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Lay Abstract

Nanogels are soft, deformable polymer networks swollen in water with potential for drug
delivery given their easy-to-tune physicochemical properties. However, the poor water
solubility of many therapeutics, including antipsychotic drugs (APDs) used to treat
schizophrenia, limits drug encapsulation within nanogels. In addition, conventional
synthetic techniques produce materials that degrade into poorly-defined byproducts,
causing toxicity concerns. This thesis presents novel strategies to incorporate
hydrophobic domains and biodegradable bonds within poly(oligo ethylene glycol
methacrylate) (POEGMA) nanogels. We demonstrate how these moieties affect nanogel
swelling, degradability, cytocompatability as well as the uptake and release of clinically
prescribed APDs. Intranasal (IN) administration of drug-loaded nanogels is studied as a
non-invasive delivery alternative to improve drug bioavailability. The proposed nanogel-
based drug delivery systems can decrease drug dose, minimize adverse side effects, and
improve patient adherence to therapeutic regimens relying on APDs, demonstrating their

potential for clinical application.



Abstract

Nanogels are soft, deformable networks of cross-linked polymer swollen in water.
Nanogels have the unique ability to swell in response to external physiological conditions.
Their stimuli-responsive nature affects degradability, drug uptake and release, which can
be exploited to create tunable drug delivery systems. The ability to alter the composition
and structure of nanogels imparts advantageous characteristics for targeted drug delivery

applications.

Antipsychotic drugs (APDs) used to treat schizophrenia, a chronic neuropsychiatric
disorder, are typically hydrophobic. Prolonged dosing causes neurological and metabolic
side effects due to the systemic administration of drug. Patient adherence to APD
administration is low, causing complications that contribute to the substantial burden of
disease. APDs would benefit from nanogel encapsulation through improved solubility and
controlled release kinetics to reduce the adverse side effects associated with typical

administration protocols.

This thesis presents the development of hydrophobized, biodegradable
poly(oligoethylene glycol methacrylate) (POEGMA)-based nanogels to deliver APDs to the

brain. Both an adaptation of conventional precipitation polymerization as well as a



spontaneous self-assembly technique are utilized to synthesize nanogels containing
different hydrophobic domains. Incorporation of cross-linkers with different modalities of
biodegradability enable stimuli-responsive degradation and drug release. The effects on
nanogel swelling, biodegradability, and APD uptake and release kinetics are explored in
vitro. The preclinical application of these APD-loaded nanogels is evaluated using the
minimally invasive intranasal (IN) route for delivery. We show that these nanogel delivery
systems have therapeutic effects in terms of significantly altering a range of rodent
behaviours, including locomotion inhibition, the onset of catalepsy, and improvement in
pre-pulse inhibition, over extended periods of time in relation to current administration

strategies.

These drug-loaded nanogel delivery systems show potential to minimize the effective
therapeutic dose by enhancing APD bioavailability via IN administration, thus reducing
adverse outcomes and improving potential patient adherence to APD-based therapies in

clinical use.
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Chapter 1 : Introduction

1.1 Schizophrenia

1.1.1 Epidemiology

Schizophrenia is a universally occurring, chronic, debilitating neuropsychiatric disorder.
Globally, the prevalence of schizophrenia is approximately 0.3-0.7 % of the population
(Figure 1.1);*2 with the number of cases increasing from 13.1 million in 1990 to 20.9
million in 2016.3* There is a substantial burden on patients, caregivers and society
associated with this disease, causing it to rank as the 12" most disabling disease out of
310 disorders and injuries examined in a 2016 study.! The onset of schizophrenia is
typically in late adolescence to early adulthood with equal rates of occurrence in men and
women, although men tend to present at a younger age with more severe symptoms.*?
Schizophrenia is characterized by a group of complex symptoms, none of which are
pathogenic; however, the chronic nature and difficulties in effectively managing the
disease result in afflicted individuals having higher rates of comorbid illnesses such as
heart and respiratory diseases, stroke, diabetes and cancer. As such, a diagnosis of

schizophrenia leads to a decreased life expectancy of ~10 years.* &7
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Figure 1.1: Prevalence of schizophrenia by country. Adapted with permission from
Charlson et al., 2018 [4].

1.1.2 Economic Burden of Disease

The substantial economic impact of schizophrenia can be attributed to the characteristics
of the disease; its early onset, chronic nature, symptomology, typically low adherence to
treatment regimens, and high rate of disability all contribute to its costly burden.  Even
when patients have access to the best combination of treatments available, including
medication, therapy and rehabilitation, approximately two-thirds of the afflicted
population experience persistent and fluctuating symptoms, leading to high levels of
mental and social disability.> In this context, maintenance of a normal lifestyle is
challenging; frequent hospital admissions, early retirement, and excess mortality all
contribute to the economic impacts of disease. The Global Burden of Disease Study
determined that schizophrenia accounts for 1.1% of disability-adjusted life years (DALYs),

making schizophrenia the eighth leading cause of DALYs worldwide in individuals aged 15-
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24 according to the World Health Organization (WHO).® Schizophrenia also contributes to

2.8% of years lived with disability (YLD) which is equivalent to 13.4 million YLD. !

This high level of disability results in large direct and indirect costs associated with
schizophrenia. The WHO estimates that schizophrenia accounts for 1.6-2.6% of total
healthcare expenditures globally.? In Canada, the direct healthcare costs associated with
providing care for afflicted individuals amounted to 2.02 billion CAD in 2004 while the
indirect costs (such as loss of productivity, disability, unemployment, premature death,
and burden on caregivers) was estimated to be 4.83 billion CAD. & The disease burden
associated with schizophrenia is expected to escalate in Canada as the population grows

and life expectancy increases, unless effective treatments can be developed.*

1.1.3 Pathophysiology

Schizophrenia is a complex disease influenced by genetic, neurodevelopmental, and
environmental factors. The exact mechanisms and pathways determining the disease
physiology have not been fully elucidated at this time due to the extensive and complex
circuitry present within the brain. Risk factors for schizophrenia include brain injury, drug
use, prenatal infection, malnutrition, social isolation, and marginalization. ° Early onset
detection and diagnosis of schizophrenia is challenging as there is no biological test or
psychometric trait marker available for screening due to its polygenic transmission and

locus heterogeneity.> ° However, the social, motor and cognitive developmental
3
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trajectory in children does show some correlation in individuals who later develop
schizophrenia (Figure 1.2).3® Currently, physicians rely on the diagnostic criteria outlined
in the Diagnostic and Statistical Manual of Mental Disorders (DSM, Version 5, 2013) and

the International Classification of Diseases (ICD, Version 11, 2018).

Future of Delusions Current focus
treatment Hallucinations of treatment

f

Abemrant
salience

f

Dopamine
dysregulation

Figure 1.2: Model of schizophrenia showing genetic and environmental contributions
to its pathophysiology and expressed symptoms. Affective dysregulation and aberrant
neurodevelopment and cognitive deficits both directly and indirectly contribute to the
occurrence of schizophrenia. Adapted with permission from van Os and Kapur, 2009 [2].

Dopamine Hypothesis
The dopamine hypothesis, initially proposed by Van Rossum, postulates that an increase
in central dopamine neurotransmission produces the psychotic symptoms of

schizophrenia. 1° This hypothesis was based on the discovery in the early 1950s that

4
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neuroleptic drugs were able to suppress psychotic symptoms. 1114 By 1974, dopamine
implication in the physiology of schizophrenia was ascertained when the antipsychotic
activity of neuroleptic drugs was attributed to the blockade of dopamine D, receptors due
to a high level of receptor occupancy in patients treated with different APDs. 1>1¢ The
dysregulation of dopamine within the brains of patients with schizophrenia is attributed
to two outcomes: (1) dopamine supersensitivity; and (2) over-activity of dopamine
transmission. Both drug-naive and treated patients show supersensitivity to dopamine-
like compounds compared to healthy control subjects.’” Treatment with dopamine
agonists or dopamine-releasing compounds (such as amphetamine) cause the
presentation of psychotic behaviours that closely resemble the symptoms associated with
schizophrenia.'®*° Positron emission tomography (PET) studies of schizophrenia patients
actively experiencing episodes revealed the release of more endogenous dopamine when
patients were treated with amphetamine compared to both individuals in clinical

remission and healthy controls,?° further supporting the hypothesis.

The overarching rationale that this hypothesis relies upon is that dopamine dysregulation
within the brain contributes to both the symptoms embodied by individuals with
schizophrenia as well as the treatment outcomes elicited by neuroleptic drugs. As
schizophrenia presents with diverse symptomology, the dysregulation hypothesis has

expanded to explain the occurrence of positive, negative and cognitive changes.



Ph.D. Thesis — Madeline Simpson McMaster University—Chemical Engineering

Hyperactive dopamine transmission through the mesolimbic pathway of the brain is
associated with the positive symptoms; psychosis is linked with an increased release of
dopamine in the subcortical regions with high densities of D, receptors such as the
striatum and basal ganglia, as observations of individuals with schizophrenia during a
psychotic episode have concluded that there are higher levels of D, receptor occupancy

within the striatum compared to healthy controls. 181921

Elevated levels of dopamine receptors have also been proposed as the cause of increased
dopamine activity. * In comparison to healthy controls, striatal dopamine D2 receptor
densities have been observed to be elevated by 5.8% in drug-naive patients and persist in
patients with a long duration of illness who have undergone chronic treatment with
APDs.'® 22 As D, receptor agonists induce comparable psychotic symptoms and
antagonists mitigate psychotic episodes, D, receptor occupancy is clearly implicated in
the regulation of the positive symptoms of schizophrenia.?" 23 However, treatment with
drugs that have a high affinity for dopamine D, receptors does not sufficiently address
the negative or cognitive symptoms of schizophrenia, suggesting that there are

alternative molecular targets involved.* 1

Currently, the negative and cognitive symptoms of schizophrenia are associated with a

hypoactive mesocortical system. Specifically, brain imaging studies have established
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hypofunctionality in the prefrontal cortex (PFC),?Y 2% resulting in decreased
neurotransmission due to hypostimulation of the dopamine Di receptor and thus
decreased subcortical dopamine activity that induces negative symptoms and cognitive
deficits.?® Interestingly, in animal models, simultaneous dopamine hyperactivity in the
mesolimbic system and hypoactivity in the mesocortical system can occur. As such, a
revised hypothesis suggesting the two activities are concurrently possible is widely
accepted today.?> However, the cause of aberrant dopamine activity in the brain has yet
to be elucidated, indicating that further investigation is required to fully explain the cause

of dopamine dysregulation.

N-methyl-D-aspartate Receptor Hypofunction Hypothesis

N-methyl-D-aspartate (NMDA) receptors are ion channels found throughout the central
nervous system (CNS) and are a subtype of glutamate receptors required to modulate
glutamate activity.?®?” Glutamate is a major excitatory neurotransmitter in the
mammalian nervous system?® implicated in influencing behavior, memory, motor
function, emotion, and executive functioning,?® all of which are impaired in patients with
schizophrenia (and thus indicative of the likelihood of their involvement in the
characterization of the disease). Like the dopamine hypothesis, the NMDA hypofunction
theory of psychosis is based on observations that the administration of NMDA antagonists
such as phencyclidine (PCP) and ketamine triggers psychosis in healthy individuals and

exacerbates the symptoms of individuals with schizophrenia.® 3% Models that lack NMDA
7
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receptors also display schizophrenia phenotypes and behaviours.?® The majority of the
effects associated with NMDA receptor hypofunction are attributed to deficits in cortical
glutamate activity that lead to variations in glutamate signalling and changes in prefrontal
connectivity,?% 3! inducing both negative and cognitive symptoms of schizophrenia.??
Faulty NMDA receptors in the PFC, anterior cingulate cortex, and/or cerebral cortex allow
for excessive glutamate efflux and thus overstimulation of postsynaptic glutamate
neurons, subsequently altering the activity of dopamine in the mesolimibic and
mesocortical systems33 to induce the heterogeneous symptomology of schizophrenia.3
As more evidence examining the aberrant behaviour of monoamine molecules and
neurotransmitters in patients with schizophrenia is accumulated, the dopamine
dysregulation and NMDA receptor hypofunction theories have become intertwined
(Figure 1.3).2% It has been proposed that dopamine dysregulation contributes to changes
in NMDA receptor activity and thus ultimately glutamate transmission, thereby resulting

in the spectrum of symptoms embodied in patients with schizophrenia.?®



Ph.D. Thesis — Madeline Simpson McMaster University—Chemical Engineering

Dopaminergic
neurons
Serotoninergic
neurons

PREFRONTAL

CORTEX Glutamatergic
neurons
5-HT

GABAergic
neurons

ﬁ Glial cells

NUCLEUS
ACCUMBENS CAUDATE STRIATUM

NUCLEUS
B sHrR ] aR
B sHR [ MR
B sHTR N GyTy),

O_/,LHI/‘AE} ¢ NMDAR

VENTRAL  SUBSTANTIA MIDBRAIN

TEGMENTAL  NIGRA
AREA

PUTAMEN

DA

RAPHE
NUCLEI

Figure 1.3: Neurotransmitter pathways and receptors regulating the dopaminergic
system. Dopamine (DA) transmission from neurons within the midbrain projects to
neurons within the striatum and prefrontal cortex. Transmission of y-aminobutyric acid
(GABA, glutamate (Glu), and serotonin (5-HT) influence dopaminergic activity via direct
and indirect pathways using glutamatergic, serotoninergic, and GABAergic neurons.
Muscarinic (M1R), NMDA (NMDAR), noradrenergic (azR), and serotoninergic (5-HT«R)
receptos as well as glycine transporters (GlyT1/2) are expressed in different neuronal
populations. Adapted with permission from Aringhieri et al., 2018 [21].

1.1.4 Symptoms

The heterogeneous nature of schizophrenia symptoms can render correct diagnosis
challenging, resulting in misdiagnosis or prolonged periods without diagnosis (prodromal
period). There are two accepted resources used to diagnose schizophrenia: the Diagnostic
and Statistical Manual of Mental Disorders (DSM, Version 5, 2013) and the International

Classification of Diseases (ICD, Version 11, 2018). Schizophrenia is diagnosed based on
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the presence of positive and negative symptoms as well as cognitive deficits. These clinical
manifestations make it difficult for patients to manage emotions, think clearly and relate
to those around them, which has a substantial impact on their quality of life.3! A psychotic
episode typically prompts investigation into the possibility of schizophrenia; however,
such episodes are not solely confined to this particular disease. As such, other criteria
such as duration, dysfunction, and presence of depression, mania or delusions, as well as
associated substance use have to be considered.? Disturbances in cognition,
communication, motivation and sleep often precede clinical diagnosis by weeks, months
or years.3> However, given that the onset of schizophrenia often coincides with hormonal
changes experienced by adolescents and young adults, in the absence of psychosis they

are not clinically significant enough to substantiate alternative causes.

Positive Symptoms

Psychotic symptoms and thought disorganization are often grouped under the term
positive symptoms.2° These symptoms can include hallucinations (which may be visual,
auditory, olfactory or somatic), delusions, paranoia, and disorganized thought and
speech.3® Hallucinations are produced by defects in source monitoring; errors in
processing result in incorrect attribution of internal sensations to external stimuli.
Delusions are caused by vivid, excess thoughts that are mis-attributed to a sense of
urgency and certainty, leading to conviction of their validity. Unconventional discourse

and poor communication stem from disordered thoughts. ° These symptoms often result
10
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in uncontrolled outbursts and ultimately are the behaviours that lead to the pursuit of a

clinical diagnosis.

Negative Symptoms

Deficits in normal behaviour are classified as negative symptoms.3’ This can include
decreased motivation (volition), apathy, and pleasure (anhedonia) as well as changes in
social behaviour (withdrawal).?® Deficits in expression, including blunted affect and
paucity of speech, are part of this symptomology.' 3’ Apathy, avolition and anhedonia are
linked to aberrations in reinforced learning caused by the inability to associate value with
different rewards.3” Oscillations in mood are associated with social isolation and
withdrawal.? Blunted affect can be a lack of displayed feeling or an inappropriate or
bizarre response, in both facial expressions and tone of voice, in emotional contexts.36 38
Although these symptoms appear more discrete than the array of positive symptoms,

they are amongst the most difficult to effectively treat.

Cognitive Deficits

Cognitive deficits are generally evident years prior to the first psychotic episode but are
typically not adequately addressed due to a lack of established protocols for early onset
detection.?® Attention and memory problems, alterations to executive functioning and
decision-making skills, and perturbed linguistic capabilities are all indicators of reduced

cognitive abilities.? Impairments in verbal, visual and working memory can be affected by

11



Ph.D. Thesis — Madeline Simpson McMaster University—Chemical Engineering

processing issues.’ Issues maintaining focus and a decreased ability to rationally reason
and problem solve often persist even during instances of clinical response or remission.
These deficits are the basis for substantial limits on the working and social functioning of

patients with schizophrenia.®

1.2 Preclinical Pharmacological Models of Schizophrenia

As schizophrenia presents with an abundance of clinical symptomology, reliable means to
reproduce these behaviours are necessary to screen proposed treatments for the disease.
Animal models are necessary tools to define the pathogenesis and treat human disease.?®
However, it is difficult to create adequate models of complex neuropsychiatric disorders,
especially for a disease like schizophrenia in which the etiology and pathophysiology are
not fully elucidated.3® It is particularly challenging to produce models with cognitive
deficits, since the animals used are less cognitively developed.?® Indeed, identifying
guantifiable brain phenotypes for drug efficacy and side effects is one of the major
challenges in translating psychiatric research between species (ie. from rodents, to
monkeys, to humans).*! Animals models do not exhibit all behavioural abnormalities, just
as patients with schizophrenia do not always clinically manifest every symptom of the
disease.?® As such, current animal models of schizophrenia should not be considered as
the animal equivalent of the human manifestation of the disease but rather a tool useful

to test a specific causative or mechanistic hypotheses regarding schizophrenia.®® There

12
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are three criteria of validity that an animal model must provide in order to be a relevant
disease model: (1) predictive validity describes how well the animal performance aligns
with human presentation of schizophrenia, requiring the model to be specific and
sensitive to detect pharmacological effects;%% 42 (2) construct validity refers to how the
model replicates the neurobiological mechanism of schizophrenia, required to provide a
sound theoretical rationale for its use;*> 42 and (3) face validity, the most challenging
criteria to satisfy, examines the similarities in behavioural changes between the model
and the disease state, requiring accurate reproduction of the symptoms embodied by
humans to be transferred to animal models.*> %2 |n this context, below we examine the
preclinical pharmacological models of schizophrenia that are induced by psychomimetic
drugs.*? These models have reasonable predictive validity and some construct value but
limited face validity, as they use drugs that are known to enhance schizophrenia-like
symptoms in rodents based on an understanding of how such drugs alter
neurotransmitter systems.*° In all cases, administration of these drugs produces certain
behavioural changes in rodent models that are both measurable and reversible through

intervention with antipsychotic drugs (APDs). 42

1.2.1 Dopamine Receptor Agonists
Attempts to model aspects of schizophrenia in animals have primarily focused on drugs

that affect the dopaminergic systems.** Such drugs include amphetamine (AMP) and

13
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apomorphine (APO), two dopamine receptor agonists that enhance dopamine release.**
AMP produces psychotic symptoms in humans caused by presynaptic hyperactivity that
induces increased dopamine release.*® In rodents, AMP is able to mimic the positive
symptoms of schizophrenia by causing hyperlocomotion and stereotypy.?®* APO also
induces hyperlocomotion and other stereotyped behaviours.*> AMP and APO have also
been used to induce deficits in sensorimotor gating in both humans and rats.*® Pre-
administration of APDs can reduce hyperlocomotion and restore deficits in PPl induced

by either AMP or APO in rodents.*°

1.2.2 NMDA Receptor Antagonists

As the NMDA hypofunction hypothesis has gained supporting evidence, the use of NMDA
receptor antagonists to induce preclinical models has become more common. Such
antagonists, including phencyclidine (PCP), ketamine and dizocilpine (MK-801), provide
selective, non-competitive receptor antagonism?? that results in the full range of positive,
negative and cognitive symptoms of schizophrenia in normal human patients.*% 4748 |n
humans, PCP causes hallucinations, delusions, social withdrawal, paucity of speech, and
impaired cognitive performance.** PCP administration can thus enable the evaluation of
positive symptoms using open-field locomotion studies, negative symptoms using social
interaction and forced swim test experiments, and cognitive deficits in different maze-

based behavioural assays using rodents.*’ In comparison to AMP, which stimulates
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dopamine release from D; receptors, PCP produces phenotypically similar positive
symptoms but a better mimic of the negative/cognitive symptoms given that PCP
antagonism of NMDA receptors reduces glutamate transmission in the PFC and thus
contributes to the negative and cognitive deficits.*° Ketamine is a derivative of PCP that
has diminished toxicity and fewer side effects associated with its use. It is most often used
to study cognitive deficits in rodents given that it reduces sensorimotor gating and spatial
learning while causing memory impairment due to increased dopamine release in the
PFC; however, it does induce hyperlocomotion due to increased dopamine turnover in
the striatum and cortex. Atypical APDs can block the effects of ketamine in both rodents
and humans.*” MK-801 is an analogue of PCP but is more selective and potent than either
PCP or ketamine due to its potential to enable a longer blockade of the NMDA receptor
ion channel.** 47 MK-801 works preferentially on GABAergic interneurons and disturbs
glutamatergic neurotransmission, leading to hyperexcitation in the PFC neural circuit.**4’
Systemic administration of MK-801 also stimulates mesolimbic dopamine neurons,
causing dopamine efflux within the striatum, medial PFC, and nucleus accumbens.? In
rodents, such stimulation results in hyperlocomotion, decreased social interaction, and
deficits in sensorimotor gating and memory**4¢4’ that can be reversed upon
administration of a dopamine receptor antagonist due to depletion of dopamine; this
reversibility indicates that the behavioral effects of MK-801 are dopamine-dependent

despite its strong affinity for NMDA receptors.*® In fact, dopamine D; and D> receptors as
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well as serotonin 5-HT1a and 5-HTza and adrenergic ai-receptors are all reported to be
involved in MK-801 induced behaviours.*? This broad receptor activity makes MK-801 an
excellent option for the investigation of novel APDs with unconventional receptor binding

profiles given that it can induce a wide range of schizophrenia-like symptoms in rodents.

