous studies have been conducted on polysaccharides and their
derivatives for potential application as nanoparticle drug delivery systems™ . The
modification of polysaccharides with hydrophobic moieties has been shown to result in the
formation of nanogels in an aqueous environment through a self-assembly process driven by
hydrophobic interaction. The resulting stable monodispersed hydrogel nanoparticles have

: : : 32-35
been used to encapsulate and release various bioactive compounds™ ™

. By formation of
hydrophobic domains within the nanoparticles in aqueous solution, the hydrophobic
moieties are expected to efficiently encapsulate hydrophobic compounds, thus enhancing

: 115 4,23-25,360,37
their water solubility™ ="

The aim of the present work was to hydrophobically modify methylcellulose (MC) in order

to form nanogels for use as a drug carrier for improving ophthalmic drug availability. MC is a
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water-soluble cellulose derivative with a heterogeneous structure consisting of regions
substituted with methoxy groups called hydrophobic zones and less substituted regions
called hydrophilic zones™. This natural biopolymer has been extensively investigated for
biomedical applications, including ocular applications due to its biocompatibility and

39-41

degradablility

and was thus chosen as the base polysaccharide for the nanogels. N-
substituted acrylamides are temperature-sensitive monomers, which can produce
thermosensitive polymeric structure and have been repeatedly used for the synthesis of

42-45

biomaterials”™*, especially for hydrophobization®*. N-tert butylacrilamide (NtBAm) was

thus selected as the hydrophobic moiety.

Nanogels were synthesized by grafting hydrophobic branches of poly(N-tert-
butylacrylamide) (PNtBAm) onto methylcellulose, using cerium ammonium nitrate (Figure 2-

49-51

1). Often used on polysaccharides™ ', grafting via cerium ammonium nitrate (CAN) results

52-57 . [ . . . 58-60
>" with minimal undesirable side-reactions™ ", and has the

in high grafting efficiency ,
advantage of being carried out in water at room temperature. Cellulose and its derivatives
have previously been grafted using CAN with poly-N-isopropylacrylamide,

62-64

polyacrylonitrile®**, methylmethacrylate® and polyacrylic acid”. The nanogels prepared with
PNtBAm grafted MC (MC-g-PNtBAm) were synthesized with varying feed ratios of
monomer, initiator and acid in order to examine the impact of those factors on the amount
of NtBAM grafted, and how the degree of hydrophobic modification would influence the
nanogel properties. MC-g-PNtBAm nanogels were then characterized including

morphological = structure, size, biocompatibility with HCE cells, and loaded with

dexamethasone to evaluate their potential for delivery of drugs.
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2.2 EXPERIMENTAL SECTION

2.2.1 Materials

Methylcellulose (MC) Metholose SM-15 was purchased from Shin-Etsu (Totowa, NJ, USA).
N-tert-butylacrylamide (NtBAm), Cerium ammonium nitrate (CAN) and dimethyl sulfoxide-
d6 (DMSO-d6) were purchased from Sigma-Aldrich, and Dexamethasone from Sigma Life
Science  (D1756) (St Louis, MO, USA). Phosphate buffered saline (PBS) 10 times
concentrate was obtained from BioShop (McMaster University — Ontario, Canada). Nitric
acid 70% was bought from EMD Chemical Inc. Vybrant MTT cell proliferation assay kit and
LIVE/DEAD viability/cytotoxicity kit were purchased from Molecular Probes by Life
Technologies (Eugene, Oregon, USA) and cell growth media — Keratinocyte-SFM came
from Gibco by Life Technologies (Grand Island, NY, USA). Human corneal epithelial cells®

(hCECs) were the kind gift of Dr. May Griffith.

2.2.2 Preparation of MC-g-PNtBAm nanogels

In a round bottom flask, 0.25g of MC was dissolved in 50mL of water (0.5% w/v). NtBAm
at different ratios, was incorporated into the solution, and when dissolved, nitric acid (at
70%) was added. The mixture was purged with nitrogen for 30 minutes. Finally, CAN
dissolved in 1 mL of purified water prepared in a Millipore Milli-Q system, was syringed into
the solution to start the polymerization. The reaction was left stirring at room temperature
for 24 hours, followed by extensive dialysis (Pre-wetted RC tubing 3.5kDa, Spectrum

Laboratories) to remove any unreacted compound.
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Various amounts of NtBAm, nitric acid and CAN were used to synthesise the nanogels as

shown in Table 2-1.

2.2.3 FT-IR analysis

FT-IR spectra of freeze dried samples were measured (Bruker Vertex 70 Bench and HTS

1

plate reader) as KBr discs in the range of 400 to 4000 cm .

2.2.4 NMR analysis

Freeze dried materials (Labconco 7752020) were dissolved in DMSO-d6 and analyzed by
nuclear magnetic resonance (NMR, Bruker AVANCE 600 MHz NMR spectrometer).
Nanogel nomenclature was based on the degree of hydrophobization, calculated as the
average number of NtBAm monomer for 100 anhydroglucose units (AGU) of the MC
following the equation below. For example, MC-g-PNtBAm_50% denotes a nanogel with 50

NtBAm units for 100 AGU.

ANtBAm

DH = * 100

MC

Axpam: Area under the peak corresponding to the tert-butyl group = 9 hydrogens (1.26 ppm)

for each NtBAm monomer.

Ayc: Area under the peak corresponding to the hydrogen in C2 position (2.81 ppm) = 1

hydrogen for each AGU.
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2.2.5 Particle size measurements

Particle mean size was measured by single nanoparticle tracking (Malvern NanoSight LM10).

2.2.6 Transmission electon microscopy study

After diluting the sample 10-fold or 40-fold with purified water, 5 ul. of the suspension was
spread on 200 mesh Formvar coated cooper grids without staining and allowed to dry under
ambient atmospheric conditions. The morphology of nanogel samples was viewed and
photographed using transmission electron microscopy (TEM, JEOL 1200EX TEMSCAN)

with 80kv electron beam.

2.2.7 Loading of dexamethasone

To load dexamethasone into the nanogels, MC-g-PNtBAm synthesis was performed in a
0.01% w/v aqueous solution of dexamethasone. The nanogel suspension was then
ultracentrifuged (Sorvall WX90) at 50,000 rpm at 23°C for 30 min. The amount of drug in
the supernatant was measured by high performance liquid chromatography (HPLC, Waters
2707 Autosampler, 1525 Binary HPLC Pump, 2489 UV/Visible detector, Waters Atlantis
dC18, 5 um column) using 1mL/min isocratic flow rate of 40:60 (v/v) acetonitrile:water, a
10pL sample injection volume and a 254 nm detection wavelength. Sample concentrations
were determined based on a standard calibration curve of dexamethasone in 40:60 (v/v)

acetonitrile:water.

66



Ph.D. Thesis — M. Jamard — McMaster University — School of Biomedical Engineering

The loading efficiency of dexamethasone into the nanogel particles was calculated using the

tollowing equation:

Initial amount of drug — Amount of drug in supernatant

Loadi ici %) = 100
oading ef ficiency (%) . Initial amount of drug

2.2.8 1In vitro release of dexamethasone

The in vitro release of dexamethasone from the nanogels was evaluated in phosphate
buffered saline (PBS). A dialysis membrane (molecular weight cutoff 3500 Da, Spectra/Por,
Spectrum laboratories) was first soaked in the dissolution medium and tied at one end. The
dispersion of drug-loaded particles in PBS was placed into this bag and its other end was
tied. The bag was immersed into 5 mL of PBS maintained at 32 £ 1 °C by a shaking water
bath. Released dexamethasone was sampled at selected time intervals by removing the release
medium and replacing it with fresh pre-warmed PBS. Concentrations of dexamethasone in
the releasate were determined by HPLC (using the same method as described for loading).
The release profile of dexamethasone was compared with a control sample in which
dexamethasone was dissolved directly in PBS and placed on the dialysis membrane. All

measurements were performed in triplicate and plotted as mean & SD.

2.2.9 Cell toxicity studies

The determination of cell viability is a common assay to evaluate the in vitro cytotoxicity of
biomaterials. In the present study, cell viability was assessed by the MTT assay and Calcein

AM — Ethidium homodimer-1 staining assay.
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MC-g-PNtBAm samples were sterilized by the 1% of penicillin-streptomycin and UV
irradiation (254 nm) overnight. Human corneal epithelium cells (hCECs) were seeded onto
96-well plates at a density of 5,000 cells/well and cultured in 100uL. of keratinocyte serum
free medium for 24 hours in a CO, incubator. The spent medium was replaced with nanogel
formulations and diluted with culture medium to give a methylcellulose concentration of
0.225 and 1.125 mg/ml. After 48 hours of incubation at 37°C, the nanogel containing media
was replaced with 100uL of PBS and 10uL. of MTT stock (5 mg/ml) or 100uL of calcein

AM-ethidium homodimer-1 working solution (2uM calcein AM, 4uM ethicium homodimer-

1.

For the calcein AM — Ethidium homodimer-1 assay, the cells were incubated for 45 minutes
at room temperature. For the MTT assay, the cells were incubated for 4 hours. Then, the
supernatant was replaced by 50uL of DMSO and incubated at 37°C for 10 minutes. The
resultant solutions were measured in a microplate reader (Tecan Infinite 200 Pro) at 540 nm
(MTT assay) or 530 and 645 nm (Calcein and Ethidium) in a microplate reader (Tecan

Infinite 200 Pro).

Cell viability was expressed as percentage of absorbance relative to control comprising cells
not exposed to the nanogels. Experiments were performed on 4 different nanogels at two

concentrations with six replicate wells for each sample and control per assay.
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2.3 RESULTS AND DISCUSSION

2.3.1 Synthesis of MC-g-PNtBAm nanogels

Grafting of PNtBAm side chains from a MC backbone in an aqueous solution produced
nanogels through a self-assembly mechanism driven by hydrophobic interactions. At the first
stage of the synthesis process, radicals are formed along the MC backbone from which chain
polymerization of NtBAm occurs. When the hydrophobic modification reaches a critical
degree, the PNtBAm chains gather to form hydrophobic domains, thus driving self-assembly
of the MC-g-PNtBAm molecules into nanogels. Based on Akiyoshi et al., it was proposed
that the self-assembled particle was as a nanosized hydrogel, in which the polysaccharide
chains are cross-linked noncovalently by associating hydrophobic moieties forming a
polycore model ”’. As no macroscopic precipitation takes place in this process, it is suggested
that the PNtBAm chains are mostly contained in the bulk of the nanogels while the

periphery of the nanoparticles is mostly methylcellulose, which stabilizes the colloid.

Successful grafting of PNtBAm onto methylcellulose was confirmed by both NMR and
FTIR. The NMR spectra showed the peak for the butyl groups at 1.26ppm (Figure 2-2).
FTIR analysis revealed the appearance of a peak at 1651cm™ assigned to the characteristic
absorption of the carbonyl groups of the ring opening of the MC backbone. An absorbance
band at 1510cm” is attributed to the secondary amine bending and peaks at

1390/1361/1224cm™" are associated with the butyl groups of PNtBAm (Figure 2-3).
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2.3.2 Effect of monomer, initiator and acid concentrations on the degreee of

hydrophobization

Different materials were synthesized by changing acid, initiator and monomer
concentrations, with the aim of looking into the impact of those factors on the degree of

hydrophobic modification and the corresponding properties of the nanogels.

The amount of hydrophobic modification varying acid and initiator concentrations was
compared with a constant concentration of NtBAM at its maximum solubility in solution (9
g/1). With increased acid concentration, hydrophobic grafting increased. However, the
impact is limited at low initiator concentration as shown in Figure 2-4-a. Similarly, increasing
the initiator concentration increases the grafting percentage, but does not have an impact at
low acid concentration (Figure 2-4-b). Supplementary data support these trends at different

values of monomer, initiator and acid concentrations (Figures A1, A2 and A3).

The role of nitric acid in the grafting mechanism is to prevent hydration of the ceric(IV)
ions”. Thus, in the presence of insufficient concentrations of nitric acid, ceric(IV) ions are
hydrated and are hence inactive for generating active sites on the MC for grafting of
PNtBAm. Thus, increasing the feed concentration of initiator to 9.12x1 0~ mol/L does not
increase initiation unless there is additional acid available to minimize hydration. An excess
of nitric acid compared to initiator did not have an impact on the grafting reaction (Figure 2-

4-a).

The trends observed when increasing NtBAm concentration in solution with high initiator
concentration (Figure 2-4-c) suggest that the concentration of initiator requires a matching

70



Ph.D. Thesis — M. Jamard — McMaster University — School of Biomedical Engineering

concentration of nitric acid to allow for all of the CAN to be active. Indeed, in the presence
of high acid concentration, grafting increased consistently by increasing the amount of
monomer, while it plateaued with a lower acid concentration. In accordance with previous

. 61,62
studies™

, it was also shown that with sufficient active ceric(IV) ions to initiate, increasing
monomer concentration increased the grafting degree. These observations clearly indicate

that sufficient nitric acid has to be available in the mixture to maintain the oxidation potential

of ceric(IV), otherwise the efficiency of ceric(IV) ions is changed significantly.

Based on the trends, it appears that initiation is key to grafting efficiency. Indeed, at high acid
and monomer concentrations, increasing the amount of CAN increases the amount of
NtBAm grafted on MC (Figure 2-4-b). Higher initiation implies that more growing chains are
visible on which the monomers can graft before the hydrophobic modification reaches a
sufficiently high degree to trigger self-assembly of the MC-g-PtBAm molecules into
nanoparticles. Then, graft polymerization stops as the grafted chains are gathered into the
hydrophobic domains where they are no longer accessible to the remaining monomers in the

aqueous phase (Figure 2-5).

2.3.3 Size and morphology of the MC-g-PNtBAm nanogels

The effect of the degree of hydrophobization (DH) on the nanogel morphology was studied
using Nanosight and TEM. Irrespective of the DH, Nanosight revealed that all materials
were unimodal and monodispersed self-aggregates, as reported for other self-assembled
particles made of hydrophobized polysaccharides”. In the swollen state, the nanogels are 143

nm * 22 nm, with no significant impact of the DH on their average size. Longer grafted
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chains have been reported to lead to larger particles” and higher hydrophobicity can reduce

swelling in water leading to smaller pardc16533’67

. We postulate that the absence of impact of
grafting on the nanogel size is likely due to a trade-off between these two effects. An
optimum size range is required to enhance the bioavailability of the drug at ocular surface or
disease site. Smaller particles (100 nm) were shown to exhibit the highest uptake compared
to larger particles (800 nm and 1000 nm) and particles of 100 nm were able to penetrate the

corneal barrier”. The MC-g-PNtBAm nanogels, at 140 nm, thus seem to be in the suitable

range for ocular drug delivery.

