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Abstract

Current strategies for oral or injectable antipsychotic drug delivery typically demonstrate
low bioavailability to targeted brain regions, incentivizing the development of novel
delivery strategies. Delivery via the nasal cavity circumvents multiple barriers to the
reaching the brain: the blood-brain barrier, first-pass metabolism and gut degradation,
but requires specific drug-carrier characteristics (e.g. pH, mucoadhesion) to be
effective. Employing the use of nanoparticle drug carriers (~50nm in size) within this
route can further improve efficacy, due to their enhanced tissue penetration abilities.
Although existing intranasal delivery platforms have demonstrated great therapeutic
value, there is a lack of controlled release features—an extremely valuable addition to

this pathway.

Described in this thesis are biodegradable bulk hydrogels consisting of oxidized starch
nanoparticles (SNPs) and carboxymethyl-chitosan (CMC) which allow for both
intranasal mucosal adherence and functional controlled release of anti-psychotic drug
(PAOPA) in an MK-801 pre-clinical model of schizophrenia. Results indicate that
PAOPA-loaded SNP-CMC in-situ gelled hydrogels provide a sustained released profile
such that they alleviate negative symptoms associated with schizophrenia (decreased
social interaction time) for up to 72 hours at a decreased dosage (0.5mg/kg) when
compared to acute symptom alleviation at a higher (1mg/kg) intra-peritoneal drug
dosage. Also described is the formulation of nanoemulsion templated nanogels
(~200nm) for eventual intranasal delivery applications. Nanogels (also consisting of
SNP-CMC) demonstrated relevant degradation profiles resulting in SNP release, which

may be employed for future tissue penetration applications within the nasal cavity. It is
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anticipated the bulk hydrogel platform (and nanogel system, once further studied) will
lower required drug doses and ultimately improve clinical outcomes in treating mental

illness.
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1. Introduction

1.1 Mental Health & lliness

‘No health without mental health”, a statement endorsed at the World Health
Organization (WHO) European Ministerial Conference in 2005 [1], accurately
summarizes the importance of urgent and meaningful efforts towards mental health
care. An estimated 7.4% of the world’s measurable burden of disease can be attributed
to mental iliness, with the impact on the surrounding communities greatly exceeding that
value albeit impossible to accurately measure [1, 2]. Most mental disorders contribute to
significant losses in quality of life and general functioning. Individuals suffering from
different disorders may be physically incapacitated, deal with emotional instability,
experience intense sensory overload, have severely altered behaviour, or any
combination of these. Such hindrances introduced into patients’ lives often prevent them
from participating in basic life activities such as maintaining healthy relationships,
holding a job, or dealing with adversity on a daily basis. Lack of stable functioning can
also ultimately affect societies and established workforces [3], negatively contributing to
the well-being of all individuals. As a result, there is immense value in expanding
treatment options and streamlining efforts towards initiatives to alleviate some of these

burdens for both individuals affected by mental illness and the surrounding community.

1.2 Schizophrenia

As one of the more severe mental illnesses, schizophrenia is a primary target for the
development of more efficient therapeutic delivery systems. The disease itself is
characterized by a range of symptoms including delusions, hallucinations, social

withdrawal, disorganized speech and disorganized behaviour and affects approximately
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1% of the world’s population [4]. Despite this relative rarity compared to other major
diseases like cancer or heart disease, schizophrenia is the fifth leading cause of years
lost to disability for men and sixth for women, emphasizing the necessity for improving
clinical interventions [5]. Individuals affected by schizophrenia live with a severely
decreased quality of life and often feel like they have “lost contact with reality”, an
extremely disorienting and distressing experience. Without proper intervention and
support, an individual may develop depression that can in turn promote suicidal
thoughts and tendencies. The burden is significant not only for patients, but also for
caregivers and the larger community as a whole, with the economic weight of
schizophrenia exceeding $60 billion USD annually in the US [6]. According to the WHO,
the direct costs of schizophrenia in Western countries range from 1.6-2.6% of total
healthcare expenditures [6]. Coupled with this financial stress is the social burden
placed on communities, which struggle to provide meaningful support to those members
affected by schizophrenia. As a result, it is necessary to continue in efforts towards
finding effective treatments to help alleviate the burdens placed on those dealing with

schizophrenia and the surrounding community.

1.2.1 - Symptomatology & Diagnosis
Providing effective treatment of schizophrenia requires an adequate understanding of
the underlying symptomatology, which can be broken down into three main categories:

positive symptoms, negative symptoms and cognitive dysfunction [7, 8].

Positive symptoms include behaviours which are present in individuals with
schizophrenia but lacking in healthy populations. They are often a result of excess

stimulation or sensory disruption and include delusions, hallucinations, disorganized

2
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thought and disorganized behaviour [9]. Negative symptoms are behaviours lacking in
those affected by schizophrenia but are normally present in healthy populations,
including reduced motivation, loss of interest, social withdrawal, and reduced emotional
expression [9]. These symptoms also tend to persist longer than positive symptoms,

largely disrupting an individual’s day-to-day activities.

Cognitive dysfunction resulting from schizophrenia includes the lack of ability to pay
attention, poor memory retention, and difficulties in interpreting environments, making
accurate judgements, processing information, engaging in meaningful social
interactions, and self-expressing through language [10]. It is hypothesized this
dysfunction is a result of hypoactivity in the cortex [11], where a few different
neurotransmission pathways may be implicated. Decreased gamma-amino butyric acid
(GABA) levels in the dorsolateral prefrontal cortex are theorized to impair pyramidal cell
synchronization and contribute to deficits in working memory. Within the cholinergic
system (where neurons innervate structures implicated in negative schizophrenic
symptoms), reductions in alpha7 receptor levels in the prefrontal cortex may result in
decreases in attention. M1 muscarinic receptor depletion in cortical areas has also been
correlated with cognitive function impairment in verbal and working memory [11].
Unfortunately, no rigorous method of diagnosis exists for schizophrenia given that there
is no one specific cause. Typically, a diagnosis is made by a clinician in partnership with
psychologists and psychiatrists by examining a range of acquired patient data. There
are no biological markers to pinpoint onset of the disease; however, some common

physical characteristics such as an increase in ventrical size, an increase in striatal
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dopamine storage and release, and a decrease in temporal lobe volume are observed

across most schizophrenia patients [11].

1.2.2 - Epidemiology & Prognosis

Although schizophrenia affects both men and women, men are 40% more likely to
develop the disease while also being more likely to be diagnosed earlier in life. Age of
onset ranges between 18-25 for men and between 25-35 for women, with some
supporting evidence that the prognosis for men is also worse [12]. Generally speaking,
the disease progresses through three main phases: prodromal (beginning), active
(acute) and residual (recovery), which then repeat sequentially in cycles throughout the

duration of illness with varying lengths depending on the individual [9].

The prodromal phase is characterized by lack of interest in usual activities as well as
social withdrawal from members close to the individual. Patients may start perceiving
the world with abnormal views, have difficulty focusing, begin to seclude themselves,
and obsess over specific topics or individuals (ex. historic figures, celebrities). The
active phase presents psychotic symptoms, typically including hallucinations, delusions,
and uncontrolled thoughts or feelings. In the residual phase, individuals may begin to
regain control over their thoughts and behaviours and can conceptualize the illness

affecting them.
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1.3 Antipsychotic Medication

1.3.1 - Dopamine Pathways & the Dopamine Hypothesis

Dopamine is an organic catecholamine neurotransmitter that has several functions
within the body [13]. Its primary role is to serve as a signalling molecule for multiple
pathways that modulate memory, emotion, movement, and the reward system. Outside
of the nervous system, it plays a role in cardiovascular function modulation, hormone
secretion, vascular tone, gastrointestinal motility, and renal function [14]. The most
common method of dopamine synthesis within the brain (and the adrenal grand) uses
the amino acid tyrosine as the starting material, using tyrosine hydroxylase to convert
tyrosine into dihydroxyphenylalanine (DOPA) and then further into dopamine by DOPA
decarboxylase [15]. Dopamine is then stored in synaptic vesicles using vesicular
monoamine transporter (VMAT). Upon release, dopamine has the ability to act on 5

postsynaptic receptors (D1-D5) [16].

HO

NH;"
HO :
Figure 1-1.Chemical structure of dopamine.

Dopamine deficiency can be implicated in the development of Parkinson’s disease, a

degenerative motor condition; however, altered dopamine levels are also suspected to
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correlate with the onset of schizophrenic symptoms [17]. The dopamine hypothesis of
schizophrenia postulates that hyperactive dopamine transmission results in
schizophrenic symptoms [13]. This hypothesis dates back to the 1960’s, when use of
amphetamine to increase dopamine levels was demonstrated to result in psychotic
symptomatology while the use of reserpine (an adrenergic uptake inhibitor) to deplete

dopamine levels alleviated these symptoms [18].

An understanding of the biochemistry related to the dopamine hypothesis requires
comprehension of dopamine transmission pathways in the brain. Within the brain there
are four major neuronal pathways relevant to dopamine neurotransmission: mesolimbic
(positive symptoms), mesocortical (negative symptoms), nigrostriatal (extrapyramidal
symptoms) and tuberoinfundibular (T1) [13, 19]. The mesolimbic pathway projects from
the ventral tegmental area (VTA) to the nucleus accumbens (NAc) in the limbic system
and is thought to provide key contributions in emotional regulation, motivation, and the
reward system. Hyperactivity of dopamine in this pathway has also been shown to
contribute to positive symptomatology in schizophrenia [15]. The mesocortical pathway
projects from the VTA to the prefrontal cortex, where the dorsolateral component
regulates cognitive and executive functioning and the ventromedial component
regulates emotions and affect [15, 19]. Hypoactivity of dopamine in this pathway is
theorized to contribute to the negative symptoms of schizophrenia along with
depression [8, 19]. The nigrostriatal pathway projects from dopaminergic neurons in the
substantia nigra (SN) to the basal ganglia, where this pathway mediates motor
movements. Here, D2 receptor inhibition may contribute to Parkinsonian symptoms and

dystonia, with sustained D2 blockages in the SN can lead to tardive dyskinesia. Lastly,
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the tuberoinfundibular pathway projects from the hypothalamus to the anterior pituitary,
where D2 receptor blockage has been implicated in sexual dysfunction. A combination
of these 4 pathways results in the complex symptomatology presented in schizophrenia,
explaining the difficulties that exist in identifying a universally-effective medical
treatment. However, the dopamine hypothesis is not without its limitations; in particular,
there are varying opinions on whether dopamine level elevation or depletion provides
the most effective negative symptom alleviation [20]. Recent research also suggests
that approximately one third of individuals fail to respond to commonly prescribed
antipsychotic drugs (see section 1.3.2) likely on the basis of their symptomatology
failing to be solely explained by dysfunction of dopaminergic pathways. Thus, while
action on dopamine pathways is an imperfect target to address all aspects of
schizophrenic symptoms, it remains a leading and useful target for suppressing the

symptoms of schizophrenia.
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Figure 1-2. Major neuronal pathways for dopamine in the brain. There are four
pathways relevant to dopamine transmission in the brain: (1) mesolimbic; (2)
mesocortical; (3) nigrostriatal; and (4) tuberoinfundibular. Adapted from Yong et al.,
(2015).

1.3.2 - APD Functionality

Although schizophrenia lacks a precise cure, antipsychotic drugs (APDs) serve as the
first line of defence in combating symptoms and are often used in conjunction with other
medication such as mood stabilizers and antidepressants [9]. APDs help relieve the
debilitating symptomatology of schizophrenia, leading to overall improvement in quality
of life despite not directly tackling the underlying causes of the disease. Most APDs
function as dopamine D2 receptor antagonists, competing with endogenous dopamine
with the goal of dopamine reduction in the mesolimbic tract or, more specifically, the

striatum [21-23].
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APDs may be separated into three categories: first generation (typical), second
generation (atypical), and third generation (atypical). Some first generation APDs
commonly used include haloperidol, loxapine, chlorpromazine and perphenazine [24].
The primary method of action of these hydrophobic APDs involves exclusive interaction
with dopamine D2 receptors, competing with dopamine as antagonists [25]. However,
while often effective in treating positive symptoms of schizophrenia, typical APDs fail to
relieve negative symptoms (ex. social withdrawal) and cognitive dysfunction. Second
generation APDs include clozapine, olanzapine, risperidone, lurasidone, and
ziprasidone, among others [26]. This generation of APDs focuses on targeting the
negative symptoms of schizophrenia, with the initially developed wave of drugs acting
on dopamine D2 receptors and serotonin 5-HT,aantagonistically and the second wave
acting on D2/D3 receptors with non-specific binding capacities [27]. The second wave is
considered more efficacious in modulating negative and cognitive dysfunction because
of their broad binding spectrum [28]. The latest atypical APDs belong to the third
generation, with the leading drug aripiprazole functioning as a partial D2 agonist. It is
considered a “dopamine stabilizer” due to this property, as it may compete with
dopamine in high concentration environments as an antagonist, or conversely supply

dopamine signalling via receptor binding in dopamine deficient environments [28] .
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1.3.3 - Side Effects & Limitations

APDs have several side effects that have stimulated the continued development of next-
generation medication. The use of first generation APDs can cause the appearance of
cognitive impairment and extrapyramidal symptoms such as movement disorders
similar to Parkinson’s symptomatology [29], thus reducing patient adherence. Chronic
use of typical APDs may produce tardive dyskinesia, which is characterized by
involuntary repetitive moments stimulated by D2 receptor blockage in the nigrostriatal
pathway. Second generation APDs have been shown to introduce serious metabolic
side effects including weight gain, elevated cholesterol, changes in glucose utilization,
and sedation [30], all of which can lead to a predisposition for cardiovascular disease
and type 2 diabetes mellitus [30]. The third generation drug aripiprazole has also been
implicated in minor weight gain and some movement disorder induction, although
maintaining a significantly lower incidence rate of both side-effects compared to first and

second generation APDs [31].