1.2.3 Behavioural Studies

Pharmacological preclinical models enable the presentation of characteristic behaviours
induced upon administration of a dopamine receptor agonist or NMDA receptor
antagonist. Individual rodent behaviours are not complete animal models of
schizophrenia; rather, they are experimental studies used to develop and validate animal
models of the disease state. Measurable behavioural abnormalities can be quantified
directly in rodents due to conservation of the neural circuitry underlying a behaviour
between rodents and humans.?® The efficacy of drug formulation pharmacodynamics
requires assessment using behavioural testing.>® Herein, three different behavioural

experiments are presented that are relevant to the drugs studied within this thesis.

Open-Field Locomotion
As patients with schizophrenia can exhibit psychomotor agitation, hyperlocomotion is
used as a behavioural test to provide translational relevance to positive symptoms of

schizophrenia. 3% 4 All five of the drugs discussed above are able to induce rodent
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hyperactivity that can subsequently be decreased by administration of both typical and
atypical APDs.3? As hyperlocomotion is associated with increased dopaminergic activity in
the mesolimbic system,”! some typical APDs such as haloperidol can suppress rodent
locomotion in the absence of drug-induced hyperactivity due to their high binding affinity
for D, receptors.>>>3 Conversely, drug-induced models of schizophrenia are required to
induce hyperlocomotion to show attenuation by atypical APDs, which typically have less
affinity for D, receptors since their primary mechanism of action involves serotonin (5-
HT) receptors.?! The advantage of open-field locomotion is that it utilizes chambers
equipped with cameras and/or light beams that allow automated tracking of three-
dimensional movement, enabling rapid and reliable analysis of rodent behaviour with
good reproducibility. 42 Although it has low face validity, locomotion is a useful test for

screening APD treatments in preclinical models of schizophrenia.

Pre-Pulse Inhibition

Pre-pulse inhibition (PPI) is an operational measure of sensorimotor gating that enables
regulation of environmental inputs and selectively allocates attentional resources to
salient stimuli. ¢ PPI is the normal reduction in the startle response due to exposure to a
low intensity non-startling stimulus (pre-pulse) prior to a large startle stimulus (pulse). 4°
As PPl provides an almost identical response in humans and rodents alike, it is a frequently

used test due to its cross-species conservation.3® >* PPI is thought to correlate with both
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positive symptoms (psychosis and disordered thoughts)®* and cognitive deficits
(distractability and impaired processing)*? associated with schizophrenia because it is the
process by which large batches of information can be screened or filtered from one’s
surrounding.3® 4% 5% In healthy individuals (both rodents and humans), pre-exposure to a
weak stimulus attenuates the startle response;*® deficits in PPl are observed in both
treated and drug-naive patients with schizophrenia®® as they unable to moderate their
startle response due to oversensitivity to sensory stimulation, causing overload that
correlates with cognitive fragmentation.>® In rodents, deficits in PPl can be induced by the
administration of either dopamine receptor agonists or NMDA receptor antagonists;*® >’
however, the correct pharmacological agent must be selected depending on the APD
being tested. Typical APDs are unable to reverse NMDA receptor antagonist deficits in
PPI; for example, haloperidol (HLP) cannot reverse MK-801-induced deficits but can
restore APO-induced PP1.>” Similarly, NMDA receptor antagonism is able to distinguish
between typical and atypical APDs.*> PPl may be affected by: (1) increased dopamine
sensitivity in the mesolimbic system (which regulates whether dopamine receptor
antagonism can reverse PPI deficits); or (2) glutamatergic mechanisms (which regulate
whether selective antagonism of the NMDA receptor can reverse PPI deficits).>* Deficits
in sensorimotor gating have been linked to emotional/visceral centers of the limbic
system and PFC as well as regions associated with motor control and coordination, like

the striatum. In these regions, dopamine and glutamate transmission promote
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sensorimotor gating, indicating that different pharmacological models and different APDs
can both induce deficits and reverse them, respectively.>> Quantification of startle
response requires computerized chambers equipped with platforms that can detect
movement.*> Movement amplitude is monitored for different tests (pre-pulse alone,
startle response alone and pre-pulse/startle combined trials) to enable the calculation of

startle attenuation.

Catalepsy

Catalepsy is characterized by the inability to initiate voluntary motor activity due to a lack
of response to external stimuli. It is embodied as the retention of limbs in whatever
awkward or uncomfortable posture they are placed due to muscular rigidity. > Unlike the
two abovementioned behavioural tests, catalepsy does not correlate with a
schizophrenia-like symptom demonstrated in humans. However, the test does produce a
motor side-effect that can predict the probability of a drug to induce Parkinson-like
behaviours, correlating with the occurrence of extrapyramidal side effects (EPS) in
humans. This test has high predictive validity, making it a reliable tool to examine dosing
effects. In addition, the doses administered in rodents that cause APD intervention to
move from therapeutic to undesired side effect correlate well with doses that cause
extrapyramidal symptoms (EPS) in humans, making catalepsy a good screening tool for

monitoring dose-dependent side effects.*? Catalepsy testing can also be easily carried out
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using very basic equipment consisting of a mounted horizontal bar and a stop watch; the
amount of time that a rodent remains in an unperturbed unnatural position is measured

and scored, with values >20 s typically indicating the onset of catalepsy. >3

1.3 Antipsychotic Drugs

Effective treatment of schizophrenia relies upon four crucial elements: medication
(APDs), psychological therapy, rehabilitation, and social support.®® Due to the long
prodromal period prior to clinical diagnosis, intervention is typically not implemented
until significant deterioration has occurred, making it difficult to define a protocol that
can restore the prior quality of life of a patient with schizophrenia. Ideally, the goal of
treatment should be to identify the neuropsychiatric condition as early as possible, treat
the symptoms, provide tools to caregivers for support, maintain/modify intervention to
prevent relapse, and reintegrate the patient into society. ® APDs are the first line of
pharmacological treatment options and are the mainstay for both acute and long-term
treatment of schizophrenia given that they reduce symptom severity and hospitalization,
and improve socialization and rehabilitation in society.>2%°° Clinical studies evaluate APDs
based on their efficacy, quality of life, tolerability, drop out rates, and side effects.??
Currently, APDs are split into two groups typical (or first generation) APDs are classified
by their chemical structure while atypical (or second generation) APDs are classified

according to their pharmacology and are grouped according to their clinical mechanism
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of action.® ®° Each APD has a unique receptor binding profile, ability to modify behaviour

and side effect profile.*

1.3.1 Typical Antipsychotic Drugs

Typical APDs have distinctive chemical backbones, with all typical APDs being analogs of
phenothiazine, butyrophenone, thioxanthene, dibenzoaxazepine, dihydroindole, or
diphenylbutylpiperidine.%-®1 The commonality shared by drugs in this group is the
antagonism of dopamine D> receptors being their primary mode of action.*! Interaction
with this receptor correlates with the antipsychotic efficacy of these drugs and is believed
to alleviate the positive symptoms of schizophrenia by releasing dopamine into the
striatum and increasing presynaptic synthesis.'® %! The extent of D, receptor occupancy is
a critical characteristic for predicting the treatment outcomes of these drugs; multiple
imaging studies suggest 60-70% occupancy provides an optimal therapeutic window but
greater than 80% occupancy increases the risk of EPS.' 62 Adverse side effects are also
correlated with the rate at which the drug-receptor complex is displaced in response to
changes in dopamine levels; slow disassociation prevents dopamine binding and produces
insurmountable antagonists contributing to higher incidence of EPS.?! Although typical
APDs offer potent relief from the positive symptoms of schizophrenia, poor patient
compliance due to the adverse side effects associated with both acute and long term use
represent key clinical limitations. Parkinsonism is one of the EPS caused by typical APDs,

inducing symptoms including resting tremor, muscular rigidity, akinesia, or bradykinesia.
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According to the WHO pharmacovigilance database, drug-induced Parkinsonism is the
second most common cause of Parkinsonism, with the highest risk associated with APDs
acting as dopamine D, antagonists; in particular, the first-generation APD haloperidol
alone accounted for 9.4% of drug-induced Parkinsonism cases. % Tardive dyskinesia, an
involuntary movement disorder, is also associated with typical APD therapy. This side
effect can be irreversible and has a worrisomely high incidence rate of 5% per year.%
These problematic side effects are also attributed to off-site actions at other receptors®®
given that dopamine receptors are not just restricted to the CNS but are also present on
peripheral organs.?! Thus, systemic administration of these drugs can lead to off-target
interactions that likely contribute to the problematic side effects. In addition, 25-60% of
schizophrenia patients are either largely resistant or only partially responsive to typical
APD treatment, further contributing to the low efficacy of typical APDs in treating

negative symptoms and deficits in cognition.®°

Haloperidol

Haloperidol (HLP, 4-[4-(p-chlorophenyl)-4-hydroxypiperidino] 4’-fluorobutyrophenone,
Figure 1.4A) is a phenyl-piperidinyl-butyrophenone typical (first generation) APD that was
initially clinically prescribed for the treatment of schizophrenia in 1967. 8 It is currently
listed on the WHO List of Essential Medicines for the treatment of psychotic symptoms
including schizoaffective and bipolar disorders.®® Haloperidol is also prescribed to control

motor and verbal tics in individuals with Tourette syndrome. The drug is only prescribed
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to children who display hyperactive or explosive, aggressive behaviours. Haloperidol has
low solubility and high permeability, resulting in its designation as a class Il drug in the
Biopharmaceutical Classification System (BCS).®” Like most typical APDs, haloperidol’s
primary mechanism of action is antagonism of the dopamine D receptors found in the
mesolimbic and mesocortical systems;®® haloperidol is able to compete with endogenous
dopamine at the orthosteric site and block excessive dopamine neurotransmission in the
brain.?® When administered at low doses, haloperidol binds to D, receptors and au-
adrenergic receptors to modulate positive symptoms; when administered at high doses,
haloperidol binds to 5-HT, receptors to moderately regulate negative symptoms.&70-71
Haloperidol also has fast binding association and slow dissociation kinetics to striatal D2
receptors, which are associated with the negative side effects of the drug.®® 7? Indeed,
there is an extensive list of adverse outcomes associated with haloperidol including both
anti-cholinergic effects (e.g. dry mouth, constipation, blurred vision) and cardiovascular
effects (e.g. tachycardia, hypo and hypertension, ventricular arrhythmia).”> The most
prevalent side effects are neurological and include extrapyramidal symptoms (EPS),
Parkinsonism, akathisia and dystonia.”* Long-term use is associated with tardive
dyskinesia that may persist even after treatment is withdrawn. Haloperidol clearance and
degradation can further lead to neurotoxic hepatic metabolites that have increased

potency towards causing EPS.”Y 7> As such, despite its essential role in the management
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of psychosis worldwide, haloperidol also suffers from several drawbacks that need to be

addressed to improve its safety and efficacy profiles.

For chronic treatment, haloperidol is most commonly prescribed orally (PO) and is
commercially available in tablet form as Haldol (Table 1.1). Frequent low doses are
typically prescribed to help mitigate side effects.”® A slow release form is also available as
an intramuscular (IM) injection in the form of haloperidol decanoate which is released
over a period of four weeks,”” helping to improve adherence to the drug treatment
regimen for non-compliant patients. However, the need for an intramuscular injection
limits the number of patients that can practically benefit from such a controlled release

approach.

1.3.2 Atypical Antipsychotic Drugs

Atypical APDs first evolved as a class of drugs that have alternate chemical structures to
typical APDs. As more drugs were developed, this definition expanded to include drugs
that have equivalent antipsychotic efficacy without EPS, superior antipsychotic efficacy
for treatment resistant patients, or the ability to address the negative and cognitive
deficits.®? This second generation of drugs can be divided mechanistically depending on
the drug’s receptor binding profile. Some atypical APDs are powerful antagonists of both
dopamine D; receptors and serotonin 5-HTza receptors, while a separate group interacts

with these and other neuroreceptors.®® Moderate doses of atypical APDs produce higher
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5-HT2a receptor occupancy than D; receptors,** an alternative pharmacological binding
profile to typical APDs that is thought to contribute to the lower incidence of Parkinsonism
and tardive dyskinesia (the latter of which is 2-10x less for atypical APDs).*! However, an
understanding both the pharmacodynamics and pharmacokinetics of an atypical APD is
required to develop the complete therapeutic profile because it is difficult to determine
efficacy based on single receptor affinities or receptor affinity ratios.?> ** While the side
effects of atypical APDs are generally less severe than those of typical APDs, they still have
adverse outcomes associated with their use. In particular, metabolic symptoms including
weight gain, hyperlipidemia and increased insulin resistance are prevalent in patients who
take atypical APDs, indicating that the diverse receptor binding profile leads to alternative
side effects not otherwise seen with only the D, receptor antagonism provided by typical
APDs.”#7° However, the improved social and cognitive outcomes associated with
treatment regimens utilizing atypical APDs indicates that a broader receptor binding
profile does have beneficial outcomes that improve the full spectrum of symptoms

associated with schizophrenia while also mitigating the adverse neurological side effects.

Olanzapine

Olanzapine (OLZ) is a thienobenzodiazepine compound (2-methyl-4-(4-methyl-1-
piperazinyl)-10H-thieno[2,3-b][1,5]benzodiazepine, Figure 1.4B) that is classified as an
atypical (second generation) APD. Like haloperidol, it is a BCS class Il drug.®” Olanzapine is

prescribed to individuals diagnosed with schizophrenia as well as bipolar disorder and can
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also be used in combination with other medications to treat depression. Olanzapine can
simultaneously antagonize dopamine D1 and D; receptors in the striatal tissue of the
mesolimbic/mesocortical systems as well as serotonin (5-HT2a and 5-HTac), muscarinic
(M1), and a1 and a; adrenergic receptors found in the frontal cortex. °* 7% 80-82 Olanzapine
is able to reduce both positive and negative symptoms due to its wide receptor binding
affinity. 828 At low doses, olanzapine selectively inhibits behaviours mediated by the
mesolimbic and mesocortical systems; at higher doses, it also inhibits behaviours
mediated by the nigrostriatal system. 8 Olanzapine has been clinically prescribed for the
treatment of schizophrenia since 1996 and is commercially available as Zyprexa. The
optimal therapeutic dose for olanzapine ranges from 20-60 ng/mL, but the recommended
daily dose is 10-20 mg. 887 The discrepancy in values can be attributed to the low aqueous
solubility causing poor dissolution in gastro-intestinal fluids coupled with extensive first-
pass metabolism and efflux by P-glycoproteins.88% The drug’s half-life in humans is
reported to range between 21-54 hr, which enables steady state concentrations within
one week after daily dosing. The most common adverse side effects are metabolic;
olanzapine can cause weight gain (leading to obesity), hyperglycemia, dyslipidemia,
elevated plasma glucose, triglycerides and liver enzyme levels, and/or diabetes. 2% 787°
Although rare compared to first generation APDs, chronic treatment with olanzapine
leading to D receptor occupancy >80% can produce highly undesirable negative

symptoms such as Parkinsonian-like EPS and an increased risk of tardive dyskinesia.?% 7%
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86 QOlanzapine is also available in a long-acting injectable (LAI) format as a pamoate salt
that is administered every two to four weeks as a deep intramuscular injection.*®
However, like with haloperidol, the need to inject this formulation limits its large-scale

practical utility in all but the least compliant/most affected patient populations.