The nanogels were observed under TEM for different grafting percentages, and appeared
monodispersed with a spherical morphology (Figure 2-6). When suspended in water, their
size was smaller than in swollen state and increased from 10 nm to about 100 nm with
increasing DH. Indeed, the degree of hydrophobic modification would be expected to
impact the water content of the nanoparticles. A high DH implies more hydrophobic
domains which decrease the swelling capacity. Therefore, when dried for TEM observation,
the nanogel size was reduced accordingly. For example, the self-aggregate MC-g-
PNtBAm_149% is composed of 37% (by volume) polysaccharide and 63% (by volume)
water. Hence, the self-aggregate is regarded as a nanosize hydrogel. Its density increases with

the DH, the MC chain behaving as an expanded flexible coil””".

2.3.4 Viability studies

A preliminary biocompatibility test of the nanogels was carried out using human corneal

epithelial cells. The nanogels were tested for different degrees of grafting at concentrations
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of 2.5 mg and 0.5 mg per mL of media for 48 hours. After incubating for 48 hours, the
relative cell viability was higher than 90% for all of the nanogels, indicating that their
presence did not negatively impact cell viability (Figure 2-7-a). Percentages above 100% are
due the fact that the data is expressed relative to the control. The MTT assay verified that
there was no negative effect on the metabolism (Figure 2-7-b). The cells continue to
proliferate in the presence of the material at a similar rate. Figure 2-8 shows the morphology

of the cells incubated in presence of MC-g-PNtBAm_149% compared to the control cells.

2.3.5 Dexamethasone encapsulation

Four materials were chosen to perform a drug encapsulation and release study. The nanogels
were loaded with dexamethasone during their synthesis: NtBAm grafting was performed in
an aqueous solution of dexamethasone, and the drug was entrapped during the self-assembly
of MC-g-PNtBAm. It could be seen from Table 2-2 that all materials showed an
encapsulation efficiency superior to 95%. As the binding constants have been reported to
become larger with increase in the hydrophobicity of the probes™, this high complexation of
dexamethasone with the nanogel is believed to be mainly driven by hydrophobic
interaction”’. The drug would thus mostly be entrapped within the hydrophobic domains

formed by the PNtBAm chain self-aggregates.

2.3.6 Invitro release of dexamethasone

With simple eye drops, it is not possible to maintain therapeutic concentration on the ocular
surface for a prolonged time, and frequent dosing often leads to compliance failures as well
as an increased risk of side effects. A sustained drug release system has the potential to
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improve patient compliance through a reduction in the frequency of administration. Release
from the nanogels was evaluated using the model ophthalmic drug dexamethasone.
Dexamethasone, loaded into MC-g-PNtBAm nanogels, was released at 32 = 1 °C in PBS to
mimic the front of the eye conditions. The release profiles of dexamethasone-loaded
nanogels with different degrees of grafting were compared with that of a control sample of
dexamethasone dissolved directly in PBS, in order to ensure that the release profile was not

an artefact of the method.

The cumulative release of dexamethasone from the different samples was plotted as a
function of time is shown in Figure 2-9. The nanogels showed release profiles that were
characterized by a very slight initial burst followed by a sustained-release phase. The first
release region presumably corresponds to drugs soaked into the hydrophilic MC part of the

72,73
nanogels, or drugs encapsulated near the surface™

whereby a quick release should be
expected to occur. As a result, less swollen particles with higher DH, show a smaller burst.

The nanogels exhibited the burst-release during the initial 48 hours, releasing from 2.5% to

20% of the drug,.

The second stage is remarkably slower, remaining relatively steady until the release assay is
fully carried out. Only up to 28% of the dexamethasone was released in the time frame of the
study, but the study was terminated as the nangels are expected to be cleared from the
surface of the eye by 30 days. This sustained-release phase most likely corresponds to the
diffusional release of the drugs from the hydrophobic PNtBAm domains of the nanogels™.
It was found that different release profiles could be obtained depending on the degree of

grafting. The more NtBAm was grafted, the slower the drug was released.
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The release appeared to reach a plateau at the final phase (after 7-20 days depending on the
material), with an accumulative release which did not equal the total amount of
dexamethasone loaded into the nanogels. This stage has been observed in previous release

27,75-78

studies from aggregates of hydrophobized polysaccharides , and was attributed to the

the high affinity of the dexamethasone for the hydrophobic PNtBAm domains.

A higher degree of grafting presumably leads to more hydrophobic domains within the
nanogels. The affinity of the dexamethasone for the PNtBAM domains within the nanogel
resulted in a delay of the diffusion and release of dexamethasone in solution. The rate of the
release can thus be tuned by the degree of hydrophobic modification depending on the

application and dosage needed.

2.4 CONCLUSION

Novel MC-g-PNtBAm nanogels were successfully prepared using cerium ammonium nitrate.
The mild reaction conditions (no organic solvent, room temperature) are suitable for
encapsulation of biological compounds. The ability of these materials to self-assemble
prevents the need for an extra step. Grafting degree could be controlled on tuning the nitric
acid, CAN and NtBAm feed ratios, forming spherical particles of 140 nm diameter in water.
Viability studies performed with HCE cells demonstrated in vitro biocompatibility. As well
the synthesized nanogels showed efficient entrapment of dexamethasone. The drug
presented no significant burst phase and was released slowly over several weeks, with a
release rate that was tunable with the degree of grafting. Those properties suggest that the

MC-g-PNtBAm nanogels may have possible application as ocular drug carriers.
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2.5 'TABLES

Table 2-1: Concentrations of acid, initiator and monomer used to synthesize MC-g-PNtB.Am

_

Concenration
2 .

Concentration
3 i .

Concentration

Table 2-2: Loading efficiency of dexamethasone into MC-g-PNtBAm nanogels as a function of feed

75 mL

252102 mel/L
150 mL
5.04x102 mol/L
300 mL

1.01x10 mol/L

composition and grafting degree

MC-p-PNtBAm 30% 96.13 £ 0.07
MC-p-PNtBAm 33% 99.84 + 0.01

-PNtBAm_54%

MC-p-PNtBAm_149%

98.56 + 0.06
98.81 £ 0.03

50 mg

1.82510% mol/L
150 mg
5.48x103 mol/L
250 mg

9.12x10® mol/L

50 mg

7.86x107% mol/L
250 mg
3.94x102 mol/L
450 mg

7.08x10" mol/L
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2.6 FIGURES

Methvlcellulose (MC) N-tert-butelacrvlamide (NtBAm)
RO ORY O CH, Cerium
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H CHs Nitrate (CAN)
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R=H or CH;

AV TN AN

Figure 2-1: Synthesis of MC-g-PNtBAm copolymers. Grafting reaction of NtBAm on MC via cerium
ammonium nitrate
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Figure 2-2: NMR spectra of a) MC, b) MC-g-PNtBAwm
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Figure 2-3: FI-IR spectra of MC and MC-g-PNtBAm
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Figure 2-5: Effect of initiation on the degree of hydrophobization
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Figure 2-6: Morphology of the MC-g-PNtBAm nanogels with different degrees of hydrophobic modification.
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Figure 2-7: Comparison of a) cell viability in presence of 1.125 mg/mL. MC-g-PNtBAm nanogels and b)
metabolism in presence of 1.125 mg/ mL. and 0.225mg/ ml. MC-g-PNtBAm nanogels. Data expressed as
a percentage relative to control comprising cells not exposed to the nanogels.n==6, error bars corresponding to
the standard deviation.
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Figure 2-8: Cells after 48 honr incubation a) control b) with MC-g-PNtBAm_149%
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Figure 2-9: Release profiles of dexamethasone from MC-g-PNtBAm nanogels with different degrees of
hydrophobic grafting.n=3 with the error bars corresponding to the standard deviation.
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2.9 SUPPORTING INFORMATION
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Figure A1: Influence of nitric acid concentration on hydrophobic grafting
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Figure A2: Influence of cerium ammonium concentration on hydrophobic grafting
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CHAPTER 3: EFFECT OF METHYLCELLULOSE
MOLECULAR WEIGHT ON THE PROPERTIES OF SELF-
ASSEMBLING MC-G-PNTBAM NANOGELS.

Authors: Marion Jamard and Heather Sheardown

Objectives: Investigate the impact of the molecular weight of the hydrophilic
methylcellulose backbone of the amphiphilic MC-g-PNtBAm
copolymer on the characteristics and properties of the self-assembled
nanogels.

Main Scientific contributions:
*  Demonstrated tunability of the characteristics of the self-aggregates varying the

molecular weight of methylcellulose.

* Showed control of the drug release kinetics varying the polysaccharide length.
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ABSTRACT

The efficiency of drug delivery to the eye is limited by its clearance mechanisms.
Nanocarriers, able to encapsulate bioactive compounds and slow down their release, may
present a promising alternative to topical drop therapies. Previously, self-assemblies of
methylcellulose hydrophobized with N-tert-butylacrylamide side chains (MC-g-PNtBAm)
have been developed. The purpose of the current study was to investigate the impact of the
methylcellulose backbone length on the properties of the nanogels. We synthesized MC-g-
PNtBAm nanogels using 4 different molecular weights of MC with two degrees of
hydrophobic modification. While no significant change could be observed at high degree of
hydrophobization, properties were affected at a lower one. Increasing the molecular weight
of MC improved the swelling capacity of the nanogels, increasing their size in water. An
effect on the drug release was also noted. Nanogels prepared using MC with a molecular
weight of 30 kDa did not retain as much dexamethasone and released it faster compared to
those prepared using 230 kDa MC. Thus, besides the degree of hydrophobization, the length

of MC chains provides another mean of tuning the properties of MC-g-PtBAm nanogels.

Keywords: Methylcellulose, hydrophobization, molecular weight, self-assembly, drug

delivery/release
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3.1 INTRODUCTION

Ocular diseases are most often treated by the topical application of a solution or suspension
of the drug'.  These topical therapies have the advantages of simplicity, safety and
acceptance by patients. However, topical formulations have poor efficiency: less than 5% of
the drug reaches the intraocular tissue as a result of the effective clearance mechanisms and
intrinsic biological batriers of the eye”. In order to achieve therapeutic efficacy, relatively high
concentrations of drug and frequent administration are necessary despite an increased
potential for side effects due to systemic uptake and a higher incidence of patient

5

noncompliance™. Improving the bioavailability of drugs to achieve optimal drug
concentration at the target site is thus one of the biggest challenges in ocular drug delivery.

By treating ophthalmic diseases in a localized and efficient manner, systemic uptake of the

drug is limited.

Current advances in the development of nanocarriers have shown that these systems have
promise in ocular drug delivery®’. Their small size enables better diffusivity across
membranes and thus improves corneal permeability”'’. They also present a high surface-to-
volume ratio which may improve interaction with the ocular mucus membrane. Besides
being able to entrap therapeutic agents, these systems may provide an additional barrier for
the retention of the drug and to control its release. Such systems therefore have the potential
to overcome the corneal barrier through increased residence time on the eye and prolonged

activity, while still allowing for the topical delivery of therapeutics.

We recently synthesized self-assembling nanogels by grafting N-tert-butylacrylamide

(NtBAm) hydrophobic side chains on methylcellulose' (MC) (MC-g-PNtBAm) via cetium
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ammonium nitrate (CAN). The resulting nanogels were spherical and monodispersed with an
average diameter of 140 nm in water. Able to efficiently entrap dexamethasone, they showed
the ability to provide controlled release of their payload. Varying the degree of NtBAm
grafting with the feed concentrations of monomer and initiator was found to affect the
nanogel properties. Higher degrees of hydrophobization (DH) resulted in nanogels with
lower swelling capacity and more prolonged release. Incubation with human corneal

epithelial cells demonstrated the potential biocompatibility of the nanogels.

Previous studies on hydrophobized polysaccharides have investigatied the impact of the
polysaccharide chain length on block structured copolymers, i.e. with the hydrophobic

moiety attached to the end of the hydrophilic moiety'* ™"

, and a few studies have investigated
its effect as the backbone of a comb-structured copolymer”. In the present work, we
investigate the impact of the methylcellulose backbone length on the nanogel properties.

MC-g-PNtBAm nanogel were synthesized using four molecular weights of MC ranging from

30 000 kg/mol to 230 000 kg/mol at two different degrees of hydrophobic modification.

3.2 MATERIALS AND METHODS

3.2.1 Materials

Methylcellulose (MC) Metholose SM-4, SM-25, SM-100 and SM-400 were purchased from
Shin-Etsu (Totowa, NJ, USA). N-tert-butylacrylamide (NtBAm), Cerium ammonium nitrate
(CAN) and dimethyl sulfoxide-d6 (DMSO-d6) were purchased from Sigma-Aldrich (Oakville
ON), and Dexamethasone from Sigma Life Science (D1756) (St Louis, MO, USA).

Phosphate buffered saline (PBS) 10 times concentrate was obtained from BioShop
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(McMaster University ON). Nitric acid 70% was bought from EMD Chemical Inc.

(Mississauga, ON).

3.2.2 Synthesis of MC-g-PNtBAm nanogels

The synthesis of MC-g-PNtBAm nanogels was performed following a method previously
described''. Briefly, 250 mg of MC were dissolved in 50 mL water along with 200 mg of
NtBAm. When dissolved, 0.5 mL of 70% nitric acid was incorporated into the solution. The
mixture was purged with nitrogen for 30 minutes and either 50 mg or 250 mg of CAN
dissolved in 1 mL of milliQQ water was added to start the polymerization. The reaction was
left stirring at room temperature for 24 hours, followed by extensive dialysis (Pre-wetted RC
tubing 3.5kDa, Spectrum Laboratories, Ontario, Canada) to remove any unreacted

compound. The compositions of the different formulations are summarized in Table 3-1.

Various molecular weights of MC were used with two different CAN concentrations to
synthesize the nanogels as shown in Table 3-1. Nanogel nomenclature is based on the
molecular weight of MC and the degree of hydrophobization, calculated as the average
number of NtBAm monomer for 100 anhydroglucose units (AGU) of the MC (determined
by "H NMR analysis'"). For example, MC(165k)-g-PNtBAm_50% denotes a nanogel made

with 165 kDa methylcellylose and 50 NtBAm units for 100 AGU.