1.3.4 - Allosteric Modulators

Traditionally, drugs are designed for direct binding to the primary active sites
(orthosteric sites) from which a therapeutic chemical cascade begins. However, a
secondary class of drugs, allosteric modulators, has gained great traction in medical
practice for their altered mechanism of action. Allosteric modulators are ligands which
bind to receptors on a biological target that are separate from orthosteric sites, also
known as allosteric (regulatory) sites [32]. Once bound, they induce conformational
changes to target active sites (ex. proteins), which then affects further binding of

orthosteric ligands and overall site activity [33]. Such agents may act as either positive
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allosteric modulators (PAMSs), which enhance the binding affinity of ligands to active
sites and further increase active site signals, or negative allosteric modulators (NAMS),
which inhibit ligand binding to active sites and decrease signalling [34]. Allosteric
modulators have high specificity for target sites and do not compete with endogenous
ligands, adding to their therapeutic value. That being said, the effects allosteric
modulators produce also have an upper limit as they are able to saturate their own
binding sites, thus resulting in a finite effect [35]. As a result, higher allosteric modulator
doses are more tolerable, de-risking the prescription process and offering alternative
medication to orthosteric compounds [32]. These characteristics combined make

allosteric modulators valuable treatment tools for complicated mental illnesses.
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Figure 1-3. Different modes of allosteric modulation. (a) Cooperativity: a symmetric,
multi-unit protein can exist in one of two different conformational states, active and
inactive; (b) Monomeric allosteric inhibition: an allosteric inhibitor decreases active site
binding; (c) Monomeric allosteric activation: an allosteric effector increases active site
binding affinity; (d) Active site formation via allosteric effector: binding of an effector may
introduce a new binding site to the complex, which upon ligand binding could change
active site geometry; (e) Enzyme-protein fusion: an allosteric effector controls enzyme
activity. Adapted from Goodey et al., (2008).

1.4 PAOPA for Schizophrenia Treatment

Of particular interest for schizophrenia treatment is the precursor drug prolyl-leucyl-
glycinamide (PLG), a tripeptide cleaved from the dopamine allosteric modulator oxytocin
that has demonstrated therapeutic value in pre-clinical studies involving major

depressive disorder [36]. Derived from PLG is a promising potent analogue, 3(R)-[(2(S)-
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pyrrolidinylcarbonyl) amino]-2-oxo-1-pyrrolidineacetamide also known as PAOPA (Fig.
1-4), which provides positive allosteric modulation of dopamine D2 receptors without
inducing an effect on antagonist binding [37]. This method of action may allow for
symptom alleviation of biochemical and behavioural abnormalities that result in positive
and negative symptoms of schizophrenia. In particular, there is evidence that PAOPA
therapy increases dopaminergic sensitivity in the nigrostriatal pathway, potentially
preventing induced extrapyrimidial symptoms such as movement disorders [38, 39].
PAOPA has also been previously demonstrated to prevent and reverse and negative
behavioural symptoms, particularly social withdrawal [40]. Although the exact
physiological mechanism which by PAOPA is able to attenuate social interaction deficits

is yet to be fully elucidated, a host of literature provides strength for this claim [40, 41].
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Figure 1-4. Chemical structure for PAOPA.

1.5 Intranasal Drug Delivery
Traditional methods of APD delivery include oral administration or intraperitoneal (IP)
injections. However, these traditional methods are limited by several complicating

factors. First, orally ingested medication is challenged by “first pass” metabolism which

13
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sequesters and degrades a large amount of drug [42]. Although this effect may occur in
various tissues, the liver is primarily responsible for most drug absorption [43]. When
drugs are absorbed in the gastrointestinal (Gl) tract, they are shuttled to the liver via the
hepatic portal vein and then subsequently metabolized by enzymes. As a result, the
majority of the active drug components fails to exit the liver and reach systemic
circulation [44]. Second, there is growing evidence supporting the interference and
modulation of drug efficacy due to the gut microbiome, as gut bacteria may break down
or inhibit active drug constituents and thus limit the quantity of (active) drug reaching
systematic circulation [45]. Third, and most challenging in terms of obstacles to oral
delivery, is the blood-brain barrier (BBB), a highly selective barrier that excludes a
majority of molecules (~98%) from the central nervous system (CNS) [46]. The BBB is
composed of endothelial cells that form a wall of capillaries [47], tight junctions, an
enzymatic surveillance system, and complicated structures made of pericytes and
astrocytes [46]. These barriers limit the BBB penetration of most large or polar
molecules, allowing only small non-polar molecules (e.g. hormones) through [47]. The
combination of the aforementioned complicating factors associated with traditional
delivery methods results in extremely low bioavailability of most APDs, with only ~5% of
administered drug dosages typically reaching the brain [48]. Lowered bioavailability
forces the use of higher drug doses that are not only costly but run the risk of increasing

severe side effects.

Intranasal (IN) delivery provides an alternative non-invasive route of APD administration
that is increasingly attracting interest in terms of minimizing side-effects and dosages of

schizophrenia drug therapies. Relative to oral or IP delivery, IN administration offers a

14
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more direct pathway to the brain through the olfactory and/or trigeminal nerves. It is
important to note that IN delivery is a combination of several pathways which assist in
CNS targeting. Drugs may be transported via neuronal connections through either
intracellular or extracellular pathways [49]. The intracellular pathway allows for
endocytosis of drugs into terminal regions of the olfactory and trigeminal axons located
in the nasal cavity followed by transport into the brain (bypassing the BBB) via the
nervous tissue; the extracellular pathway facilitates drug transport alongside olfactory or
trigeminal nerves by general bulk flow processes [49]. Other pathways shuttle drugs
through supporting cells and tight junctions, also bypassing the BBB. The net
consequence of these different delivery pathways is that drugs administered into the
nasal cavity are readily absorbed directly into systemic circulation, thus circumventing
first pass hepatic metabolism, gut microbiome degradation, and even the BBB. This
allows for increases in bioavailability, quicker therapeutic effects, and decreased
dosages while maintaining drug efficacy. Ease of nasal cavity access also allows for
straightforward IN drug administration in easy-to-handle dosage forms such as nasal

drips or sprays [50].
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Figure 1-5. The different pathways for intranasal drug transport to the brain and

systemic circulation. Nerve endings are depicted in green. Adapted from Katare et al.,
(2016).
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Figure 1-6. Four different pathways for intranasal delivery through the BBB. (1) The
extracellular pathway: bulk flow processes alongside the olfactory sensory neuron
(OSN) or trigeminal nerve (not pictured). (2) The intracellular pathway: drugs are
endocytosed and travel to the CNS through the cell body. (3, 4) Alternate pathways
including shuttling via tight junctions and through or alongside other cells. Adapted from
Ganger et al., (2018).

1.6 Hydrogels
Hydrogels can be described as three-dimensional cross-linked polymer networks

capable of imbibing substantial volumes of water [51]. Hydrogels can be formed using a
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range of different water-soluble polymers and can be formed in various sizes and
structures to provide different functions, including bulk hydrogels, thin films, coatings,
microparticles, and nanoparticles [52]. In the specific context of drug delivery, hydrogels
offer several attractive properties that promote spatial and/or temporal control over
therapeutic release [53]. Due to their porous network structure, diffusion-based drug
loading and release can readily be achieved and controlled by manipulating cross-link
densities. The extremely high water content observed in most hydrogels (70-99%),
coupled with physiochemical properties of hydrogels (e.g. mechanics) that mimic those
of native biological tissues, promote good cytocompatibility and tissue compatibility in
preclinical and clinical use [51, 54]. The soft, rubbery, and deformable nature of
hydrogels is also valuable for biological applications, allowing such materials to conform

to the shape of the application site [54].
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Figure 1-7. General structure and properties of hydrogels. (Left) Schematic of a
theoretical 3D hydrogel matrix, with polymers in red and blue. (Right) Picture of a
hydrogel after formation, as the polymer cross-links strengthen and set.
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1.6.1 - Cross-Linking

Hydrogel networks may be formed using a variety of approaches, including both
physical and covalent cross-links [55]. Of particular interest in the context of intranasal
drug delivery are in situ-gelling hydrogels that can spontaneously form upon spraying or
flow-based administration into the nose. Utilizing physical and chemical cross-linking
chemistries, such hydrogels can be prepared in a multitude of approaches [51, 53, 55].
Physically cross-linked gels can be formed using a host of environmental triggers
(temperature, pH, ionic strength) and an array of physiochemical interactions
(hydrophobic interactions, hydrogen bonding, charge interactions). A common
technique for gelation through hydrophobic interactions makes use of hydrophobes
grafted to water soluble polymers which can be modulated by temperature changes (ex.
increasing temperature results in hydrophobe aggregation) to form a gel, with gelation
temperature depending on polymer concentration [55]. Charge interactions may also be
exploited for cross-linking in situ polymers, where interactions between two polymers or

polymers and small molecules of opposite charge induce gelation.

Alternately, covalently in situ chemically cross-linked gels can be formed through
substitution or condensation reactions between a nucleophile-functionalized polymer
and an electrophile-functionalized polymer [53, 56]. For use in the body, reactions that
are spontaneous and fast at physiological conditions are ideal for in situ gel formation.
Multiple chemistries exist for such reactions, all of which have benefits and drawbacks.
First, Michael-type addition cross-linking involves addition of a nucleophile to the B
position of an a,B-unsaturated carbonyl compound such as an aldehyde or ketone. This

chemistry can occur spontaneously under physiological conditions but is somewhat
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slower than some alternatives (i.e. a few minutes to tens of minutes), which can be
undesirable for certain applications. The slightly basic conditions used to drive the
reaction may also cause biocompatibility issues in pH sensitive environments. Second,
disulfide cross-linking involves the reaction of two thiol groups (unprotonated and
nonreactive in their reduced state) to form an S-S bond in an oxidizing environment (ex.
extracellular space). At physiological pH however, they present low gelation rates (tens
of minutes to hours) when lacking an oxidizing agent, limiting their application to

locations in the body where longer residence times exist [57].

Third, hydrazone Schiff base crosslinking (condensation of a primary amine and
aldehyde/ketone, further discussed in section 2.1.2) can be utilized to form imine
(nucleophilic addition of a nitrogen from an amine to a carbonyl group) or hydrazone
bonds (nucleophilic addition of a nitrogen from a hydrazine group to a carbonyl group),
both resulting in water elimination [58]. Both imine and hydrazone crosslinking both
occur fairly rapidly, however the former is generally more hydrolytically labile; the type of
nucleophile (amine or hydrazide) affects the stability of the bond and thus the
degradation rate. If faster degradation is desired, an imine bond should be selected,
while a hydrazone bond may be selected if slower degradation is required. Gels formed
with hydrazones have demonstrated good biocompatibility when compared to other
injectable hydrogel chemistries, however some have concerns have been raised
surrounding cross-reactivity of aldehyde groups with native tissue and storage stability
[57]. Matching the benefits/drawbacks of a particular covalent in situ-gelling chemistry
with the needs of a particular application is essential for the practical use of such

materials.
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1.7 Nanoparticle Nanocomposite Hydrogels

Nanoparticle-based therapeutic delivery systems hold great promise in the field of drug
delivery. Nanomaterials can be defined as materials between 1-1000nm in size [59] and
have unique properties according to their significantly higher surface area-to-mass ratio
when compared with other larger particles, allowing for increased binding/adsorption,
specific drug loading regimens, and differential biological transport mechanisms that
can be leveraged in various biomedical applications [60]. In particular, smaller
nanoparticles have greater tissue-penetration abilities, an increased residence time in
the circulatory system, and decreased inflammatory responses which facilitates easy
drug uptake by target cell and tissue regions [59]. However, the high mobility of
nanoparticles can also cause challenges in treating local conditions, such as brain
delivery. Significant emerging research has thus been focused in either physically
entrapping various types of nanoparticles inside hydrogels or using nanoparticles
themselves as the building block for fabricating a hydrogel [61]. In this context, the
hydrogel can immobilize the nanoparticle at the desired active site (at least until a
programmed degradation event releases the nanoparticle) to improve the localization of
nanoparticle drug therapy as well as leverage the biphasic nature of the delivery vehicle
to engineer release kinetics, often with much longer kinetic profiles than achieved with

hydrogels alone [62].

There are several examples in the literature of nanocomposite hydrogel materials in
which an assortment of nano- and micron-sized drug carriers such liposomes, polymer
nano/microparticles, and microgels have been physically entrapped or covalently

crosslinked within hydrogels and utilized for drug delivery. Polymeric nanoparticles with
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dendritic components offer a multitude of surface functional groups, which can be
utilized to incorporate nanoparticles into hydrogel networks through covalent or non-
covalent bonding [61]. Using these highly branched structures, bioactives (drugs,
peptides) can be readily encapsulated either within or conjugated on the periphery of
the nanoparticles. Release from these polymeric nanocomposite hydrogels can be
controlled through time-based systems (i.e. drug carriers released as bulk gel degrades
degrades/dissolves), thermo- or pH-sensitive means (i.e. the materials undergo
triggered degradation/de-crosslinking under certain environmental conditions), the
relative swelling/de-swelling of both the carriers and bulk gel (resulting in dynamic free
volume generation at the interface between the filler and the gel), and/or by
manipulating the affinity towards drugs for either of the two phases to control release via

partitioning [63, 64].