Lurasidone

Lurasidone (LUR, (3aR,4S,7R,7aS)-2-[(1R,2R)-2-[4-(1,2-benzisothiazol-3-yl)piperazin-
lylmethyl] cyclohexylmethyllhexahydro-4,7-methano-2H-isoindole-1,3-dione, Figure
1.4C) is an azapirone derivative recently approved for the treatment of schizophrenia.®?
It is an atypical APD and similarly categorized as a BCS class Il drug; however, it is much
less soluble than either HLP or OLZ, with exceptionally poor aqueous solubility and even
minimal solubility in alcohols and other organic solvents (Table 1.1). Lurasidone has a
particularly unique receptor binding profile; while it does bind to D; receptors, it also has
strong affinity for serotonin 5-HT2a 5-HT7, and 5-HTia receptors and noradrenaline a;c
receptors.®? Interactions with 5-HT2a are thought to minimize D, antagonism-induced
adverse EPS, while its partial agonist activity of 5-HTia can have anxiolytic and
antidepressant value. Interactions with 5-HT7 also elicit antidepressant effects in addition
to procognitive benefits that are supplemented by its antagonism of aza receptors.®
These distinctive pharmacological features enable lurasidone to address the full spectrum
of schizophrenia symptoms (positive, negative and cognitive). The broad receptor activity

also enables lurasidone to be prescribed for the treatment of depression associated with
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bipolar disorder, as well as anxiety.’? However, the low solubility of lurasidone results in
very poor bioavailability after oral administration (9-19%) due to its slow dissolution and
poor absorption.3® To enhance absorption, the prescription of Latuda (the oral tablet form
of lurasidone) is accompanied with directions to consume with at least 350 kcal of food
within 30 min of dosing, a key drawback given that poor compliance to drug dosing
regimens is a known challenge of APD therapy.3® ° A wide range of doses (20-160
mg/day) is recommended depending on the patient’s age, preferred time of dosing, and
extent of illness. % However, if the delivery challenge can be overcome, lurasidone has
much more minimal adverse side effects, as only 60% receptor occupancy is needed for
therapeutic efficacy but >75% occupancy is required to produce adverse outcomes.>%®
Akathisia and somnolence are apparent dose-related side effects, while nausea, sedation,
and Parkinsonism have also been reported.’® However, there is a substantially lower
likelihood that neurological (EPS) and metabolic (weight gain) side effects commonly

associated with typical and atypical APDs, respectively, will occur. 2!
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Figure 1.4: Chemical structures of first and second generation antipsychotic drugs used
to treat schizophrenia. (A) haloperidol (typical); (B) olanzapine (atypical) and (C)
lurasidone (atypical).
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Table 1.1: Physiochemical properties of first and second generation antipsychotic
drugs used to treat schizophrenia.

Haloperidol Olanzapine Lurasidone
Commercial Name Haldol Zyprexa Latuda
Drug Type Typical Atypical Atypical
BCS Classification Il Il Il
Chemical Formula C21H23CIFNO; C17H20N4S C28H36N402S
Molecular Weight (g/mol) 375.9 312.4 429.7
Aqueous Solubility (ug/mL) 14 94 8
Log P 4.3 3.6 5.6
. 10-20 20-160
Typical Dose 0.5-5 mg/8-12 hr me/day me/day
Bioavailability (%) 60-70 60-65 9-19
Half-life (hr) 14.5-36.7 21-54 18

Despite the unique and varied pharmacological profiles of each of the three APDs
described above and summarized in Table 1.1, these and other clinically prescribed APDs
only reduce 13% of the disease burden of schizophrenia. Even if patient compliance to
regimens showed better adherence, three-quarters of the burden would remain
unavoidable based on the extensive limitations of the available therapies. This clearly
demonstrates the need to continue to invest in basic and applied research to further
elucidate the etiology of the disease in order to advance the efficacy of therapeutic

intervention for effective schizophrenia treatment.

1.4 Administration of APDs
1.4.1 Blood-Brain Barrier
The central nervous system (CNS) is comprised of the brain and the spinal cord, two vital

and functionally complex regulatory organs,®” and is one of the most challenging areas to
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effectively and safely access in the body. APDs must enter the brain to produce their
desired therapeutic outcome, making schizophrenia difficult to treat given that access to
the brain is strictly regulated by the blood-brain barrier (BBB).%®°° The BBB consists of
brain capillary endothelial cells connected by tight junctions with no fenestrations and is
responsible for maintaining brain tissue health and function as well as protecting against
dangerous exogenous materials such as pathogens and toxins.’” 1%° The BBB acts a
semipermeable interface to regulate the passage of necessary substances from the
circulatory system into the brain.?? Access to the brain through the BBB is controlled by
the chemical structure of the drug and its ability to bypass efflux pumps.1% Typically, only
small, neutral, lipophilic molecules can freely pass through the BBB, with polar or charged
molecules and larger peptides and proteins much less likely to penetrate the BBB given
that (1) the tight junctions act as physical barrier to passage of more hydrophilic
therapeutics and (2) integrated enzymes within the membrane, such as P-glycoproteins,
act as metabolic barriers that can recognize and degrade or pump out larger hydrophobic
molecules (300-4000 Da in size).?® 102-103 y|timately, the BBB excludes 98% of molecules
from the CNS, severely limiting the ability of drugs and biologics to permeate the brain

and provide diagnostic information and/or therapeutic intervention. 100 104

Several transport mechanisms exist across the BBB. Small, non-polar, lipophilic

substances can passively diffuse (the reason for their enhanced transportability) while
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other lipophilic agents can pass through the endothelial membrane via a transcellular
pathway. Typically, APDs rely on this mode of transport to access the brain due to their
small size and hydrophobicity. The cells within the endothelial layer of the BBB also
possess receptors that aid in the active transport of other nutrients and compounds.
Carrier-mediated transport (CMT) can be exploited by chemically modifying drugs to
mimic substrates of specific transporters, while receptor-mediated transport (RMT)
utilizes vesicular transfer upon recognition of a specific binding ligand to facilitate
endocytosis and transcytosis of molecules. In the latter case, specific transport systems
exist for essential nutrients like glucose, amino acids, purine bases, nucleosides, and other
hydrophilic substances as well as large endogenous molecules such as hormones and
lipoproteins; as such, mimics of these molecules as well as prodrug formulations including
such molecules can help to enable this route of entry. Adsorptive-mediated transport
(AMT) delivers drugs by binding cationic molecules through the electrostatic interactions
with the negative charge of the BBB membrane. This is a unique strategy that does not
affect endogenous cellular process in the way that other drug delivery strategies might,
but is not popular due to off-target effects and toxicity. Although APDs have not been
modified to exploit these mediated routes of transport into the brain, they are useful
strategies that can be applied to enable the transport of different types of drug carriers

across the blood-brain barrier. 9 101
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There are several potential drug delivery methods that can be utilized to bypass the highly
selective BBB. Perhaps the most obvious option is direct entry to the CNS using an
intracranial injection or an intrathecal injection, which places drug solution directly into
the cerebrospinal fluid (CSF). However, these techniques are highly invasive must be
performed by specially trained personnel to prevent infection and edema. In addition, the
formulation must be specifically designed to avoid the use of additives and preservatives
that are found in other injectable drugs as it is being introduced into a highly sensitive
area. 192 Another drawback is that drugs administered to the CSF are rapidly cleared, thus
limiting time for diffusion into the brain.’® As such, current intervention with APDs relies

on more traditional routes of administration.

1.4.2 Oral drug delivery

Oral (per os, PO) tablets are the most accepted and preferred form of drug administration
due to low cost and ease of administration.'% However, the poor water solubility of most
APDs (including those used in this thesis, Table 1.1) limits the rate of dissolution in gastric
fluids and minimizes absorption. Enzymatic degradation within the gastrointestinal tract
and hepatic first pass metabolism that prematurely sequesters the drug also contribute
to the low bioavailability of APDs.1% In order to ensure sufficient bioavailability of APDs
by the time the circulatory system delivers the drug to the brain, large doses must be
taken to overcome clearance mechanisms.'” Disintegrating tablets are easier for patients

to take and have faster absorption, but ultimately have similar bioavailability.1%® Despite
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the faster onset of action, administration challenges remain when a patient is acutely
agitated, has difficulty swallowing, or exhibits treatment avoidance (refusal to
swallow/hiding pill).1% Due to the route of delivery and the substantial dose that must be
ingested, chronic dosing of APDs PO is more likely to result in significant negative side
effects that can be neurological or metabolic depending on the APD.>% 1% Adverse side
effects lead to poor patient adherence and demoralization, introducing an additional set
of issues associated with this type of administration. Dose alterations due to variations in
administration can produce adverse effects, leading to a 5-fold risk of relapse and
hospitalization. Introduction of atypical APDs was hoped to boost adherence rates due to
the absence of the severe neurological side effects, but patient compliance to prescription

of this class of APD remains poor.1®

1.4.3 Intravenous drug delivery

Intravenous (IV) administration is an off-label application of APDs; to-date there are no
Food and Drug Administration (FDA) approved formulations of IV-administered APDs.%0-
111 However, in cases where patients present in emergency departments experiencing
psychosis or agitation, IV administration of haloperidol lactate and olanzapine pamaote
has been used for sedation. As with PO administration, low solubility in agueous solution
limits the dose that can be administered in aqueous IV suspensions. *° IV administration

of 5-10 mg OLZ results in sedation within 10 minutes in 50-68% of patients (comparable
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to other sedative drugs) but results in potential hypoxia, mandating an the ability to
continue monitoring the patient when off-label drug administration occurs.''? |V
administration is not always feasible as it requires access and cannulation, which may not
be possible depending on the patient’s state upon admittance to the emergency
department; the safety of both the patient and attending staff must be considered. 19111
Currently, expert consensus is to avoid IV treatments in the assessment and management
of agitation in psychiatry given that use of IV APDs is controversial in the absence of
appropriate safety and efficacy evaluations. Further investigation is needed in order to

secure FDA approval of IV APDs for treatment of acute agitation. 11*

1.4.4 Intramuscular/depot drug delivery

Long-acting injectable (LAI) formats of several typical and atypical APDs have been
approved to help circumvent some of the issues associated with PO administration. LAls
are provided as deep tissue intramuscular (IM) injections once every 2-4 weeks. Such
injections avoid first-pass metabolism and are able to reduce the fluctuations of drug
concentrations in plasma levels compared to PO, thus providing steady state delivery of
APD with more consistent and predictable outcomes over extended times. IM injections
can also employ the minimum effective dose, which has a lower incidence of side effects
and decreases the risk of overdose relative to doses required for PO delivery; coupled
with a reduction in dose deviation enabled by the controlled release properties of the

injections (removing the need to remember to take a pill 1-3% daily), fewer instances of
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acute exacerbations of the disease state are typically observed using IM injections, thus
improving patient quality of life. Correspondingly, LAls have lower rates of relapse,
hospitalization and mortality than PO APDs as well as better adherence.!0% 113-115 |\
administration of LAl APDs is also superior to placebo and has a small but significant
benefit compared to PO APDs in terms of improving psychosocial function, such as the
execution of daily and socio-occupational tasks as well as self-reported well-being,

satisfaction, and quality of life.!1®

Two of the drugs used in this thesis have long-acting IM formulations commercially
available. Haloperidol decanoate, the LAl format of haloperidol, was approved in 1967 as
an IM injection. It is provided as a prodrug in which the haloperidol molecule is attached
to a long-chain aliphatic ester and formulated in sesame oil. Upon injection, it forms a
depot of drug that is slowly dissolved by endogenous plasma esterase in the blood to
release the drug over a period of 2-4 weeks, which is a substantial reduction in the
frequency of administration compared to 1-3x daily PO tablets. The maximal plasma
concentration is observed on day 7, and the elimination half-life is about 3 weeks.”” 117
Alternately, olanzapine pamoate is the LAl formula for olanzapine (approved in 2007 for
IM injection) consisting of a microcrystalline salt of OLZ and pamoic acid suspended in

aqueous solution. Upon injection, the salt complex slowly dissolves into OLZ and pamoic
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acid with a half-life of 30 days. The LAl is used for maintenance treatment, while another

immediate-release IM injectable is available for the treatment of acute agitation. 113117

Although LAIs do have substantial benefits, there are certain disadvantages that cause
patients with schizophrenia to reject this treatment option. IM injections are highly
invasive and painful at the site of administration due to drug leakage causing irritation or
lesions, with the occurrence of nodules, fibrosis and abscesses representing the primary
reason for patients to opt-out of LAIs.1%° There is also substantial infrastructure associated
with administration; injections must be administered by a medical professional in a
setting that is able to maintain safe storage and discard options for needles. In Norway,
there is a mandatory 3 hour observational period after IM injection due to the risk of
delirium/sedation syndrome that occurs in 0.04% of patients receiving LAls. Some
patients also associate stigma with repeated visits to doctor’s offices and prefer the
option to privately self-administer APDs. Due to the slow release nature of LAls, the time
required to reach steady state is prolonged; however, the extended release can also be
problematic when the medication needs to be tapered or stopped if adverse effects need
to be addressed. 1131 |n this respect, an extended release formulation that could be self-
administered but persists for a shorter period of time (i.e. one week instead of one month,

such that any side-effects could be more efficiently corrected) may be more beneficial.
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The ability of LAls to attenuate side effects, improve patient adherence, and decrease the
risks of relapse, hospitalization, and mortality shows that extended release formulas have
an inherent benefit to APD treatment regimens. However, the invasive nature of IM
injections substantially limit the desire to pursue this avenue of treatment, especially
when chronic dosing for a lifetime is required. As such, a route of administration that
continues to exploit the advantages of this type of injection, but removes the problematic
invasiveness is highly desirable and warrants pursuit to further improve the clinical

outcomes of APDs.

1.4.5 Intranasal drug delivery

Intranasal (IN) drug delivery is an alternate route of administration for APD delivery to the
brain that can enhance patient compliance and tolerance. *° It offers the advantage of
having a rapid onset of action and being considerably less invasive than IM injection.%®
The substantial benefit of IN delivery is the ability to bypass the BBB entirely, enabling
direct nose-to-brain transport that considerably enhances APD bioavailability (Figure 1.5).
IN delivery can also avoid hepatic first pass metabolism or systemic clearance, allowing
much lower doses to be delivered in comparison to PO. This substantially minimizes dose-
related neurological and metabolic side effects by minimizing interactions with peripheral
receptors at non-target sites. '8 In order to avoid mucociliary clearance mechanisms

within the nasal cavity, the anterior portion of the cavity (which is devoid of ciliated cells)
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is typically targeted to provide an effective amount of neurologic therapeutic agent
directly to the olfactory epithelium through absorption.'° Delivery to the brain can occur

through two different pathways, which are described in detail in the following sections.

Olfactory Nerve
Pathway Trigeminal Nerve
Pathway

o

Systemic
Circulation

Figure 1.5: Intranasal (IN) drug delivery showing direct transport to the brain and
indirect transport to systemic circulation. Nerves and nerve endings are depicted in
green, while blood vessels are depicted in red. Adapted with permission from Katare et
al., 2017 [50].

Direct pathway
The direct pathway enables drug to be transported rapidly to the brain via different transit
routes depending on the drug’s chemical and physical properties; for 29 of 82 drugs

tested, more than 80% of the administered drug dose was transported to the brain via

the direct pathway. 1?0 Direct nose-to-brain transport can be divided into two distinct
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groups: (1) intracellular transport via either the olfactory or trigeminal nerves that provide
a direct connection between the nasal cavity and the brain; or (2) extracellular transport
that relies upon various types of transcellular or paracellular mechanisms for drugs to

enter the brain (Figure 1.6). 12!

The olfactory nerve pathway provides access to the cerebrospinal fluid (CSF) or brain
parenchyma in the subarachnoid space, or by crossing the synaptic junctions and entering
the output neurons of the olfactory bulbs (OLBs).'??> Drugs must traverse the olfactory
epithelium by internalization into olfactory receptor neurons (ORNs) that are interspersed
amongst support cells.?! Uptake occurs through endocytosis or pinocytosis. The
dendrites of the ORNs extend into the mucus layer while the axons extend through the
lamina propria. Drugs travel along the axon and traverse perforations in the cribriform
plate via the nerve bundle to enter the cranial cavity, which is in contact with the
subarachnoid space; the axons terminate on mitral cells of the OLB for subsequent
distribution into the olfactory tract, piriform cortex and hypothalamus of the brain.?1-123
Olfactory nerves deposit drug into the rostral (anterior/front) region of the brain. This
transneuronal pathway relies on passive diffusion, RMT, and absorptive endocytosis and
is thus very slow, with drug appearing in the CNS 24 hours after IN administration.'?*
Direct transport is also possible following the trigeminal nerve pathway, although it has

been newly identified and is mechanistically less understood. Trigeminal nerve receptors
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are found in the olfactory and respiratory epithelium of the nasal cavity. The perineural
space of the cranial trigeminal nerve interacts with the subarachnoid space, while the
trigeminal nerve deposits in the caudal (posterior/back) of the brain with a small portion
terminating in the OLB.2! This route requires 17-56 hours for drug to appear in the CNS.1%3
Neither of these processes can explain the rapid appearance of drugs in the CSF and brain
commonly observed for small, lipophilic drug and are therefore not likely the

predominant mode of drug transport. 12
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Figure 1.6: Drug delivery pathways through the nasal epithelium to the brain. Drugs or
drug-loaded nanocarriers (compounds) (A) are administered through the intranasal
route, where they encounter the nasal cavity and mucus (B). Olfactory epithelial cells (C;
small dark red circles denote the nucleus) surround and support olfactory sensory
neurons (D; purple circles represent the nucleus) project cilia into (B). In Pathway (1),
compounds are transported intracellularly into the olfactory sensory neuron and reach
the brain (via the olfactory bulb) by travelling along the axon. Compounds can also
travel (Pathway 2) between olfactory sensory neurons (paracellularly) and (C). Olfactory
epithelial cells can uptake compounds (Pathway 3) and transport them transcellularly
across the epithelium. Compounds can also cross the epithelium by travelling between
olfactory epithelial cells paracellularly (Pathway 4). Once across, they can be
transported into blood vessels (H) and enter systemic circulation (Pathway 5). To reach
the brain (Pathway 6) they can travel through the lamina propia (F) and extracellularly
through perineural or perivascular channels to reach the brain. (E) Basal cells (small dark
green circles represent the nucleus); (G) Bowman's gland; (I) olfactory tract and (J)
cribriform plate. Adapted with permission from Katare et al., 2017 [50].
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Extracellular transport uses mechanisms that enable rapid movement between the nasal
epithelial cells and the OLB and other regions.'?! Transcellular transport (used by lipophilic
agents) occurs through the sustentacular cells to the lamina propria. Diffusion or
convection into compartments associated with the nerve bundle perineural space leads
to entry into cranial compartments. Transcellular movement relies on CMT, RMT,
endocytosis or passive diffusion (the latter of which is most likely for hydrophobic
drugs).103 124 Alternately, paracellular aqueous diffusion is the most common external
transport mechanism for water-soluble agents, enabling transport through epithelial tight
junctions and between neighbouring sustentacular cells and/or olfactory neurons by
passive diffusion or solvent drag.'?® 12> Drugs are first absorbed across the olfactory
sustentacular epithelial cells to reach the submucosa and subsequently enter into the
perineural space through loose perineural epithelium or epithelial cell junctions, after
which drug can penetrate the cribriform plate.'?3-124 Extracellular pathways enable drug
detection in the CNS within 0.5-2.5 hours of IN administration.'? It is also likely that drugs
are able to permeate the brain using more than one pathway, enabling an expansion of
the duration of therapeutic onset. Nanoparticles can use these pathways to enter the
brain, provided their size, composition and surface chemistry are designed to facilitate
uptake by one of the mechanisms listed above. Both the intracellular and extracellular
pathways have been shown to support nanocarrier transport to the brain. Small

nanocarriers (<100 nm) or the presence of specific surface ligands that target receptors
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can be exploited to facilitate nanoparticle uptake by these pathways. Additionally, the use
of mucoadhesive excipients to promote retention of drug delivery systems within the
nasal mucosa is thought to enhance the likelihood of nose-to-brain transport by

prolonging the residence time of nanoparticles within the nasal cavity.>®

Indirect pathway

The indirect pathway is an alternate route facilitated by IN administration. Although it is
not the desired primary mechanism for APD delivery to the brain, this route if often
exploited for other drugs that require enhanced bioavailability but not necessarily entry
to the brain to execute their function. If drug is able to remain in the nasal cavity and
avoid enzymatic degradation and mucociliary clearance (which occurs approximately
every 15-20 minutes)' but does not participate in a direct pathway, its ultimate fate is
absorption into the bloodstream via absorption into the capillary blood vessels underlying
the nasal mucosa (Figure 1.7). 124 123-124 Once in the bloodstream, the drug is exposed to
systemic circulation, ultimately leading to complete elimination.?! However, there is a
possibility that drug absorbed into systemic circulation can be transported across the BBB
and enter the brain to execute its intended function.'?3-124 Counter-current transfer
whereby drugs enter the venous blood supply in the nasal cavity and get transferred to
the carotid arterial blood supply for the brain and spinal cord is also possible, although

rare.’?! Given that drug will first pass through hepatic and renal clearance mechanisms
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and induce off-target side effects through peripheral tissue exposure following the
indirect route, this pathway is generally not favorable for APD delivery; indeed, it typically
facilitates lower drug bioavailability and slower onset than IV administration, albeit with
the benefit of avoiding invasive administration. As such, IN delivery of APDs
predominantly exploits the direct pathway of extracellular transport to initiate
therapeutic intervention. A very small fraction of nanocarriers has been reported to
indirectly access the brain, with the likelihood of such transport increased for particles
<50 nm and again facilitated by surface chemistry (including targeting ligands such as

lectins or transferrins that enhance uptake using AMT or RMT.>°

Enzymatic RS
degradatio Mucociliary
clearance

Nasal cavity

Trigeminal
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Figure 1.7: Summary of possible pathways drugs and/or nanoparticles may traverse to
reach the brain and/or circulation. Circumvention of enzymatic degradation and
mucociliary clearance enables the direct passage of drug to the brain via the trigeminal
or olfactory routes. Indirect transport through the blood and/or cerebrospinal fluid (CSF)
may also occur. Ultimate elimination occurs upon entry into systematic circulation
through the blood. Adapted with permission from Illum, 2004 [124].
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1.5 Nanoparticles for Targeted Drug Delivery to the Brain