3.23 'H NMR analysis

Freeze dried materials were dissolved in DMSO-d6 and analyzed by 'H nuclear magnetic

resonance (NMR, Bruker AVANCE 600 MHz NMR spectrometer).
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3.2.4 Particle size measurements

Particle mean sizes were measured by single nanoparticle tracking using the Malvern

NanoSight LM10.

3.2.5 Transmission electron microscopy study

Samples were diluted 40-fold with purified water and a 5 pL. of the suspension was spread on
200 mesh Formvar coatetcooper grids without staining and allowed to dry under ambient
atmospheric conditions. Transmission electron microscopy (TEM, JEOL 1200EX
TEMSCAN) with 80 kV electron beam was used to view and photograph the morphology of

the nanogels.

3.2.6 Loading of dexamethasone

Dexamethasone was selected as a model ophthalmic drug for the release studies. To load
dexamethasone into the nanogels, MC-g-PNtBAm synthesis was performed in a 0.01% w/v
aqueous solution of dexamethasone, following the method described above. The suspension
of loaded nanogels was then ultracentrifuged (Sorvall WX90) at 50,000 RPM for 30°C at
23°C. The amount of drug in the supernatant was measured by high performance liquid

chromatography (HPLC, Waters 2707 Autosampler, 1525 Binary HPLC Pump, 2489
UV/Visible detector, Column Dionex. Model Acclaim (r) 120 C18 5um 120A 4.6x250mm)
with a 254 nm detection wavelength, injecting 10 sample and using a 1mL/min isocratic

flow rate of 40:60 (v/v) acetonitrile:water. The following equation was used to calculate the

loading efficiency of dexamethasone into the nanogels:
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) o Initial amount of drug — Amount of drug in supernatant
Loading ef ficiency (%) = 100 *

Initial amount of drug

3.2.7 Invitro release of dexamethasone

The in vitro release of dexamethasone from the nanogels was evaluated in phosphate
buffered saline (PBS). 1 mL of a dispersion of drug-loaded particles (with a methylcellulose
concentration of 4.5 mg/mL) in PBS was placed into a dialysis membrane (molecular weight
cutoff 3500 Da, Spectra/Por, Spectrum laboratories) which was immersed into 5 mL of PBS
maintained at 32 = 1 °C by a shaking water bath to approximately mimic on eye conditions.
Released dexamethasone was sampled by removing the release medium and replacing it with
fresh pre-warmed PBS at selected time points. The HPLC method described above was
used to determine the concentrations of dexamethasone in the releasate. All measurements

were performed in triplicate and plotted as mean + SD.

3.3 RESULTS AND DISCUSSION

3.3.1 Synthesis

The influence of the molecular weight of the MC backbone on the nanogel properties was
investigated using four different molecular weights (M, = 30 000 g/mol, 85000 g/mol,
165 000 g/mol and 230 000g/mol). As the same mass was used for each, formulations all
contained the same amount of anhydroglucose units (AGU). Two sets of materials were
synthesized using two different initiator concentrations (1.82 x 10~ mol/L and 9.12 x 107
mol/L - referred as low and high initiation respectively) while keeping constant NtBAm and

nitric acid concentrations.
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The amount of NtBAm grafted, referred to as the degree of hydrophobization (DH), was
measured by 'H-NMR to look into the influence of the MC chain length. As in previous
work' "' DH was deduced from the ratio of relative peak integrations of protons
belonging to the hydrogen in C2 position of MC and the CH; group of NtBAm. The values
are listed in Table 3-2. As previously observed', higher CAN concentrations resulted in
higher grafting of NtBAm. When looking at the influence of MC MW, it appeared that with
similar levels of initiator present in the mixture, similar DH were achieved for all molecular
weights. All formulations presented a degree of hydrophobization of 30% * 2% at lower
levels of initiator, and 49% * 4% at higher levels of initiator, with no statistical difference
(p=0.1841). Results thus indicate that the length of the polysaccharide backbone did not
impact the degree of NtBAm grafting. A previous study reported higher grafting levels for
shorter polysaccharides, due to reduced steric hindrance exposing more reactive groups'”. No
such effect was observed here. The longer MC backbones possessed more PNtBAm side

chains, but the overall hydrophobic/hydrophilic balance remained the same.

3.3.2 Impact of MC molecular weight on particle size and morphology

At higher DH, the molecular weight of methylcellulose did not have an impact on the
nanogel size in water, determined to be 180 nm * 6 nm, while at a lower DH, increasing the
molecular weight of MC significantly increased their size to up to 255 nm * 10.5 nm (Figure
3-1). It has been previously shown that increasing DH decreased the swelling capacity of the
nanogels'"'"**". Tt is thought that there is a higher frequency of hydrophobic chains along the
polysaccharide backbone, induced by the higher feed ratio of initiator, supported by the fact
192122

that studies report that higher degrees of substitution result in nanogels of smaller sizes
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while longer hydrophobic chains result in larger particles'™'™*.

The high frequency of
hydrophobic side-chains tightens the aggregates and prevents the hydrophobic segments
from expanding to uptake water. The nanogels are thus not able to swell as much in aqueous
media at high DH. At lower DH however, the less numerous PNtBAm chains are separated
by longer hydrophilic segments which are able to expand to take up water. The size of the
assemblies thus increased with the MC molecular weight because of improved swelling

capacity of the nanogels, in accordance with other studies'"".

The impact of hydrophobization has been previously reported to depend on the size of the
polysaccharide chain'>". This is likely due to the ratio between the length of the hydrophobic
side chains relative to the length of the hydrophilic segment between each side chain. When
in water, longer hydrophilic MC chains are able to expand to take up and trap water while
still maintaining the cohesion of the nanogel mesh, as illustrated in Figure 3-2; shorter chains
do not create a mesh able swell sufficiently to hold water molecules. However, at higher DH,
the cosslinkingdensity prevents volume change of the hydrophilic chains, making a mesh that

is too tight to expand, so the molecular weight of MC no longer has an impact.

TEM pictures showed that all formulations resulted in the formation of spherical particles
(Figure 3-3). The diameters observed with TEM were smaller than those determined by
Nanosight. These observations have been previously made and attributed to the different

: s 11,18,24-26
states of samples during analysis "

— dry and shrunken for TEM, and suspended and
swollen in water for Nanosight — as the high hydrophilicity of the polysaccharide increases
the hydrodynamic diameter of the nanogels. TEM pictures reveal that particles are less

monodispersed when the MC length is increased. Such observations have previously been
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made and attributed to the larger polydispersity of the polysaccharide at high MW", Their
size in the dry state also seems to decrease when increasing the molecular weight of MC. The
prevalence of intramolecular hydrophobic interactions due to the more numerous side-chains
along the polysaccharide backbone might result in aggregate formation with fewer copolymer

molecules, which would explain their smaller size when dehydrated.

3.3.3 Impact of MC molecular weight on Drug release

The impact of methylcellulose molecular weight on drug entrapment and release was studied
using dexamethasone as a model hydrophobic drug. The highest and lowest methylcellulose

chain lengths with both degrees of hydrophobic modification were selected for examination.

As previously observed'!, higher hydrophobic content induced higher loading efficiencies,
due to stronger hydrophobic associations and/or the presence of increased hydrophobic
domains (Table 3-3). The three phase release observed was in accordance with the previous
study on MC-g-PNtBAm nanogels'" (Figure 3-4). An initial burst stage attributed to the drug
soaked in the outer hydrophilic part of the aggregates, is followed by a second slower
diffusion phase corresponding to the dexamethasone that is more deeply entrapped. The
final plateau stage is attributed to the high affinity of dexamethasone with the hydrophobic

PNtBAm side chains®.

At high levels of hydrophobic modification, both materials provided very high entrapment
efficiencies and similar drug release rates. Those results indicate that molecular weight of
methylcellulose had minimal impact on the entrapment and release properties of the
nanogels at high DH. These observations are in accordance with the aggregate morphologies:

104



Ph.D. Thesis — M. Jamard — McMaster University — School of Biomedical Engineering

the impact of MC molecular weight is impeded by the strong association into tight networks

by the numerous hydrophobic chains.

However, at lower levels of hydrophobic modification, the nanogels prepared using the
lower molecular weight MC entrapped significantly less dexamethasone than those prepared
with the higher MC molecular weight, and released it faster. Indeed, after the 30% of
dexamethasone which was not entrapped came out of the dialysis bag, 20% of the payload in
the nanogels was released over the next 15 days compared to only up to 10% in all of the
other gels. Small MC chains are thought to be less subjected to entanglement, and therefore
more mobile and are not able to retain as much drug, letting the dexamethasone diffuse
through more easily. On the contrary, longer chains are more efficient at entrapping the drug

when forming nanogels, and formed stable entangled networks impeding drug diffusion.

Noteworthy, while increasing the DH decreased the swelling capacity and the molecular
weight of MC increased it, they both slowed down the release of dexamethasone. Therefore,
the diffusion rate of the drug seems to be controlled by the quantity of hydrophobic moieties
and the mobility of the molecules forming nanogel mesh. The length of the hydrophilic
polysaccharide chain would determine the swelling ability and diffusion rate of the drug. Its
impact on swelling is attributed to the ability of the longer MC chains to expand and uptake
water while remaining aggregated. The same way the looseness of the mesh formed by
shorter MC chains do not enable the uptake of water molecules, it also allows for diffusion
of the drug from the hydrophobic domains to the outside media. A comparison of the

stability of the different nanogel formulations would be interesting to further investigate this
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analysis, as it has been reported that longer polysaccharide chains induced lower CACs thus

better aggregate stability'.

3.4 CONCLUSIONS

When grafting hydrophobic side chains along the methylcellulose chain, the molecular weight
of the polysaccharide backbone was found to only have an effect on the nanogel properties
at low degree of hydrophobization. Indeed, while no significant change was observed at high
DH, increasing the MC length created larger and more swollen particles at lower DH. In
terms of drug release, shorter chains resulted in lower entrapment efficiencies and faster
release of dexamethasone. Changing the molecular weight of MC thus provides an additional

lever to tune the properties of MC-g-PNtBAm nanogels.
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3.5 TABLES

Table 3-1: Molecular weight of MC and CAN concentration used for the synthesis of MC-g-PNtBAwm

formulations

MC molecular weight
30 85 165 230
w /mol

CAN concentration

(mol/ L)

1.82x10°  9.12x10° 1.82x10° 912x10° 182x10° 9.12x107 182x10% 912x10?

Table 3-2: Degree of hydrophobization (DH) for varions MC molecular weights and initiator concentrations.

MC molecular weight 30 165 230
(kg,/mol)

28.0% 2.0% 32.8% 30.1%

50.8% 502% B2 51.6%

Table 3-3: Entrapment efficiencies of dexamethasone. n=3 with error bars corvesponding to the standard
deviation.

MC molecular weight 30 230
(kg/mol)
TLEY £ 009  9BI6% +002%
SRTVL00M  9A54% D0
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3.6 FIGURES
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Figure 3-1: Hydrodynamic diameter of MC-g-PNtBAm nanogels varying the MC molecular weights at two
different degrees of hydrophobization (DH), measured by particle tracking analysis. 3 measurements with the
ervor bars corresponding to the standard deviation of the mean size.
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Nanogel in agueous media

Low DH
{ \ Short MC chains
— — Loose mesh Limited
¥ swelling ability
cannot expand
Polysaccharide
Long MC chains
—) Loose mesh Higher
L swelling ability
Hydrophobic Can expand
moiety
High DH

~

Tight mesh
L 2 Limited
MC chains swelling ability

cannot expand

”

Figure 3-2: Scheme to illustrate the influence of MC molecular on the swelling ability of the nanogel
(simplified with a single hydrophobic domain) at both degrees of hydrophobization. At high levels of
hydrophobic modification, the tight mesh of the aggregates is unable to swell. Low levels of hydrophobic grafting
create aggregates with a looser mesh, in which only longer MC chains can expend to uptake water while
maintaining the cobesion of the nanogel.
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Figure 3-3: TEM pictures showing the morphology of nanogels with a DH of 30% and synthesized using
varions MC molecular weights: a) 30 kg/mol, b) 85 kg/mol, ¢) 165 kg/mol, d) 230 kg/mol 40% DH.
The scale bars indicate 500 nm.
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Figure 3-4: Dexamethasone release from MC-g-PNtBAm nanogels at 30% or 50% DH and synthesized
using MC of 30 kg/mol or 230 kg/mol. The bars on the curves of MC(30k)-g-PNtBAn_30% and
MC(230k)-g-PNtBAm_50% indicate the time point when the free drug in solution is released from the
dialysis bag and the entrapped drug is being released.n=3 with the error bars corresponding to standard
deviations.
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CHAPTER 4: PHENYLBORONIC ACID
FUNCTIONALIZATION OF MC-G-PNTBAM NANOGELS
FOR IMPROVED MUCOADHESION

Authors: Marion Jamard, Nicole Mangiacotte, and Heather Sheardown

Objectives: Functionalization of the surface of MC-g-PNtBAm nanogels to
increase their residence time on the ocular surface with the aim of

improving drug permeation and thereby bioavailability.
Main Scientific contributions:

* Functionalized the surface of MC-g-PNtBAm nanogels with phenylboronic acid
(PBA) at different coverage densities.

*  Demonstrated the impact of the PBA layer on nanogel characteristics and on their
performance as drug delivery systems, using a hydrophobic model drug,.

* Showed the potential improvement of interaction with mucus through PBA
functionalization of MC-g-PNtBAm nanogels.

*  Demonstrated in vitro cytocompatibility of the PBA functionalized nanogels after
48-hour incubation with human corneal epithelial cells.