One specific example of passive drug release via a nanocomposite hydrogel system is
by the delivery of the anti-inflammatory drug methylprednisolone (MP) by loaded the
drug into pol(lactic-co-glycolic acid (PLGA) nanoparticles and embedding the
nanoparticles within an agarose hydrogel. Continuous release of MP was observed for
up to 6 days as opposed to a few hours via traditional delivery means [62]. Another
example highlights stimuli-based controlled release of melanin nanoparticles dispersed
within heat degradable hydrogel networks physically cross-linked by amphiphilic PLGA-
PEG-PLGA copolymers. Following UV irradiation, the hydrogel was observed to
degrade, releasing the encapsulated nanoparticles on demand [62]. Other examples
make use of microgels embedded within hydrogels, forming a soft nanocomposite

system. Physical entrapment of microgels within an in-situ gelling hydrogel network

22



MASc Thesis — Ali Babar McMaster University — Biomedical Engineering

cross-linked via hydrazide-aldehyde chemistry has previously been demonstrated to
facilitate drug release for up to 60 days, compared to release from a hydrogel or
microgel alone (<1 week) [63]. Covalent attachment of microgels to hydrogels via
dynamic hydrazone chemistry has also been shown, exhibiting a decrease in drug
release in contrast to physical microgel incorporation [56]. Gel nanoparticles offer
several benefits when utilized as a building block for a hydrogel matrix. They are easily
chemically modified to incorporate a variety of ligands, which further allows for relatively
straightforward cross-linking [65]. Due to their “soft” nature, they can match target tissue
properties once released, increasing their potential to penetrate biological barriers. Their
size also allows for them to respond rapidly to environmental changes such as pH and
temperature. Lastly, they are capable of great drug loading capacity, prolonging active
agent activity in biological environments, ultimately making them excellent candidates

for drug delivery purposes [66]

1.8 Starch

Starch is an extremely abundant polymer that is low in cost, easily produced and stored,
and is non-cytotoxic, making it one of the most extensively used biopolymers in drug
delivery [67-69]. Starch consists of glucose monomers attached together by a-[1,4]-
glycosidic linkages. Multiple repeats of these monomers in a linear chain structure may
be classified as amylose, while branched monomers via a-[1,6]-glycosidic linkages
result in crystalline regions referred to as amylopectin [70]. However, native starch has
very high viscosity due to its tightly bound structures (preventing water dissolution), high
polydispersity, and a highly crystalline structure (complicating chemical modification)
[69].
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Starch nanoparticles (SNPs) are emerging alternatives to conventional starch as drug
carriers that can circumvent some of these aforementioned issues. In contrast to
“soluble” starch, SNPs are highly hygroscopic (akin to nanogels), amorphous in
structure (enabling facile functionalization), and can be produced via an extrusion-based
process with sizes in the range of 20-50nm, a size range not easily achieved with other
types of nano-formulations but highly beneficial in drug delivery applications in which
high tissue penetration is desired [71]. SNPs have also been shown to demonstrate
sustained release profiles of drugs over the course of multiple days [72], suggesting
their potential to mediate both the release kinetics and transport of water-soluble

therapeutics such as peptides like PAOPA.

1.9 Thesis Objectives

The aim of this thesis was to investigate the synthesis, properties, and applications of
starch nanoparticle-carboxymethyl chitosan hydrogel drug delivery platforms for the
intranasal delivery of hydrophilic therapeutics to alleviate schizophrenic symptoms. Drug
delivery to the brain has inherent limitations following traditional oral or IV-based
administration, an issue the intranasal route can circumvent. Furthermore, developing a
controlled release vehicle that is both mucoadhesive (via the use of carboxymethyl
chitosan) and promoting of tissue penetration (via the use of small and soft starch
nanoparticles is hypothesized to provide a valuable platform for APD delivery. To
capitalize on the advantages provided by SNPs and the IN route, we aim to create
formulations which are: (1) easily sprayable within the nose; (2) mucoadhesive to the
mucus layer; (3) release nanoparticles over time to promote mucosal tissue penetration;

and (4) slow releasing to provide sustained symptom alleviation following one dose.
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Successful platform development would allow for a reduction in overall drug
administration and thus minimization of bodily side-effects associated with constant
drug use, with modification of the platform possible to extend the benefits of the platform

to other hydrophilic APDs.

Chapter 2 discusses the development and application of PAOPA-loaded bulk hydrogels
for the alleviation of negative symptoms of schizophrenia. SNPs were functionalized
with aldehyde groups and cross-linked via imine crosslinking with carboxymethyl
chitosan to form fully characterized hydrogels. Hydrogels demonstrated rapid gelation
and relevant degradation and spray profiles. IN administration demonstrated retention of
the formulation in the nose and functional controlled release of PAOPA in induced-
schizophrenia in vivo models. Symptom alleviation over the period of 3 days was

observed with a lower drug dose than used in conventional intraperitoneal injections.

Chapter 3 discusses the development of nanocluster nanogel drug carriers (~200nm)
using the same carboxymethyl chitosan/starch nanoparticle chemistry but by performing
the crosslinking inside an inverse emulsion template. Emulsion optimization parameters
are described, followed by characterization of the template-based nanocluster
formation. Nanogels were further characterized for stability and degradation in organic
and aqueous phases, demonstrating long-term organic phase stability (30 days) and
relevant degradation profiles in water (over the period of 4 days). Future applications of

such nanocluster delivery vehicles are envisioned for IN delivery.

25



MASc Thesis — Ali Babar McMaster University — Biomedical Engineering

Chapter 4 highlights the key conclusions from the work and suggests future

recommendations to continue the development of these hydrogel drug delivery

platforms.
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2. In Situ-Gelling Hydrogels for Intranasal Delivery of PAOPA for
Schizophrenia Treatment

2.1 Introduction

2.1.1 - Mucoadhesive In Situ Gels for Intranasal Delivery

In situ-gelling hydrogels for IN delivery of therapeutics have recently gained great
traction. Traditional IN delivery methods include use of suspension/solution sprays,
nasal drops, emulsions, powders, ointments, liposomes, microspheres and
nanoparticles [1]. Typically, these non-mucoadhesive formulations undergo rapid
removal from the nasal cavity due to mucociliary clearance, leading to a half-life of
clearance of 15-30 minutes for liquid or powder formulations. As a result, drug
absorption time is limited and bioavailability to the brain is low [2, 3]. Mucoadhesive
formulations, including in situ hydrogels, offer a viable solution to this issue given that
their ability to adhere to nasal mucosa increases nasal cavity residence time [4]. The
increase in contact time and consequently surface area facilitates increased drug
absorption and bioavailability. Additionally, mucoadhesive in situ gels may reduce post-
nasal drip at the back of the throat, further minimizing drug loss [5]. These gels may
also provide increased retention within the nose, with further engineering of pore size

and drug affinity of the gel promoting controlled release of drugs.

Mucoadhesion can be defined as the adhesion between a mucosal surface and another
material. Multiple theories of mucoadhesion exist to help explain commonly observed
phenomena in the adhesion process. The longest standing theory is the wetting theory,
which states the adhesion process undergoes a wetting (initial contact) and subsequent

consolidation phase [6]. A mucoadhesive surface contacts a mucosal membrane
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(intimate wetting) and is then consolidated via physiochemical interactions to strengthen
the adhesive joint (chemical bonding; ionic, covalent, hydrogen bonding, etc.) The
electrostatic theory of mucoadhesion states that if a substrate and adhesive possess
opposite charges, they will experience an attractive electrostatic force which creates a
double layer of equal yet opposite charges on both surfaces [7, 8].The diffusion theory
states that interpenetration and entanglement of both polymer and mucin drives
mucoadhesion, a process which is dependent on chain flexibility and adequate surface
area contact [7, 9]. Mucoadhesive polymers often contain hydrophilic functional groups
(hydroxyls, carboxyls, amides, etc) that cause polymers to swell in aqueous conditions,
thus exposing the maximum number of adhesive sites [10].

Two steps in adherence to mucosal linings

Contact stage: Step 1 Step 2 Consolidation stage:
intimgte contact Dosae . physipchemical
(wetting) occurs Form interactions occur to

between mucoadhesive . Interaction consolidate and
and mucous membrane v ¥ W - “Area strengthen adhesive

| Mucosal Membrane joint

Figure 2-1. Schematic of mucoadhesion depicting the wetting theory, in which dosage
forms contact a mucosal membrane and subsequently consolidate through
physiochemical interactions.

O-Carboxymethyl Chitosan

A commonly used mucoadhesive polymer in the biomedical realm is chitosan, which is
derived from chitin, a natural polysaccharide found in the shells of crustaceans
(shrimps, crabs, lobsters, etc). Chitin has a linear structure composed of 2-acetamide-2-
deoxy-d-glucopyranose units linked by B (1-4) bonds, while chitosan is a copolymer of
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2-amino-2-deoxy-d-glucopyranose and 2-acetamide-2-deoxy-d-glucopyranose units
[11]. Chitosan’s generally low cytotoxicity has made it widely applicable in a range of
biomedical applications including tissue engineering, wound healing and drug delivery
[12]. However, chitosan is generally insoluble in aqueous conditions, requiring further
chemical modification for use in non-acidic conditions [13]. A common modification is
carboxymethylation, which not only enhances hydrophilicity but also increases
cytocompatibility and biodegradability [11]. The modification involves substitution of
some of the —OH groups by —CH,COOH groups, leaving —COOH and —NH, groups
available for further bonding (e.g. crosslinking or mucoadhesion) (Fig. 2-2) [14]. Indeed,
the O-carboxymethyl chitosan (CMC) derived from such a reaction has been
demonstrated to maintain good mucoadhesion [15, 16] through strong adherence
between the positive charges on CMC to the negative charges on the nasal membrane,

in particular sialic acid residues on mucin [16, 17].

R=H or CHECOOH
CH,OR

o]

HO

- NHR’ -
R’=H or COCH,

Figure 2-2. Chemical structure of o-carboxymethyl chitosan.
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2.1.2 - Schiff Base Hydrogels

In addition to promoting mucoadhesion, the amine groups in CMC can enable chemical
cross-linking and, in some cases, in situ chemical crosslinking to formulate an injectable
or potentially sprayable hydrogel vehicle. One such method of hydrogel formation is
imine bonding between two different water soluble polymers. An imine, or Schiff base,
is a reversible bond formed via nucleophilic addition of a nitrogen from an amine to the
carbonyl group of an aldehyde through a condensation reaction (Fig. 2-3) [18]. These
bonds offer rapid and tunable kinetics and may be easily reversed through hydrolysis.
Typical Schiff base formation offers limited hydrolytic stability which results in quick
(hours-days) hydrogel degradation, a potentially advantageous characteristic when
developing a drug delivery carrier. The extent of degradation can be further tuned by
varying the concentrations of polymers and the aldehyde/amine functionality of the
polymers. Imine-based hydrogels also typically demonstrate good cytocompatibility [19],
exhibiting minimal in vitro and in vivo cytotoxicity when cross-linked in situ [20]. The
combination of these factors makes Schiff base hydrogels valuable for drug delivery in
addition to a variety of other biological applications including cell scaffolding, tissue

engineering, and wound dressings [18, 21, 22]
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Figure 2-3. (A) Formation and reversal of an imine bond. (B) Depiction of the
precursors and cross-linking process for imine gel formation; (left) aldehyde-
functionalized starch nanoparticles (SNP-CHO); (middle) CMC; (right) SNP-CHO +

CMC imine cross-linked hydrogel.
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2.1.3 - PAOPA for Schizophrenia Treatment

One of the key potential applications of mucoadhesive hydrogels is intranasal drug
delivery, with antipsychotic drugs particularly useful targets to take advantage of the
enhanced bioavailability of therapeutics delivered through the nose rather than through
the oral or intraperitoneal (IP) route. Of particular interest for schizophrenia treatment is,

PAOPA, as discussed in section 1.4.

2.1.4 - Dizocilpine (MK-801) Schizophrenia Knockdown

N-methyl-D-aspartate (NMDA) receptor antagonists generate widely acknowledged pre-
clinical models of positive, negative and general cognitive deficits observed in
schizophrenia [23]. Dizocilpine ((+)-MK 801 maleate) or MK-801, is one of the most
potent non-competitive NMDA antagonists, which functions via binding to sites located
within ion channels of the NMDA receptor complex to block cation flow [24]. The MK-
801 model allows for tracking of the efficacy of a delivered drug by monitoring social
interaction withdrawal, a negative symptom often associated with schizophrenia in
which individuals have a decreased tendency to engage in meaningful social
interactions with others thought to be primarily related to the hypoactivity of dopamine in
the mesocortical pathway [25]. The use of NMDA receptor antagonists (such as MK-
801) is accepted to accurately model this withdrawal and is generally considered
reliable and easy to induce, making it commonly used to examine therapeutic value of
potential drug candidates in treatment of schizophrenia [26, 27]. MK-801 is typically
administered in concentration ranges of 0.1mg/kg-0.4mg/kg via an intraperitoneal
injection (IP), with 0.3mg/kg most commonly used in the literature to induce the model.

MK-801 is utilized in both acute and chronic models of schizophrenia; however for the
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purposes of this chapter MK-801 is used to induce social withdrawal at an acute time

point (symptom induction 30 minutes after IP injection, lasting ~2 hours) [24, 28].

Figure 2-4. Chemical structure for MK-801 (right).

2.2 Experimental Objectives

The objective of this chapter was to develop drug-carrying bulk hydrogels for the
controlled and sustained delivery of PAOPA through the intranasal route. Although in
situ-hydrogels for IN delivery of APDs have been explored, there exists a need for
controlled release vehicles to further decrease dosages and simplify administration for
patients. Such a formulation would ideally be: (1) sprayable to enable facile
administration; (2) mucoadhesive and/or in situ-gelling to promote immobilization of the
formulation (and thus the drug) to the mucus layer upon administration; (3)
transportable (ideally via active transport mechanisms) across the nasal epithelium and
subsequently to the olfactory and/or trigeminal nerve(s); and (4) slow releasing to
facilitate extended efficacy following a single dose, reducing the need for frequent

administrations that can reduce schizophrenic patient compliance.
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In this chapter we explore the development and application of PAOPA-loaded bulk
imine hydrogels for alleviation of the negative schizophrenic symptom of social
withdrawal. Chemical modification of SNPs, cross-linking with CMC to form hydrogels,
and the resulting properties of hydrogels (swelling, gelation kinetics, degradation, and
nebulization) are all investigated. Following, IN administration of in situ-gels is
discussed and mucosal adherence of gels and functional controlled release of PAOPA
is examined in an induced-schizophrenia in vivo model. We aim to decrease the typical
IP dosage of PAOPA (1mg/kg) while increasing hydrogel nasal residence time for

extended symptom alleviation.

Intranasal In-Situ
Gelation

SNP-CHO + CMC

@ HN"‘QN
(NMO oHQ}O —) @ B @ —)

H

@ PAOPA-Loaded
PAOPA Hydrogel Solution

Figure 2-5. Schematic depicting the overarching process of IN delivery of PAOPA via in
situ-gelation.
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2.3 Materials
Experimental grade starch nanoparticles (SNPs) were supplied by EcoSynthetix Inc.
[Burlington, ON, Canada] and used as received. O-carboxymethyl chitosan (CMC) was

obtained from Bonding Chemical [Katy, TX, USA] and used as received.

Sodium periodate (NalOg4), 99% from AK Scientific [California, USA], and diethylene

glycol from MilliporeSigma [Oakville, ON, Canada], were used as received.

For all experiments, Millipore Milli-Q grade distilled de-ionized water (MQW, 18.2

MQ/cm resistivity) was used.