IN delivery of APDs to the brain is an attractive route of administration because it can
bypass the BBB and minimize drug dose through improved bioavailability, thereby
decreasing the risk of adverse side effects using a minimally invasive alternative for drug
intervention. However, there are two factors that IN administration alone does not
address. The first limitation is the poor aqueous solubility of most APDs, which limits the
concentration of drug that can be administered to the nasal cavity using tissue-
compatible solutions; for example, the administration of oils or low pH solutions required
to solubilize hydrophobic APDs can cause significant irritation and/or permanent damage
to the nasal mucosa and epithelial cells. 26127 The second limitation is the lack of
sustained release, an issue potentially exacerbated with the fast transport of drug into
the brain via the direct IN route. This limitation is particularly critical to address given the
low patient compliance associated with APD administration. Indeed, IM injections that
create depots of APD have favourable clinical outcomes because the minimum effective
dose can be administered and is accompanied by slow drug dissolution to provide long-
term intervention, in turn improving patient compliance and decreasing the occurrence
of side effects. In this context, nanoparticles are attractive drug carriers to: (1) enhance
drug encapsulation by improving drug solubility, enabling large quantities of drug to be
dispersed in solution at concentrations not otherwise accessible; (2) control drug release

kinetics by acting as a barrier to release, enabling drug to remain concentrated in its active
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form at the intended target and thereby maintaining drug concentrations within the
required therapeutic window;?® (3) improve the clinical efficacy of therapeutics by
targeting drugs to specific tissues and cell types, thereby minimizing drug doses and
reducing negative side effects; and (4) enable easy administration of drug into the nose
via low-viscosity solutions using conventional IN administration techniques (e.g. spray or

aerosolization).

A variety of different nanocarrier formulations can be used as controlled drug delivery
vehicles. Dendrimers, micelles, solid lipid nanoparticles (SLNs), and other polymeric
nanoparticles comprised of either natural or synthetic materials have the potential for
large drug uptake while improving spatial and temporal drug release kinetics through
targeting (Figure 1.10).°8 There are several key characteristics nanoparticles must possess
to be administered IN and persist in vivo for prolonged drug delivery. The first key design
consideration is size. Current strategies can engineer particles to precise dimensions with
high monodispersity, which is very important for consistent drug uptake and particle
distribution in vivo. Nanoparticles with average diameters of ~100 nm have the ability to
access specific tissues, while particles that are too small or too large are more easily
identified by the body’s clearance mechanisms and thus accumulate in non-target organs
such as the liver, spleen and kidney. Permeation of the BBB is typically considered a size-

restricted process, with a large majority of the literature reporting that particles <100 nm
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have a greater potential to gain entry to the brain.%® 100 128130 However, particles up to
300 nm have been shown to enable drug delivery to the brain,31-132 although data does
not always clearly portray whether the nanoparticles themselves permeate into the brain
or simply provide a depot for extended free drug diffusion into the brain.’® 133135 As such,
while size does play a critical role in in vivo behaviour, the influence of nanoparticle
composition, structure, and therapeutic uptake are also relevant considerations for drug
delivery system design. Particle morphology is also a tunable parameter that can affect
drug delivery.’3® Spherical nanocarriers are most commonly used for BBB targeted
delivery as they can be easily synthesized and have high surface area to volume ratios for
drug uptake.'®” In comparison to rod-shaped particles, which have larger aspect ratios,
spheres show less accumulation in the liver and lungs.'3® Computer simulations of particle
transportin a blood vessel have demonstrated that rods have greater binding interactions
due to a larger contact area, thereby increasing the likelihood of off-target associations.*°
Rod-shaped particles can also cause disrupted cytoskeleton organization and interfere
with cell adhesion, leading to reduced cell viability;'° it hypothesized this effect is
attributed to the preferred localization of rod-shaped nanoparticles in the cell nucleus
upon uptake, in contrast to spherical micelles and vesicles that tend to remain in the
cytoplasm.4! Spheres also show better apparent permeation of the BBB in comparison to
rods, as it is hypothesized that the extracellular transport mechanisms are more effective

for spherical particles.'*?
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Particle stability is another important parameter to maintain prolonged drug release. For
effective transport, particles cannot aggregate or dissociate upon exposure to mucus,
serum, or blood as this can reduce nanoparticle mobility.1#314* Numerous strategies have
been developed to help maintain nanoparticle stability. The most popular solution is the
incorporation of an inert, hydrophilic, non-immunogenic polymer, such as poly(ethylene
glycol) (PEG), at the nanoparticle surface that acts as a protein-repellent shield to prevent
mucoadhesion and facilitate transport through mucus for uptake into cells.® 143, 145-147
Polyvinyl alcohol and polyvinyl pyrrolidone are other inert polymers commonly used as
capping agents, particularly to mitigate the high surface energies of metallic particles to
prevent aggregation.'*® Surface coatings consisting of biological agents have also been
utilized, including polysaccharides such as chitosan,*° hyaluronic acid,**° and heparin®®?
that typically have good stability in biological fluids, proteins such as albumin, keratin,*>?
transferrin,'>® and lactoferrin®>* that are stable under physiological conditions and endow
both steric and electrostatic stability;*>> and naturally-occurring lipids such as
phosphatidylcholine'>®, cholesterol*>” or exosome-derived lipids!>8-1¢0 that are both non-

immunogenic and non-toxic.

While stability is an important parameter to ensure the drug delivery vehicle reaches its

target area, degradability is necessary for regulating drug release kinetics while also
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ensuring clearance once the particle has completed its intended activity. Drug release is
often dependent on the kinetics of particle degradation and, as such, the biodegradability
of the particle is an important design consideration. Ideally, the method of degradation
will be responsive to the environment in which the drug will be released, avoiding or
minimizing drug leakage in which the drug pre-emptively releases during circulation to
result in inefficient accumulation of therapeutic at the target tissue. A tunable drug
release profile can be controlled via the selection of cross-linker or degradable bonds
incorporated into the nanoparticle structure.!3® 161-162 po|y(lactic-co-glycolic acid) (PLGA)
nanoparticles are commonly selected because the polyester backbone of the polymer is
hydrolytically degradable as well as cleavable upon exposure to esterase and lipase,163-164
prolonging drug release compared to free drug diffusion.® The incorporation of labile
bonds that respond to physiological conditions is also highly attractive for drug delivery
systems. Cleavage of disulfide bonds using either glutathione (GSH) or dithiothreitol (DTT)
is popular because the reduction of these bonds occurs via a bio-orthogonal reaction; for
example, both DTT %> and GSH-mediated'®® degradation has been shown to enhance
release of doxorubicin from disulfide-cross-linked PNIPAM microgels. Particle
degradation can also be mediated by exposure to the acidic environment of lysosomes,
thereby triggering drug release following endocytosis; for example, acid-catalyzed
hydrolysis of the ester bonds within oligo(ethylene glycol methacrylate) micelles has been

demonstrated to enable increased rate of doxorubicin release under intracellular pH
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relative to neutral pH conditions.'®” By exploiting unique cellular conditions to trigger

degradation and enhance drug release, better site-specific drug delivery can be achieved.

The chemical and physical properties of nanoparticles can be tuned to enhance the
uptake of therapeutics of interest; this ensures high drug encapsulation and lowers the
amount of material required to deliver the drug. This is particularly important for highly
hydrophobic APDs given that their poor aqueous solubility prevents drug dissolution in
physiologically-compatible solutions, limiting the available routes of administration for
drug delivery.'%® Increased solubilization of hydrophobic drugs within nanoparticles is a
key attribute of drug delivery vehicles.?> 1%° Formation of nanoparticles consisting of
hydrophobic building blocks such as lipids and hydrophobic polymers can improve APD
entrapment. The lipid core of solid lipid nanoparticles provides ideal conditions to
solubilize hydrophobic APDs and prolong drug release based on the diffusion coefficient
of drug through the lipid matrix. In particular, glyceryl monostearate (HLP*’® and LUR"?)
and glyceryl tristearate (OLZ'’?) have been used to solubilize APDs. Emulsions have also
been formed using anise oil,1’3 soybean oil'’* or Capmul medium chain monoglyceride'”
to enable enhanced solubilization of LUR and, by extension, higher drug loading and
prolonged drug release. Polymeric nanoparticles can also be used in this context, with the
optimization of hydrophobic comonomer content within nanoparticles having been

investigated for enabling APD uptake. For example, increasing the L:G ratio within PLGA
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nanoparticles to favour the more hydrophobic lactic acid has been used to increase
HLP’6-177 and OLZ loading 1°¢ and minimize burst release.'’®
Several different nanoparticle-based materials have been proposed for the IN delivery of

HLP, OLZ or LUR (Figure 1.8). Each formulation has its own benefits and drawbacks, as

discussed in the sections below.

-

Solid Lipid NP Lipid vesicle Emulsion Dendrimer

E

[}
Lectin-functionalized
PLGA NP PEG-PLGA NP Nanocapsule Nanogel

Figure 1.8: Nanoparticles used for the delivery of APDs. (A) Solid lipid nanoparticles with
a solid lipids (brown circle) in the core and different surfactants with hydrophilic heads
(blue and yellow circles) and hydrophobic tails in the core. (B) Lipid vesicles comprised of
a phospholipid bilayer (hydrophilic heads are represented by blue circles and
hydrophobic tails by lines. (C) Oil (brown circle) in water (O/W) nanoemulsion stabilized
with different types of surfactants comprised of a hydrophilic head (blue and yellow
circles) and hydrophobic tail (brown lines). (D) Dendrimers with a hydrophobic core (red
circle) and branches (orange circles), and a hydrophilic surface (blue circles). (E) PLGA
nanoparticle consisting of solid polymer core (blue). (F) PEG (black lines)-PLGA
nanoparticle surface-functionalized with lectin (pitchforks) for targeting and
mucoadhesion. (G) Nanocapsules with a hydrophobic core (orange circle) and hydrophilic
shell (blue circumference). (H) Nanogels made of a water-swollen network of cross-linked
hydrophilic or amphiphilic polymer chains. Adapted with permission from Katare et al,,
2017 [50].
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1.5.1 Lipid-Based Nanoparticles

Lipids are a common material for APDs because they easily solubilize this class of
therapeutic. For example, HLP has been encapsulated in the dense lipid core of solid lipid
nanoparticles (SLNs, Figure 1.8A) based on glyceryl monostearate; IN delivery using the
small (~150 nm) SLNs produced greater and faster HLP concentration in the brain relative
to IP administration.?’® Nanostructured lipid carriers with a similar size (200 nm)
containing LUR administered intranasally also facilitated a much higher drug
concentration; 8x more LUR was detected in the brain and the half-life of elimination was
more than doubled the compared to a PO drug solution, showing the clear advantage of
a nanocarrier in prolonging drug release in vivo.'”® In contrast, much larger (~400 nm
diameter) transfersomal vesicles of phosphatidylcholine consisting of a lipid bilayer
containing surfactant molecules surrounding an agueous compartment (Figure 1.8B)
enabled more OLZ to access the brain when administered IV compared to IN, a result
attributed to the moderate inflammation detected in the nasal cavity that likely led to
rapid carrier clearance to prevent drug penetration.'® Collectively, these results show
that the size of the drug carrier affect the permeability into the brain, with larger vesicles

showing less effective drug delivery.

1.5.2 Emulsions
Emulsions are another popular type of nanoscale drug carrier because they also readily

facilitate solubilization of lipophilic compounds into their formulations (Figure 1.8C).
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Nanoemulsions are kinetically'®? and thermodynamically'®? stable and produce small
globule sizes that are ideal for nose-to-brain transport. Mucoadhesive HLP miniemulsions
(~200 nm) administered IN resulted in drug delivery to the brain at a rate 6x faster and at
a concentration 2-fold greater than facilitated by the equivalent formulation V.18
Nanoemulsions containing OLZ (ONE) and optionally coated with mucoadhesive chitosan
(OMNE) resulted in high brain/blood ratios for up to 8 hours that were markedly greater
than that achieved via IV administration.'#® For the first hour, the ONE showed higher
brain/blood ratios, demonstrating rapid permeation of the mucosa; subsequently, from
2-8 hours, the mucoadhesive formulation produced larger ratios, showing the ability of
mucoadhesion to retain drug-releasing emulsions at the target. Formulation of LUR-
containing nanoemulsions resulted in ~50 nm particles with enhanced drug release in vitro
compared to drug solution, demonstrating the solubilizing effects of the nanoemulsion.#
Spontaneous locomotor activity was examined using each of these formulations (HLP, OLZ
and LUR) to characterize the pharmacodynamics of the IN administered drug. Only acute
time points were collected; data collection began 10-30 minutes after drug dosing and
was only monitored for 5-10 minutes thereafter. The data collected shows that IN
administration enables rapid onset of therapeutic intervention but does not assess
additional long-term time points to demonstrate sustained release and prolonged

intervention.
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1.5.3 Dendrimers

The Mishra group has reported the use dendrimers (Figure 1.8D) based on
polyamidoamine (PAMAM) for haloperidol delivery.>? The tiny (~15 nm), five-generation
dendrimers solubilized 100-fold more HLP compared to the drug’s aqueous solubility;
correspondingly, IN delivery of the HLP-dendrimer formulations required ~6x less drug
than an IP injection of drug solution to produce comparable pharmacological outcomes.
However, the inability to further concentrate the dendrimer dispersions due to
aggregation, coupled with carrier toxicity concerns flagged as potential concerns about
long-term or higher dose use of this carrier, may limit the clinical relevance of this

approach.

1.5.4 Polymer Nanoparticles

Polymer nanoparticles are solid, colloidal systems based on water-insoluble polymers that
can be produced using different synthetic techniques. PLGA nanoparticles (Figure 1.8E)
have been used to fabricate OLZ drug delivery vehicles with sustained in vitro drug release
kinetics and encouraging ex vivo toxicity studies;'% however, this work lacked supporting
in vivo pharmacokinetic and pharmacodynamics data. Work from our group has also
utilized nanoparticles comprised of PEG-PLGA for the intranasal delivery of HLP.>® PEG-
PLGA particles functionalized with lectin groups to promote mucoadhesion (Figure 1.8F)

showed up to a 3-fold increase in HLP concentrations in the brain compared to PEG-PLGA
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nanoparticles or IP administration. However, pharmacodynamics data collected used
conventional doses of drug employed IP that did not reinforce the enhanced
bioavailability of drug administered IN. Two mucoadhesive formulations have also been
reported for IN delivery of OLZ. Chitosan nanoparticles showed slow release kinetics in
vitro but problematic dose-dependent toxicity towards RPMI nasal epithelial cells in
vitro.'®3 Alternately, ampbhiphilic nanocapsules (Figure 1.8G) based on hydrophilic poly(e-
caprolactone) and hydrophobic methyl methacrylate, and surface-functionalized with 2-
(dimethylamino)ethyl methacrylate (DMAEMA) to promote mucoadhesion showed
improvement in PPl within 45 minutes of IN administration using a very low dose of OLZ
(100 pg) in an APO-induced model of schizophrenia. However, the rapid in vitro release
kinetics resulted in 80% drug release in the first 4 hours and complete drug release within
12 hours, indicating that prolonged therapeutic intervention with these nanocapsules is

unlikely. 18

1.5.5 Micro/nanogels

Nanogels are dynamic, soft, deformable, gel-like structures consisting of cross-linked
water-soluble polymers (Figure 1.8H). Thus, nanogels have an interior matrix that renders
them highly permeable and able to swell, making them fascinating structures for drug
delivery.’® Their highly tunable properties include high colloidal stability in aqueous

conditions, flexibility, functionality, and biodegradability.’® Nanogel size can be
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controlled during synthesis by adjusting the concentration of initiator, surfactant, and/or
the ratio of co-monomers, the extent of cross-linking, the solvent and/or the reaction
temperature.'®’ Size significantly affects bioavailability, with moderate sizes between 70-
200 nm ideal for avoiding clearance by various in vivo mechanisms.'®8 Physical dimensions
are also strongly influenced by the balance between osmotic pressure and polymer
elasticity; cross-linking, which may be through chemical bonds or physical interactions,
helps the formation of discrete particles by driving polymer collapse and also controlling
swellability.'8%-1%° Nanogel colloidal stability is also attributed to cross-linking as it ensures
that the nanogel structure is retained without undergoing dissolution in a favourable
solvent (such as aqueous physiological conditions).18> 18, 191-192 The most unique
characteristic that distinguishes nanogels from other nanoparticles is the ability to swell,
creating a pliable, elastic structure that leads to longer in vivo retention times and
reduced accumulation in the liver.?*® Swelling behaviour, which allows nanogels to adapt
their size and shape, is influenced by the chemical compostion of the nanogel, the
architecture of the matrix (degree of cross-linking), and external triggers imparted by the
surrounding environment.'8> 189 191 The stimuli-responsive nature of nanogels is in
particular a unique property of this particle type. Response to changes in solvent, pH, ionic
strength, redox potential, temperature, and/or light (amongst other factors) can be
integrated into the chemistry of nanogels to manipulate physiochemical properties such

192

as swelling, permeability, flexibility, and hydrophilic/hydrophobic balance;'°? in turn,
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these changes can be employed as a strategy to enable drug uptake, control drug release,

and facilitate nanogel degradation. 16°

For drug delivery applications, high loading capacity and sustained release profiles are
integral properties of the nanogel system. The interior mesh-like network of polymer is
ideal for encapsulation, which can be enhanced by nanogel swelling to provide an
enlarged cargo space for drug encapsulation. 1# 1°3 Nanogels enable high drug loading
capacity because their composition can be tuned to improve a molecule’s affinity for the
particle; spontaneous drug loading through electrostatic, van der Waals or hydrophobic
interactions can be promoted by selecting appropriate functional groups for
incorporation into the polymer backbone. 18 18 For APD delivery, the incorporation of
hydrophobic pockets within the nanogel structure can solubilize the drug within an
otherwise highly hydrophilic structure. % %2 Drug release occurs by different
mechanisms, with some combination of diffusion, nanogel degradation, and/or external
stimuli regulating release kinetics. *¥° Incorporation of labile bonds into the polymer
backbone or cross-links can facilitate degradation in response to external triggers, leading
to both nanogel erosion (essential for ultimate clearance) and triggered drug release. 8%
191 Nanogels also offer key properties to promote the delivery of therapeutic cargos
through physiological barriers. 186 191 For the purpose of APD delivery via the IN route, a

nanogel that can maintain the appropriate hydrophilic/hydrophobic balance is crucial to
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prevent entrapment within the nasal mucosa while also promoting affinity for the cell
membrane to enable embedment within the lipid bilayer of the epithelium,46 194-157

ultimately promoting drug release within the target area and minimizing off-site

interactions to reduce the likelihood of adverse side effects.