Author contributions:

Contributions of this work were as follows. Marion was responsible for synthesis and PBA
surface functionalization of the nanogels and verification of their composition by "H-NMR
and ATR FT-IR. She characterized their size and morphology by Nanosight and TEM,
performed the cytocompatibility tests and drug release studies. Finally she was in charge of
the paper write up. Nicole, following trouble-shooting of the method (with Marion),
performed the zeta-potential measurements for the mucoadhesion study.
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ABSTRACT

In order to overcome the limitations of topical ocular drug delivery, namely the effective
barrier function of the corneal epithelial and the high rate of tear turnover, both of which
lead to the need for frequent administration of relatively high concentrations of drug, self-
assembling nanogels of hydrophobized methylcellulose (MC) have recently been synthesized.
These materials have shown the ability to encapsulate and provide sustained release of their
payload. In this study, the surface of the nanogels was functionalized with phenylboronic
acid (PBA) in order to improve their mucoadhesive properties and prolong their retention on
the ocular surface to increase drug absorption through the cornea. PBA grafting was
performed via oxidation of the methylcellulose followed by a Schiff base reaction, and
confirmed by XPS and ATR FT-IR. The effect of PBA coverage on the properties was
studied for nanogels synthesized with two different molecular weights of methylcellulose.
Oxidation was found to depolymerize methylcellulose, inducing a size reduction in the
nanogels as well as a faster release of dexamethasone compared to unfunctionalized
materials. Those made of higher molecular weight MC remained stable in solution at all
coverages of PBA. PBA-grafting was found to enable greater entrapment efficiencies and
decrease the initial release burst. Although the following diffusion phase was faster than for
the unmodified nanogels, thought to be due to the shorter MC chains resulting from the
oxidation step, the release of dexamethasone was sustained for over 12 days. Finally, zeta-

potential measurements suggested better interaction of mucin with the nanogels synthesized
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with shorter MC chain, indicative of mucoadhesion. PBA functionalized MC-g-PNtBAm

nanogels showed great potential for ocular drug delivery.

Keywords: phenylboronic acid, surface functionalization, nanogel, mucoadhesion,

ophthalmic, drug delivery/release

117



Ph.D. Thesis — M. Jamard — McMaster University — School of Biomedical Engineering

4.1 INTRODUCTION

The protective mechanisms of the eye result in a physical-biological barrier that protects the
eye from foreign particulates. The surface of the cornea is protected by a gel-like layer
composed of a tridimensional network of entangled mucins. These mucins present a physical
barrier against foreign bodies and pathogens', as well as drugs. As well, induced lacrimation,
tear turnover, and naso-lacrimal drainage cause rapid removal of drugs from the surface of
the eye’. To be therapeutically effective, formulations require high dosage and frequent
administration’. However, instead of reaching the targeted tissue, the drug may be absorbed
into the systemic circulation leading to adverse effects. As a result, as little as 5% of topically

administered drug reaches its intended target’.

The development of nano-carriers as drug delivery devices is a promising approach with the
potential to overcome these shortcomings without compromising the benefits of topical
administration. Suspended in a liquid dosage, they provide a non-invasive method of
delivering therapeutic agents to the target tissue in a controlled fashion™®. We recently
synthesized a hydrophobized methylcellulose (MC) copolymer, grafting side chains of N-tert-
butylacrylamide (NtBAm) along the polysaccharide via cerium ammonium nitrate initiation.
The resulting material, MC-g-PNtBAm, self-assembles in aqueous media to form nanogels’.
The release of an entrapped compound from the gels can be tuned by simply adjusting the
degree of hydrophobic grafting and the molecular weight of the methylcellulose backbone.
While the methylcellulose on the surface may have mild mucoadhesive properties", we
postulate modification of the MC-g-PNtBAm nanogel surface can lead to further targeting of

the ocular surface, thus prolonging corneal retention. Increasing the residence time of the
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drug carrier in the precorneal area would allow for greater penetration of the drug into the

11,12

intraocular structures *°, which may be useful for addressing the bioavailability limitations of

current topical formulations.

Indeed, prolonged residence time at the ocular surface and intimate contact of the drug
delivery system with the mucosa are key to precorneal drug absorption'>'". They allow the
carrier to better deliver its payload to the ocular surface and underlying tissues, enabling

higher permeation and consequently increased bioavailability'"".

Prolonged retention
depends on the interaction between the drug carrier and the mucin layer of tears. While
following the same principles of intermolecular interactions'®, nanosystems seem to be more
powerful than bulk techniques as their high surface-area-to-volume ratio increases the
interface available to establish bonding, thereby allowing longer residence time than in larger
structures'>"”. Their nanoscale size also enables particles to penetrate the mucin mesh™?,

whereas those with a size in the micrometer range are unable to penetrate and tend to remain

at the top layers of the mucus™ from which they are more easily cleared.

As the interaction depends on both the functionality and charge of carriers’, several methods

can be used to incorporate mucoadhesive properties. Mucoadhesive polymers can be chosen

3,19,23

as matrix-forming materials or the surface can be modified by attaching mucoadhesive

10,24,25

polymers . Taking advantage of the negatively charged mucin, the use of positively-

charged systems to induce electrostatic interaction has been a common method of achieving

%% Also, hydrophobic nanosystems may show high ability to interact with

mucoadhesion
hydrophobic domains of mucin’. Strategies such as thiol” and lectin® modification have also

been investigated, but the instability of both modifications require special protection in
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processing and storage. While different cellulose derivatives have been described as

: 34-36
mucoadhesive polymers

, methylcellulose presents only very mild ability to interact with
mucin when diluted in water’". Alternatively, the surface of polymeric nanoparticles can be
functionalized with ligands in order to selectively bind the ocular mucosa and increase the
precorneal retention time of the drugs™'*****, A strategy that has been widely employed to
impart mucoadhesion in a variety of applications has been to graft phenylboronic acid”™*'.
Phenylboronic acid (PBA) contains a phenyl substituent and two hydroxyl groups attached to

boron which can form a reversible covalent complex with the diol groups of sialic acid

abundant on the mucin structures at physiological pH** (Figure 4-1).

Therefore in this study, we investigate the functionalization of the MC-g-PNtBAm nanogel
surfaces with PBA to confer affinity to the ocular mucin with a goal of prolonging the
residence time of the nanogels on the surface of the eye (Figure 4-2). We hypothesize that
mucoadhesive nanogel drug carriers will significantly reduce the dosage and administration
frequency used in the treatment of anterior segment eye diseases by enhancing the precorneal
retention of the encapsulated agents. Oxidation of methylcellulose has been previously used
to introduce aldehyde groups along the cellulosic chain to perform new reactions such as

grafting of different molecules having one primary amine**

or crosslinking with different
polyamines such as diamines or chitosan®. This reaction was used herein to graft 3-amino
phenylboronic acid (PBA) onto the surface of MC-g-PNtBAm nanogels. The amount of

PBA functionalization on the MC surface was varied to analyze its effect on the nanogel

characteristics and properties. The extent of their interaction with mucin was investigated in

120



Ph.D. Thesis — M. Jamard — McMaster University — School of Biomedical Engineering

order to find the optimal formulation at which desirable mucoadhesion is achieved, without

compromising the colloidal stability of the nanogels or the drug delivery properties.

4.2 MATERIALS AND METHODS

4.2.1 Materials

Methylcellulose (MC) Metholose SM-4 and SM-100 were purchased from Shin-Etsu
(Totowa, NJ, USA). N-tert-butylacrylamide (NtBAm), cerium ammonium nitrate (CAN) and
dimethyl sulfoxide-d6 (DMSO-d6), 3-aminophenylboronic acid (PBA, sodium periodate,
glycerol, sodium cyanoborohydride, dexamethasone and mucin (type II from porcine
stomach) were purchased from Sigma-Aldrich (St Louis, MO, USA). Phosphate buffered
saline (PBS) 10 times concentrate was obtained from BioShop (McMaster University - ON,
Canada). Nitric acid 70% and potassium chloride were purchased from EMD Chemical Inc.
(Mississauga, ON).  Vybrant MTT cell proliferation assay kit and LIVE/DEAD
viability/ cytotoxicity kit as well as keratinocyte serum free medium were purchased from Life
Technologies (Grand Island, NY, USA). Human corneal epithelial cells” (hCECs) were the

kind gift of Dr. May Griffith.

4.2.2 MC-g-PNtBAm synthesis

MC-g-PNtBAm was synthesized as previously described’. Briefly, 250 mg of MC (95 kg/mol
or 165 kg/mol) and 250 mg of recrystallized NtBAm were dissolved in 50 mL of water
(0.5% w/v). When dissolved, 0.5 mL of 70% nitric acid was added to the solution which was

then purged with nitrogen for 30 minutes. Finally, 150 mg of CAN dissolved in 1 mL of
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purified water prepared in a Millipore Milli-Q system, was added and the reaction was left
stirring at room temperature for 24 hours. The resulting solutions were extensively dialysized
(Pre-wetted RC tubing 3.5kDa, Spectrum Laboratories) and freeze dried (Labconco

7752020).

4.2.3 PBA functionalization of the MC-g-PNtBAm nanogels

For functionalization of the nanogels, 100 mg of freeze dried MC-g-PNtBAm was dissolved
in 5 mL of dimethyl sulfoxide (DMSO). Nanogels were formed by adding the mixture
dropwise to 50 mL of water under stirred conditions. Protected from light in an amber vial, 9
mL of the nanogel suspension was added to 100 mg of sodium periodate (NalO,) dissolved
1 mL of water and periodate oxidation was carried out under stirring at room temperature
for 2 hours, at which time the unreacted NalO, was quenched with 0.1 mL of glycerol.
Subsequently, 9 mL of an aqueous solution of phenylboronic acid at varying concentrations
(Table 4-1) were added. 6 hours later, 60 mg of sodium cyanoborohydride (NaCNBH;)
dissolved in 1 mL water as a reducing agent was added. After 3 more hours of reaction, the
mixture was extensively dialyzed against water to remove any unreacted solutes”.
Unfunctionalized MC(30k)-g-PNtBAM and MC(165k)-g-PNtBAM nanogels were used as

negative controls.

The compositions of the synthesized nanogels are summarized in Table 4-1.
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4.2.4 GPC analysis

The impact of oxidation on methylcellulose molecular weight was studied by gel permeation
chromatography (GPC). In an amber vial, 5mL of a 1% (w/v) solution of methylcellulose
were added to an aqueous solution of sodium peroxide (100 mg in 5 mL). After 2, 6 and 24
hours, oxidation was stopped by quenching with glycerol. The molecular weight of molecular
weight and polydispersity were measured by gel permeation chromatography (GPC) using a
Waters system composed of a 590 HPLC pump, three Styragel columns (HR2, HR3, HR4),
and a 410 refractive index detector. Samples were eluted in N,N-dimethylformamide
containing 50 mM LiBr at a flow rate of 0.5 mL/min, and the system was calibrated using

narrow dispersed polyethylene glycol (PEG) standards.

4.25 ATR FT-IR analysis

Freeze dried samples were measured by ATR FT-IR (Bruker Vertex 70 Bench and a

diamond ATR module) in the range of 400 to 4000 cm™ .

4.2.6 NMR analysis

Freeze dried materials dissolved in DMSO-d6 were analyzed by nuclear magnetic resonance

(NMR, Bruker AVANCE 600 MHz NMR spectrometer).

4.2.7 XPS analysis

X-ray photoelectron spectroscopy (XPS) spectra were recorded using a Physical Electronics

(PHI) Quantera II spectrometer equipped with an aluminum anode source for X-ray
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generation and a quartz crystal monochromator for focusing the generated X-rays. A
monochromatic Al K-o X-ray (1486.7 eV) source was operated at 50 W and 15 kV. The
operating pressure did not exceed 2.0 x10° Torr and a pass energy of 280 eV was used to
obtain all survey (wide scan) spectra. All spectra were obtained at 45° take off angles, and a
dual beam charge compensation system was used for neutralization of all samples. Data

manipulation was performed using PHI MultiPak Version 9.4.0.7 software.

4.2.8 Particle size measurements

Nanogel suspensions were diluted with purified water and average particle sizes were

measured by single nanoparticle tracking (Malvern NanoSight LM10).

4.2.9 Transmission electon microscopy study

After diluting the sample with purified water, 5 plL of the suspension was spread on 200
mesh Formvar coated cooper grids without staining and allowed to dry under ambient
atmospheric conditions. The morphology of nanogel samples was viewed and photographed
using transmission electron microscopy (TEM, JEOL 1200EX TEMSCAN) with 80kv

electron beam.

4.2.10 Mucoadhesive evaluation by Zeta-potential measurements

Zeta-potential was used to measure interaction of the nanogels with negatively charged
mucin and evaluate their potential mucoadhesiveness™". Triplicates of 2 ml. samples were
made from 0.ImL of the PBA functionalized nanogel solution (final MC-g-PNtBAm
concentration of 4.5x10 mg/mL) with 0.4 mg/mL mucin and 25 mM potassium chloride.
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Solutions were stored at 37°C for an hour in a shaking incubator. A sample of the nanogels
that had not been functionalized and a sample without nanogels were used as controls. 5 zeta
potential measurements were performed per sample with 15 runs per measurement

(Brookhaven 90Plus Particle Size Analyzer).

4.2.11 Loading of dexamethasone

For drug loading, 5 mg of dexamethasone were added into the MC-g-PNtBAm and DMSO
solution before reassembling. Encapsulation was performed during nanogel formation and
particles were subsequently functionalized with PBA following the methods described above.
Suspensions of loaded nanogels were then centrifuged at 15000 RPM for 20 minutes in
Nanosep 10K Omega centrifugal units (10 kDa molecular weight cut-off, Pall Corporation)
to separate the particles from free dexamethasone. Drug loading was calculated by measuring
the amount of drug in the supernatant using high performance liquid chromatography

(HPLC, Waters 2707 Autosampler, 1525 Binary HPLC Pump, 2489 UV/Visible detector,
Column Dionex. Model Acclaim (r) 120 C18 5um 120A 4.6x250mm). 254 nm detection
wavelength, injecting 10UL sample and 1mL/min isocratic flow rate of 40:60 (v/v)

acetonitrile:zwater were used in this experiment. Sample concentrations were deduced from a

standard calibration curve of dexamethasone in 40:60 (v/v) acetonitrile:water.

The following formula was used to calculate loading efficiency of dexamethasone into the

nanogel particles:

. . Initial amount of drug — Amount of drug in supernatant
Loading ef ficiency (%) = 100 *

Initial amount of drug
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4.2.12 In vitro release of dexamethasone

The in vitro release of dexamethasone from the nanogels was evaluated in phosphate
buffered saline (PBS). A dialysis bag (molecular weight cut-off 3500 Da, Spectra/Por,
Spectrum laboratories) containing 1 mL of drug-loaded particles dispersed in PBS (MC-g-
PNtBAm concentration of 0.81 was immersed into 5 mL of PBS maintained at 32 = 1 °C by
a shaking water bath. The release medium outside the bag was sampled at selected time
points and replaced with fresh pre-warmed PBS. The Concentration of dexamethasone in
the solutions was determined by HPLC. All measurements were performed in triplicate and

plotted as mean & SD.