Phosphate buffered saline tablets (PBS, 0.01 M phosphate buffer, 0.0027 M potassium
chloride and 0.137 M sodium chloride, pH 7.4, at 25 °C) [MilliporeSigma, Oakuville, ON,
Canada] were dissolved in 200 mL/tablet of MQW to achieve the desired

concentrations. The pH of the buffer was confirmed using a pH probe.

PAOPA ((BR)-2-Ox0-3-[[(2S)-2-Pyrrolidinylcarbonyllamino]-1-pyrrolidineacetamide])
was purchased from Tocris Bioscience [Oakville, ON, Canada]. (+)-MK-801 ((+)-5-
methyl-10,11-dihydro-5H-dibenzo [a,d]cyclohepten-5,10-imine maleate salt) was

purchased from Sigma-Aldrich [Oakville, ON, Canada].

SHSY-5Y human neuroblastoma cells were obtained from American Type Culture
Collection (ATCC). Dulbecco’s Modified Eagle Medium: Nutrient Mixture (DMEM:F12)
media (supplemented with heat inactivate bovine serum [10%uvV/v], L-glutamine [1%vV/V]
and penicillin streptomycin [1%v/v] at 37 C in 5% CO2) were both obtained from

Thermo Fisher Scientific [Burlington, ON, Canada]. Resazurin dye solution (In Vitro
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Toxicology Assay Kit, Resazurin Based) was obtained from Sigma-Aldrich [Oakvile, ON,

Canada]

LMA MAD nasal intranasal mucosal atomization devices were obtained from Equipment
Medical Rive Nord (EMRN) [Montreal, QC, Canada], and used in conjunction with a

double barrel syringe (L-series) [MEDMIX, Rotkreux, Switzerland].

Male Sprague-Dawley rats were obtained from Charles River (CR) at 250-300 grams in
weight [St. Constant, QC, Canada]. Isoflurane was obtained from CDMV, Saint-

Hyacinthe, QC, Canada.

Artificial cerebrospinal fluid (aCSF) was prepared by sequentially dissolving the
following in 100mL of MQW: 701mg of 120mM NacCl, 36mg of 4.8mM KCI, 16mgof
1.2mM KH2PO4, 30mg of 1.2 mMMgS0O4, 37mg of 25mM NaHCO3, 211mg of 2.5mM

CaCl2, and 180mg of 10mM D-glucose.

2.4 Methodology

2.4.1 - Aldehyde Functionalization of Starch Nanoparticles (SNP-CHO)

Sodium periodate oxidation was used to introduce dialdehydes on the anhydrous
glucose unit (AGU) repeat units of SNPs [29]. 10 g of dry SNPs were dispersed in 400
mL Milli-Q water (MQW) and the pH was adjusted to pH 7. A second solution was then
made in which the respective amount of sodium periodate (corresponding to molar
equivalents of 0.25 and 0.5 fold of the number of anhydrous glucose units in the SNPs)
was dissolved in 100 mL of MQW and subsequently added to the SNP dispersion in a
darkened flask in order to minimize radical formation. The mixture was then allowed to

react at room temperature for 4h. Following, the reaction was stopped by adding an
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equimolar amount of ethylene glycol to quench residual sodium periodate. The reaction
was stirred overnight, and the product was dialyzed using a 3.5 kDa MWCO membrane
for 6 cycles (6 hours each) against MQW. The product was then lyophilized and stored
at room temperature in the dark as a dry powder. The samples were denoted as “SNP-
CHO-x", where x was the molar equivalent of sodium periodate added for the oxidation

reaction.

2.4.2 - Hydrogel Characterization

2.4.2.1 - Formation

CMC was dissolved in MQW at 2, 4, or 6 w/v% while SNP-CHOs were dispersed in
MQW at 35, 25, or 10 w/v%. For degradation testing, each component was placed into
separate barrels of a double barrel syringe (2.5 mL) and a 16 gauge needle was
attached to the mixing end of the syringe. The gels were expelled into 400 pL silicone
rubber moulds (diameter 6.35 mm) for degradation kinetics measurements. Gelation
was allowed to proceed for 16 hours prior to subsequent testing to ensure equilibrium

crosslink formation.
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Figure 2-6. Schematic depicting the hydrogel formation process. A double barrel
syringe is loaded with CMC and SNP-CHO in separate chambers, and then co-extruded
into silicone moulds and removed prior to characterization.

2.4.2.2 - Gelation kinetics

In a 1.5 mL Eppendorf centrifuge tube, 100 puL of both CMC (2-6 wt%) and SNP-CHO
(5-35 wt%) were added and regularly inverted whilst agitating by hand during the testing
period. The vial was inverted every 2 seconds, with the gelation time (tge) recorded as
the time at which no flow was observed within 1 second after sample inversion. All gel

combinations were run in triplicate (n=3).
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2.4.2.3 - Swelling and Degradation

Hydrogel disks were fabricated in silicone moulds (4 mm thick, 6.35 mm diameter) using
the double barrel syringe delivery strategy described in section 2.4.2.1 and allowed to
equilibrate overnight (16 hours) prior to testing. The formed gels were then loaded into
pre-weighed transwell inserts to allow for free diffusion of water and immersed fully in
10 mM PBS (0.01 M phosphate buffer, pH 7.4, at 25 °C) using a 6-well plate. At
predetermined time intervals (every half hour for the first hour, every hour for the next 4
hours and then twice a day for two weeks), the transwell inserts were removed, excess
water was wicked away using a Kimwipe, the sample mass was weighed, and the
inserts were returned to the tray. Wells were topped up to 10mL of 20mM PBS solution

to keep gels completely submerged in PBS throughout the experiment.

2.4.2.4 - Nebulization

For assessment of spray-based delivery, LMA MAD nasal intranasal mucosal
atomization devices (EMRN, Montreal, QC) were attached to the end of the double
barrel syringe and sprayed on a vertical sheet of paper from distances of 5, 10 and 15
cm, with the upper limit selected based on the distance between the nostril and the
nasopharynx (the posterior of the nasal cavity [30]). Blue and yellow food coloring was
used to visualize the spray field, which was subsequently imaged and analyzed (using

ImageJ) for total surface area deposition.
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2.4.3 - In Vitro Cytotoxicity

SH SY5Y human neuroblastoma cells were cultured in DMEM:F12 media to ~70%
confluency. Following trypsin addition and centrifugation, 50 pL of a 200,000 cells/mL
cell suspension (corresponding to 10,000 cells/well) were plated in a 96 well plate and
incubated for 24 hours. Polymer solutions were prepared in sterile 10 mM PBS, filtered
through a 0.2 um syringe filter (SNP-CHO) or 0.8 um syringe filter (CMC, accounting for
the higher viscosity of this solution), and added to the wells at concentrations between
0.1-10 mg/mL. After 24 hours of incubation, 50 yL of resazurin dye was added to each
well. After another 24 hours of incubation, plates were read using an Infinite 200 Pro
plate reader using excitation and emission wavelengths of 560nm and 590nm

respectively.

2.4.4 - In Vivo Behavioural Testing

Age-matched male Sprague-Dawley rats (250-300 g, Charles River Canada, St.
Constant, QC, Canada) received care that complied with protocols approved by the
Animal Research Ethics Board at McMaster University and the guidelines of the
Canadian Council on Animal Care. Animals were housed individually in standard cages
on a reverse 12 h light cycle. Upon arrival, animals were habituated to their holding
room for 1 week, followed by a week of handling (touching and petting for 5 minutes
each, every other day) prior to any testing. Animals were handled regularly throughout
the duration of all experimentation (2-3 times per week) and housed in a room

maintained at 22°C with 50% humidity and access to food and water ad libitum.
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2.4.5 - Social Interaction Paradigms

Rats were assessed for social interaction with and without MK-801 and drug/formulation
administration following published methods. Animals were habituated alone in the
social interaction arena, a black polyvinyl open box (100 x 100 x 40 cm) placed on black
polyvinyl floor, prior to testing. On the day of testing, two unfamiliar (no prior social
interaction) rats were clearly marked with a non-toxic biodegradable paint on their back
(allowing clear identification) and were placed in opposite corners of the social
interaction arena. A ceiling-mounted video camera was located above the arena to track
interactions during a 5 min tracking time (during which the experimenter was absent
from the room), with half of the room lights remaining switched on during the testing
period (Fig. 2-7). Total time spent in interaction was recorded for each rat and further
divided into active interaction (sniffing, following, crawling over/under, grooming, and
any aggressive behaviour) or passive interaction (close proximity). Recordings were
analyzed by blinded observers, with the interaction times as assessed by each observer
averaged. No animal pairing was repeated (i.e. each rat pair represented a novel social
interaction), and the arena was thoroughly cleaned with 75% ethanol between each

social interaction recording.
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Figure 2-7. Schematic of the social interaction chamber. Side view (left) shows the
camera mounting position, top view (right) shows the initial animal placement at the
start of the behavioural test.

2.4.6 - Intranasal Administration

The total nasal cavity volume of adult rats is ~250mm? [31, 32]. Working under this limit,
120uL is the maximum solution volume that can be administered IN. Animals were
anaesthetized using isoflurane, and 30uL of solution was pipetted into each nasal
cavity, with a 1 minute break between each pair of nostrils to allow for deposition within
the cavity. Animals were placed into recovery chambers for 5 minutes and subsequently
tested. For controls, animals received either no solution, aCSF, or free PAOPA. For
experimental gel groups, precursor solutions of SNP-CHO and CMC (either with or

without PAOPA), were mixed immediately prior to IN administration.
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2.4.7 - PAOPA Loading

PAOPA was passively loaded into precursor solutions of SNP-CHO and CMC overnight
(16 hours) prior to behavioural testing. As SNPs swell, PAOPA may be physically
encapsulated within the interior as water is imbibed into the particles. Upon formation of
gels, PAOPA may be either trapped within the SNPs or suspended within the polymer

matrix of the hydrogel, allowing for full drug retention within this carrier upon gelation.

2.4.8 - PAOPA Dosage Trials

Due to a lack of existing data, intranasal PAOPA dosage trials were conducted in order
to elucidate an appropriate drug concentration prior to hydrogel-loaded release studies.
A range of doses (0.1, 0.25, 0.5 and 1mg/kg of PAOPA via IN administration) were

tested using the social interaction paradigm.

2.4.9 - PAOPA-Loaded Hydrogel Delivery

All drugs were dissolved in aCSF solution formulated in-lab. PAOPA (with or without
hydrogel formulation) was administered at a concentration of 0.5mg/kg intranasally,
selected based on the most effective concentrations observed in the PAOPA dosage
trials (section 2.4.8). After 30 minutes, MK-801 was administered at 0.3 mg/kg via IP
injection (Fig. 2-14). Six experimental groups were tested at different PAOPA and gel
concentrations (n=4 per experimental group): A) No drug, no gel, no MK-801 (blank
control); B) Drug, no gel, no MK-801 (drug-only control); C) Gels, no drug, no MK-801
(material-only control); D) No drug, no gel, MK-801 (negative behavioural control); E)
Drug, no gel, MK-801 (drug-induced symptom alleviation); F) Drug, gel, MK-801

(formulation-induced symptom alleviation). All behavioural tests were conducted 30
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minutes following MK-801 administration. Note that the MK-801 model induction lasted

a duration of 2 hours, consistent with other reported studies [33].

2.4.10 - In Vivo Biodistribution Assay

To track the transport and residence time of the gel formulation, SNP-CHO were
fluorescently tagged (F-SNP-CHO) with AlexaFluor Hydrazide 657 by adding 1 mg of
AlexaFluor to 700 mg of SNPs in aCSF and stirring at room temperature for 1 h.
Following, sodium cyanoborohydride (2x molar excess to the amount of aldehyde
groups) was added to the solution and the flask was allowed to stir overnight to reduce
the hydrazone bond. The particles were then dialyzed against MQW (6 x 6 hour cycles,
3.5kkDa MWCO membrane) and lyophilized. Following, F-SNP-CHO were re-dispersed
in a 35 wt% dispersion and gelled with 2 or 4 wt% CMC directly within the animal nose
using the method described in section 2.4.6. Att = 24hrs (1 day) and t = 72hrs (3 days),
the animals were sacrificed and the whole brain (with separate sections of the
cerebellum and olfactory bulb), liver, lung, kidney, spleen, and nasal tissue were
removed. The tissues were washed using saline and then frozen in an aluminum foil-
wrapped container. Following, the tissue samples were homogenized in saline, and the
fluorescence of the resulting mixtures was analyzed using an Infinite 200 Pro plate
reader (Aex = 633 nm, Aem = 683 nm). The concentration of F-SNP-CHO in each organ

was then estimated based on a standard curve of F-SNP-CHO in saline suspension.
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2.5 Statistical Analysis
For behavioural tests, the data was collected and processed using a one-way analysis
of variance (ANOVA) with an alpha value of 0.05 along with a Tukey’s post-hoc test in

order to determine specific groups with statistical differences.