Nanogels have been used for the encapsulation of hydrophobic drugs such as the anti-
convulsant phenytoin'®®, anti-cancer drugs temoporfin,'®® doxorubicin (DOX),200-201
paclitaxel,?°? and curcumin®>?% 203 35 well as fluorescent molecules used for imaging such
as pyrene?%4, In most cases, incorporation of a hydrophobic moiety within the otherwise
hydrophilic nanogel structure was utilized to improve drug affinity for the nanogel; for
example, naphthalene physically cross-linked into nanogels based on the glucan
schizophyllan?®® and PEG-b-PGA polymers hydrophobically modified by conjugating L-
phenylalanine methyl ester hydrochloride and cross-linking with cystamine to create a
hydrophobic ionic core 2°! have both been demonstrated to enable effective DOX
encapsulation. Using a similar approach, 11-amino-1-undecanethiol hydrochloride was
conjugated to the hyaluronic acid backbone to create an amphiphilic nanogel capable of
loading curcumin and modulating controlled release through cleavage of a disulfide
bond,**° acetylation of a self-assembled ulvan nanogel was demonstrated to enhance
curcumin solubility,?%® and the addition of isopropylideneglycerol to a self-assembled

PEG-based nanogel was demonstrated to improve the solubility of PTX.2°2 Finally,
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incorporation of phenytoin and pyrene both relied on the physical structure of their
respective nanogel; increased cross-link density within a PNIPAM nanogel entrapped

198 ‘while pyrene preferentially localized within the hydrophobic core of a star

phenytoin
cross-linked nanogel. 2%* More complex strategies for enhancing drug affinity have also
been reported. For example, a specific designer peptide sequence was conjugated to a
polyglycerol-based nanogel synthesized using nanoprecipitation to facilitate temoporfin
encapsulation 1% Although different molecules are selected depending on the target

molecule, the strategy to create reservoirs for drug uptake by altering the chemical or

physical properties of the nanogel are shared.

IN delivery of nanogels has also been explored for CNS conditions such as Alzheimer’s, 2%
206 depression,?®” and lymphoma?®, Insulin delivery for Alzheimer’s has been reported
using poly(N-vinvyl pyrrolidone)-co-acrylic acid nanogels prepared using electron beam
irradiation of aqueous polymer solutions. Insulin was conjugated to the nanogel using
EDC/sulfo-NHS chemistry to facilitate amide bond formation.29>-2% An in vitro BBB model
showed that free insulin, nanogels, and insulin-loaded nanogels could traverse brain
endothelial cells,?% while pharmacocokinetics studies show localization of fluorescently-
labelled insulin in the olfactory bulb, cortex and hippocampus 30-60 minutes post-IN
administration of loaded nanogels.?% Alternately, ionic gelation was used to prepare

alginate/calcium nanogels using an inverse emulsion templating approach to encapsulate
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the anti-depressant icariin; suspension of these nanogels in poloxamer solutions helped
to control both icariin and nanogel release kinetics, leading to gradual entry into the brain
as confirmed by fluorescence tracking. 2°7 lonic gelation was also utilized to create cationic
chitosan/pentasodium triphosphate electrostatically cross-linked nanogels containing
methotrexate for lymphoma treatment via IN delivery. Quantification of the drug
administered with and without nanogel in the brain revealed that the nanogel enhanced
drug entry into the brain compared to the free solution, suggesting that the nanogel
helped to retain the drug at the target site. 2°® The IN route is also popular for vaccine
administration using nanogels.'®* 209211 Catjonic cholesterol group-bearing pullulan has
been extensively utilized to generate nanogels formed via physical interactions that can
deliver a variety of antigens and adjuvants through hydrophobicinteractions. The cationic
charge facilitates adherence to the nasal epithelium to prolong nanogel retention and

enhance antigen/adjuvant uptake, 194 209211

Despite the promising findings from the above studies utilizing nanogels to aid in IN
delivery of various therapeutics, there have only been two reported two instances of
nanogels used for the encapsulation of APDs (specifically olanzapine),!3% 212 neither of
which examined IN administration as the intended route for therapeutic intervention.
Both nanogels were chemically cross-linked using N,N’-methylene bisacrylamide (MBA),

a conventional, non-biodegradable cross-linker. The PNIPAM nanogel had a low OLZ
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loading content of 2 wt% and showed biphasic release with a burst of 40% within the first
2 hours and complete release within 2 days (Figure 1.9A). Although the nanogels
appeared non-cytotoxic towards NH 3T3 fibroblasts (Figure 1.9B), the lack of well-defined
degradation products formed is problematic for clinical applications. 2! The most recently
proposed nanogel formulation utilizes poloxamer-407 co-polymerized with 2-acrylamido-
2-methylpropane sulfonic acid (AMPS) (Figure 1.10A). Increased OLZ loading was
observed as the concentrations of each nanogel component were increased, while
increasing the cross-linker concentration reduced nanogel swelling and decreased drug
uptake (Figure 1.10 B). Dissolution studies confirmed the enhanced solubility of OLZ in
the nanogels compared to OLZ tablets (Figure 1.10 C), and no cytotoxicity or weight gain
was associated with administration after two weeks of daily 40 mg/kg doses compared to
a control cohort.’3* However, the absence of controlled release data, a clear mechanism
to enable degradation, and in vivo behavioral data demonstrating effective transport of

drug to the brain over an extended period limits the translation of these formulations.
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Figure 1.9: In vitro performance of PNIPAM nanogels for olanzapine delivery. (A) In vitro
OLZ release in 37°C PBS pH 7.4 stirred at 100 rpm. (B) Evaluation of NH 3T3 mouse
embryonic fibrolast cell viability using the MTT assay after 24 and 72 hours of OLZ-nanogel
treatment. Adapted from Pervaiz et al., 2016 [212].

A
il 7 Po o o
o || I | H HC i
HO /| o ok 2 dNKS~OH+C’NV NN
a b a H CH, 6 H H
Poloxamer-407 AMPS MBA
B C
L %°
%° ~fe =
o ... “e” %° 5 1
O 0 0 €0 Q. O < ¢ 3
0 — wdw0 — 2
Ooo M O"bo.o e %e° g
V"o ., ¥ Z
" <~
0a0)
< VY
0 10 20 30 a0 50 60 70
Nanogels upon contact Drug release due to swelling Time (Min)
Longed Nenogets with aqueous media of Nanogels ——K1 K2 —a—K3 K4 ~#=K-5 ~0—K-6 —+—K-7 —@=Reference product

Figure 1.10: Synthesis of poloxamer-407-co-AMPS nanogels and in vitro dissolution
behaviour. (A) Schematic of nanogel components including poloxamer-407 (polymer),
AMPS (monomer) and MBA (cross-linker). (B) In vitro swelling upon dissolution in aqueous
media prompts OLZ release. (C) OLZ dissolution from nanogel formulations (K1-K7)

compared to OLZ tablet (reference product). Adapted with permission from Khan et al.,
2020 [134].
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Although these studies provide preliminary evidence for the potential of nanogels to act
as APD delivery systems, they lack particular design considerations to circumvent the
known limitations of nanogels such as hydrophilicity and degradability. In addition, there
is a clear lack of data in the literature on the transport of nanogels following IN delivery
as well as their potential to enable prolonged therapeutic efficacy. As such, we believe
there is a significant opportunity to implement novel modifications to improve APD

intervention using nanogel-based delivery systems, a topic this thesis aims to address.

1.6 Thesis Objectives

The distinct properties of nanogels that distinguish them from conventional nanoparticle
drug delivery systems can be leveraged to create powerful drug delivery systems for
APDs. The opportunity to improve the bioavailability of poorly-water soluble APDs using
a non-invasive route of administration, combined with the possibility to minimize the
dose required for treatment and thus reduce the risk of adverse side effects associated
with these therapies, is a significant benefit of nanoscale drug delivery systems. In
addition, the advantage of sustained drug release imparted by a nanogel will be
investigated to determine if prolonged therapeutic intervention is possible. The proposed
drug delivery systems have the potential to improve patient adherence to drug regimens
relying on APDs for the effective treatment of schizophrenia and will be investigated using
preclinical animal models to determine their safety and efficacy for potential translation

to clinical applications.
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Chapter 2 describes the precipitation polymerization of poly(oligoethylene glycol
methacrylate) (POEGMA) nanogels containing hydrophobic domains based on co-
polymerization with either butyl methacrylate (BMA) or methyl methacrylate (MMA).
These nanogels are synthesized using ethylene glycol dimethacrylate (EGDMA) as the
cross-linker to impart pH-responsive degradability. Nanogels containing various amounts
of either hydrophobic co-monomer are investigated for the uptake of lurasidone, aiming
to enhance its solubility and improve its bioavailability by using an alternative route of
administration that does not require gut-mediated absorption. The nanogel formulation
showing the highest drug loading capacity is examined in vitro for biodegradability and
cytotoxicity. In vivo pharmacodynamics studies are then conducted to evaluate the
efficacy of LUR-loaded nanogels to attenuate locomotor hyperactivity in a rodent model
of schizophrenia. Nanogel pharmacokinetics are investigated to determine nanogel fate

in vivo.

Chapter 3 explores our ability to improve the stimuli-responsive nature of the
hydrophobized POEGMA nanogels. The disulfide-containing cross-linker 2-hydroxyethyl
disulfide diacrylate is used to introduce a redox responsive moiety within the cross-linker
and is investigated for its potential to augment biodegradability and enhance drug release
kinetics. Additional nanogel formulations are synthesized to further elucidate the role of

hydrophilic/hydrophobic balance in nanogel-based delivery systems. Haloperidol
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encapsulated within three distinct nanogel formulations was then used to examine the
dose-dependent response of IN administered HLP-containing nanogels in two
pharmacodynamics studies, tracking both locomotion and catalepsy. Encapsulation and
delivery of haloperidol, which has previously been delivered IN using different
nanoparticle-based systems, demonstrates the advantages of using a nanogel to lower
drug dose and prolong therapeutic intervention compared to more conventional “hard”

nanoparticle drug delivery systems for hydrophobic drugs.

Chapter 4 explores a different technique to synthesize degradable POEGMA nanogels for
biomedical applications. Thermoresponsive POEGMA polymers with aldehyde or
hydrazide functionality are utilized for the rapid, all-aqueous self-assembly of hydrazone
cross-linked nanogels. The ability to control nanogel size and population dispersity is
investigated by interchanging the core and cross-linking polymers and varying the
qguantity of core polymer, cross-link ratio, and reaction temperature relative to the core
polymer’s lower critical solution temperature. Multivariate statistical analysis is used to
analyze the nanogels’ properties in response to these variables. The ability to scale up the
self-assembly process and retain nanogels with ideal properties for biomedical

applications is demonstrated.
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Chapter 5 utilizes the optimized variables established in Chapter 4 to synthesize POEGMA
nanogels with hydrophobic domains derived via the co-polymerization of oligo(lactic acid
methacrylate) (OLAMA) into the hydrazide-functionalized precursor polymer. The
precursor hydrazide-functionalized polymers containing OLAMA are first optimized to
have lower critical solution temperature (LCST) values in an accessible range for self-
assembly. The self-assembled nanogels are loaded with olanzapine via both post-
synthesis soaking and direct loading via nanogel self-assembly and analyzed based on
their degradability, drug release potential, and cytocompatability. Delivery of olanzapine
demonstrates how the unique soft and elastic characteristics of nanogels enable APD
delivery to the brain using larger (>100 nm) nanoparticles than typically reported for this
application. The therapeutic efficacy of the IN administration of self-assembled OLZ-
loaded nanogels is evaluated by quantifying rodent PPl response in a MK-801 induced
model of schizophrenia. As this behavioural response is highly conserved between
rodents and humans, the ability to restore PPI using olanzapine, a clinically-prescribed

APD, reinforces the potential for clinical translation of this novel technology.

Chapter 6 summarizes the overall conclusions derived from the research described herein

and proposes future experiments that can further the potential of this work in the field

of nanogel-based drug delivery systems.
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2.1 Abstract

Lurasidone is an atypical antipsychotic drug (APD) with distinct pharmacological features
that address the positive, negative and cognitive symptoms associated with
schizophrenia. However, lurasidone has very limited aqueous solubility, leading to slow
dissolution and poor absorption upon oral administration. Herein, we utilize nanogels, a
class of soft, deformable nanocarriers, modified with hydrophobic domains via
copolymerization of either butyl methacrylate (BMA) or methyl methacrylate (BMA) to
promote lurasidone uptake. Up to ~3 wt% lurasidone loading can be achieved in nanogels
prepared with 10 mol% BMA while maintaining high cytocompatability with SH-SY5Y
neuronal cells. Intranasal (IN) administration of nanogels loaded with a low dose (0.75
mg/kg) of lurasidone achieve significant behavioural changes in the locomotor activity of
a preclinical rodent model of schizophrenia, responses achieved only with a 3 mg/kg dose
of lurasidone when delivered intraperitoneally (IP). IN-administered nanogels remain
localized to the nasal tissue for at least two days, with minimal accumulation in clearance
organs. This hydrophobized nanogel drug delivery system thus has promising clinical
potential as a minimally-invasive alternative for the delivery of hydrophobic APDs to the

brain.
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2.2 Introduction

Antipsychotic drugs (APDs) are typically prescribed as oral tablets for ease of
administration because chronic psychotic disorders require continuous drug intervention
for effective treatment. However, the implementation of advanced drug discovery
methods has led to the identification of new, highly potent therapeutics with increasing
likelihood of poor water solubility."? Currently, 70% of new drug discovery candidates
demonstrate low aqueous solubility and belong to class Il and IV of the Biopharmaceutical
Classification system3® with 40% of new compounds requiring additional formulation
modification to circumvent insolubility.> >® Lurasidone (LUR), a highly hydrophobic (log P
=5.6),” atypical APD, was approved in the last decade for the treatment of schizophrenia,
a neurological disease that affects 1% of the global population.® Clinical prescription of
oral lurasidone tablets (20-160 mg/day)®? is accompanied with the direction to consume

350 kcal of food to improve absorption,*!

as only 9-19% of administered drug is
bioavailable due to poor dissolution and substantial first-pass metabolism.% 12 Despite its
limited bioavailability, lurasidone has unique pharmacological features; it is a potent
antagonist of dopamine D, and serotonin 5-HT.a and 5-HT; receptors, a modest
antagonist of noradrenergic aa and ayc receptors, and a partial agonist of 5-HT;
receptors, which represents a highly favourable clinical profile.!®> In particular, unlike

typical APDs that can cause severe extrapyramidal neurological side effects'# and other

atypical APDs that are known to produce metabolic side effects,! this receptor binding
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profile enables potent antipsychotic, anti-depressant, and anxiolytic-like effects in
addition to providing procognitive benefits with minimal adverse side effects. 19 13 As
such, the development of effective delivery strategies to make lurasidone bioavailable
without requiring co-administration with food is critical to unlock its clinical potential,
particularly for its target schizophrenic patient population whose symptoms render it

challenging for patients to comply with this dietary directive. 1112

Several strategies have been explored to enhance the oral bioavailability of lurasidone.
Crystal modifications,” inclusion complexes with cyclodextrin,’® nanosuspensions,!’*°
self-micro/nano- emulsifying drug delivery systems?%2* and solid lipid nanoparticles®®
have all been proposed to improve the in vivo performance of lurasidone by enhancing
its solubility and thus accelerating its pharmacokinetics. Although improving the
dissolution rate enhances the oral absorption of lurasidone and can produce comparable
pharmacokinetics in both the fed and fasted states,?® studies have yet to determine if
rapid dissolution leads to greater systemic exposure or receptor occupancy, both of which

can lead to toxicity or contribute to the negative side effects of APDs.

Intranasal (IN) drug delivery is an attractive alternative to oral administration of APDs
because direct nose-to-brain transport improves drug bioavailability by circumventing

both first-pass metabolism and the blood-brain barrier?® in addition to eliminating any
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absorption restrictions imposed by food effects. Nanoparticles are commonly used in IN
drug delivery of hydrophobic compounds based on their potential to solubilize such drugs
while retaining the potential for facile administration (via spray or drops) into the nose.
Lipid-based nanocarriers,?” micelles 2 and nanoemulsions®® have been investigated for
their potential to enable nose-to-brain delivery of lurasidone. Interestingly, all of these
nanoparticles explored to-date have shown enhanced release kinetics compared to pure
lurasidone, indicating that the benefits of such vehicles are exclusively in terms of
enhancing drug solubility rather than enabling controlled release. As such, such studies
do not fully demonstrate the enhanced bioavailability enabled by direct nose-to-brain

transport achievable using nanoparticle-mediated IN delivery.

Nanogels, solvent-swollen networks of cross-linked polymers, are attractive drug delivery
systems for IN delivery due to their potential to increase drug delivery across cellular
barriers and respond to environmental stimuli to trigger controlled drug release and
particle degradation.3%32 Unlike conventional hard nanoparticles, nanogels have the
inherent benefit of swelling but retaining their stability in biological fluids due to physical
and/or chemical cross-links, resulting in a soft and deformable particle that can traverse
cell membranes and enable passage through the nasal mucosal barrier to promote direct

nose-to-brain transport.33
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Nanogels have been previously demonstrated as effective drug carriers due to their small
and highly controllable sizes and highly hydrophilic interface that suppresses non-specific
protein adsorption and thus promotes extended circulation times;3* furthermore, the soft
deformable structure of a nanogel has been demonstrated to further prolong circulation
times, result in reduced accumulation in the spleen, and enhance the potential for
transport across biological barriers.3> The inherent hydrophilicity of nanogels requires
their chemical modification to enable efficient solubilization of hydrophobic drugs,
typically via the incorporation of hydrophobic comonomers into the nanogel phase.?” The
nanogels designed herein for lurasidone delivery consist of copolymers of oligo(ethylene
glycol) methacrylate (OEGMA), acrylic acid (AA) and either butyl methacrylate (BMA) or
methyl methacrylate (MMA) fabricated via free radical precipitation polymerization.
POEGMA has been demonstrated by our group and others383° to be a highly hydrophilic
protein-repellent and non-immunogenic polymer that imparts excellent swelling
properties and steric stability to the nanogel while the BMA/MMA comonomers enable
the creation of hydrophobic nanodomains (via self-assembly) within the nanogel to
augment lurasidone loading. Nanogels were demonstrated to be both slowly degradable
under physiologically-relevant conditions and cytocompatible to a neuronal cell line,
while in vivo studies in a rodent model of schizophrenia demonstrated that low doses of
nanogel-encapsulated lurasidone induce significant behavioural changes by enhancing

drug bioavailability via the nose-to-brain route and facilitating prolonged release.
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2.3 Experimental

2.3.1 Materials

Anhydrous acrylic acid (AA, 99%), butyl methacrylate (BMA, 99%), 1,3-diaminopropane
(299%), diethylene glycol methyl ether methacrylate (M(EO).MA, n=2 ethylene oxide
(EO) repeat units, 95%), esterase from porcine liver (68.9 U/mg), ethylene glycol
dimethacrylate (EGDMA, 98%), methyl methacrylate (MMA, 99%), N-
hydroxysuccinimide (NHS, 98%), potassium persulfate (KPS, 299.0%), sodium acetate
(299%) and sodium dodecyl sulfate (SDS, 299.0%) were purchased from Millipore Sigma
(Oakville, ON) and used as received. N’-ethyl-N-(3-dimethylaminopropyl)-carbodiimide
(EDC, 99%) was purchased from AK Scientific (Union City, CA). Cyanine5-NHS ester (Cy5)
was purchased from Lumiprobe (Hunt Valley, MD). Lurasidone (99%) was purchased

from MedKoo Biosciences (Morrisville, NC).