4.2.13 Cell toxicity studies

The in vitro toxicity of the PBA grafted nanogels was assessed by performing an MTT assay
and a Calcein AM — Ethidium homodimer-1 staining assay on human corneal epithelial cells
(HCECs). Two different PBA coverages were used for these experiments: MC(165k)-g-
PNtBAm_PBA50 and MC(165k)-g-PNtBAm_PBA100. 1% penicillin-streptomycin and
overnight UV irradiation (254 nm) overnight were used to sterilize the nanogel suspensions.
HCECs wete seeded at a density of 5,000 cells/well human onto 96-well plates and cultured
in 100 uL of keratinocyte serum free medium in a CO, incubator. 24 hours later, the spent
medium was replaced with the nanogel formulations and diluted with culture medium to a
final MC-g-PNtBAm concentration of 0.3 mg/ml. Cells were incubated at 37°C in the
presence of the PBA grafted nanogels for 48 hours. Subsequently, the media containing the

suspension was replaced with either 100uL of PBB1&uL of MTT stock (5 mg/ml) or
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100pL of calcein AM-ethidium homodimer-1 workinglsion (2uM calcein AM, 4uM
ethicium homodimer-1). For the calcein AM — Ethidilhomodimer-1 assay, the cells
were incubated for 45 minutes at room temperattoe.the MTT assay, the cells were
incubated for 4 hours, and the supernatant was fglaced by 50uL of DMSO and
incubated for an additional 10 minutes at 37°C.tAd resultant solutions were measured
in a microplate reader (Tecan Infinite 200 Prob4® nm for the MTT assay, or 530 nm

(emission) and 645 nm (excitation) for the Calaeid Ethidium assay.

4.3 RESULTS AND DISCUSSION

4.3.1 PBA Functionalization

For both formulations using 30 kg/mol MC and 165 kg/mol MC, MC-g-PNtBAm synthesis
resulted in the grafting of 40 NtBAm per 100 anhydroglucose units on average (40%). This
ratio is referred to as the degree of hydrophobization (DH) and was deduced from the ratio
of relative peak integrations of protons belonging to the hydrogen in C2 position of MC and

the CH, group of NtBAm, following a method used in previous studies™”.

Surface functionalization was performed through modification of the outer methylcellulose.
The strategy used to graft MC with PBA involves a Schiff base reaction between the primary
amine groups of the PBA and the carbonyl groups on the MC polymer chain (Figure 4-3,
step 2). To generate a reactive MC support, MC was oxidized with sodium m-periodate,
which yields carbonyl groups via a Malaprade-type reaction that preferentially breaks the C2-
C3 bond of vicinal hydroxyl groups to form a 2,3-dialdehyde (Figure 4-3, step 1). This

reaction has been reported to produce a reproducible degree of oxidation on the MC chain®,
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and no significant side reactions™, but has also been reported to lead to depolymerization of
methylcellulose™. Indeed, we performed GPC on MC solutions after different oxidation
times and results showed a decrease in the MC molecular weight with increasing reaction
time, confirming these observations (Table 4-2). As we have previously shown, the length of
the polysaccharide was an important parameter defining the nanogel characteristics™.
Therefore, the oxidation step will contribute to the changes in their properties, in addition to

the PBA functionalization itself.

Grafting of PBA on the surface of MC-g-PNtBAm nanogels was confirmed on the NMR
spectrum by the resonance signals of phenyl-ring protons at 7.0 - 8.0 ppm™ (Figure 4-4).
ATR FT-IR analysis (Figure 4-5) showed typical absorption peaks of the phenyl ring of PBA
at 794 and 704 cm™ *°. Weakening of the peak band at 1645cm™ assigned to C=0 stretching™

indicated fewer carbonyl groups due to grafting.

To compare the effect of PBA coverage on the nanogel properties, different feed
concentrations were added to the reaction. The modification was performed on two types of
nanogels with the same 40% degree of hydrophobization, but prepared with two different
molecular weights of methylcellulose, 30 kDa and 165 kDa. When comparing nanogels made
with different PBA feed concentrations, ATR FT-IR spectra showed increased intensity of
the PBA peaks with increasing PBA initial concentration (Figure 4-6-a). Those results were
confirmed by XPS measurements, with increased boron serving as an indication of increased
PBA in the samples (Figure 4-6-b). The PBA functionalization was not impacted by the
molecular weight of MC, as grafting was similar for both nanogel types at equal PBA feed
concentrations. While ATR measurements testified to the presence of PBA in all of the
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samples synthesized, with the lowest concentration of PBA, the XPS spectra gave no
indication of its presence for the formulation with the lower feed. Such results are not
surprising, as functionalization was only performed on the surface of the nanogels, meaning

that the ratio of PBA compared to the bulk was quite low.

4.3.2 Size and morphology

Nanosight measurements of the size of the nanogel particles showed an overall decrease in
particle size after functionalization (Figure 4-7). This was attributed to the oxidation step
reducing its molecular weight. Previous results on the effect of molecular weight of MC
demonstrated that shorter chains produced smaller nanogels because of decreased swelling

capacity ™.

While the amount of PBA functionalization had no impact on the size of the nanogels
prepared using high molecular weight MC, their size decreased upon PBA grafting for
smaller molecular weight MC. A decrease in the particle size with PBA functionalization has
been previously reported™”’, and was interpreted as the possible result of a change in the
packing density due to reduced hydrophilicity of the polysaccharide surface. At the highest
PBA coverage with the low MC molecular weight only, the colloidal solution was observed
to lose its stability. Indeed, while all nanogels exhibited a spherical morphology (Figure 4-8),
TEM imaging demonstrated aggregation of the particles upon PBA grafting for MC(30k)-g-
PNtBAm. A previous study observed that excess PBA on the surface may cause the particles
to be too hydrophobic compromising stability”. However, despite their similar PBA grafting,

nanogels made of the longer MC chains did not shrink or precipitate. Considering the size
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difference of MC(30k)-g-PNtBAm and MC(165k)-g-PNtBAm nanogels at high PBA
grafting, an equal amount of PBA functionalization would result in a denser coverage on
smaller particles. Alternatively, it is possible that hydrophobic grafting would have a greater
impact on shorter hydrophilic MC chains. Furthermore, oxidation likely had a more dramatic
effect on MC(30k)-g-PNtBAm nanogels. Therefore, the PBA density must be tuned in order

to balance between mucoadhesion and colloidal stability.

4.3.3 Cytocompatibility

In vitro cytotoxicity profiles of MC-g-PNtBAm_PBA were evaluated using live/dead and
MTT assays. As shown in Figure 4-9, the PBA functionalization presented no cytotoxicity
with corneal epithelial cells and the MTT assay demonstrated that the metabolism of the cells
was not impacted by the presence of the mucoadhesive agent, indicating good cell
biocompatibility. Other studies reported biocompatibilities of PBA molecules using both in

: : : 58-60
vitro and in vivo assays” .

4.3.4 Drug entrapment and release

MC(165k)-g-PNtBAm nanogels were chosen to perform the in vitro release study as they
remained stable in solution at all PBA coverages. Lower encapsulation efficiencies were
obtained loading by nanoprecipitation compared to entrapment during synthesis™* (Table 4-
3). This could be attributed to the presence of DMSO in solution at a 1:10 ratio during
nanogel formation, as dexamethasone has a greater solubility in DMSO than in water®".
However, it is most likely mainly the result of the lower nanogel concentration in solution,
providing less hydrophobic domains to entrap the drug and inducing lower efficiencies. For
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this drug loading method, low concentrations have been reported to ensure better dispersion
of the copolymers to be able to separate into nanodomains upon addition into the non-

62
solvent watetr™.

PBA grafting was found to improve entrapment efficiency and increasing PBA concentration
increased the encapsulation percentage of dexamethasone. Although the ungrafted nanogels
and MC(165k)-g-PNtBAm_PBA(2.5) both showed similar encapsulation percentages, the
PBA functionalization step induced a 9-hour difference in the measurements. Such delay
would have been expected to induce lower entrapments due to release of drug in the
meantime. This outcome could be attributed to a possible affinity between the
dexamethasone and the PBA due to hydrophobic interaction. Indeed, the hydrophilicity of
the MC network decreases upon PBA grafting as shown by the lower swelling ability, and

thus would be expected to have higher affinity for the hydrophobic drug.

The dexamethasone release was plotted two different ways (Figure 4-10). Figure 4-10-a
shows the cumulative release of all of the dexamethasone, encapsulated and free in solution,
as all percentages are relative to the initial feed concentration of dexamethasone. Figure 4-10-
b only shows the release of the dexamethasone from the nanogels, as the percentages are
calculated relatively based on the amounts of drug encapsulated. While the latter gives a
more realistic appreciation of the initial burst, the former enables a comparison of release

rates, as all formulations are plotted relative to the same amount of dexamethasone.
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Release profiles can be divided into 2 phases. The nanogels showed a burst release in the first
10 hours, corresponding to the dexamethasone freely suspended (Figure 4-10-a) and the
dexamethasone which is loosely attached to the hydrophilic mesh of the nanogels™*®
(Figure 4-10-b). It can be observed that the burst is decreased by PBA functionalization. It is
expected as the grafting of PBA increased the affinity of dexamethasone for the MC

hydrophilic network, and hence diffused more slowly to the aqueous media. This effect of

PBA functionalization has been observed in a previous study”.

The second phase of the release profile showed a slow diffusional release of dexamethasone
from the hydrophobic domains™**. When comparing the slopes (Figure 4-10-a), the
functionalized nanogels released the drug faster than the unmodified ones. This may be the
result of the shortening of the MC chains during the oxidation step. Indeed, our previous
study on the effect of MC molecular weight showed that dexamethasone diffused more easily
out of the hydrophobic domains through nanogels made of shorter MC chains™. Both PBA
grafted nanogels featured similar release rates with 20% of the drug coming out between day
2 and day 12, MC(165k)-g-PNtBAm_PBA(5) reaching 100% earlier because of its lower
entrapment efficiency. No impact of PBA coverage density could be observed in this phase

of the release in accordance with other studies™”

, which supports the hypothesis that the
faster release could be attributed to the shorter MC chains. Overall, the study showed that
dexamethasone release could be maintained for 12 days, which is significantly higher than
other types of nanoparticles for topical ocular drug delivery”**®. Given that the turnover of

the mucin layer of the tears occurs every 4-6 days and replacement of the corneal epithelial

cells occurs every 4-8 days’, this release period is appropriate.
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4.3.5 Mucoadhesion

Mucin adsorption by nanoparticles dispersed in aqueous media was measured as a way to test
their ability to bind to the mucosal surfaces of the body. This method provides an indirect
evaluation of mucoadhesion in the sense that it is inferred from the interactions between the
nanosystems and the mucosal fluid without evaluating the mucoadhesive force as such®.
Mucins are the major component of the mucus”. Once in solution, they arrange themselves
as nanosized structures and present a negative potential at physiological pH'"". In this study,
the mucoadhesive properties of PBA grafted nanogels were evaluated by measuring the
changes of zeta-potential of mucin in presence of the particle, attributed to their

interaction™"">” (Figure 4-11).

All formulations presented a negative zeta-potential when suspended in mucus solution due
to the presence of negatively charged mucin. The presence of MC(165k)-based nanogels,
PBA grafted or not, did not have any impact on the zeta-potential of mucin solution,
suggesting little or no interaction. However, the suspension with MC(30k)-based nanogels
induced a decrease of the zeta potential, although no significant impact of PBA
functionalization could be observed. Such negative shift has been previously reported and
identified as a proof of particle-mucin interaction”. The different results obtained for each
MC molecular weight regardless of functionalization could be due to the conformation of
the polymer as it has been shown to play an important role in the intimate contact with
mucus. For instance, random coil conformations show higher mucoadhesion than that
spherical and rigid rod shape conformations™. Here, the mobile network composed of
shorter methylcellulose chains could interact more easily with mucin compared to the
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swollen mesh of entangled longer chains™. Besides, the high swelling ability of the nanogels
synthesized with MC of higher molecular weight could also explain their lower
mucoadhesion as neutral highly hydrophilic shells have been shown to inhibit the
establishment of mucoadhesive forces'>™’. Finally, the nanogel concentration might be
another parameter affecting the results, and higher concentrations might give a more
significant change in the measurements”. While the zeta-potential study may suggest mucin-
particle interaction for some nanogels and provide insight to the underlying mechanisms of
mucoadhesion of nanoparticulate systems, it fails to mimic the in vivo settings. For instance,
while MC(30k)-g-PNtBAm_PBA(5) might provide higher mucin adsorption in vitro, their
self-binding could create aggregates with diameters too high for diffusion through the mucus
mesh”. A direct method of measuring mucoadhesion, such as in vivo testing, would be
necessary to further investigate and compare the mucoadhesive performances of the

different formulations.

4.4 CONCLUSION

Nanogels of hydrophobized methylcellulose were successfully functionalized with
phenylboronic acid. Coverage density could be controlled by varying the feed concentration
of PBA. PBA functionalization did not induce any cytotoxicity, and nanogels synthesized
with methylcellulose of higher molecular weight remained stable after functionalization. The
additional hydrophobic layer of PBA was found to reduce the initial burst release, while the
shorter MC chains resulting from the oxidation step induced a faster diffusion rate compared
with the unmodified nanogels. All formulations provided a sustained release of the drug for

over 12 days. Zeta-potential measurements indicated interaction of mucin with the nanogels
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synthesized with shorter MC chains, providing encouraging results to pursue the
investigation on their mucoadhesive properties with in vivo experiments. With their ability to
entrap and release in a controlled fashion, PBA functionalized MC-g-PNtBAm nanogels
present promising properties to address the challenges of topical administration in the ocular

environment.
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4.5 TABLES

Table 4-1: Nomenclature and content of the formulations synthesized.