2.6 Results & Discussion

2.6.1 - Characterization of SNP-CHO

Aldehyde functionalization of SNPs was directly adopted from existing techniques within
our lab group, with previous confirmation of functionality. Oxidation of the C2/C3 cis-diol
groups on the anhydrous glucose unit of starch to form two aldehyde groups can be
confirmed qualitatively via ATR-FTIR spectroscopy, with an expected aldehyde peak at
1800 cm™appearing following the oxidation reaction. Transmission electron microscopy
confirmed the average size of the SNP-CHO particles as being between 20-40 nm and
the shape to be largely spherical, with any observed shape deformation likely
attributable to the drying of a soft gel-like nanopatrticle in the presence of the hard anti-
film forming PMMA latex (visible as the lighter larger particles in the background of the
TEM image). Further characterization techniques were not pursued for the purposes of
this chapter, as gelation was readily observed when SNPs were cross-linked with CMC.
In summary, sodium periodate oxidation can successfully produce aldehyde-
functionalized SNPs with controllable aldehyde contents while preserving the small but
well-defined nanoparticle morphology of native SNPs hypothesized to be useful for

penetration through the nasal epithelium and transport of drug into the brain.
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Figure 2-8. Representative transmission electron microscopy image of SNP-CHO-0.25
in the presence of background PMMA nanoparticles used to prevent SNP-CHO film
formation during drying (100 nm scale bar).
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2.6.2 - Physical Characterization of CMC/SNP-CHO Hydrogels

2.6.2.1 - Gelation Kinetics

The gelation times observed following mixing of various concentrations of O-
carboxymethyl chitosan (2-6 wt%, the upper limit corresponding to the highest wt% at
which CMC remained an injectable solution) with various concentrations and degrees of
oxidation of SNP-CHO are shown in Figure 2-9. Note that the y-axis scales and the
SNP concentrations tested for each degree of oxidation of SNP tested are significantly
different, corresponding to the different concentrations of SNP required to make gels in

each case and the different gelation times that result from those formulations.
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Figure 2-9. Gelation times (via vial inversion) for CMCS/SNP-CHO hydrogels prepared
using various CMC and SNP-CHO concentrations: (A) SNP-CHO-0.25-based
hydrogels; (B) SNP-CHO-0.50-based hydrogels. Numerical values are provided in the

table below the graphs.
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As the weight/volume percent (w/v%) of SNP-CHO or CMC increased, gelation time
decreased; correspondingly, increasing the functionality of SNP-CHO resulted in
decreased gelation times. This result is consistent with the proposed Schiff base-
induced crosslinking mechanism, in which the presence of more aldehyde and/or amine
groups should result in more crosslinking and thus faster gel formation. Hydrogels
prepared with SNP-CHO-0.25 required at least 25 mol% SNPs to fabricate gels, while
increasing the degree of oxidation of the SNPs (SNP-CHO-0.50) resulted in gel
formation within the <10 minute timeframe for SNP concentrations as low as 5 wt%.
Given the practical considerations around performing in situ gelation in the nose, for
which gelation times on the order of a few minutes are anticipated to be ideal to enable
facile injection/spray but still promote good retention of the gel on the nasal mucosa,
formulations based on SNP-CHO-0.25 appear to be most attractive, with the very high
potential SNP loading particularly useful from a drug delivery perspective if the SNPs

can be used as drug carriers.

2.6.2.2 - Swelling & Degradation

To assess the hydrolytic stability of the resulting labile Schiff base crosslinked
hydrogels, the mass of the gels was tracked over time to gravimetrically assess the
swelling and ultimate degradation of the hydrogel (Fig. 2-10). Note that the lifetime of
the gel in vivo is expected to be somewhat different based on the less fully hydrated
conditions in the nasal cavity coupled with the presence of enzymes and esterases in
rat mucosa and interstitial fluids; however, the comparisons in Fig. 2-10 provide

effective relative comparisons of gel swelling and stability.
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Hydrogels with higher CMC contents tended to exhibit substantial swelling upon
incubation in PBS, with the 6 wt% CMC/35 wt% SNP-CHO-0.25 hydrogel in particular
exhibiting swelling ratios up to 6.5x its original mass prior to the onset of mass loss due
to degradation. Lower (ideally near zero) swelling hydrogels would be preferred for
nasal administration to ensure a thin film (or a thin array/droplets) is deposited on the
nasal mucosa as opposed to a thicker gel layer. Hydrogels were observed to fully
degrade between 4 to 6.5 days (100-150 h) in PBS, with hydrogels prepared with lower
SNP-CHO and CMC contents showing predictably faster degradation times compared

to higher wt% hydrogels.
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Figure 2-10. Gravimetric in vitro swelling/degradation profiles in 10 mM PBS at 37 °C
for CMCS/SNP-CHO hydrogels based on SNP-CHO-0.25.
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2.6.2.3 - Nebulization/Aerosolization Testing

To confirm the ease of spray-based administration of the selected optimal formulations
for intranasal delivery, the potential of the formulations to be nebulized was assessed
using a MAD nasal intranasal mucosal atomization device. Figure 2-11 shows the
average spray areas achieved as a function of the spray distance to a vertically-
mounted paper substrate, with the maximum tested 15 cm distance corresponding to
the approximate maximum typical distance between the human nostril and nasopharynx

[34].
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Figure 2-11. Depiction of a spray field of a nebulized hydrogel for (A) 2wt%
CMC/35wt% SNO-SNP-0.25 hydrogel at 15cm and (B) 4 wt% CMC/35 wt% SNP-CHO-
0.25 hydrogel. CMC was dyed with blue food colouring, SNP-CHO was dyed with yellow
food colouring, and both were loaded into a double barrel syringe and co-extruded
through an atomizer tip onto a vertically-mounted paper substrate. Average gel spray
area (cm?) was then quantified from the images for (C) 2 wt% CMC/35 wt% SNP-CHO-
0.25 and (D) 4 wt% CMC/35 wit% SNP-CHO-0.25 hydrogels. The inner series
corresponds to the focused spray area in which most droplets are deposited, while the
outer series corresponds to the maximum diameter impacted by the atomization.
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In both cases, an inner (thicker) and outer (thinner) layer was observed, with the former
representing the focus of the spray and the latter representing the total potentially
impacted surface following spray (Fig. 2-11 A, B.). At a distance of 5 cm, both the inner
and outer profiles were relatively close, covering 6-10 cm?; these areas diverged at
larger distances, with inner areas of ~30 cm? and outer areas of up to ~100 cm?
observed at a 15 cm spray distance for 2 wt% CMC/35 wt% SNP-CHO-0.25 (Fig. 2-11
C). These areas are consistent with the surface area of the human intranasal cavity
(~80-160cm?) [30, 34, 35], suggesting the potential for effective spray-based delivery of
this formulation.  The higher viscosity of the 4 wt% CMC/35 wt% SNP-CHO-0.25
formulation resulted in smaller overall spray distances and less uniform nebulization
(Fig. 2-11 D), although the formulation could still be delivered via spray-based

administration to form a thin film hydrogel over a somewhat smaller surface area.
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2.6.3 - In Vitro Cytotoxicity
The cytotoxicity of CMC and various functionalized SNP-CHO gel precursor materials to
SH-SY5Y neuroblastoma cells was assessed using a resazurin assay, the results of

which are shown in Figure 2-12.
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Figure 2-12. Cell viability resazurin assay for SNO-CHO-0.25 (orange) and SNP-CHO-
0.50 (blue) with SH-SY5Y neuroblastoma cells.

At higher concentrations of SNP-CHO-0.5 (2, 5 and 10mg/mL), we observe decreased
cell viability in comparison to SNP-CHO-0.25, which maintained high viability levels
through the entire concentration range tested. This further informed our decision to

choose SNP-CHO-0.25 to apply within the in vivo experiments.
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2.6.4 - In Vivo Behavioural Studies

2.6.4.1 - PAOPA Dosage Trials

Schizophrenic behaviour was mimicked in Sprague-Dawley rats via IP injection of MK-
801, as outlined in section 2.1.4. First, given that there are no previous reports of
intranasal delivery of PAOPA, the potential of various IN doses of PAOPA to effectively
alleviate MK-801 induced schizophrenic symptoms was first investigated. Animals were
dosed with 0.1, 0.25, 0.5, and 1 mg/kg PAOPA via IN administration and tested for total

social interaction time, the results of which are shown in Fig. 2-13.
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Figure 2-13. Total social interaction time following MK-801 knockdown of rats treated
with various IN doses of PAOPA.

Dosing 0.1 mg/kg PAOPA does not significantly increase social interaction time versus
the aCSF-only IN administration; yet, substantial increases in social interaction time
were achieved with PAOPA doses as low as 0.25 mg/kg. However, further increasing

the dose to 1 mg/kg PAOPA (the same concentration administered for efficacy via the
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IP route) resulted in a substantial decrease in total interaction time far below the aCSF
control. We hypothesize that the higher efficacy of IN versus IP delivery of PAOPA
results in PAOPA receptor internalization, which in effect makes the rat function worse
and thus leads to zero social interaction amongst the rats. As such, 0.5 mg/kg was used

as the base PAOPA loading for the gel formulations.

2.6.4.2 - PAOPA-Loaded 7 Day Study

Changes in total social interaction time for various treatment groups are shown in Figure
2-14. In the absence of MK-801 knockdown (panel A), groups treated via IN of PAOPA
only (0.5 mg/kg) or unloaded hydrogel formulations (2wt% CMC/35wt% SNP-CHO-0.25
or 4wt% CMC/35wt% SNP-CHO-0.25) showed neither increased nor decreased total
interaction times relative to the negative control rat that received no treatment. The
PAOPA result is consistent with the literature, in which delivery of PAOPA at 1 mg/kg
via IP did not affect social interaction time [33]. When MK-801 was administered (panel
B), injection with aCSF only resulted in significant decreases in total interaction times
(F(5,19) =38.85, p<0.00001; post hoc, *p<0.01).

Administration of PAOPA (0.5 mg/kg) at an acute time point 30 minutes before MK-801
challenge demonstrated the expected attenuation of social interaction deficits when
assessed 30 minutes post-MK-801 administration (F(5,19) =38.85, p<0.00001; post
hoc, **p<0.05); however, when groups treated with PAOPA were challenged with MK-
801 24 hours later without further drug administration, the benefits of PAOPA were no
longer observed (F(5,19) =38.85, p<0.00001; post hoc, 'p<0.01 comparing 1 hr and 24
hr PAOPA-only treatments), indicating rapid clearance of PAOPA and mandating

repeated administrations of PAOPA for any observed clinical benefit. In contrast, when
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the same 0.5 mg/kg dose of PAOPA was delivered in the 2wt% CMC/35wt% SNP-CHO-
0.25 hydrogel (panel C), full symptom alleviation relative to the negative controls (panel
A) was observed for as long as 3 days post-administration, with significant decreases in
social interaction time not observed until t=120 h (5 days)(F(6,22) =27.39, p<0.00001;
post hoc, *p<0.01). The 4 wt% CMC/35 wt% SNP-CHO-0.25 hydrogel (panel D) also
exhibits positive effects relative to the controls but only achieves comparable social
interaction times to negative control results at the 24 hour time point, with an apparent
induction time at shorter time points and a tailing off of drug efficacy at longer time
points(F(6,23) =35.49, p<0.00001; post hoc, *p<0.01). We speculate that the higher
viscosity, and longer degradation time (Fig. 2-11), corresponding to slower release of
the SNP-CHO carriers from the hydrogel film) of the 4wt% CMC/35wt% SNP-CHO-0.25
hydrogels all result in slower release of PAOPA, resulting in sub-clinical doses at both
shorter release times and longer release times. In addition, the higher viscosity of the
4wt% CMC formulation likely results in more patchy deposition upon injection
(consistent with the spray results, Fig. 2-12.A,B), creating larger gel structures that offer
both longer diffusional path lengths for PAOPA release and an increased likelihood of
being sloughed off of the nasal mucosa. Over the course of 7 days (168 hours), both
groups presented social interaction times comparable to the aCSF controls, indicating

either full degradation of gels or depletion of PAOPA in the gels to a sub-clinical dose.
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Figure 2-14. Total time spent in social interaction for all control and experimental
groups. Groups in panel A did not receive any MK-801 knockdown. Groups in panels B-
D received MK-801 at all time points tested. Groups that received PAOPA (free or with
gel-carrier) did only so at the O hour timepoint. Measurements were taken 1-hour post
intranasal administration, with the knockdown model receiving MK-801 30 minutes prior
to testing. (A) The light green and dark green bars represent 2 and 4 wt% CMC/35%
SNP-CHO-0.25 hydrogels with no loaded PAOPA, demonstrating that the presence of
gel in the nasal cavity alone does not lead to a change in social behaviour. Free drug
alone (purple, negative control) at 0.5mg/kg also did not alter social behaviour. (B)
Administration of MK-801 with aCSF (dark blue, positive control) resulted in a decrease
of total social interaction time. The yellow bars represent administration of free PAOPA
(0.5 mg/kg) tested at 1 hour and 24 hours later, demonstrating both the efficacy of
PAOPA for acute symptom alleviation as well as its fast clearance. (C) 2wit%
CMCS/35wt% SNP-CHO-0.25 hydrogel can sustain the effect of PAOPA in preserving
social interaction for at least 3 days, with positive effects persisting over 5 days; (D)
Awt% CMCS/35wt% SNP-CHO-0.25 hydrogel can sustain some positive effects of
PAOPA for up to 5 days but does not fully achieve the control interaction times and
appears to also have an induction time at shorter testing intervals. n=4 for all test
groups; statistical comparisons at different confidence intervals are shown by different
symbols on the graphs.