2.3.2 Nanogel synthesis

POEGMA nanogels were synthesized using precipitation polymerization. To synthesize
nanogels containing 10 mol% hydrophobic comonomer, M(EO),MA (1.51 g, 8 mmol), AA
(90 uL, 1 mmol), EGDMA (90 pL, 0.5 mmol), SDS (60 mg, 0.2 mmol), BMA (165 pL, 1 mmol)
or MMA (111 pL, 1 mmol), and 145 mL DIW were added to a 250 mL two-neck round
bottom flask . The flask was attached to a condenser and stirred at 350 rpm while the

contents were purged with N2 gas for at least 30 minutes. The flask was submerged in a
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90°C oil bath and allowed to heat up for at least 10 minutes. KPS (61.5 mg, 0.2 mmol) was
dissolved in 5 mL of DIW and injected into the heated reagents using a syringe to initiate
the polymerization (Scheme 2.1). After 4 hours of polymerization, the reaction was
terminated by exposing the product to air. The cooled product was transferred to 3.5-5
kDa molecular weight cut off (MWCO) tubing for purification by dialysis against DIW (six
cycles of 6+ hours). Purified nanogels were stored in aqueous suspension at 4°C.
Gravimetric analysis was used to determine the polymer content of the purified nanogel
suspension. A similar process was followed to synthesize nanogels containing different
guantities of hydrophobic comonomer (Table 2.1).

Diethylene glycol methacrylate Acrylic acid Butyl methacrylate Ethylene glycol dimethacrylate

(M(EO),MA) (AA) (BMA) (EGDMA)
Q
/ + / + / + | o
— — — Y e
0, HO d ‘ o qe.l A
2 g oSS o
o) T 3
s or
HiCO Methyl methacrylate

(MMA)
_s/_
\

Scheme 2.1: Synthesis of hydrophobized POEGMA based-nanogels. Precipitation
polymerization of diethylene glycol methacrylate (M(EO),MA) with acrylic acid (AA),
either butyl methacrylate (BMA) or methyl methacrylate (MMA), and ethylene glycol
dimethacrylate (EGDMA) as the cross-linker in the presence of sodium dodecyl sulfate
(SDS, surfactant) and potassium persulfate (KPS, initiator) yields small, monodisperse
nanogels containing BMA or MMA hydrophobic domains.
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Table 2.1: Chemical synthesis of nanogels containing different mol% ratios of BMA and
MMA.?

Hydrophobic Comonomer Content BMA MMA
(mol%) (L) (L)
0 0 0
5 78 52
10 165 111
15 261 175

3 All polymerizations were performed at 90°C in 150 mL Milli-Q water. Acrylic acid (90 pL,
1 mmol), ethylene glycol dimethacrylate (90 uL), sodium dodecyl sulfate (60 mg, 0.02
mmol) and potassium persulfate (61.5 g, 0.02 mmol) were kept constant in all batches.
2.3.3 Synthesis of cyanine-5 labeled nanogels

Fluorescently-labeled nanogels were prepared for in vivo pharmacokinetic studies using
a fluorescent labeling protocol adapted from the literature.*%#? First, the carboxylic acid
groups from the AA within the nanogel formulation were converted to amino groups by
preparing a 50 mL suspension of 10 mg/mL 10% BMA nanogels in 10 mM PBS, pH 7.4,
after which a 10-fold molar excess of EDC (140 mg, targeted to functionalize 20% of the
AA groups) and 44 mg of NHS (final concentration of 5 mM) were added and mixed using
magnetic stirring (350 rpm) at room temperature for 30 minutes. Subsequently, a 10-fold
molar excess of 1,3-diaminopropane (48 uL) was added to the solution and allowed to
react for 4 hours. The resulting solution was placed into a 3.5-5 kDa MWCO membrane
and dialyzed against DIW (six cycles of 6+ hours). The dialyzed solution was collected and
measured to determine the volume; gravimetric analysis was used to determine the
polymer content. The purified nanogel solution was then mixed with concentrated PBS to

create a 10 mg/mL nanogel solution in 10 mM PBS. Following, a 10 mM solution of Cy5
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was prepared in DMF and 355 pL of the dye solution was added to the nanogel solution
(targeting 0.5% functionalization (1:200) of the introduced amino groups) and reacted for
4 hours at room temperature under magnetic stirring (350 rpm) in a tin foil-wrapped
vessel to protect from light exposure. The resulting Cy5-labeled nanogels were purified
by dialysis as described above. The polymer content of the fluorescently-labeled nanogel
suspension was quantified by gravimetric analysis, and the final nanogel suspension was

stored at 4°C in a tin-foil wrapped container to prevent any photodegradation.

2.3.4 Nanogel characterization

Dynamic light scattering (DLS) using a Brookhaven NanoBrook 90Plus Particle Size
Analyser equipped with a 659 nm laser configured at a 90° angle and running BIC Particle
solutions software (Version 2.6, Brookhaven Instruments Corporation) was used to
measure the effective nanogel diameter. Nanogel solutions ranging from 1-10 mg/mL
were prepared to result in a count rate ranging from 500-600 kcps. Phase Analysis Light
Scattering (PALS), using the ZetaPlus zeta potential analyzer (Brookhaven Instruments
Corporation), was used to measure the electrophoretic mobility of nanogels in 10 mM
KCIl. Five measurements were recorded for each sample, with results presented as the
average * one standard deviation. Conductometric base-into-acid titration (ManTech Inc.)
was used to measure the acrylic acid content of the nanogels by titrating a 1 mM NacCl

solution containing 1 mg/mL nanogel with 0.1 M NaOH.
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2.3.5 Determination of lurasidone drug loading capacity and encapsulation efficiency

Lurasidone was dissolved in methanol at a concentration of 1 mg/mL and placed on a
shaking vortex for at least 1 hour. A solution of nanogel (25 mg) was centrifuged at 18 000
rpm for 30 minutes using an Allegra 64R benchtop centrifuge (Beckman Coulter Canada,
Mississauga, ON). The nanogel pellet was re-dispersed in 2 mL of the lurasidone solution
and placed on a shaking vortex for 24 hours. This dispersion was centrifuged (as above),
and the supernatant was collected. Lurasidone loading was determined by analyzing the
supernatant absorbance at 318 nm using a Cary 100 Bio UV-vis spectrophotometer
(Varian Inc.). Triplicate measurements were performed for each nanogel, with the
average + one standard deviation reported. Drug uptake was quantified by the drug

loading capacity (DLC, Equation 2.1) and the encapsulation efficiency (EE, Equation 2.2).

D Loading C oy = Mass of drug loaded 100% (2.1)
g Loadng Lapactty = Troral nanogel mass * °
) o Mass of drug loaded (2.2)
Encapsulation Ef ficiency = x 100%

Mass of total drug added

2.3.6 In vitro nanogel degradation and stability

Nanogel responses to different physiological conditions were monitored using DLS as
described above. A 1 mg/mL solution of 10% BMA nanogels was prepared in (1) 10 mM
phosphate buffered saline (PBS), pH 7.4 (stability test); (2) 20 U/mL esterase, pH 7.4

(enzyme-catalyzed hydrolytic degradation); (3) 100 mM acetate buffer, pH 4.5 (acid-
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catalyzed hydrolytic degradation) or (4) 100 mM HCI, pH 1 (accelerated acid-catalyzed
hydrolytic degradation). The response was monitored at 37°C to assess nanogel size and
count rate as a function of time. The light intensity was maximized prior to the first
measurement and maintained constant throughout the full time course of experiments,
with measurements conducted for 2 minutes every 15 minutes for a total of 12 h. After
24 hours, the samples were characterized by nanoparticle tracking analysis (NTA) using a

Malvern NanoSight LS10 instrument (Version 3.2, NTA software).

2.3.7 In vitro cytotoxicity

Nanogel cytocompatability was evaluated using SH-SY5Y neuronal cells cultured in
DMEM-F12 media supplemented with 10% FBS, 1% penicillin/streptomycin and 1% L-
glutamine (ThermoFisher Scientific, Burlington, ON). Cells were plated into the wells of a
96-well plate at a cell density of 4 x 10* cells per well and allowed to adhere for 24 hours,
after which they were incubated for 48 hours with concentrations over the range of 14-
115 mg/mL nanogel or lurasidone-loaded nanogel (LUR-nanogel). Cell metabolic activity
was determined by incubating the treated cells with (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (MTT) (ThermoFisher Scientific) for three hours and
subsequently measuring the absorbance of each well at 570 nm using a Tecan Infinite
M200 Microplate Reader. The average cell viability relative to a non-treated cell-only

control is presented (n=4 + one standard deviation).
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2.3.8 Animal procurement and care

The in vivo response to 10% BMA nanogels was evaluated using male Wistar Hans rats
weighing 250-300 g upon arrival from Charles River (St. Constant, QC). The rats were
housed at the McMaster University Central Animal Facility with ad libitum access to food
and water in a reverse 12 h light/dark cycle room. Animal testing protocols were approved
by the Animal Research Ethics Board of McMaster University (Animal Utilization Protocol

18-06-27) in compliance with the Canadian Council on Animal Care.

2.3.9 Pharmacodynamics of lurasidone-loaded nanogels

Rats were administered IN with 10% BMA nanogels prepared at concentrations
corresponding to 0.75 mg/kg lurasidone, with the nanogel mass administered calculated
based on the measured DLC. Two negative controls were prepared: (1) IN saline with IP
saline; and (2) an equivalent concentration of empty (non-drug loaded) nanogels was
administered IN followed by IP saline. Two positive controls were also executed: (1) a MK-
801 cohort received IN saline; and (2) a nanogel/MK-801 cohort was dosed IN with empty
nanogel. Drug administration occurred 60 minutes prior to behavioural testing. Intranasal
administration was conducted on rats (n=6 per group) anesthetized using isoflurane. Two
rounds of administration were conducted, with 30 pL of nanogel suspension first pipetted
into each nostril, the rat returned to the anesthetic chamber for 1-2 minutes, and a

second round of 30 pL administrations then dosed to each nostril (120 pL total volume
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administered); rats were maintained under anesthesia for less than 5 minutes in total. To
safely recover from the anesthesia, rats were placed in an empty recovery chamber prior
to being returned to their home cage. To assess the effect of administration pathway, rats
(n=6 per group) alternately received intraperitoneal (IP) doses of LUR-nanogel containing
0.75 mg/kg or 3 mg/kg lurasidone using a single injection with a volume corresponding to
2 mL/kg. To induce the schizophrenia model, rats were dosed with 0.35 mg/kg MK-801
via IP injection immediately before behavioural testing. Locomotion was measured using
VersaMax Open Field Activity Monitoring computerized locomotion chambers (AccuScan
Instruments Inc., Columbus, OH) equipped with infrared sensors to monitor three-
dimensional movement based on photo beam breaks. Prior to testing, rats were
habituated to the chambers. Movement tracking began immediately after MK-801
dosing; the total displacement reported occurred 21-180 minutes after tracking began to
account for rats to acclimatization to the chambers and the full induction of the MK-801

schizophrenia model.

2.3.10 Pharmacokinetic studies of IN administered Cy5-nanogels

To assess the biodistribution of the IN-administered nanogels, Cy5-labeled nanogels were
administered IN to rats as described for the pharmacodynamics study (2 x 30 uL aliquots
of a 15 wt% nanogel suspension per nostril, total volume administered = 120 uL). At time

points of 3, 24 or 48 hours post-administration, rats (n=4/time point) were heavily
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anesthetized using isoflurane and decapitated. The nasal tissue, olfactory bulb (OLB),
brain, lungs, liver, kidneys and spleen from each animal were collected, wrapped in plastic
wrap, placed in individual wells of a 6-well plate wrapped in tin foil, and frozen at -80°C.
To assess the Cy5-nanogel biodistribution in each tissue, samples of each tissue were
weighed and homogenized in ice-cold PBS to prepare 15 wt% solutions. Aliquots of each
sample (200 uL, n=4) were added to the wells of a 96-well plate and analyzed for Cy5
fluorescence (660/680 nm excitation/emission) using a Tecan Infinite M1000 microplate

reader (ThermoFisher Scientific).

2.4 Results and Discussion

2.4.1 Nanogel synthesis and characterization

POEGMA nanogels were synthesized using thermally-initiated free radical precipitation
polymerization. Co-polymerization with either BMA or MMA introduces hydrophobic
domains into the nanogel to improve the affinity of hydrophobic drugs for nanogel
uptake. A small quantity (5 mol%) of AA was also copolymerized to impart functional
groups to enable post-synthesis fluorescent labeling and enhance the colloidal stability of
the hydrophobized nanogels. EGDMA was selected as the cross-linker to facilitate the
slow degradation of the nanogels; the ester bond connecting the cross-linker and
comonomer side chains to the polymer backbone can be cleaved through hydrolytic (low

pH) or enzymatic (esterase) mediated reactions. These formulations yield small (65-87
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nm), monodisperse (PD <0.08) and colloidally stable populations of nanogels (Tables 2.2
and 2.3). Incorporation of 5 mol% increments of the hydrophobic comonomers causes
gradual nanogel deswelling leading to smaller particle sizes (Figure 2.1), with the BMA-
containing nanogels showing higher deswelling consistent with the longer alkyl side chain
of BMA relative to MMA (i.e. four carbons compared to one carbon). Incorporation of
hydrophobic co-monomer beyond 15 mol% yielded unstable formulations that were
prone to aggregation, indicating a balance must be maintained between the hydrophobic
and hydrophilic components of the nanogel to retain colloidal stability. The slightly
negative mobility values are consistent with the incorporation of ionized AA groups into
the nanogel.

Table 2.2: Effective particle diameter, polydispersity (PD) (from DLS) and

electrophoretic mobility (from PALS) of nanogels containing various amounts of BMA
comonomer. Average values (n=5) + one standard deviation are presented.

BMA Diameter PD Mobility
Mole % (nm) (n/s)/(V/cm)
0 862 0.05+0.04 -0.78 £0.22
5 801 0.04 £0.01 -1.42+£0.20
10 733 0.08 £0.03 -0.63+0.16
15 651 0.06 £0.02 -0.33+0.41

Table 2.3: Effective particle diameter, polydispersity (PD) (from DLS) and
electrophoretic mobility (from PALS) of nanogels containing various amounts of MMA
comonomer. Average values (n=5) + one standard deviation are presented.

MMA Diameter PD Mobility
Mole % (nm) (n/s)/(V/cm)
0 862 0.05+0.04 -0.78 £ 0.22
5 871 0.06 £0.02 -0.60+0.22
10 8516 0.07 £0.02 -0.66 £ 0.30
15 764 0.04 £0.03 -0.51+0.31
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Figure 2.1: Logarithmic intensity-based size distribution from DLS of (A) BMA nanogels
or (B) MMA nanogels containing either 0 mol% (black), 5 mol% (blue), 10 mol% (green)
or 15 mol% (red) hydrophobic comonomer.

2.4.2 Drug loading capacity and encapsulation efficiency of lurasidone

Lurasidone uptake in the different nanogel formulations was assessed to determine how
the incorporation of hydrophobic domains within the nanogel affects drug loading.
Passive diffusion was used to carry out drug loading; given the limited solubility of
lurasidone in water (8 ug/mL), the drug was dissolved at a concentration of 1 mg/mL in
methanol, a solvent which can also re-disperse (and swell) the nanogels. The drug loading
capacity (DLC, wt%) and encapsulation efficiency (EE, %) of each formulation are
presented in Table 2.4. The BMA nanogels consistently show larger drug loading than the
MMA nanogels, consistent with the higher hydrophobicity of the BMA monomer residues
providing a more favorable binding site for the binding of lurasidone. Both the BMA and

MMA nanogels show improved drug uptake as the hydrophobic comonomer content is
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increased up to 10 mol%; however, the 15 mol% nanogels show decreased drug loading,
suggesting that lurasidone uptake is governed by a balance between the generation of
hydrophobic domains (increased at higher MMA/BMA content) and maintaining sufficient
nanogel swelling to allow free drug diffusion into the nanogel (reduced at higher
MMA/BMA content). Based on these results, the 10% BMA nanogel that enabled the
highest lurasidone encapsulation with among the smallest particle sizes (promoting
biological transport) was selected for the subsequent degradation, cytotoxicity, and

animal efficacy studies.

Table 2.4: Drug loading capacity (DLC) and encapsulation efficiency (EE) of lurasidone
in nanogels prepared with 0-15 mol% BMA or MMA. Average values (n=3) + one
standard deviation are presented.