: - Mass ratio
: MC molecular | PBA scolution PBA final
Formulation name : : : : g-
weight (g/mol) | concentration | concentration

MC(30k)-g-PNtBAm_PBA(1.25 30 000 2.5 mg/mL 1.125 mg/mL 1.25:1

5 mg/mL 225mg/mL 251
10 mg/mL 45mg/mL 51
165 000 2.5 mg/mlL 1125 mg/mL  1.25:1
5 mg/mL 225mg/mL 251
10 mg/mL 45mg/mL 51

Table 4-2: Molecular weight of methylcellulose after varying reaction times of periodate oxidation, measured
by gel permeation chromatography.

26710 79359 297

Table 4-3: Loading efficiency of dexamethasone into MC(165k)-g-PNtBAm_PBA nanogels as a function

of PBA coverage.
Entrapment efficiencies (%)

MC(165k)-g-PNtBAm 480

MC(165k)-g-PNtBAm_PBA(2.5) 47.6

MC(165k)-g-PNtBAm_PBA(5) 612

136



Ph.D. Thesis — M. Jamard — McMaster University — School of Biomedical Engineering

4.6 FIGURES

HGC CH
N

NH,

Figure 4-1: Structure of 3-aminophenylboronic acid.
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Figure 4-2: Structure of PBA functionalized MC-g-PNtBAm nanogels in agueous solutions.
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Figure 4-3: Scheme for tethering PBA to MC. Step 1: Sodium m-periodate (NalO,) oxidation via
Malaprade-type reaction, which breaks the C2-C3 bond of vicinal hydroxyl groups to form 2,3-dialdehyde
structure. Step 2: Reaction of aldebyde groups of oxidized MC structure with primary amine groups of 3-

aminophenylboronic acid via Schiff base linkage.
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Figure 4-4: "H NMR spectrum of PBA functionalized MC-g-PNtBAm nanogels
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Figure 4-5: NMR spectrum of PBA, PBA functionalized MC-g-PNtBAm nanogels, MC-g-PNtBAm

nanogels.
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Figure 4-6: Comparaison of the PBA content a) ATR FT-IR spectra b) Boron guantification by XPS' of
all MC(x)-g-PNtBAn_PBA(y) formulations.
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Figure 4-7: Influence of PBA coverage on the size of the nanogels synthesized using 30kg/mol or 165
kg/mol MC for the MC(x)-g-PNtBAm_PBA(y) formulations. 3 measurements per solution, error bars
corresponding to the standard deviation of the mean size.
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Figure 4-8: TEM pictures MC|(x)-g-PNtBAm_PBA(y) nanogels. Scale bars indicate 500 nm.
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Figure 4-6: Comparison of a) cell viability and b) metabolism in presence of 0.3 mg/ml. MC(165k)-g-
PNtBAm_PBA nanogels at two different PBA coverages. Data expressed as a percentage relative to control
comprising cells not exposed to the nanogels.n==6 with error bars corresponding to the standard deviation.
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Figure 4-7: Dexamethasone release from MC(165k)-g-PNtBAn_PBA nanogels with two different PBA
grafting coverages compared to not functionalized nanogels. a) Release plotted as a percentage relative to the
total quantity of dexamethasone initially incorporated — 100% thus correspondi to the dexamethasone free in
solution and encapsulated. The bars on the curves indicate the time point when the free drug in solution is
released from the dialysis bag and the entrapped drug is being released. b) Release plotted as a percentage
relative to the quantity of dexamethasone encapsulated — 100% corresponds to the amonnt of dexamethasone
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encapsulated.n=3 with error bars corresponding to standard

deviation.
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Figure 4-8: Zeta-potential of MC(x)-g-PNtBAm_PBA(y) formulations compared to a control solution of
mucin.G measurements per solution with ervor bars corresponding to the standard deviation.
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CHAPTER 5: PEG FUNCTIONALIZED METHYLCELLULOSE
BASED NANOGELS WITH POTENTIAL FOR IMPROVED
MUCUS TRANSPORT

Authors: Marion Jamard, Nicole Mangiacotte, Jianfeng Zhang and Heather
Sheardown
Objectives: PEGylation of the surface of MC-g-PNtBAm nanogels to improve

their transport through the ocular mucus layer to limit their clearance
and allow intimate contact with the cornea for improved drug
adsorption.

Main Scientific contributions:

* Functionalized the surface of MC-g-PNtBAm nanogels with poly(ethylene glycol) at
different coverage densities.

*  Demonstrated the impact of the PEG layer on nanogel characteristics and on their
performance as drug delivery systems, using two model drugs with different degrees
of hydrophobicity, indicating improvement of the nanogels through PEGylation for
the sustain delivery of less hydrophobic compounds.

* Showed the dependence of interaction with mucus on PEG coverage density of MC-
g-PNtBAm nanogels

*  Demonstrated in vitro cytocompatibility of the PEGylated nanogels after 48-hour
incubation with human corneal epithelial cells.

Author contributions:

Contributions of this work were as follows. Marion was responsible for synthesis and PBA
surface functionalization of the nanogels, verification of their composition by 'H-NMR and
ATR FT-IR, and quantification (with Jianfeng) of the PEG content. She characterized their
size and morphology by Nanosight and TEM, performed the cytocompatibility tests and
drug release studies. Finally she was in charge of the paper write up. Nicole, following
trouble-shooting of the method (with Marion), performed the zeta-potential measurements
for the mucoadhesion study. Jianfeng suggested the PEG quantification method and helped
Marion with the synthesis of thodamine-labelled PEG.
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ABSTRACT

The efficient clearance mechanisms of the eye limit ocular drug delivery, requiring the
frequent instillation of more concentrated formulations. To address this issue, we recently
developed methylcellulose-based self-assembling nanogels and demonstrated their ability to
efficiently encapsulate a hydrophobic model drug and control its release. In this work, those
nanogels were functionalized with chains of poly(ethylene glycol) (PEG) with the aim of
improving their transport to the deeper layers of the mucus. PEG was grafted using a Schiff
base reaction onto oxidized methylcellulose at different coverage densities monitored by the
polymer feed ratio. PEG-functionalized nanogels with sizes ranging from 130 nm to 155 nm
were found to maintain their spherical shape, stability and cytocompatibility. Drug release
studies with both dexamethasone and dexamethasone phosphate showed that PEG-grafting
improved encapsulation efficiencies and slowed the diffusion of the drug. Finally, zeta-
potential measurements showed that interaction with mucin changed upon PEGylation
coverage of the nanogels, suggesting that these systems have great potential for further

development as ocular drug delivery systems.

Keywords: poly(ethylene glycol), surface functionalization, mnanogel, ophthalmic,

mucoadhesion, drug delivery/release

155



Ph.D. Thesis — M. Jamard — McMaster University — School of Biomedical Engineering

5.1 INTRODUCTION

Particulate systems have many advantages in drug delivery, including protection of the
payload, enhanced solubility and sustained release of the drug cargo'. Suspended in topical
formulations, they have generated great interest for ocular drug delivery”. In addition, due to
their nanometric size, particles may also be taken up by cells or continue their migration
through the surrounding tissues. The necessity for them to rapidly reach epithelial cells is
particularly important for therapeutic agents requiring intracellular delivery or targeting
deeper tissue layers. However, their efficacy is limited as they are rapidly cleared from the
surface of the eye when only adhering to the superficial layers of mucus’. The corneal surface
is protected by a layer of corneal epithelial cells which are lubricated by a mucous layer®. The
dense porous mesh formed by highly crosslinked mucin fibers® results in a characteristic gel-
like, cohesive and viscoelastic structure’. The gel-forming properties are important for
entrapping foreign particles and bacteria which are discharged to the drainage system during
blinking’. However this layer might also clear particle-based drug delivery systems, potentially
preventing them from remaining on the ocular surface for a sufficiently long time period to

be effective, thus reducing the efficiency of drug delivery to the target site.

In order to improve precorneal retention of nanocarriers, surface chemistry, charge and size
of nanosystems have been modified in order to maximize their mucoadhesive behavior, and
target the ocular surface moieties> . In a different approach, mucus-inert nanosystems,
which were shown to be able to avoid interaction with mucus and featured interesting
properties, have been examined'. Indeed, after initial administration, particles interact and

diffuse through the mucus differently according to their size and adhesive properties''. Steric
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hindrance prevents particles with sizes on the order of microns from diffusing through the
mucus layer. Even in the case of bonding with the mucin chains, these particles will remain
in the outer mucus layer. Smaller particles can diffuse through the mucus layer, but the
diffusion of adhesive particles will be slowed by interactions with mucin and retained at the
external layer. Furthermore, those with sizes below 100 nm in diameter have decreased
diffusion rates, probably due to retention in pockets of the mucin mesh. Non-adhesive
nanoparticles of around 200-500 nm in diameter, however, have shown the ability to diffuse
rapidly and reach the epithelial lining to further undergo cell uptake or tissue penetration. In
parallel, clearance mechanisms progressively remove the particles located on the luminal side

11,12
of mucus .

Poly(ethylene glycol) (PEG) is a biocompatible poly(ether)"” lacking side functional groups,
such as amine or carboxylic acid, which are able to specifically interact with the components

: 14 : 15-17
of mucin’. Numerous studies from the Hanes group

suggested that PEGylated particles
with a diameter of up to 500 nm show minimal adhesive interaction and were able to diffuse
through mucus’. Previous literature also indicates that PEG coating causes mucoadhesion'®
?!, presumably by an interpenetrating polymer network effect between the PEG chains and

1192223

the mucus mes or by hydrogen bonding™. When studying the effect of PEG molecular
weight and the degree of surface coverage on diffusion through mucus, both appropriate
density of the hydrophilic uncharged surface (Hanes et al. reported PEG conjugation with
65-70% of the carboxy groups on the surface of polystyrene nanoparticles™) to minimize
hydrophobic and ionic bonding as well as short chains to reduce the possibility for

14,25,26

entanglement with mucin fibers were necessary Low grafting density or long PEG
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chains resulted in mucoadhesive particles”. Thus, coverage by a dense layer of short
molecular weight poly(ethylene glycol) chains has been found to allow particles to penetrate
mucus’. Other groups have confirmed these observations for nanosystems densely modified
with short PEG chains'**"*, and PEGylation has been performed on different types of

: : :a25,29,30
nanocarriers to confer mucus-penetration properties””

. Besides demonstrating rapid
penetration through healthy human mucus, they also showed the same properties with
human mucus in diseased states'™*”'. In addition, PEG has also been added on the surface
of nanoparticles to improve their stability in physiological environments including precorneal
tear fluid*” . By altering the hydrophobicity of the surface of the nanocatrrier, a PEG coating
has been shown to confer protection from protein opsonisation”, plasma protein

absorption"’ in addition to prolonging circulation*"**,

We have previously synthesized self-assembling nanogels by grafting hydrophobic chains of
N-tert-polybutylacrylamide (NtBAm) onto methylcellulose” (MC). The MC-g-PNtBAm
nanogels showed efficient entrapment and sustained release of a model hydrophobic drug.
The release rate was tunable by modifying the degree of hydrophobic grafting and the
molecular weight of the MC, allowing for an optimum drug concentration at the site of
interest with a minimal initial burst. However, for the nanogels to fulfill their goal, their
payload must be delivered to the target tissue before clearance of the carriers. The particles
thus have to overcome the mucus barrier by penetrating sufficiently deep into the more
slowly cleared layers of mucus to improve epithelial distribution and retention time*'. In this
study, the MC-g-PNtBAm nanogels were modified with short chains of 2000 g/mol

methoxy poly(ethylene glycol) amine (PEG-NH,) as a means of generating mucus
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penetrating nanoparticles, and the impact of surface coverage on morphology and properties

was examined.

5.2 MATERIALS AND METHODS

5.2.1 Materials

Methylcellulose (MC) Metholose SM-15 were bought from Shin-Etsu (Totowa, NJ, USA).
N-tert-butylacrylamide (NtBAm), cerium ammonium nitrate (CAN) and dimethyl sulfoxide-
d6 (DMSO-d6), methoxypolyethylene glycol amine (2000 g/mol), poly(ethylene glycol)
diamine (2000 g/mol), sodium periodate, glycerol, sodium cyanoborohydride, thodamine B
isothiocyanate (Rho-NCS) and mucin (type II from porcine stomach) were purchased from
Sigma-Aldrich (Oakville ON). Dexamethasone phosphate and Dexamethasone were
obtained from Sigma Life Science (St Louis, MO, USA). Phosphate buffered saline (PBS)
(10 times concentrate) was obtained from BioShop (McMaster University — Hamilton ON).
Nitric acid 70% and potassium chloride were purchased from EMD Chemical Inc.
(Mississauga, ON). Vybrant MTT cell proliferation assay kit and LIVE/DEAD
viability/cytotoxicity kit were putchased from Molecular Probes by Life Technologies
(Eugene, OR, USA) and cell growth media — Keratinocyte-SFM came from Gibco by Life
Technologies (Grand Island, NY, USA). Human corneal epithelium cells (hCECs) were the

kind gift of Dr. May Griffith.
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5.2.2 MC-g-PNtBAm synthesis

MC-g-PNtBAm was synthesized as previously described”. Briefly, 250 mg of MC and 250
mg of recrystallized NtBAm were dissolved in 50 mL of water (0.5% w/v). When dissolved,
0.3 mL of 70% nitric acid was added to the solution. The mixture was purged with nitrogen
for 30 minutes. Finally, 50 mg of CAN dissolved in 1 mL of purified water prepared in a
Millipore Milli-Q system, was added to the solution to start the polymerization. The reaction
was left stirring at room temperature for 24 hours, followed by extensive dialysis (pre-wetted

RC tubing 3.5kDa, Spectrum Laboratories) to remove any unreacted compound, and freeze

dried (Labconco 7752020).

5.2.3 PEG functionalization of the MC-g-PNtBAm nanogels

100 mg of freeze dried MC-g-PNtBAm were dissolved in 5mL. DMSO. The mixture was
then added dropwise to 50 mL of water under stirred conditions to trigger the self-assembly
of the nanogels. Protected from light in an amber vial, 100 mg of sodium periodate (NalO,)
dissolved 1 mL of water, 9 mL of nanogel suspension were mixed and periodate oxidation
was carried out under stirring at room temperature. After 2 hours, the unreacted NalO, was
quenched with 0.1 mL glycerol. Subsequently, various amounts of 2000 g/mol
methoxypolyethylene glycol amine (reported in Table 5-1) diluted in 1mlL of water were
added followed by 30 mg of sodium cyanoborohydride (NaCNBH,) dissolved in 1 mL water
after 6 hours of reaction. Three hours following the incorporation of the reducing agent, the

. . . . 46
mixture was extensively dialyzed against water to remove any unreacted compounds™.
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Reassembled MC-g-PNtBAM nanogels which did not undergo the functionalization steps

were used as a negative control (MC-g-PNtBAm_PEGO).