63



MASc Thesis — Ali Babar McMaster University — Biomedical Engineering

2.6.5 - In Vivo Biodistribution Studies

To correlate the observed efficacy in prolonged PAOPA delivery to the brain to the
distribution of the SNP-CHO-0.25 nanoparticles hypothesized to be the primary carriers
of PAOPA, a biodistribution study was performed by formulating sprayable hydrogels
using AlexaFluor 647-labeled SNPs. The accumulation of SNP-derived fluorescence in
major clearance organs, the nose, and the brain (separated assayed from within the
cerebellum, the olfactory bulb, and the remainder of the brain) at 1 (24h) and 3 (72 h)
day observation times post-IN administration is shown in Figure 2-15. Note that the
auto-fluorescence of the untreated tissues was subtracted from each of the F-SNP-

CHO-0.25 results to ensure the fluorescence is attributable to the nanoparticles present.
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Figure 2-15. Biodistribution of SNP-CHO particles normalized to background
fluorescence and tissue-concentration corrected for each organ 1 day (light series) or 3
days (dark series) after IN administration for (A) 2wt% CMCS/35wt% SNP-CHO-0.25
hydrogel and (B) 4wt% CMCS/35wt% SNP-CHO-0.25 hydrogel

65



MASc Thesis — Ali Babar McMaster University — Biomedical Engineering

On day 1, for both the 2 wt% and 4 wt% CMCS/35 wt% SNP-CHO-0.25 gels, the largest
fluorescence intensity was detected in the nose, with significant but lower fluorescence
detected in typical nanoparticle clearance organs (e.g. spleen, liver, kidney) and very
low fractions present in the lung. This result suggests relatively good retention of the
administered formulation in the nasal cavity, accounting for the effective longer-term
behavioral benefits observed with the gel delivery vehicles. Note that the larger error
bars associated with the nose readings are associated with the very small volume of the
nasal cavity collected and thus more animal-to-animal sampling errors in isolating only
the nasal cavity tissue, although the nose retention for the slower degrading 4 wt%
CMC hydrogels is on average higher (albeit not statistically significantly so) consistent
with the slower degradation of this formulation. While fluorescence in the different
collected brain regions was lower than that observed in clearance organs, substantial
signals related to the presence of the SNPs throughout the brain are still measured that
clearly demonstrate transport of SNPs to the brain. On day 3, similar overall patterns in
biodistribution were observed, albeit with lower concentrations (although again not
statistically significant given the large error bars) in the nose, corresponding similar or
slightly lower (but still significant) concentrations in most brain regions, and slightly
higher concentrations in clearance organs. Thus, the in situ gelling hydrogel is
demonstrated to be both effectively retained in the nose over several days and enable
the transport of the SNP component at least into the brain, as desired for effective

antipsychotic delivery.
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2.7 Conclusions

This chapter highlights the development and application of a hydrophilic drug-carrying in
situ-bulk gel for the delivery of PAOPA intranasally. Aldehyde functionalization of SNPs
did not alter the desirable size and morphology of native SNPs (20-40nm, spherical)
that gives them valuable tissue penetration and ultimately drug delivery characteristics
[36]. Varying degrees of aldehyde functionalized SNPs (0.25 and 0.5 molar equivalence
of oxidation) were synthesized in order to elucidate an ideal functionality for formation of
bulk hydrogels which may be delivered intranasally. Bulk hydrogels were formed via
imine cross-linking between SNP-CHO and CMC, and further characterized for gelation
speed, swelling, and degradation for the purpose of identifying gel parameters that
would allow for optimal IN sprayability and mucoadhesion. SNP-CHO-0.25 gels (with
varying concentrations of CMC) allowed for higher polymer wt% utilization compared to
SNP-CHO-0.5 gels at relevant IN administration gelation times (<5 mins). In vitro
cytotoxicity tests revealed greater cell viability with SH-SY5Y neuroblastoma cells at
higher polymer concentrations for SNP-CHO-0.25 as opposed to SNP-CHO-0.5. SNP-
CHO-0.25 gels further demonstrated relevant degradation profiles (~5 days) for use as
an in-nose sustained release vehicle. Nebulization tests for these gels revealed the
differing spray profiles exhibited by varying polymer concentrations (2wt% or 4wt%
CMC), with sprays under certain conditions achieving total surface areas of ~100cm? or
greater consistent with the area of the human nasal cavity. The lower concentration
2wt% CMC/35wt% SNP-CHO-0.25 gel had superior performance relative to the

substantially more viscous4wt% CMC/35wt% SNP-CHO-0.25 gel in sprayability,
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reaching ~100cm? in surface area covered at a distance of 15cm from nebulizer to

substrate.

Optimal IN dosage administration of PAOPA was examined via a dosage trial wherein a
range of PAOPA doses (0.1mg/kg-1mg/kg) were tested using a social interaction
paradigm in which animals were induced with social withdrawal symptoms that were
alleviated through use of IN administration of PAOPA. Dosages of 0.5mg/kg performed
best, while the 1.0mg/kg dosage used for IP injections resulted in zero social interaction
due to PAOPA receptor internalization. The 0.5mg/kg PAOPA concentration was
subsequently used for a 7 day release study, whereby both 2wt% and 4wt% CMC (with
35wt% SNP-CHO-0.25) PAOPA loaded gels were formed in situ intranasally and
studied for symptom alleviation of social withdrawal over time. The 2wt% CMC gels
were shown to have better performance, with full symptom alleviation for up to 3 days
and general efficacy up to 5 days following a single spray administration. The 4wt%
CMC gels demonstrated significant but less substantial symptom alleviation over 5
days, with only the measured alleviation at a 24 hour time point matching the healthy rat
controls. Both gels failed to produce symptom alleviation at the final 7 day time point,
indicating either intranasal gel clearance or depletion of PAOPA. Nasal tissue and brain
penetration were examined through use of fluorescently tagged (F-)SNP-CHO-0.25
particles. A biodistribution assay revealed that F-SNP nasal cavity residence was
greater than any other collected tissue 1 day (24 h) post IN gelation, while still
maintaining high fluorescence at 3 days (72 h) post gelation for both 2wt% and 4wt%
CMC gels. F-SNPs were also located throughout the brain at both time points,

confirming the aforementioned ability of the small and soft SNPs to penetrate the brain.

68



MASc Thesis — Ali Babar McMaster University — Biomedical Engineering

Overall, the results of this study clearly indicate the potential benefits of using a
hydrolytically-labile in situ-gelling hydrogel formulation based on nanoparticle building
blocks for delivering PAOPA to the brain. We expect that very similar benefits may be
observed with any other antipsychotic peptide, given that the same Schiff base
interactions could be achieved between any amine-terminated peptide and the SNP-
CHO building blocks. In principle, other nanoparticle vehicles could also be physically
entrapped inside the gel to enable the delivery of more conventional antipsychotic drugs
loaded into more hydrophobic nanocarriers using a similar strategy; co-delivery of
precise doses of combination therapies could also be envisioned in the same manner
by simply mixing different nanoparticle delivery vehicles and co-entrapping them in the
in situ-gelling hydrogel. The components of the delivery vehicle are all carbohydrates
with an established record of safe use in vivo [37], while the sprayability of the
formulation (Fig. 2-11) also indicates that such delivery vehicles could be administered
via existing delivery technologies to patients. The longer-term (sustained) efficacy of
these formulations, coupled with the lowered total drug dosage thus required for
effective therapy, has great potential to decrease the frequency of APD administration
for patients, reducing the likelihood of patient non-compliance with drug formulations,
reducing the impact of high drug costs for individuals and communities, and adding

immense benefits to patient quality of life.
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3. Fabrication of Emulsion-templated Nanogels for Brain Penetration
3.1 Introduction

3.1.1 - Emulsions

An emulsion can be defined as a mixture of two or more immiscible liquids (usually olil
and water), one of which is dispersed as spherical droplets (dispersed phase) in the
other (continuous phase) [1]. Typically, emulsions are categorized as either oil-in-water
(O/W) or water-in-oil (W/O, or inverse emulsion), with the former more commonly
studied and utilized. Emulsions can be further characterized by droplet size range and
thermodynamic stability: macroemulsions (1-100 um, thermodynamically unstable),
microemulsions (1-1000nm, thermodynamically stable), and hanoemulsions (1-1000nm,
thermodynamically unstable) [2, 3]. The unique properties associated with emulsions
provide immense value in a variety of industries including cosmetics (creams, lotions,
ointments, topical applicants), agriculture (agrochemical encapsulation), food (ingredient
encapsulation, thinners, spreads), and pharmaceutical/biomedical (capsules, drug-

delivery platforms) [4-6].

Of particular relevance in the biomedical and pharmaceutical fields are nanoemulsions
given their ability to encapsulate an assortment of bio-actives and drugs into materials
with sizes appropriate for biological transport and penetration [7]. Nanoemulsions are
easily formulated into multiple dosage forms such as gels, creams, liquids and sprays,
allowing for simple administration through intravenous, intraperitoneal, oral, or
intranasal routes [8]. Their nanosized morphology also provides them with greater
surface area and improved particle dispersion when formulated using stabilizing agents

compared against macro-sized formulations with larger droplet sizes, a valuable

73



MASc Thesis — Ali Babar McMaster University — Biomedical Engineering

characteristic in drug delivery [9]. Nanoemulsions have been employed to resolve
issues surrounding drug stability (oxidation, enzymatic degradation, hydrolysis in
physiological conditions) and solubility, furthering the case for their biomedical

application [10].

Multiple methods of emulsion preparation exist, including high pressure
homogenization, microfluidization, phase inversion, solvent displacement and
membrane emulsification [11, 12]. Both macro and micro emulsions require low-energy
inputs for formation, with macroemulsions being visually opaque and microemulsions
translucent. Nanoemulsions are also optically translucent but require high-energy input
methods for formation, often via mechanical shear (e.g. homogenization, sonication) [3,
13]. To develop and maintain stable emulsions, emulsifiers—also known as surfactants—
are incorporated within the mixture. Emulsifiers, amphiphilic molecules that can stabilize
oil-water interfaces, reduce the interfacial tension between the two phases to maintain
smaller particle sizes than would otherwise be possible [14]. Emulsifier selection,
coupled with the relative volumes between the two phases, controls the type of
emulsion that is formed (O/W or W/O). According to Bancroft’s rule, the liquid in which
the stabilizer (emulsifier) has a higher solubility forms the continuous phase [15].
Generally speaking, the selection of an emulsifier which has greater solubility in water
(aqueous) phases will result in O/W emulsions while the use of oil (organic) soluble

emulsifiers will result in W/O emulsions.
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Figure 3-1. Schematic depicting (A) O/W emulsions, and (B) W/O emulsions.
Emulsions are stabilized by surfactants, which are depicted here with hydrophilic heads
(circles) and lipophilic tails (lines attached to circles). Adapted from Singhania, (2016).

Surfactant selection is aided by the hydrophobicity lipophilicity balance (HLB) system.
The HLB system assesses the expected activity of any given surfactant interacting with
a mixture. A numerical value (between 1-50, but usually between 1-20) is associated
with surfactants, known as the HLB takes into account the ratio of hydrophilic to
hydrophobic moieties in a surfactant [16] (Fig. 3-2). Surfactants with low HLB values
are considered lipophilic (W/O emulsifiers, HLB 3-6) while high HLB values indicate
more hydrophilic surfactants (O/W emulsifiers, HLB 8-18). Individual organic phases
also have associated “required” HLB values for promoting stable emulsion formation;
matching the HLB value to the desired emulsion type (O/W or W/O) results in an ideal
emulsion environment [17]. A blend of surfactants may be employed to reach a target
HLB value, a common practice that can be used to customize the interfacial stability in a
given emulsion. To calculate the HLB of a blend of surfactants, the following formula

may be used: (%Surfactant A* HLB of Surfactant A) + (%Surfactant B * HLB of
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Surfactant B) = HLB of blend. Examples of frequently used surfactants include non-ionic
sorbitan fatty acid esters (the Span series of surfactants) and polyxoethylene sorbitan
fatty acid esters (the Tween series of surfactants), which when combined together are
able to stabilize a range of emulsion types [18]. Span 80 (sorbitan monooleate, HLB =
4.3) in particular is a well-documented emulsifier for creating W/O emulsions with
extensive applications in the food, cosmetic and pharmaceutical industry [19]. PGPR
(polyglycerol polyricinoleate, HLB = 1.5-2) is another widely used emulsifier with a
particularly low HLB value that is capable of providing long term stability for nano-scale
emulsions, with a major industrial use as a thinner to reduce viscosity in chocolate
products [19-21]. Combinations of these two surfactants have been previously reported

to enable stable W/O emulsion formation over a range of different droplet sizes [19, 22].
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Table 3-1. The hydrophilic—lipophilic balance (HLB) scale correlated with the emulsions
best stabilized by each HLB range, including common surfactants in each category.

Surfactant HLB Range  Application Common Surfactants
Solubility
No dispersability in 0-2 W/O stabilizer Oleic acid, PGPR
water
Poor dispersability 4-6 W/O emulsifier Sorbitantristearate (Span 65), Sorbitan
monooleate (Span 80)
Milky dispersion, 7-9 Wetting agent Sorbitan monolaurate (Span 20)
unstable
Milky dispersion, 8-10 O/W emulsifier Polyoxyethylenesorbitan monooleate
stable (Tween 81)
Translucent, stable 11-14 O/W emulsifier, Polyoxyethylenesorbitan Trioleate (Tween
detergent 85)
Clear, stable 15-18 Solubilizer Polyethylene glycol sorbitan monooleate
(Tween 80)

Given the kinetic stability of most emulsions, over time the quality of an emulsion
typically deteriorates via some combination of aggregation (flocculation, coalescence),
phase separation (creaming, sedimentation), phase inversion, or Ostwald ripening
(smaller disperse phase globules being absorbed by larger globules) [23, 24]. Most of
these phenomena (except for aggregation events) are however specific to the dispersed
phase remaining a liquid, such that solidification/gelation of the dispersed phase to
create nanoparticles/nanogels can improve the long-term stability of the nanophases

produced.

3.1.1.1 - Nanoemulsion Hydrogel Templating

Nanoemulsion templating utilizes the suspended dispersed phase as a template for
formation of nanogels. An aqueous “pre-gel” solution can be dispersed in the organic
phase of a W/O emulsion (or vice versa) and subsequently undergo a crosslinking
reaction to produce a nanogel templated by each emulsified droplet [25]. For the

purposes of this project, homogenous cross-linking is pursued such that the entirety of
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each nanodroplet forms a gel, a previously documented process [26]. The emulsion
formation process may be pursued through traditional (shear-based) methods or
through microfluidic and membrane-based techniques. Following emulsification,
hydrogel crosslinking has previously been achieved in a variety of ways, with three most
commonly reported: thermally-initiated free radical polymerization of unsaturated
monomers formation (polymerization of monomers in the presence of crosslinkers to
form networks) [27], UV photocrosslinking using a photoinitiator of unsaturated
monomers (ultraviolet radiation activation of a photo-initiator, the cross-linker, which
attacks the polymer backbone forming a network) [28], and thermal gelation of a
thermoresponsive precursor (transition from a polymer precursor solution to a gel upon
temperature change, altering polymer solubility resulting in gelation), to name a few.
[29]. Nanoemulsion templates allow for simple incorporation of any water-soluble gel
building block given the confinement of these entities within the emulsified droplets
along with the easily tuneable sizes of the droplets that ultimately template the size of
the nanogel. However, the particle size distribution achieved is typically broader than
other approaches to nanogel formation (i.e. precipitation). Given that particle size is
strongly correlated with biological transport, it is important to develop a process that

achieves adequate monodispersity for the targeted biological application.