Hydrophobic BMA MMA
Comonomer DLC EE DLC EE
Mole % (wt%) (%) (wt%) (%)
0 21+01 262 2.1+0.1 26+2
5 25+0.1 31+1 1.7+0.3 21+6
10 2.8+0.1 35+1 2.5+0.1 32+2
15 24+0.1 30+1 09+0.1 11+1

2.4.3 In vitro nanogel degradability and stability

Nanogels amenable for drug delivery need to remain stable during storage, drug loading
and administration but then degrade over time in response to in vivo stimuli. The
degradation of the EGDMA-cross-linked nanogels herein would primarily be mediated by

cleavage of the ester bonds within the EGDMA cross-linker, a process potentially
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accelerated by the cleavage of the ester bonds linking the OEGMA side chains to the
polymer backbone that would generate carboxylic acid residues on the polymer backbone
that can induce nanogel swelling. To assess the performance of the hydrophobized
nanogels in this context, nanogel stability in various physiological conditions was
monitored over a 12 hour period using DLS and quantified by examining the particle size
and count rate relative to the initial (t=0 h) nanogel measurements (Figure 2.2). After 1
and 7 days of incubation in the various conditions, NTA was used to measure the particle
size distribution (Figure 2.3). The stability of 10 % BMA nanogels in 10 mM PBS, mimicking
the most simplistic physiological conditions, does not result in any change in particle size
or count rate for the duration of the 12 hour measurement period. Exposure to 20 U/mL
esterase at pH 7.4 did not cause a change in nanogel diameter; however, the count rate
of the solution did increase upon introduction of the enzyme, which can be attributed to
the presence of the 162 kDa molecule causing additional light scattering. The large size of
the enzyme sterically limits its ability to penetrate the nanogel, thereby minimizing its
capacity for degradation. Moderate degradation occurred upon incubation of the 10%
BMA nanogels in the pH 4.5 buffer (mimicking the acidic environment of lysosomes that
can uptake nanogels**%°), as reflected by the slight increase in particle size accompanied
by a substantial decrease in particle count rate consistent with cross-link cleavage; further
reduction in pH to pH 1 (accelerated degradation conditions) correspondingly showed

rapid and substantial increases in nanogel size coupled with the largest decrease in
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particle count rate. Analysis of the suspensions using NTA after 24 hours one day (Figure
2.3A) and one week (Figure 2.3B) of incubation in each respective condition provided
additional insight into the nanogel response. After 24 hours, the nanogels suspended in
10 mM PBS maintain their unimodal and monodisperse particle size distribution; in
contrast, nanogels exposed to degradation conditions have broader and multimodal size
distributions consisting of both smaller particle sizes (corresponding to degraded polymer
fragments) and larger particle sizes (corresponding to swollen nanogels and/or nanogel
aggregates formed as the degradation process alters the colloidal stability of the nanogel),
with the acid-degraded samples also exhibiting substantially lower total particle counts
consistent with particle degradation. After one week, minimal hydrolytic degradation
caused some broadening of the size distribution of nanogels incubated in PBS (Figure
2.3B), although the turbidity of the suspension was not significantly different (see inset
photos in Figure 2.3A and 2.3B). In comparison, for the acid degradation samples,
significant reductions in the turbidity are observed in conjunction with more broadening
in the particle size distribution consistent with continued degradation. As such, the lead
nanogel is degradable under physiologically-relevant conditions. Note that complete
degradation of the nanogels will produce short chains of poly(ethylene glycol) and
poly(methacrylic acid), both of which have been approved by the FDA in independent

settings.*6-48
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Figure 2.2: Degradation and stability of EGDMA cross-linked 10% BMA nanogels. (A)
Normalized effective diameter and (B) normalized count rate (both relative to the t=0 h
measurement) over 12 hours at 37°Cin (1) 10 mM PBS, pH 7.4 (blue); (2) 20 U/mL
esterase, pH 7.4 (enzymatic degradation - green); (3) 100 mM acetate, pH 4.5 (hydrolytic
degradation-purple) or (4) 100 mM HCI, pH 1 (accelerated hydrolytic degradation-red).
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Figure 2.3: Particle size distribution of nanogels incubated in mimics of physiological
conditions using nanoparticle tracking analysis (NTA). (A) After 1 day and (B) after 7
days at 37°C in either in (1) 10 mM PBS, pH 7.4 (blue); (2) 100 mM acetate, pH 4.5
(hydrolytic degradation-purple) or (3) 100 mM HCI, pH 1 (accelerated hydrolytic
degradation-red).

2.4.4 In vitro cell compatibility

Nanogel cytocompatability of the lead 10% BMA nanogel was assessed by quantifying the
metabolic activity of SH-SY5Y cells using an MTT assay. Cells were exposed to different
concentrations of nanogels or lurasidone-loaded nanogels (LUR-nanogel) at
concentrations corresponding to those required for in vivo IN drug administration. The
cell viability, relative to a non-treated cell only control, was assessed after 48 hours of
exposure to the different nanogel treatments. For all cell treatments, the relative viability

of nanogel-exposed cells relative to cell-only controls was >1, indicating good

cytompatibility of the nanogels with cells in vitro (Figure 2.4). As POEGMA is known to be
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a cytocompatible polymer,3% 4° these results reinforce that these nanogels have potential

for in vivo use without toxic effects.
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Figure 2.4: SH-SY5Y neuronal cell viability measured via an MTT assay after 48 hours of
exposure to empty nanogels (blue) or lurasidone-loaded nanogels (LUR-nanogel,
green) at in vivo-administered concentrations relative to a non-treated cell control.
Error bars represent standard error of n=4 samples.

2.4.5 Locomotor activity

The pharmacodynamics of lurasidone delivered in 10% BMA nanogels was examined in
male Sprague-Dawley rats using a MK-801 induced model of hyperlocomotor activity that
is broadly used as a preclinical model of the positive symptoms of schizophrenia. Rats
were dosed with nanogel IN 60 minutes prior to testing at a concentration corresponding

to a lurasidone dose of 0.75 mg/kg as calculated based on the measured DLC (Table 2.3,

corresponding to ~80 mg/kg nanogel); after one hour, IP MK-801 injections (0.35 mg/kg)
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were subsequently administered immediately before transferring the rats to the
chambers to induce the schizophrenic model. Two negative control cohorts of rats
received either IN saline followed by IP saline administered in place of MK-801 (Saline),
or the same IN dose of (unloaded) 10% BMA nanogel again followed by IP saline (NG). Rat
locomotion was then tracked over a total of 160 minutes, with data recorded beginning
20 minutes after placement in the chamber to allow for activation of the MK-801 model
and acclimatization of the rats to the chamber. In these rats, the total distance travelled
was ~3 500 cm over the tracking period; no significant differences were observed between
the two negative control groups (p>0.9999). Two positive control cohort of rats received
either IN saline and 0.35 mg/kg MK-801 (MK-801) (model induced but no therapy) or IN
nanogel with MK-801 (NG/MK-801) (model induced and only empty nanogel
administered). In these rats, locomotion increased to ~50 000 cm over the tracking period,
a 14-fold greater distance than the negative control groups (p<0.0001); this result is
consistent with MK-801 inducing schizophrenia-like hyperlocomotion. The presence of
the empty nanogel has no influence on the locomotion response (p=0.9982 between MK-
801 and NG-MK-801 positive control groups) (Figure 2.5), confirming that the nanogel

itself does not alter the behavioural response of the rats.

Intranasal administration of nanogel loaded with 0.75 mg/kg lurasidone in MK-801 dosed

rats (IN 0.75 LUR/MK-801) significantly reduced locomotion relative to the NG/MK-801
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group (p=0.0015); furthermore, in comparison to the negative control (NG) study, the
locomotion in this group was not significantly different (p=0.1689). This confirms that IN
administration of a low dose of lurasidone has therapeutic efficacy, as it can attenuate
the effects of MK-801 to a degree that the rats exhibit behavior comparable to that
observed with healthy animals. To elucidate if this low drug dose is equally efficacious
using an alternative route of administration similarly independent of the food effects
associated with absorption via the oral route, rats were given an IP dose of nanogel
containing 0.75 mg/kg lurasidone (IP 0.75 LUR/MK-801). The total distance travelled in
this test group was not significantly lower than the NG/MK-801 treated rats (p=0.2009)
but (unlike the IN dose applied at the same concentration) significantly higher than that
observed for the control rats (p=0.0089); instead, IP administration of 3 mg/kg LUR-
nanogel (IP 3 LUR/MK-801) was required to achieve both a statistically significant
difference from the NG/MK-801 test group (p<0.0001) and an insignificant change relative
to the negative control cohort (p=0.584). As such, the extent of recovery when low dose
LUR-nanogel is administered IP is significantly less effective than that achieved following
IN delivery, showing the clear advantage of direct nose-to brain transport in enhancing

the bioavailability of lurasidone.

In comparison to previous studies examining the impact of emulsion-encapsulated IN

lurasidone on locomotor activity??, the nanogel-based drug delivery system achieves
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effective behavioral changes in a relevant preclinical model of schizophrenia using 5.4x
less drug coupled with prolonged behavioural attenuation over at least 160 minutes
consistent with controlled release from the nanogel; in the prior study cited, locomotion
was only quantified over a 10 minute period. Interestingly, IP administered nanogels also
showed promising intervention, although 4-fold more drug was required to produce
comparable effects to the IN administration. As IP-administered formulations must enter
systemic circulation and the nanogel and/or the released drug must ultimately permeate
the BBB to enable effective behavioral modification, we hypothesize that the 10% BMA
nanogels have the desirable small size and soft, deformable mechanical properties to
prolong circulation, avoid nonspecific accumulation in larger organs,>® and/or promote
BBB transport, all of which would increase the probability that lurasidone reaches its
target in therapeutically-relevant quantities. However, the direct-to-brain access enabled
by the IN pathway further enhances bioavailability and thus enables the use of lower
doses of lurasidone (0.75 vs. 3 mg/kg) to produce similar behavioral outcomes. Smaller
doses require less nanogel carrier, minimizing the potential for accumulated polymer

toxicity upon frequent re-administration on a timescale faster than nanogel degradation.
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Figure 2.5: Locomotor activity of male Wistar Hans rats dosed 1.33 hr prior to
movement tracking. Rats received either saline (negative control), 10% BMA nanogels
alone (negative control), MK-801 only (positive control), NG/MK-801 (positive control),
10% BMA nanogels loaded with 0.75 mg/kg lurasidone administered IN or IP followed by
MK-801, and 10% BMA nanogels loaded with 3 mg/kg lurasidone administered IP
followed by MK-801. Error bars represent standard error with ** p<0.01, *** p<0.0001,
and **** p<0.0001 for the indicated pairwise comparison via ANOVA with Tukey post-
hoc test.

2.4.6 Biodistribution

To assess the fate and distribution of 10% BMA nanogels in the body after IN
administration, nanogels were fluorescently-labeled with cyanine5 (Cy5). The carboxylic
acid groups of the AA comonomer incorporated into the nanogel were first converted into
amino groups using 1,3-diaminopropane followed by conjugation of those amino groups

with Cy5-NHS using EDC-mediated carbodiimide chemistry. Cy5-nanogels were then
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administered IN at a concentration of 150 mg/mL; this larger dose was administered
based on the apparent non-toxicity of the nanogel in the behavioural study such that the
lowest possible detection thresholds for the presence of nanogel in different clearance
organs could be achieved. Rats were sacrificed 3, 24 and 48 hours after administration;
tissues were subsequently collected, homogenized and analyzed for their fluorescence
content to measure the quantity of nanogel in each tissue (Figure 2.6). The nasal tissue
showed by far the largest fluorescence intensity at all three time points examined, with
little variability up to at least 48 hours and minimal fluorescence observed in any other
organ (Figure 2.6). This high degree of nasal retention strongly suggests the formulation
is able to overcome mucociliary clearance and mucus layer turnover that occurs
approximately every 20 minutes,®® consistent with the ability of the small and soft
nanogels to rapidly permeate the mucus layer. Smaller particles in the nanoscale range
are less likely to be entrapped in the mucus mesh,>? while a dense surface coating of low
molecular weight poly(ethylene glycol) (PEG, the composition of side chains in the
nanogels) has been shown to aid in the rapid penetration of highly viscoelastic mucus.>*>
The use of a nanogel rather than a more hydrophobic nanoparticle (e.g. solid lipid
nanoparticle or emulsion) is also likely beneficial in this context, as hydrophobic
interactions with mucous can lead to entrapment and subsequent clearance of
nanoparticles.>* Given the almost exclusive retention of the nanogels in the nasal tissue,

and in particular the lack of fluorescence detected in the olfactory bulbs and the brain,
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uptake of the lurasidone-loaded nanogels by nasal epithelial cells (and the subsequent
role of those cells as a drug depot to enable prolonged lurasidone delivery via the nose-
to-brain pathway) is likely the main driver of drug release in this system rather than nose-
to-brain transport of the nanogels themselves; this result is consistent with examples of
nanogel uptake by the nasal epithelium after IN administration in prior studies.>>>’ This
could enable administration of larger doses of drug at less frequent intervals, which can
be clinically advantageous as patient compliance to frequent dosing regimens is often
ineffectual. The spleen is the only organ to show minor fluorescence, consistent with its
role in filtering nanoparticles of size <100 nm that enter systemic circulation;3® however,
the transient nature of the small increase in spleen nanoparticle concentration
(disappearing by 48 hours without a corresponding decrease in nasal concentration)
coupled with the lack of fluorescence detected in the lung, liver and kidneys suggest that
these nanogels do not collect in the typical organs, at least on the time scale of the
therapeutic utility of the nanogels. As such, IN administration of nanogels can be
exploited for direct nose-to-brain transport of hydrophobic therapeutics with the

potential for prolonged release behavior.
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Figure 2.6: Biodistribution of Cy5 fluorescently-labeled 10% BMA nanogels
administered intranasally at a concentration of 15 wt%. Tissues and organs were
collected after 3 hours (blue), 24 hours (green) and 48 hours (purple) and were analyzed
for fluorescence after homogenization.

2.5 Conclusions

POEGMA-based nanogels functionalized with hydrophobic domains based on
copolymerization of BMA can effectively deliver the poorly-water soluble APD lurasidone.
The small size (<100 nm) of the nanogels enabled effective biological transport, while the
incorporation of hydrolytically-labile functional groups in the cross-linker enabled
degradation of the nanogels over time. 10% BMA nanogels showed high in vitro
cytocompatability with SH-SY5Y neuronal cells, while in vivo administration of a low drug
dose (0.75 mg/kg) lurasidone-loaded 10% BMA nanogel resulted in significant attenuation

of hyperlocomotor activity in a MK-801-induced rodent model of schizophrenia when
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administered via the nasal route. Biodistribution studies revealed that the nanogels
remain almost exclusively localized to the nasal tissue for at least 48 hours post-IN
administration without accumulation in typical clearance organs. Collectively, these
results demonstrate the potential of hydrophobized nanogels to deliver therapeutically-

relevant doses of hydrophobic APD to the brain.
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3.1 Abstract

Delivery of therapeutics to the brain to treat central nervous system (CNS) disorders,
including schizophrenia, is challenging due to the highly impenetrable blood-brain barrier
(BBB). Nanoparticle-based drug delivery systems administered intranasally can improve
the bioavailability and efficacy of therapeutics. Herein, degradable poly(oligoethylene
glycol methacrylate) (POEGMA)-based nanogels containing hydrophobic domains of butyl
methacrylate (BMA) or methyl methacrylate (MMA) are utilized as non-invasive carriers
for the poorly-water soluble antipsychotic drug (APD) haloperidol to treat schizophrenia.
The nanogel formulations are tailored to exhibit small particle sizes with narrow size
distributions ideal for nose-to-brain delivery through the nasal epithelium while showing
capacity to encapsulate up to 15 wt% haloperidol. The inclusion of a biodegradable
disulfide cross-linker promotes haloperidol release upon nanogel erosion into low
molecular weight polymer fragments that can be cleared in vivo. The nanogels show no
significant cytotoxicity to SH-SY5Y neuronal cells, while intranasal administration of
haloperidol-loaded nanogels effectively induces catalepsy and decreases locomotor
activity in male Sprague-Dawley rats using a haloperidol dose one half of that typically
administered intraperitoneally to induce similar effects. By decreasing the required APD
dose, the associated adverse effects (e.g. extrapyramidal side-effects) of clinically
prescribed APDs can be limited to improve patient compliance to their therapeutic

regimen.
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3.2 Introduction

Schizophrenia is a chronic and debilitating mental disorder that globally affects about 1%
of the population (21 million individuals).! Patients may suffer from hallucinations or
delusions (positive symptoms), social withdrawal or depression (negative symptoms)
and/or difficulty with memory, recall and attention span (cognitive deficits).>3 As there is
no known cure for schizophrenia, the current standard for medical intervention relies on

a class of small molecule compounds known as antipsychotic drugs (APDs).*>

Haloperidol (HLP), otherwise known as (4-[4-(4-chlorophenyl)-4-hydroxypiperidin-1-yl]-1-
(4-fluorophenyl)butan-1-one, is a first-generation, typical APD listed on the World Health
Organization’s (WHO) list of essential medicines for its role in treating psychotic
disorders.6® When administered at low doses, haloperidol is a potent dopamine D>
receptor antagonist and also binds ai-adrenergic receptors to modulate positive
symptoms; when administered at high doses, haloperidol binds to 5-HT, receptors to
regulate negative symptoms.® Haloperidol is conventionally administered orally, with the
resulting first-pass metabolism limiting the quantity of drug that can be delivered to the
brain;1%! the presence of the blood-brain barrier (BBB) restricts access of the remaining
haloperidol dose to the brain.*? As such, to achieve clinically-relevant concentrations in
the brain, haloperidol must be administered in chronically high doses, leading to

undesirable neurological side effects (including severe extrapyramidal side effects such as
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tardive dyskinesia) that may persist even after treatment is withdrawn.? 1316 As a result,
patient adherence to orally-administered haloperidol regimens is often low, leading to

poor treatment outcomes and limiting haloperidol’s long-term utility as an APD.17"18

The relatively high hydrophobicity of haloperidol (log P= 3.36) limits its potential dosage
forms, as dissolution requires very low pH or solvents that are not physiologically
compatible. 1219 As such, haloperidol is an excellent candidate for encapsulation in a drug
delivery vehicle that can improve its bioavailability while reducing the risk of
extrapyramidal side effects, ultimately enabling reduced drug dosing due to better APD
targeting and localized sustained release. Several different materials and strategies have
been employed to enhance the delivery of haloperidol, but all have certain drawbacks.
Prodrug approaches in which haloperidol is conjugated to a lipophilic decanoate chain
through a degradable ester bond?° or a hydrophilic low molecular weight poly(ethylene
glycol) graft (PEG, > 6 kDa) through a non-degradable carbamate linkage?! enable
prolonged local haloperidol activity but require invasive injections (intramuscular for the
decanoate graft and intracranial for the PEG graft) that limit their practical utility.
Strategies to create polymer implants, matrixes, films and most recently 3D printed
tablets that entrap haloperidol have also been proposed.?>?> However, many of these
systems require invasive surgeries or result in the rapid release of haloperidol in vitro,

limiting clinical utility.

121



Ph.D. Thesis — Madeline Simpson McMaster University—Chemical Engineering

Nanoparticles are attractive drug delivery vehicles for APDs because their physiochemical
properties can be specifically tailored to increase drug uptake, targeting and release.?®
Nanoparticle compositions can be engineered to enhance drug solubility (enabling
different routes of drug administration), protect against premature degradation
(improving drug bioavailability) and meter diffusion-based release of the drug (to control
drug release kinetics).2”-22 The most popular polymer drug delivery vehicle for haloperidol
encapsulation is based on poly(lactic acid) (PLA), poly (glycolic acid) (PGA) or their
copolymer (PLGA). Cheng et al. used the emulsification-solvent evaporation technique to
create micron scale (0.8-8 um) PLGA particles with broad size distributions that enabled
moderate uptake of haloperidol (5-10 wt%) and prolonged drug release (>55 days)
without a substantial initial burst.?’ PLGA nanoparticles have also been synthesized using
a similar technique followed by sonication to produce nanoscale particles on the order of
200 nm. Increasing the L:G ratio in the constituent PLGA polymers increased the
haloperidol loading to 2 wt% by enhancing hydrophobic interactions between the
polymer and drug, while optimization of the surface functional groups and particle size
enabled relevant reductions in burst release while extending overall release .3%-32 Despite
the substantial optimization efforts, none of the formulations were tested in vivo to
elucidate their therapeutic effects. Very small (<50 nm) haloperidol-loaded self-
assembled micelles based on PEG-b-PLA have also been reported by directly conjugating

haloperidol to the polymer to create a prodrug and/or encapsulating free haloperidol in
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the PLA micelle core. The prodrug formulation has limited drug loading (3.5 wt%) while
the polymer alone physically encapsulates up to 20 wt% free drug; however, chronic
intraperitoneal (IP) delivery of these micelles was less effective at inhibiting locomotor
activity relative to a comparable acute dose of HLP alone, likely due to rapid sequestration
of the micelles to non-target organs due to their small size.33-3* Polysorbate nanocapsules
have also been investigated for HLP delivery, enabling high encapsulation efficiencies of
>95% and comparable inhibition of locomotor activity to free haloperidol when injected
IP in chronic dosing studies.?>3¢ However, only acute effects (<2 h) were tested, while
effective antipsychotic effects over prolonged periods would be strongly preferred

clinically.