5.2.4 ATR FT-IR analysis

ATR FT-IR spectra of freeze dried samples were measured (Bruker Vertex 70 Bench and a

diamond ATR module) in the range of 400 to 4000 cm™ .

5.2.5 NMR analysis

Freeze dried materials (Labconco 7752020) were dissolved in DMSO-d6 and analyzed by

nuclear magnetic resonance (NMR, Bruker AVANCE 600 MHz NMR spectrometer).

5.2.6 PEG quantification

Mono-labeled PEG was synthesized as followed. Poly(ethylene glycol) diamine was dissolved
in DCM at 30% w/v and Rho-NCS (1:1 molar ratio with PEG) was dissolved in DCM. The
Rho-NCS was slowly added drop-wise to the PEG solution under nitrogen. The reaction was
left for 24 hours, protected from light. Then, DCM was evaporated under reduced pressure.
While some diamine PEG molecules might be labeled at both ends and some molecules
might not be labeled, it is assumed that the amount of mono-labeled PEG would be

significant.

A mixture of 90% methoxypoly(ethylene glycol) amine and 10% Rho-NCS labeled PEG was
used to functionalize the nanogels following the method described above with the same final

PEG concentrations. The solutions were extensively dialyzed, and the derivation degree was
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assessed by fluorescence with a microplate reader (Tecan Infinite 200 Pro) at 540 nm
excitation and 625 nm emission, using a calibration curve of Rho-NCS labeled PEG aqueous

solutions. Pictures were taken with an upright fluorescence microscope (Olympus, BX53).

5.2.7 Particle size measurements

Single nanoparticle tracking (Malvern NanoSight LM10) was used to measure the particles

mean size in aqueous media.

5.2.8 Transmission electon microscopy (TEM)

After diluting the sample with purified water, 5 pl. of the suspension was spread on 200
mesh Formvar coated cooper grids without staining and allowed to dry under ambient
atmospheric conditions. The morphology of nanogel samples was viewed and photographed
using transmission electron microscopy (TEM, JEOL 1200EX TEMSCAN) with 80kv

electron beam.

5.2.9 Zeta-potential measurements

In this study, the mucoadhesive properties were evaluated by measuring the changes in zeta-
potential on interaction with negatively charged mucin**. 2 mL samples were prepared from
0.1 mL of the PEG grafted nanogel solution (final nanogel concentration of 7.9 x 107
mg/mL) with 0.4 mg/mlL mucin and 25 mM potassium chloride. Following an hour of
incubation at 37°C in a shaking incubator, zeta potential was determined (Brookhaven

90Plus Particle Size Analyzer). Samples of unmodified nanogels as well as solutions without
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nanogels were used as controls. Samples were made in triplicate with 5 zeta potential

measurements per sample and 15 runs per measurement.

5.2.10 Drug loading

To load the drug into the nanogels, 5 mg or 10 mg of dexamethasone or dexamethasone
phosphate (Dex-P) respectively were added to the DMSO along with the MC-g-PNtBAm
before reassembling. Nanogel formation and PEG functionalization were performed as
described above. Suspensions of loaded nanogels were then centrifuged at 15000 RPM for 20
minutes in Nanosep 10K Omega centrifugal units (10 kDa molecular weight cut-off, Pall
Corporation) to separate the particles from the free drug in solution. The amount of drug in
the supernatant was measured by high performance liquid chromatography (HPLC, Waters

2707 Autosampler, 1525 Binary HPLC Pump, 2489 UV /Visible detector, Column Dionex.

Model Acclaim (r) 120 C18 5um 120A 4.6x250mm) 254 nm detection wavelength, injecting

10pL sample and using 1mL/min isocratic flow rate of 40:60 (v/v) acetonitrile:water. A
standard calibration curve of dexamethasone in 40:60 (v/v) acetonitrile:water allowed sample

concentration determination.

The loading efficiency of dexamethasone into the nanogel particles was calculated as follow:

Initial amount of drug — Amount of drug in supernatant

Loadi ici %) = 100
oading ef ficiency (%) . Initial amount of drug
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5.2.11 Invitro drug release

The in vitro release of dexamethasone or Dex-P from the nanogels was evaluated following
the same method. A 1 mL dispersion of drug-loaded particles was placed into a dialysis bag
(molecular weight cutoff 3500 Da, Spectra/Por, Spectrum laboratories) immersed into 5 mL
of PBS maintained at 32 £ 1 °C by a shaking water bath. At selected time intervals, the
outside medium was removed and replaced with fresh pre-warmed PBS. Concentrations of
drug in the releasate were determined by HPLC. All measurements were performed in

triplicate and plotted as mean * SD.

5.2.12 Cell toxicity studies

The viability of human corneal epithelial cells was assessed by the MTT assay and Calcein
AM — Ethidium homodimer-1 staining assay to assess the in vitro toxicity of the materials
prepared. Experiments were performed on nanogels with two different PEG grafting
densities MC-g-PNtBAm_PEG50 and MC-g-PNtBAm_PEG100. PEG grafted nanogels
were sterilized by 1% of penicillin-streptomycin and UV irradiation (254 nm) overnight.
5,000 cells/well human corneal epithelial cells (HCECs) were seeded onto 96-well plates and
cultured in 100 pL of keratinocyte serum free medium for 24 hours in a CO, incubator. The
spent medium was then replaced with nanogel formulations and diluted with culture medium
to a final methylcellulose concentration of 0.52 mg/mL. Cells were incubated at 37°C in the
presence of the PEG functionalized nanogels or controls for 48 hours. Subsequently, for the
calcein AM — Ethidium homodimer-1 assay, the nanogel containing media was replaced with

100uLL of calcein AM-ethidium homodimer-1 working solution (2 pM calcein AM, 4uM
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ethicium homodimer-1), and the cells were incubated for 45 minutes at room temperature.
The resultant solutions were measured in a microplate reader (T'ecan Infinite 200 Pro) at 530
and 645 nm. For the MTT assay, the nanogel containing media was replaced with 100 pl. of
PBS and 10 pL of MTT stock solution (5 mg/ml). Following 4 hours of incubation, the
supernatant was replaced by 50 ul. of DMSO and incubated at 37°C for 10 minutes. The
resultant solutions were measured in a microplate reader at 540 nm. Cell viability was
expressed as percentage of absorbance relative to the control comprising cells not exposed to

the nanogels.

5.3 RESULTS AND DISCUSSION

5.3.1 Synthesis

In order to functionalize the nanogels, active sites were created on the methylcellulose at
their surface using periodate oxidation. This approach selectively oxidizes the adjacent
hydroxyl groups (C2—OH and C3—OH) of cellulose opening the sugar ring, creating aldehyde
groups in the C2 and C3 positions”. Oxidation was followed by a Schiff base reaction
between the newly formed carbonyl groups along the MC backbone and the primary amine

end groups of the methoxy poly(ethylene glycol) amine (PEG-NH,) chains (Figure 5-1).

Grafting of PEG adds a layer of 2000 g/mol hydrophilic chains on the surface which may
jeopardize the hydrophilic/hydrophobic balance that maintains the MC-g-PNtBAm
copolymers as nanogels. Thus, MC-g-PNtBAm nanogels with a very high degree of
hydrophobization (DH) of 100 NtBAm monomer for 100 anhydroglucose units” were

chosen to perform PEG functionalization. This ratio was deduced from the ratio of relative

165



Ph.D. Thesis — M. Jamard — McMaster University — School of Biomedical Engineering

peak integrations of protons belonging to the hydrogen in C2 position of MC and the CH;

group of NtBAm, following a method used in previous studies*”.

Analysis by "H-NMR showed the appearance of a distinctive peak at 3.5 ppm corresponding
to the repeat unit of PEG’” (Figure 5-2), thus confirming successful grafting onto the
surface of MC-g-PNtBAm nanogels. By comparing the IR spectra of the unmodified and
modified nanogels (Figure 5-3), the latter ones showed new or more intense peaks at 960 cm’
', 1105 cm’, and 2871 cm’', which were respectively ascribed to CH, rock and C-C stretch,
C-O and C-C stretch, and the CH, symmetric stretch of PEG™. These observations
confirm that the PEG chains were effectively grafted on the nanogel surface. ATR FT-IR
showed an increase in the peak intensity with an increased feed ratio of PEG, but more

accurate quantification was necessary to support these observations.

5.3.2 PEG quantification

In order to investigate the correlation between the initial PEG concentration and the amount
grafted, the same reaction was performed using fluorescently labeled PEG. For varying
concentrations, 10% of the incorporated PEG was functionalized with rhodamine. While
some of the PEG would be functionalized at both ends with the rhodamine, while other
PEG chains would remain unfunctionalized, it was assumed that the amount of
monofunctionalized PEG would be significant and on approximately the same order as the
unfunctionalized and bifunctionalized PEG. The fluorescence of the formulation was found
to increase with an increasing amount of PEG in the solution as expected (Figure 5-4). As

the ratio of fluorescent PEG was consistent throughout the formulations, these results
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indicate increased PEGylation when increasing its initial PEG concentration. The coverage
density of PEG on the nanogels can thus be tuned by varying the feed concentration.
However, due to the fact that the amount of monofunctionalized PEG in the mixture is not

known, a PEG density is not reported.

5.3.3 Size and morphology

TEM pictures (Figures 5-5) showed spherical particles indicating that the
hydrophilic/hydrophobic balance allowing self-assembling into nanogels was not disturbed
with the grafting of hydrophilic PEG chains, probably due to the high degree of
hydrophobization of the MC-g-PNtBAm maintaining the cohesion of the aggregates. No
significant change in their morphology could be observed with increasing PEG coverage

density, and the colloids remained stable for all formulations as expected'*.

Size analysis using Nanosight revealed that the PEG functionalized nanogels were smaller
than the unmodified ones (Figure 5-5). Previous studies reported that periodate oxidation

induced depolymerisation of methylcellulose™”

leading to size reduction of the nanogels
attributed to a decrease in the swelling capacity”. No trend was observed when examining
the impact of the amount of PEG grafted on the nanogel size in water. All formulations
resulted in nanogels with a size of approximately 147 nm * 13 nm in diameter. As the

density of the PEG layer changed with the length of the PEG chains themselves remaining

the same, the thickness of the hydrophilic outer layer did not vary as expected.

As discussed above, previous studies showed that the enhanced ability to penetrate mucus

15,25

was not linear with size reduction . Mucus-inert nanoparticles with diameters of 200-500
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nm were able to travel faster across mucin compared to their 100 nm counterparts physically
entrapped into smaller channels. The size of the current PEGylated nanogels falls in between
the reported data, and further investigation on the effect of the diameter for those specific
particles should be carried out, tuning the size of the MC-g-PNtBAm nanogels modifying the

DH and molecular weight of MC to generate particles of the desired size™.

5.3.4 Cytotoxicity

MC-g-PNtBAm nanogels have been previously shown to be cytocompatible”. Since the
intended application of these nanogels is in a topical ophthalmic formulation, in vitro
biocompatibility was assessed human corneal epithelial cells. The nanogels were tested for 2
different degrees PEGylation MC-g-PNtBAm_PEG50 and MC-g-PNtBAm_PEG100. After
incubating for 48h, the relative cell viability was higher than the control for all of the
nanogels, indicating that their presence did not negatively impact cell viability (Figure 5-6-a).
Percentages above 100% are due the fact that the data is expressed relative to the control.
The MTT assay verified that there was no negative effect on the metabolism (Figure 5-6-b)
and indicated that the cells continued to proliferate in the presence of the material at a similar

rate.

5.3.5 Drug release

5.3.5.1 Dexamethasone

To encapsulate Dexamethasone, MC-g-PNtBAm was dissolved in DMSO along with the
drug and the solution was then added dropwise to stirring water inducing self-assembly of
the nanogels and entrapment of the drug. Drug loading by nanoprecipitation resulted in a
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much lower encapsulation efficiency of 37% (Table 5-2) compared to loading during
synthesis which reached efficiencies above 95%"". This difference is most likely mainly due
to a lower nanogel concentration as 250 mg of MC were used (along with varying amounts
of NtBAm monomer) when entrapping during synthesis versus only 100 mg of MC-g-
PNtBAm copolymer when entrapping for nanoprecipitation. Thus, there is less nanogel in
solution and fewer hydrophobic PNtBAm domains to encapsulate the drug. Less copolymer
was used when loading by nanoprecipitaion because low concentrations have been reported
to ensure better dispersion and separation into nanodomains upon addition into the non-

57
solvent water’’.

PEG functionalization of the nanogel surface was performed subsequently to encapsulation.
Surprisingly, following this extra 9-hour-long step, higher entrapment efficiencies were
obtained (Table 5-2). As PBA functionalization of the nanogel following a similar method
did not induce such a drastic change™, those results are attributed to the presence of the
PEG chains on the surface. The presence of hydrophilic PEG in the aqueous media for
functionalization might have affected the partitioning balance of dexamethasone in favor of

the nanogel.

The high degree of hydrophobization of the MC-g-PNtBAm nanogels resulted in an
extremely slow release of dexamethasone for all formulations (Figure 5-7): 26.3% released
from the MC-g-PNtBAm nanogels (aside from the initial burst corresponding to the 63% of
free drug in solution) and only 2% in 8 days for the PEG functionalized ones. PEGylation
thus induced slower release from the nanogels with dexamethasone, as expected from an
additional hydrophilic layer hindering the diffusion of the hydrophobic drug. However, no

169



Ph.D. Thesis — M. Jamard — McMaster University — School of Biomedical Engineering

significant difference could be observed upon increased density of the PEG layer, possibly
because the release might be too slow and mainly controlled by the high DH to observe the

effect of coverage.

Noteworthy, unlike a previous study on phenylboronic acid functionalization of MC-g-
PNtBAM nanogels™, the depolymerization of methylcellulose by the oxidation step did not
induce a faster release. This is most likely due to the high degree of hydrophobization which

has been shown to prevail over the impact of short MC chains®.

5.3.5.2 Dexamethasone Phosphate

In order to obtain a faster release and enable the observation of the impact of PEGylation,

dexamethasone-phosphate (Dex-P) as a slightly more hydrophilic model drug was used.