3.1.2 - Nanopatrticle Nasal Tissue Penetration

To re-iterate nanoparticle discussion points from Chapter 1, nanoparticles have superior
tissue penetration abilities, greater binding, adsorption and drug loading compared to
macro-scale drug delivery platforms [30, 31]. More specifically, nanopatrticles in the size

range of 50-100nm are effective in BBB penetration from systemic circulation [32] but
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suffer from short circulation times [33], thus minimizing contact time between particles
and brain tissue and still resulting in relatively poor brain transport. IN delivery of
nanoparticles alleviates some of these concerns but suffers from other limitations.
Larger particles (~200nm) are more likely adhere to the nasal mucosa following spray-
based delivery but are less likely to penetrate and travel through nerve pathways from
the nose to the brain [10]. On the other hand, smaller nanoparticles (<50nm) can readily
transport through neural pathways across the BBB but have lower inertia and are thus
are more likely to be drained down the nasal cavity following spray-based
administration. The surface chemistry of nano-based dosages also have a strong effect
on this transport, with mucoadhesive surfaces providing great adherence to nasal tissue
and thus retention in the nose but decreasing effective transport across nasal epithelium
[32]. ldeally, larger particles that could be well-maintained in the nose upon spray but
break down into smaller nanoparticles that can then penetrate across the nasal mucosa
and transport to the brain would balance these competing effects to develop a more

effective IN drug delivery platform.

Size-tunable nanoparticles for drug delivery have been previously reported [34], with
different mechanisms demonstrated to achieve the desired tunability of nanopatrticles for
tissue penetration. Stimuli-responsive clustered nanoparticles for tumour targeting have
been reported to breakdown from a 100nm nanocluster (to allow for enhanced blood
circulation) to 5nm pro-drug dendrimers (to allow for enhanced tumor penetration) upon
reaching the acidic tumour extracellular pH ~6.5-7.2 [35]. Nanoparticles that swell upon
pH triggering to release drugs (via the increase in porosity and thus increased diffusion

rates)have also been widely reported, with one specific example demonstrating a 10-
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fold diameter increase following a pH change from 7.4 to 5 [36]. Other common
nanoparticle formulations make use of reversible crosslinks including disulfide bonds
that can be easily cleaved (ex. using dithiothreitol or glutathione, which is upregulated in
tumour environments [37]), and imine bonds which can be broken down over time via

hydrolysis [38].

However, for IN delivery, most existing nanocluster designs are limited by nanoparticle
release that is either too rapid (promoting washout) [34] or too slow (limiting therapeutic
value), or release patrticles too large to cross the BBB or too small such that they suffer
from rapid target clearance [39]. Development of a nano-carrier that has size switching
properties, coupled with appropriate surface chemistry for tunable mucoadhesion, offers
potential to address these delivery limitations. Such a formulation would ideally consist
of small nanoparticles (<50nm) combined to form a nanocluster (NC) that would be: (1)
in the size range of 150-200nm; (2) mucoadhesive to promote immobilization of the
formulation to the mucus layer; (3) degradable to allow the release and penetration of
nanoparticles across the BBB upon exposure to a local microenvironment; and (4) slow

releasing to facilitate extended drug efficacy following a single dose.
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3.2 Experimental Objectives

The objective of this project was to address some of the biological limitations associated
with intranasal drug delivery via nanoparticle drug carriers. This project builds on the
bulk hydrogel hydrophilic drug delivery platform described in chapter 2 to fabricate SNP-
CHO/CMC W/O nanoemulsion-templated nanogels, with the ultimate goal of further
decreasing drug dose concentrations while increasing sustained release profiles by
leveraging the size-tunable nanoparticle advantage. General emulsion strategies,
nanoemulsion optimization parameters (precursor/surfactant quantities, concentrations
and relevant formulation time points), template-based nanocluster formation (cross-
linking within emulsion droplets), and nanocluster degradation profiles are investigated.
Nanoclusters are characterized for stability in aqueous and organic phases
utilizingdynamic light scattering (DLS), nanoparticle tracking analysis (NTA), and
transmission electron microscopy (TEM). We aim to fabricate aqueous suspended SNP-
CHO/CMC nanoclusters of size ~200nm that can be well-maintained in the nasal cavity

following spray but can degrade and release the highly penetrative SNPs over time.
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Figure 3-2. Schematic depicting the overarching goal of the project outlined in Chapter
3.
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3.3 Materials
Experimental grade starch nanoparticles (SNPs) were supplied by EcoSynthetix Inc.
[Burlington, ON, Canada] and used as received. O-carboxymethyl chitosan (CMC) was

obtained from Bonding Chemical [Katy, TX, USA] and used as received.

Polyglycerol polyricinoleate (PGPR) 4175 was obtained from Paalsgaard [Morris Plains,
NJ, USA] and Span 80 was obtained from MilliporeSigma [Oakville, ON, Canada] and

used as received.

Fractionated coconut oil (medium chain triglycerides, MCT) was obtained from Voyage

Soap and Candle [Surrey, BC, Canada] and used as received.

Double barrel syringes (L-series) were obtained from MEDMIX [Rotkreux, Switzerland]

and used as received.

Sodium periodate (NalOy4), 99% from AK Scientific [California, USA], and diethylene

glycol from MilliporeSigma [Oakville, ON, Canada], were used as received.

For all experiments, Millipore Milli-Q grade distilled de-ionized water (MQW, 18.2

MQ/cm resistivity) was used.

3.4 Metholodology
3.4.1 - Aldehyde Functionalization of Starch Nanoparticles (SNP-CHO)
SNPs were functionalized with aldehyde groups following the same methodology

outlined in Chapter 2, section 2.4.1.
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3.4.2 - Equipment Setup

To target a W/O emulsion, excess organic (oil) phase was used in conjunction with a
small volume of aqueous (water) phase dissolving/suspending all the pre-gel materials.
The relative polymer, surfactant, and phase concentrations are outlined in section 3.4.3.
Formation of W/O emulsions was pursued through use of mechanical shearing. Initially,
the appropriate volumes and concentrations of surfactants were dissolved into the
organic phase and mixed for 15 minutes at 300 RPM on a benchtop stirplate. Pre-gel
polymers (SNP-CHO and CMC) were dissolved in MQW until complete dissolution
(homogenous solution observed). Pre-gel solutions were loaded into individual
chambers of a double barrel syringe and capped with a 16 gauge needle at the mixing
end. An IKA T25 Digital Ultra Turrax homogenizer tip was submerged % into the organic
phase (within a 50mL Falcon Tube), the speed was set to 12,000 RPM, and the double
barrel syringe was completely expelled drop-wise over the course of one minute into the
organic phase. Following 10minutes of homogenization, the W/O emulsion was
immediately placed on an icebath and sonicated at an amplitude of 45 for 2 minutes
using a Q700A sonicating probe. The emulsion was left to rest on the bench for 30

minutes prior to characterization to allow for crosslinking within the nanogel phase.

3.4.3 - Emulsion Parameters

Two different organic phases were tested for W/O emulsion formation: chloroform or
fractionated coconut oil. Chloroform-based emulsions utilized between 25-30mL of the
organic phase, 0.25mL of PGPR, and 0.5mL of both (3 wt%)SNP-CHO-0.50 and (2
wt%)CMC. Fractionated coconut oil-based emulsions utilized between 25-32.5mL of the

organic phase, between 0.25-0.5mL of PGPR, 1-2mL of Span 80, and 0.5mL of both(3
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wt%)SNP-CHO-0.50 and (2 wt%)CMC. In cases in which ranges of compositions are
indicated, these parameters were altered to achieve the targeted size and stability of the

nanoclusters.

3.4.4 - Emulsion Templated Nanogel Formation& Kinetics

Pre-gel polymer concentrations were selected by their ability to form a gel within several
minutes following the homogenization and sonication steps, thus reducing the potential
for emulsion destabilization via creaming, Ostwald ripening, and other destabilization
mechanisms specific to liquid dispersions. To identify an appropriate concentration,
gelation kinetics measurements were performed as described in Chapter 2, section

2.4.2.2.

3.4.5 - Water Re-suspension Methods

Nanogels prepared using chloroform as the continuous phase were re-suspended in
water using a step-wise evaporation technique. Following nanocluster formation, the
W/O emulsion was stirred at 400 RPM on a stirplate under steady air flow. When 10mL
of chloroform remained, 10mL of water was slowly added over a period of 5 minutes

and stirring was continued under air flow to evaporate the remaining chloroform.

Nanogels prepared using fractionated coconut oil as the continuous phase were re-
suspended using a vortex-centrifugation technique. Following nanocluster formation,
1mL of the W/O solution was centrifuged at 20,000 RPM for 10 minutes. The oil phase
was decanted, and the pellet was re-suspended in 5mL of water using a table top vortex
mixer at 5000 rpm for 3 minutes. The resulting solution was filtered with a 0.45um filter

to remove residual oil droplets.
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3.4.6 - Nanocluster Size Characterization

The mean diameters of both precursor SNPs and nanoclusters were determined using a
90° dynamic light scattering (DLS) system (Brookhaven, Long Island, NY, USA) and
single nanopatrticle tracking analysis (NTA 3.4) using a LM14 HS NanoSight microscope
(Malvern Panalytical, Worcester, UK). Morphological examination of the nanoclusters

was performed using a JEOL 1200EX TEMSCAM transmission electron microscope.

3.4.7 - Swelling and Degradation

The swelling and degradation of the nanoclusters was studied via DLS and NTA by
tracking the particle size of the nanoclusters over a period of 30 days at room
temperature (24°C) or within a shaking incubator at physiologically relevant temperature

(37°C).

3.5 Results & Discussion

3.5.1 - Gelation Kinetics

The gelation times observed for different concentration combinations of CMC and SNP-
CHO-0.5 are shown in Table 3-2. The combination of 2wt% CMC with 3wt% SNP-
CHO-0.5 had a tge= ~30 minutes; considering the emulsification process lasted ~15
minutes followed by a 30 minute wait time to allow for gelation prior to characterization,
a 30 minute gelation time is appropriate to ensure free flowing of the combination prior
to emulsification but effective bulk gelation of the droplet prior to removal of the oil
template. Increasing the CMC concentration resulted in gelation within ~13 minutes but
required working with a much more viscous CMC solution that was harder to emulsify;
lower concentrations of either CMC or SNP-CHO-0.5 resulted in excessively long

gelation times that would not result in stable nanogel formation.
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Table 3-2. Comparison of tge (S) for different gel formulations.

w3k ONC
31 minutes 13.3 minutes
> 1hr 42 minutes

3.5.2 - Emulsion Formation

Chloroform emulsions were initially pursued for ease of organic phase evaporation post-
W/O emulsion formation. Generally, the resulting suspensions presented as mildly
translucent and were non-viscous. However, these emulsions offered challenges in
terms of reproducibility as well as water re-suspension, with poor colloidal stability
observed following the replacement of the chloroform continuous phase. Instead,
coconut oil (HLB = 4-5) emulsions prepared using a combination of Span 80 (HLB =
4.3) and PGPR (HLB = 1.5-2) as surfactants generated more easily characterized
emulsions. The resulting solutions also presented as mildly translucent and non-viscous

but were much more readily re-suspended in water.

Figure 3-3. Image of a coconut oil nanoemulsion
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3.5.3 - Nanocluster Characterization

3.5.3.1 - Starch Nanoparticles

The hydrodynamic diameter of SNP-CHO-0.5 in MQW was measured in order to
provide a baseline size range for comparison against nanocluster formulations. A tri-
modal intensity-based distribution with a polydispersity index (PDI) of 0.35 was
observed, with peaks at ~40nm, ~100nm and ~350nm. A mean effective diameter of
193 nm * 2, mean diameter by intensity of 228 nm + 8 and mean diameter by number of
51 nm *= 28 were recorded. The tri-modal size distribution is likely attributed to
aggregation of SNPs in water, as further filtration of samples with a 0.2um filter

produced a similar particle size distribution. (Fig. 3-4)

NTA analysis corroborated DLS size measurements, with a tri-modal concentration-
based distribution depicting peaks at ~55 nm, ~100 nm and ~400 nm, with a mean

diameter size of 185 nm + 127.
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Figure 3-4. Size distribution of SNPs via DLS by intensity before and after filtration (A),
by number before and after filtration (assuming refractive index = 1.45) (B) and by
concentration via NTA (C).
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3.5.3.2 - Organic (oil) Suspended Nanoclusters

As various emulsification parameters were manipulated (section 3.4.3), different size
distributions were identified for both chloroform and coconut oil-based nanoclusters in
their respective organic phases. Table 3-3 summarizes the size data for the resulting
W/O emulsions prepared with different organic phases and surfactant
concentrations.Note that only DLS sizing could be pursued for sizing nanoclusters in
organic phases, as NTA and TEM techniques require agueous solutions for accurate

measurements.

Table 3-3. Mean diameters of emulsion-templated nanoclusters in both chloroform and
fractionated coconut oil with varying volumes of surfactants and organic phases. CH
denotes chloroform formulations, and CO denotes coconut oil formulations.

Chloroform | Coconut Effective | Mean Diam.
Oil Diam. By Intensity
Volume (nm) (nm)
(mL)

25 0 0 0.25 171+ 21 163+ 9 0.364
30 0 0 0.25 185 + 37 273+ 32 0.381
0 325 1 0.25 151 +8 182 + 29 0.269
0 325 2 0.5 173 + 31 253 + 47 0.276
0 25 2 0.5 172+ 6 229 + 43 0.352

For chloroform emulsions with a fixed PGPR volume, increasing organic phase volume
resulted in small increases in nanocluster size, although the effects were only observed
in the mean diameter by intensity (which heavily weights the aggregate fraction) rather
than the effective diameter; as such, this is likely more a reflection of the emulsion
stability than significant differences in real particle sizes. For coconut oil emulsions,

either increasing Span80 volume or decreasing organic phase volume generated larger
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cluster sizes when PGPR volume was held constant. However, optimal emulsions
(~150nm) were produced at the lower range of surfactant volumes with a high coconut

oil volume.

3.5.2.3 - Aqueous (water) Re-suspended Nanoclusters

Following completion of the water re-suspension methods outlined in section 3.4.5.,
optimal nanocluster formulations were re-analyzed to assess for any differences in size.
Table 3-4 shows the resulting particle size data for nanoclusters re-suspended in water
as the continuous phase following organic phase removal. Note that CH-B nanoclusters

were not re-suspended in water due to their high dispersity even in the organic phase.

Table 3-4. Mean diameters of selected nanoclusters following water re-suspension from
both chloroform and coconut oil.