As with dexamethasone, the loading efficiency increased upon PEGylation of the nanogels
(Table 5-2). These results are consistent with the hypothesis that PEG improves
encapsulation. Lower efficiencies were reached compared to dexamethasone as expected as
Dex-P, being less hydrophobic, has lower affinity for the hydrophobic PNtBAm domains
compared to dexamethasone. For the same reason, although still very slow, the release was
faster than that observed for dexamethasone (Figure 5-8). All of the Dex-P was released
from the unmodified particles within 24 hours, while 12.9% of the drug remained in the

system after 8 days (24.1% released among the 37% entrapped).

The Dex-P release was plotted two different ways (Figure 5-8). Figure 5-8-a shows the

cumulative release of the total amount of drug, encapsulated and free in solution, as all
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percentages are relative to the initial feed concentration of Dex-P. Figure 5-8-b only shows
the drug released from the nanogels, with the percentages calculated relative to the amounts
of drug encapsulated. While the latter gives a more realistic appreciation of the initial burst,
the former enables to compare the release rates, as all formulations are plotted relative to the

same amount of dex-P.

With Dex-P, the impact of PEG functionalization was more clearly highlighted as it resulted
in lengthening the release of the drug from the nanogels from 1 to over 8 days. Including the
free drug in solution, 78.6% and 72.8% of the total Dex-P was released from MC-g-
PNtBAm_PEG(50) and MC-g-PNtBAm_PEG(100) respectively within 8 days (Figure 5-8-
a). Thus, 21.4% and 27.2% of the drug remained in the nanogels, indicating that 45.8% and
44.3% of their payload was released in a week (Figure 5-8-b). The additional hydrophilic layer
created by PEGylation may hinder the diffusion of the more hydrophobic drug. This
outcome is consistent with the effect of PEG on entrapment efficiencies, and indicates an
improvement for the nanogels with PEGylation for the delivery of less hydrophobic
molecules. Denser hydrophilic coverage did not significantly impact the release rate as MC-g-
PNtBAm_PEG(50) and MC-g-PNtBAm_PEG(100) showed similar kinetics, as observed
with PBA functionalization™. The release study was cartied out over 8 days, as the turnover
of the mucin layer of the tears occurs every 4-6 days and replacement of the corneal

epithelial cells occurs every 4-8 days™.
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5.3.6 Interaction with mucus

Interaction of mucus with the nanogels was investigated in vitro using zeta-potential. Mucin
is negatively charged at most physiological pHs and lowering of the zeta-potential of a mucin
solution with colloids has been reported to show the association of the particles with

;47,4859
mucin

. The presence of unmodified MC-g-PNtBAm nanogels increased the zeta-
potential of mucin solution from -10.2 * 0.6 mV to -8.2 £ 4.8 mV (Figure 5-9). A positive
shift has been previously reported and attributed to particle-mucin interaction™. A low
amount of surface PEGylation further increased the zeta potential, while functionalization
with a denser coverage of PEG had the reverse impact. Those results suggest that PEG
grafting increased interaction with mucin to a certain point and then created the reverse
effect, although still demonstrating association. Those findings are in accordance with
previous studies which reported that partial PEG coverage resulted in mucoadhesive

14,25,60 :
=77, According to current results,

particles while denser coverage created mucus-inert ones
PEGylation did not screen interaction to the extent of providing mucin-inert particles. It is
possible that less adhesion would be observed with shorter PEG chains. Besides, shorter
PEG chains might allow denser coverage because of reduced steric hindrance'’. However,
while penetration may be better, particles which do not interact with mucus may also avoid
uptake by cells® . Therefore, in vivo testing needs to be carried out to further investigate

the performances of PEG functionalized nanogels and determine which of the formulations

would provide the best results under in vivo conditions.
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5.4 CONCLUSIONS

In this study, we functionalized the MC-g-PNtBAm nanogels with 2000g/mol PEG chains
with the aim of improving mucus penetration ability. Different coverage densities were
obtained varying the feed concentration of PEG-NH,. Hydrophilic/hydrophobic balance
allowing nanogel morphology was maintained as well as colloid stability, and the
cytocompatibility of the nanogels was not impaired by PEG functionalization. Drug release
studies with both dexamethasone and dexamethasone phosphate showed that drug loading
was significantly improved after PEG grafting, and that the additional hydrophilic layer
provided an extra barrier to prolong drug release. While both PEG grafted and unmodified
nanogels provided prolonged release of dexamethasone, the hydrophobic model drug, only
PEGylated particles enabled sustained release of Dex-P, the more hydrophilic model drug,
over 8 days. Zeta-potential measurements showed that PEG functionalized nanogels
interacted with mucin and that the extent of the interaction could be controlled tuning PEG

coverage.
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5.5 TABLES

Table 5-1: PEG feed mass, concentration and ratio to MC-g-PNtBAwm nanogel for each formulation.

Formulation name PEG feed Final PEG concentration in Mass ratio
mass solution PEG:MC-g-PNtBAm

MC-g-PNtBAm 0 mg

MC-g-PNtBAm_PEG20  [BARTY 1.6mg/mL  8.0x107 mol/mL  1.11:1
MC-g-PNtBAm_PEG50  [Bli: 0 6.0 mg/mL  2.0x10¢mol/mL  2.77:1
MC-g-PNtBAm_PEG100 [REIET 8.0mg/mL  4.0x10%mol/mL  5.55:1
MC-g-PNtBAm_PEG200 [BAliFars 16.0 mg/mL  8.0x10¢mol/mL  11.11:1

Table 5-2: Entrapment efficiencies of dexamethasone and dexamethasone phosphate of different nanogel
Sformmulations.

Dexamethasone Dexamethasone

entrapment efficiency phosphate entrapment

Formulation

MC-g-PNtBAm_PEG(100) [E8 489+ 35

174



Ph.D. Thesis — M. Jamard — McMaster University — School of Biomedical Engineering

5.6 FIGURES
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Figure 5-1: Reaction scheme of PEG grafting onto methyleellulose. Sodiunm m-periodate (NalO4) oxidation
via Malaprade-type reaction breaking the C2-C3 bond of vicinal hydroxylgroups from the AGU of
methycellulose, followed by the reaction of the newly formed aldebyde groups od oxidized MC with primary
amine groups of methoxy-poly(ethylene glycol) amine via Schiff base linkage.
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Figure 5-2: '"H-NMR spectra of (a) methylcellulose, (b)) MC-g-PNtBAm, (¢) PEG functionalized MC-g-
PNBAm.
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Figure 5-3: ATR FI-IR spectra of MC-g-PNtBAm_PEG(x) formulations at different PEG grafting
densities, compared to unmodified MC-g-PNtBAm.

177



Ph.D. Thesis — M. Jamard — McMaster University — School of Biomedical Engineering

MC-g-PNtBAm_PEG(20) MC-g-PNtBAm_PEG(50) MC-g-PNtBAm_PEG(100) MC-g-PNtBAm PEG(200)

2 o o =
S =N o0 [ o

Rhodamine B gratted PEG (mg,/mlL)
=
ha

Figure 5-4: Quantification of PEG grafted on thesurface on the nanogel as a function of feed mass by

Sflunorescence. Scale bars = 50 Ln.
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Figure 5-5: (a) TEM pictures, scale bars represent 500nm and (b) size of PEG functionalized MCg-
PNtBAm nanogels.3 measurements per solution, ervor bars corresponding to the standard deviation of the
mean sige.
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Figure 5-6: Comparison of human corneal epithelial cell a) viability and b) metabolism in presence of PEG
Sfunctionalized MC-g-PNtBAm nanogels with 2 different PEG densities. Data expressed as a percentage
relative to control comprising cells not exposed to the nanogels.n==6, error bars corresponding to the standard
deviation.
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Figure 5-7: Dexamethasone release from the nanogel formulations. a) Comparison of the release from PEG
Sfunctionalized nanogels with unmodified nanogels. The bar on the release curve of MC-g-PNtBAwm indicates
the end of the release of the free drug in solution. The bars on the curve of MC-g-PNtBAwm: indicate the time
point when the free drug in solution is released from the dialysis bag and the entrapped drug is being released.
b) Zoom on the release to compare the release from PEG functionalized nanogels at two grafting densities.
n=3, error bars corresponding to the standard deviation.
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Figure 5-8: Dexamethasone phosphate release from MC-g-PNtBAm_PEG nanogels with two different
PEG grafting coverages compared to not functionalized nanogels. a) Release plotted as a percentage relative to
the total quantity of dex-P initially incorporated — 100% thus correspondi to the dex-P free in solution and
encapsulated. The bars on the curves indicate the time point when the free drug in solution is released from the
dialysis bag and the entrapped drug is being released. b) Release plotted as a percentage relative to the quantity
of dex-P encapsulated — 100% corresponds to the amount of dexamethasone encapsulated. n=3, error bars
corresponding to the standard deviation.
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Figure 5-9: Zeta-potential of MC-g-PNtBAm nanogels with different degrees of PEG functionalization,

compared to a control of mucin solution.G measurements per solution, error bars corresponding to the standard
deviation.
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CHAPTER 6: CONCLUSIONS

In the effort to overcome the current challenges of ocular drug delivery, nanoparticle systems have
aroused great interest. They have shown great potential to improve stability and permeability of the
drug, prolonging its activity and therefore increasing bioavailability to the target tissue. Synthesis by
self-assembly of amphiphilic polymers is a promising strategy as it avoids the use of reactive agents
likely to damage the bioactive payload. Polysaccharides, biocompatible and biodegradable natural
polymers, have been shown to spontaneously aggregate upon hydrophobization and have

demonstrated great potential as drug delivery systems.

In this work, self-assembled nanogels were developed for use as drug carriers for ocular therapeutics.
An amphiphilic copolymer was first synthesized by grafting poly(N-tert-butylacrylamide) side chains
to a methylcellulose backbone. The MC-g-PNtBAm molecules spontaneously aggregated in aqueous
media forming a stable suspension of spherical nano-sized hydrogel particles consisting of a
hydrophilic polysaccharide-based mesh and hydrophobic PNtBAm domains. The self-aggregates of
~140 nm showed cytocompatibility with human corneal epithelial cells. Drug delivery studies
demonstrated their ability to encapsulate the hydrophobic drug, dexamethasone, with efficiencies
above 95% and to release it in a sustained manner over 30 days. Varying the PNtBAm content and
MC chain length impacted the nanogel characteristics and drug release kinetics. Lower
hydrophobization and longer polysaccharide backbones increased the swelling ability of the nanogels,
and thereby their hydrodynamic diameter (up to 255 nm). An increase in the degree of PNtBAm
grafting or the MC chain length was found to improve encapsulation efficiencies and slow down the
release. The extent of the impact of the molecular weight of methylcellulose was found to decrease
when increasing the number of PNtBAm chains grafted. The degree of hydrophobic modification
and the polysaccharide length thus provide a means of tuning the properties of MC-g-PNtBAm

nanogels to match the kinetic requirements of the drug to be delivered.
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The newly developed particulate systems demonstrated the ability to prolong the activity of the drug
by sustaining its release, thus allowing less frequent administration of the topical formulation and
avoiding concentration fluctuation. In addition, tunable kinetics, achieved by changing the copolymer

structure enable tailoring of the drug delivery platform.

In order to insure improved bioavailability of the therapeutics, better precorneal adsorption is
essential. Since clearance from the precorneal area is a significant limitation of topical drug delivery,
resulting in the removal of the drug from the eye, interaction with or penetration into the mucin layer
is desirable. It is believed that this will lead to prolonged residence time at the ocular surface and
intimate contact of the drug delivery system with the mucosa, thereby allowing better delivery to the
corneal surface and underlying tissues. Thus, the surface of the nanogel was functionalized to further
improve the performance of MC-g-PNtBAm drug carriers. Two different strategies were used to
enhance drug delivery to the corneal tissue. The first one consisted in surface functionalization with
phenylboronic acid to specifically target the sialic acid groups of the mucus layer covering the cornea,
with the aim of prolonging their residence time on the surface of the eye. In the second one, nanogels
were grafted with PEG chains in order to improve their transport in mucus by minimizing particle-
mucin interaction and resulting in the entrapment of the gels within the mucin layer and hence

prolonged drug release.

Cytocompatibility of the particles with human corneal epithelial cells was not impacted by PBA or
PEG grafting. Both functionalization methods influenced the drug release kinetics. While loading by
nanoprecipitation led to lower entrapment efficiencies than loading during synthesis, modified
nanogels showed significantly higher levels of drug encapsulation compared to the unmodified ones
and the extra layer hindered drug diffusion, allowing for release over longer periods of time.
Dexamethasone release from PBA grafted nanogels lasted more than 12 days, with a significant

decrease of the initial burst. PEGylation of the nanogels also resulted in more sustained the release of
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dexamethasone phosphate, a less hydrophobic drug, with only ~45% of the payload released after 8
days. Unmodified nanogels released all of the entrapped drug within a day. Zeta-potential was used
to evaluate the mucoadhesive properties of the particles. Nanogels made of short MC chains seemed
to interact with mucin more than those made of longer MC chains, regardless of the PBA
functionalization and coverage. As for PEG grafted nanogels, all formulations showed interaction
with mucin. This interaction increased at low coverage and decreased with further PEGylation.
Although zeta-potential measurements give a valuable insight into the potential of the systems to
interact with the mucin layer, additional in vivo experiments are necessary to evaluate the effect of
PBA and PEG functionalization on the mucoadhesive properties of the nanogels as well as the

delivery of drugs and the potential increase in the bioavailability of the therapeutic cargo.

Future work should be focused in two areas. Fundamental studies of the architecture of the nanogels
should be investigated. Specifically, the relationship between the copolymer structure and nanogel
properties should be further investigated, looking at the distribution of the hydrophobic content in
terms of PNtBAm chain number and length. This should include studies of stability and degradation.
The performance of MC-g-PNtBAm nanogels in vivo should also be evaluated. Specifically it would
be of interest to examine the residence time on the eye as well as tissue penetration with and without
functionalization. While current topical formulations cannot maintain therapeutic concentration on
the ocular surface for a prolonged time, the developed MC-g-PNtBAm nanogels as a sustained drug
release system has the potential to prolong the retention time on the ocular surface, leading to the

need for less frequent dosing and improving the efficacy compared to current formulations.
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