Sample ID Effective Diam. Mean Diam. By Intensity
(nm) (nm)

| CH-A | 209+ 9 226 £ 17 0.257

183+ 2 191+5 0.072

2895 + 225 4152 + 478 0.460

265 + 92 220 + 34 0.839

Generally speaking, all nanoclusters increased in size once re-suspended in water, an
expected phenomenon due to the high water retention ability of SNPs. Out of the four
formulations tested, CO-A nanoclusters presented ideal sizes in the desired 150-200nm
size range as outlined in section 3.2. CO-B nanoclusters presented data which may be
considered an anomaly, as the formulation was prepared only once and suffered
contamination resulting in excessively large diameters, while CO-C nanoclusters
exceeded the targeted size range, resulting in exclusion of both formulations for further

testing. While CH-A nanoclusters gave reasonable particle sizes, they were also no
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longer pursed given that the re-suspension step was challenging to accurately
reproduce, with very low particle counts often observed in DLS suggestive of particle
losses during the re-suspension process. As well, to limit potential future
biocompatibility issues, chloroform presents obvious concerns that coconut oil does not.
TEM imaging performed on freshly water suspended CO-A nanoclusters (Fig. 3-5 C)
confirms that the now aqueous-dispersed nanoclusters exhibited a spherical
morphology, had particle sizes in the expected size range of 150-200nm, and
maintained reasonably good monodispersity. NTA analysis further confirmed CO-A
nanocluster size in the desired range for promoting mucosal adhesion, with a mean size
of 184+ 50 nm and a mode of 163 nm (Fig. 3-5 B). Furthermore, in comparison to the
results obtained for SNPs alone (Fig. 3-4), it is clear that the emulsification/gelation
process produced nanoclusters rather than simply regenerated free SNPs given the
significantly higher particle sizes and significantly lower polydispersities (Table 3-3)

observed with the nanoclusters compared to SNPs alone.
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3.5.2.4 - Stability & Degradation of Nanoclusters

To assess for stability and degradation, CO-A nanocluster size in both coconut oil and
water as the continuous phase was tracked via DLS over the course of 30 days at both
room temperature (24°C, bench-top) and in physiological conditions (37°C, shaking
incubator) (Fig. 3-6). Nanoclusters were observed to maintain their size in coconut oll
for up to 30 days, suggesting high stability of the W/O emulsion over storage. At 24°C,
water re-suspended nanocluster degradation via imine hydrolysis became apparent at
day 4, represented by an overall size increase in the DLS measurement (Fig. 3-6 A, B).
As the nanoclusters degrade, a fraction of the released SNPs and CMC begin to form
aggregates that dominate the intensity sizing measurements in the resulting
heterogenous solution; in turn, larger mean sizes are also accompanied by a greater
range of particle sizes consistent with the release of a fraction of small SNPs that
remain free, as evidenced by higher error values at the later time points and the broader
particle size distributions observed that include a peak at lower sizes not observed in
the nanocluster results (Fig. 3-6 A, B, C). Increased degradation was observed at each
subsequent time point over the 30 day observation time. Re-suspended nanoclusters at
37°C also exhibited degradation starting at day 4, with an overall larger increase in size
over 30 days in contrast to RT degradation and a higher intensity free SNP peak in the

DLS data over time (Fig. 3-6 C).
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Figure 3-6. (A) DLS-based mean effective diameter (nm) and (B) DLS-based mean
diameter by intensity (nm) of nanoclustersover the course of 30 days to track stability
and degradation. (Blue) nanoclusters in coconut oil; (Red) nanoclusters re-suspended in
water at room temperature (24°C); (Green) nanoclusters re-suspended in water and
incubated at 37°C; (C) representative logarithmic intensity-weighted nanocluster particle
size distributionsover the 30 day incubation time (37°C)
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TEM images of CO-A nanoclusters revealed the morphology of the nanogels over a 10-
day study period (Fig. 3-7). On day 1, nanoclusters exhibited the expected spherical
shape and 150-200nm size range (Fig. 3-7 A), consistent with the as-prepared images
shown in section 3.5.2.3. On day 10, room temperature degraded NCs showed
substantially higherpolydispersity, with spherical particles observed between 50-350nm
in size (Fig. 3-7 B). The smaller ~50nm particles are consistent with the sizes of free
SNPs (Fig. 3-4), which implies degradation of the nanocluster to release free SNPs. It is
important to note that nanoclusters in the starting size range of 150-200nm were still
observed, indicating lack of complete degradation at day 10 for these formulations;
however, the size of the remaining nanoclusters became significantly more irregular and
some particle aggregates are observed, consistent with the large sizes measured
utilizing DLS. For nanoclusters incubated at 37°C, similar results were observed on day
10 (Fig. 3-7 C), with a polydisperse sample containing a mixture of small (~50nm
corresponding to released SNPs), normal (~150nm corresponding to the original NCs),
and larger aggregates of particles (likely aggregates of released SNPs, consistent with

their formation of aggregates in solution even following filtration in Fig. 3-4).
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Figure 3-7. Representative transmission electron microscopy images (TEM) of the CO-
A nanocluster degradation over time. (A) NCs on day 1 (24°C); (B) NCs on Day
10(24°C); (C) NCs on Day 10 (37°C)
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NTA analysis of CO-A nanoclusters over the same degradation times reflected similar
overall trends (Fig. 3-8 A). NCs incubated at both 24°C and 37°C experienced
nanocluster breakdown on similar timescales, as evidenced by a general mean size
increase and an increase in standard deviation over time suggesting growing
polydispersity within the system consistent with the TEM results. Representative
concentration-weighted particle size distributions show a similar trend (Fig. 3-8 B),
whereby a single relatively monodisperse concentration peak at ~170-190nm is
observed at day 1 (consistent with the initially prepared nanoclusters, Fig. 3-5) and a
multi-modal concentration can be seen on day 10 (Fig. 3-8 B) more consistent with the
SNP-only NTA result (Fig. 3-4). Thus, particle size analysis via multiple methods
confirms the slow degradation of the nanoparticles and ultimate release of the highly
penetrative SNPs over time, as desired for promoting good mucoadhesion (nanocluster)

and good mucopenetration (SNPs) of the IN drug delivery vehicle.
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Figure 3-8. (A) Mean particle sizes from NTA analysis of NCs in water at both 24°C
(green) and 37°C (red) over the period of 10 days. (B) Representative NTA patrticle size
distributions for CO-A nanoclusters at Day 1 (blue) and Day 10 (red) during incubation
at 37°C.
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3.6 Conclusions

This chapter highlights the fabrication and stability of nanogel nanoclusters formed via
inverse emulsion templating techniques. The primary goals were to create nanocluster
gels between 150-200nm (which, based on both size and the CMC contained in the
nanocluster, was anticipated to allow for intranasal mucoadhesion and prevention of
rapid clearance) that could release of smaller SNPs (50nm) upon degradation to allow

for tissue penetration into the brain.

As discussed in chapter 2, aldehyde functionalization of SNPs did not alter the desired
size or morphology of the SNPs (50nm, spherical) that is essential to enable suitable
tissue penetration and drug delivery characteristics. Two different organic phases were
tested for optimal emulsion formation, of which coconut oil performed better than
chloroform in terms of reproducibility, stability when transferred to an aqueous
continuous phase, and targeted size ranges (~200nm). The use of both Span 80 and
PGPR as emulsion stabilizers was found to be appropriate to creating stable
nanoemulsion templates to enable in situ gelation via imine crosslinking, with the
resulting nanoclusters demonstrating organic phase (coconut oil) stability for at least 30
days. This data suggests promise in terms of the long-term shelf storage value of these
nanoclusters, which would then require simple re-suspension in agueous media for drug
delivery purposes. Upon re-suspension into water via centrifugation, nanoclusters
continued to exhibit targeted sizes and morphology with only slight swelling consistent
with the high hygroscopicity of the nanoclusters (as corroborated with DLS, NTA and
TEM). Subsequently, nanoclusters were tested for degradation at both room

temperature and physiological temperature in order to elucidate potential SNP
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dissociation from the nanocluster complex, a major objective. Across all measurement
and visualization techniques, clear evidence for nanocluster degradation was observed
starting at the day 4 mark at both measured temperatures. DLS revealed nanocluster
degradation via an expected increase in size because of SNP aggregation upon
release, NTA demonstrated appearance of a multi-modal polydisperse solution
consistent with SNP release, and TEM imaging confirmed the presence of free SNPs
emerging over time, as desired for the use of SNPs as drug carrying tissue penetrators

in the intranasal pathways pursued.

This platform builds on the same in situ-gelling hydrogel formulation described in
Chapter 2 but packages the dynamic hydrogel in a nanoscale vehicle that itself offers
benefits for IN delivery. The increase in surface area would provide for potentially
greater mucosal adherence and avoids concerns about forming a continuous hydrogel
in the nose that might impair other nasal/mucosal functions and/or may be more
susceptible to sloughing off in the non-consolidated regions. Ease of sprayability is also
expected to increase, as water re-suspended nanoclusters exhibit significantly
decreased, if any, viscosity when compared to a bulk gel solution. The downside is that,
while the nanoclusters are stable over long timescales in oil, practical use of the
nanoclusters requires removal of that oil (via a relatively simple centrifugation/washing
step) prior to use; this step would impede routine clinical use in a way that the sprayable
hydrogels, whose precursor components could be stored in separate solutions in a
double barrel syringe over long periods and applied directly to the nose without any

further processing, would not. Ultimately, we aim to pursue biological testing of the
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nanoclusters to identify what, if any, benefits are accrued via the nanoscale dimensions

of the delivery vehicle.
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4. Conclusions & Recommendations

This thesis aimed to synthesize and apply starch nanoparticle-carboxymethyl chitosan
hydrogels for the IN delivery of therapeutics. In reviewing the main objectives,
formulations were successfully fabricated that were easily sprayable, retained in the
nasal cavity, demonstrated nanoparticle release over time, and provided sustained drug

release for symptom alleviation.

Bulk imine-hydrogel properties were studied in Chapter 2. Gels were fabricated to form
rapidly (<5 mins), degrade over the course of one week, and be readily sprayed using
commercially-available nasal atomizers. The application of PAOPA-loaded gels through
the IN route demonstrated negative symptom relief (via behavioural testing) for up to 3
days (with effects persisting through at least five days) using a 0.5mg/kg drug dose in
induced schizophrenic in vivo models, half the dose required to achieve efficacy for one
day in an intraperitoneal injection. Mucoadhesion and nanoparticle penetration abilities
were confirmed through a biodistribution assay of fluorescently labelled SNPs, showing
that gels maintained nasal residency while SNPs could be transported into the brain

over the same 3 day time points observed via behavioural testing.

Formulation of degradable SNP-CMC nanocluster nanogels was studied in Chapter 3.
An inverse nanoemulsion templating strategy was optimized to generate ~150-200nm
diameter nanocluster nanogels using the same imine chemistry described in Chapter 2.
The nanocluster hydrogels were stable in the organic coconut oil phase for up to 30

days, while nanogels began to degrade in aqueous media by day 4. Utilizing DLS, NTA
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and TEM, release of SNPs from the nanoclusters over time was observed, which was
consistent with one of the primary goals in fabricating a degradable nanogel that can
adhere to the nose but release small and highly penetrative nanoparticles over time

when applied in a biological context.

Moving forward, additional studies regarding the IN bulk hydrogel delivery system may
elucidate some of the mechanisms at work. The selected PAOPA dosage (0.5mg/kg)
was based on a preliminary study in which a range of doses were tested. While it was
observed that a 1mg/kg dose resulted in greater negative symptoms than the
schizophrenic model alone (MK-801), it is possible that an intermediate dosage (i.e.
0.75mg/kg) may potentially extend symptom alleviation past the 3 day time point
currently observed with the 0.5mg/kg dose without re-inducing the negative symptoms.
Other behavioural tests may be employed to corroborate the social interaction
conclusions, such as the locomotor activity test that looks to study the hyperactivity also
commonly associated with schizophrenia and easily modelled using MK-801 [1]. It
would also be beneficial to conduct an in vitro drug release study using high
performance liquid chromatography (HPLC) to assess the release kinetics of PAOPA
from the bulk gels and from the released SNPs over time. Additionally, other hydrophilic
APDs may also be loaded into these bulk gel formulations for applications in treating
different brain disorders. One such example is the use of levodopa (L-DOPA) for
treatment of Parkinson’s disease, which currently suffers from high gut microbiome
degradation through oral routes [2]. The hydrogel platforms developed in this work may

allow for similar benefits in L-DOPA delivery i.e. drug dosage reduction and extension of
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symptom alleviation following a single dosage. Finally, utilization of the aforementioned
nebulizer for the delivery of these gels intranasally should be further explored (ideally in
larger mammals) to elucidate how a potentially differing deposition onto the mucosal

layer as a function of spraying conditions affects retention and degradation.

Supplementary studies are also required to study the application of the nanocluster
nanogels developed in Chapter 3 in the targeted PAOPA delivery application. Although
in vitro results suggest minimal cytotoxicity with our polymer precursors, it would be
important to confirm that the entirety of the nanogel (with the potential for lingering
surfactants and/or organic phase) is also cytocompatible. Following this, nanogel drug
loading must be explored via passive means (allowing hydrophilic drugs to be
entrapped within SNPs as they swell and imbibe water) or active means (using SNP
surface chemistry to tether drugs). HPLC should also be employed to reveal drug
release profiles from these nanogels in vitro. Application of these nanogels in vivo may
then be accomplished using similar models for the bulk hydrogels, either through
pipetting the nanocluster nanogel into the nose or (ideally) using the same nebulizers
used in Chapter 2. If developed properly, this nanocluster nanogel system would
provide even greater therapeutic relief compared to the bulk gel system because of
improved retention due to the increased surface area of the nanoclusters and greater

control over drug loading within nanopatrticles.

Ultimately, these hydrogel-based intranasal drug delivery platforms offer a unique,

tuneable, and functional controlled release system for hydrophilic antipsychotic
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medication. Long term, we anticipate this strategy will lower required drug doses and

ultimately improve clinical outcomes in treating mental illness.
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5. Appendix

Appendix 1. Raw biodistribution assay results, showcasing fluorescence of different

tissues for adult male Sprague-Dawley rats which received F-SNP-CHO
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Appendix Figure 1. Fluorescence of untreated background tissue for adult male
Sprague-Dawley rats
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Appendix Figure 2. Biodistribution of SNP-CHO particles fluorescence for each organ
1 day (light series) or 3 days (dark series) after IN administration for (A) 2wt%

CMCS/35wt% SNP-CHO-0.25 hydrogel and (B) 4wt% CMCS/35wt% SNP-CHO-0.25
hydrogel.
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