Given the penetration challenges associated with any kind of therapeutic (drug or
nanovehicle) through the BBB, alternate non-invasive routes of drug administration to the
brain are attracting increasing interest.3”-3% Intranasal (IN) “nose-to-brain” delivery can
bypass the BBB via direct or indirect transport pathways that project into the brain,
thereby avoiding hepatic first-pass metabolism and enhancing drug bioavailability.4%-4?
However, there are to-date only a limited number of studies investigating the intranasal
delivery of haloperidol-loaded nanocarriers. IN delivery of solid lipid nanoparticles (SLNs)
with high drug loading content (25 wt%) enabled the delivery of haloperidol with

significantly higher brain/blood ratios and larger/faster maximum drug concentrations
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(Cmax) relative to IP delivery,*? while haloperidol-loaded miniemulsions showed nearly 2-
fold greater haloperidol levels in the brain achieved six times faster with IN administration
compared to IV administration. 4 In previous work from our group, Piazza et al.
demonstrated that conjugating PEG-PLGA self-assembled nanoparticles with lectin
groups that can specifically bind to nasal epithelial cells increased haloperidol
concentrations in the brain up to 3-fold compared to non-functionalized IN-administered
particles or IP administration.** Katare et al. intranasally administered 15 nm dendrimers
that more rapidly produced comparable pharmacodynamic outcomes while using ~6
times less drug than an IP injection of free haloperidol., albeit with significant carrier
toxicity concerns at higher dose levels.?> Combined, these studies demonstrate the
benefits of exploiting the intranasal route to improve the efficacy of nanoparticle-based
haloperidol therapeutics. However, the faster transport to the brain enabled by the IN
delivery is typically offset by faster clearance, with smaller particles (e.g. dendrimers)
clearing particularly quickly while larger “hard” nanoparticles achieve more limited
uptake via the IN route and thus require larger overall drug dosages that limit the degree

to which side-effects can be avoided.

Herein, we describe a nanogel formulation that is chemically and physically tailored to
enhance haloperidol uptake and improve its in vivo pharmacodynamics following IN

delivery. We have recently used a strategy for hydrophobic nanogel fabrication based on
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the precipitation copolymerization of diethylene glycol methacrylate (M(EO)2MA), acrylic
acid (AA) and either butyl methacrylate (BMA) or methyl methacrylate (MMA) to yield
small (<100 nm) nanogels with narrow size distributions (polydispersity (PD) <0.1) and
hydrophobic domains via BMA or MMA self-association that can significantly enhance the
uptake and control the delivery of another APD, lurasidone. Herein, we adapt this strategy
to effectively deliver haloperidol via IN delivery. The use of a redox responsive disulfide
cross-linker enables stimuli-triggered drug release while also addressing the long-term
toxicity concerns associated with the use of conventional precipitation-derived nanogels
that are typically not degradable in vivo. The nanogels are demonstrated to enable IN
delivery of haloperidol while significantly improving its bioavailability in a rodent model
at substantially lower drug concentrations than required via IP administration, thus
offering potential to reduce the quantity and frequency of dosing, minimize the
associated negative side effects, and ultimately improve patient compliance to an APD-

based treatments.
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3.3 Experimental

3.3.1 Materials

Diethylene glycol methacrylate (M(EO),MA, n =2 ethylene oxide (EO) repeat units, 95%),
oligo(ethylene glycol methacrylate) (OEGMAsqp, n = 8-9 EO repeat units), butyl
methacrylate (BMA, 99%), methyl methacrylate (MMA, 99%), anhydrous acrylic acid (AA,
99%), acryloyl chloride (97%), esterase from porcine liver (68.9 U/mg), 2-hydroxyethyl
disulfide (technical grade), L-glutathione reduced (GSH, 298%), potassium persulfate (KPS,
>99.0%), sodium acetate (299%), sodium dodecyl sulfate (SDS, 299.0%) and Tween 80
were purchased from Millipore Sigma (Oakville, ON) and used as received. Haloperidol
(98.2%, ApexBio) was purchased from Cedarlane (Burlington, ON). Deionized water (Milli-
Q H;0) was purified using the Millipore Simplicity System (Millipore, Bedford, USA) prior

to use. All other reagents were analytical grade and used without further purification.

3.3.2 Synthesis of 2-hydroxyethyldisulfide diacrylate cross-linker

The degradable cross-linker 2-hydroxyethyldisulfide diacrylate (HEDSDA) containing a
disulfide bridge was synthesized. Anhydrous DCM (300 mL) and triethylamine (36 g, 0.36
mol) were added to a 500 mL two-neck flask and subsequently placed under nitrogen into
an ice bath. Subsequently, 2-hydroxyethyl disulfide (25 g, 0.16 mol) was added, followed
by the dropwise addition of acryloyl chloride (32 g, 0.36 mol). The reaction proceeded

under magnetic stirring at 350 rpm for 8 h. The crude product was then filtered, rotary
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evaporated to remove the solvent, and washed three times with 1 M NaHSO4, twice with
0.1 M NaxCOs, and once with brine. The final HEDSDA product was dried using MgSQOa,

placed under vacuum overnight, and stored at 4°C.

3.3.3 Nanogel synthesis

Free radical precipitation polymerization was used to synthesize hydrophobized POEGMA
nanogels. Nanogels were prepared by varying the ratio of M(EO).MA and OEGMAGsqo as
well as the quantity of hydrophobic comonomer (BMA or MMA). For a nanogel
composition containing only short chain POEGMA and 10 mol% hydrophobic comonomer,
1.5 g of M(EQO);MA (8 mmol) was mixed with acrylic acid (0.09 g, 1 mmol) and either BMA
(0.15 g, 1 mmol) or MMA (0.1 g, 1 mmol) were added to a two-neck round bottom flask
along with HEDSDA (90 pL), SDS (60 mg, 0.2 mmol) and 145 mL of Milli-Q H20. The flask
was attached to a condenser and stirred continuously with a magnetic stir bar at 350 rpm
while the solution was purged under nitrogen for 30 minutes. The flask was then placed
into an oil bath heated to 90°C and allowed to warm up for 10 minutes. A KPS solution
(61.5 mg, 0.2 mmol) in 5 mL of Milli-Q H,0 was prepared in a syringe and injected into the
pre-heated reagents to initiate the polymerization (Scheme 3.1). After four hours, the
reaction was quenched by removing the flask from the heated oil bath and exposing the
contents of the flask to air. The cooled solution was then transferred to dialysis tubing

(molecular weight cut off 3.5-5 kDa) and dialysed against Milli-Q H»O for a total of six (6+
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h) cycles. The nanogels were stored in solution at 4°C. A similar procedure was followed
to synthesize nanogels also containing OEGMAsqo or different quantities of hydrophobic
comonomer (Tables S3.1 and S3.2). Nanogels were labeled based on the code “x%
<hydrophobic comonomer> y:z”, where x is the mole % of the hydrophobic comonomer
used (MMA or BMA) and y:z represents the molar ratio of M(EO);MA:OEGMAsqo used to
synthesize the nanogel. The polymer content of the nanogel solutions was determined
using gravimetric analysis.

M(EO),MA  OEGMAsq, AA BMA HEDSDA

XL §py s
Loy

0 o S

+1 +8,9 5/
or

MMA

{
< <

Scheme 3.1: Synthesis of hydrophobized nanogels containing disulfide cross-linker.
POEGMA-based nanogels, containing varying ratios of diethylene glycol methacrylate
(M(EQ);MA) and oligo(ethylene glycol methacrylate) (OEGMAsq), are copolymerized
with acrylic acid (AA) and either butyl methacrylate (BMA) or methyl methacrylate
(MMA) in the presence of the disulfide-containing cross-linker 2-hydroxyethyl disulfide
diacrylate (HEDSDA) with sodium dodecyl sulfide (SDS, surfactant) and potassium
persulfate (KPS, initiator) to produce hydrophobized nanogels.
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3.3.4 Nanogel characterization

The effective nanogel diameter was measured via dynamic light scattering (DLS) using a
Brookhaven NanoBrook 90Plus instrument running BIC Particle Solutions software
(Version 2.6, Brookhaven Instruments Corporation). Scattering was detected using a 659
nm laser configured at a 90° angle. Nanogel solutions were prepared at concentrations of
1-10 mg/mL in 10 mM PBS, conforming to a count rate of 500-600 kcps. Electrophoretic
mobility measurements were carried out using the phase analysis light scattering (PALS)
mode of the ZetaPlus zeta potential analyzer (Brookhaven Instruments Corporation).
Conductometric base-into-acid titration (ManTech Inc.) was carried out to determine the
degree of acrylic acid functionalization of the nanogels, titrating a 1 mM NaCl solution

containing 1 mg/mL nanogel with 0.1 M NaOH.

3.3.5 In vitro degradation of nanogels

Nanogel degradation was measured in three different degradation buffers to assess the
extent of degradation and characterize the degradation products. A 1 mg/mL solution of
10% BMA 100:0 nanogels was prepared in (1) 10 mM GSH, pH 7.4 (reductive degradation);
(2) 20 U/mL esterase, pH 7.4 (enzyme-catalyzed hydrolytic degradation); or (3) 100 mM
acetate buffer, pH 4.5 (acid-catalyzed hydrolytic degradation). The degradation was
monitored at 37°C using DLS (same configuration as above) to assess nanogel size and

count rate as a function of time. The light intensity was maximized prior to the first
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measurement and maintained constant throughout the full time course of experiments,
with measurements conducted for 2 minutes every 15 minutes for a total of 12 h. After
24 h, the samples were measured via nanoparticle tracking analysis (NTA) using a
NanoSight LS10 instrument (Malvern NTA 3.2 software). The samples were then
lyophilized and resuspended in DMF. To determine the molecular weight of the
degradation products, a Polymer Laboratories PL-50 Integrated GPC System equipped
with a Phenomenex Phenogel Linear LC column (300 x 4.6 mm, 5 um) was operated at
room temperature with 50 mM LiBr in DMF as the eluent. The GPC system was calibrated
using PEG standards from Polymer Laboratories. The samples were injected into the GPC

through at 0.2 um PTFE filter.

3.3.6 Determination of haloperidol loading

An aliquot of solution containing 25 mg of nanogel was centrifuged at 18 000 rpm
(Beckman Coulter) for 20 minutes. The collected nanogel pellet was re-dispersed in 2 mL
anhydrous ethanol containing 2 mg/mL haloperidol. The nanogel/haloperidol solution
was placed on a shaker for 24 h to allow the drug to freely diffuse into the nanogels.
Following equilibration, the dispersion was centrifuged, the supernatant was collected,
and the supernatant was filtered through a 0.2 um PTFE syringe filter. To determine the
qguantity of haloperidol loaded into the nanogels, an HPLC-UV procedure was adapted

from Igarashi et al. using a Waters Alliance 2695 Separation Module with a Nova-Pak C18
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column (4 um particle size, 3.9 x 150 mm). The mobile phase had a solvent composition
of 10 mM ammonium acetate: glacial acetic acid: methanol: acetonitrile (57.2:0.8:22:40)
and was run in isocratic mode using a 1 mL/min flow rate at 25°C.” Injections (10 uL each)
were carried out in triplicate. Drug was detected by UV/vis spectrophotometry at 254 nm
using a Waters W2489 UV-VIS detection system. Drug loading was quantified by the drug
loading capacity (DLC, Equation 3.1) and the encapsulation efficiency (EE, Equation 3.2).

) . Mass of drug loaded
Drug Loading Capacity = Total nanogel mass x100% (3.1)

) . Mass of drug loaded
Encapsulation Ef ficiency = Mass of total drug added x 100% (3.2)

3.3.7 In vitro haloperidol release:

Haloperidol release from 10% BMA 100:0 nanogels was assessed under five different
aqueous conditions to determine how different physiological conditions impact drug
release kinetics. Drug loading was carried out as described above, after which the drug-
loaded nanogels were re-suspended at a concentration of 1 mg/mL in (1) 10 mM
phosphate buffered saline (PBS), pH 7.4; (2) 0.5 wt% Tween 80 in PBS, pH 7.4; (3) 10 mM
GSH in PBS, pH 7.4; (4) 0.5 wt% Tween 80/10 mM GSH in PBS, pH 7.4; or (5) 100 mM
acetate buffer, pH 4.5. All samples were placed in a shaking incubator (100 rpm) at 37°C.
At specified time points (1, 2, 4, 8, 16, and 24 hour), samples (n=3) were collected and
centrifuged at 18 000 rpm for 15 min. The supernatant was collected and analyzed using

the HPLC protocol described above to assess haloperidol release.
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3.3.8 In vitro cytotoxicity

Nanogel cytocompatability was evaluated using SH-SY5Y cells derived from a bone
marrow biopsy of a patient with neuroblastoma. SH-SY5Y cells were cultured in DMEM-
F12 media supplemented with 10% FBS, 1% penicillin/streptomycin and 1% L-glutamine
(ThermoFisher Scientific, Burlington ON). Cells were plated into the wells of a 96-well
plate at a cell density of 2 x 10* cells per well and allowed to adhere for 24 h, after which
they were incubated for 24 h with the nanogel formulations of interest. Cell metabolic
activity was determined by incubating the treated cells with (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) (Abcam, Toronto,
ON) for four hours and subsequently measuring the absorbance of each well at 490 nm

using a Tecan Infinite M200 Microplate Reader.

3.3.9 Pharmacological evaluation of haloperidol-loaded nanogels

The in vivo behavioral response of haloperidol-loaded nanogels was evaluated using male
Sprague-Dawley (SD) rats (Charles River, St. Constant, Quebec) weighing 250-300 g. The
rats were housed at the McMaster University Central Animal Facility in a reverse 12 h
light/dark cycle and were provided ad libitum access to food and water. All the protocols
were approved by the Animal Research Ethics Board of McMaster University (Animal

Utilization Protocol 18-06-27) in compliance with the Canadian Council on Animal Care.
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The rats were divided into different test groups (n=6 per group) based on the nanogel
formulation being administered: (1) 10% BMA 100:0; (2) 10% MMA 100:0; or (3) 10% BMA
90:10. To administer the formulations intranasally, the rats were lightly anesthetized
using isofluorane. Using a 200 uL pipette tip, a 30 pL aliquot of nanogel dispersion was
then administered to each nostril. The rat was placed back in the anesthetic chamber for
2 minutes after which the nasal administration was repeated, for a total of four (two per
nostril) 30 pL applications (120 uL total volume). The total time rats were maintained
under anesthesia was less than five minutes. Rats were placed in a recovery chamber to

safely recuperate from the anesthesia before being returned to their home cage.

Prior to locomotion assessment, rats were habituated to the chambers. To assess
locomotion inhibition, the rats were intranasally administered a dose of 0.3 mg
haloperidol/kg, adjusting the nanogel concentration as required based on the measured
drug uptake to achieve the required dose within the 120 pL total injection volume. One
hour post-administration, the rats were transferred to individual computerized
locomotion chambers (AccuScan Instrustments, USA) equipped with infrared sensors that
monitor three dimensional movement based on photobeam breaks. Locomotion was
monitored for 2.5 hour, with analysis omitting the first 20 minutes to account for an

acclimatization period in which rats are typically more mobile due to curiosity.
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The evaluation of the cataleptic response was conducted at specified time points (0.5, 1,
3, 6 and 24 h) post-administration using a dose of 1 mg haloperidol/kg, calculated as
described above for the locomotion study. The front paws of the rats were placed on a 10
cm high horizontally mounted metal bar. The amount of time over which the rat
maintained this unnatural position was measured until the rat retracted both its front
paws. Each individual animal was tested in triplicate, with a 30 s rest time between each
repetition; the maximum intensity of the cataleptic response was recorded in seconds.
Rats were given a rated score (1-6) based upon time spent on the bar (0 =<10s,1=11-
20,2 =21-30s, 3 =31-40, 4=41-50 s and 6= >50s). To be considered cataleptic, a score
of at least 3 (>20 s) must be achieved.*® A minimum of three days was maintained
between each round of experimentation to ensure complete washout of the previously

administered formulation.

3.4 Results and Discussion

3.4.1 Nanogel characterization

Free radical precipitation polymerization was used to synthesize monodisperse POEGMA
nanogels following procedures adapted for this application.’*8 To introduce hydrophobic
domains into the nanogel structure to improve nanogel affinity for haloperidol, BMA or
MMA were copolymerized at mole fractions between 5-25 mol%,; acrylic acid was also

copolymerized at a low (5 mol%) concentration to promote improved colloidal stability in
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the context of the enhanced hydrophobicity of the nanogels. The disulfide containing
cross-linker, 2-hydroxyethyl disulfide diacrylate (HEDSDA), was incorporated to enable
stimuli-responsive degradation in the presence of biologically-relevant molecules such as
glutathione (redox-mediated disulfide cleavage) and esterase (enzymatic cleavage of
ester linkage to carbon backbone) to enable in vivo clearance. Table 3.1 and Table 3.2
show the size, polydispersity and electrophoretic mobility of all nanogel formulations.
Nanogels are consistently small (85-200 nm) with monodisperse (PD <0.1) particle size
distributions and slight negative surface charges attributable to the ionization of the
acrylic acid at physiological pH and the use of the persulfate initiator. As the quantity of
BMA and MMA in the nanogels was increased up to 10 mol%, the nanogel diameter
decreased consistent with the expulsion of water from within the increasingly
hydrophobic core of the nanogel. BMA nanogels have smaller diameters than their MMA
counterparts at equal comonomer contents, consistent with the longer hydrophobe in
BMA that results in more nanogel dewatering. However, at MMA or BMA loadings of >10
mol%, significant increases were observed in the particle size and, at high enough
hydrophobic comonomer loadings, the polydispersity (e.g. 25 mol% BMA). This result
indicates that the incorporation of too much hydrophobic comonomer reduces nanogel
stability, suggesting the use of 10 mol% hydrophobically-functionalized nanogels may be

optimal for preserving high colloidal stability.
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To further examine the net effect of hydrophobic and hydrophilic interactions on nanogel
swelling, the ratio of M(EO),MA and OEGMAso0 monomers in the nanogel formulations
was varied in 10 mol% increments; a constant 10% mole fraction of BMA (noted in Table
3.1 to result in the smallest but still colloidally stable nanogels) was used in each
formulation. Increasing the quantity of OEGMAsoo results in a significant increase in
nanogel hydrodynamic diameter (Table 3.3) and polydispersity (Figure 3.1). Nanogels
containing 90 mol% M(EQ);MA and 10% OEGMAsq retain sizes of ~100 nm appropriate
for improving transport across biological barriers and minimizing interactions with the
mononuclear phagocytotic system;*® however, increasing the fraction of OEGMAsqo to >
20 mol% significantly increases both diameter and (particularly for the 10% BMA 70:30

nanogel) polydispersity, undesirable for optimizing brain delivery.

Table 3.1: Effective diameter (from DLS) and electrophoretic mobility (from PALS) of
100:0 POEGMA nanogels prepared with various amounts of BMA comonomer (10 mM
PBS, pH 7.4, n=5 * one standard deviation).

BMA Content Diameter Polydispersity Mobility
(mol %) (nm) (1/s)/(V/cm)
0 1903 0.03 +£0.02 -0.8+0.4
5 115+1 0.04 £ 0.02 -1.1+0.2
10 872 0.05+£0.02 -0.7+0.4
15 100+1 0.04 £ 0.03 -0.2+x04
20 119+2 0.06 £ 0.03 -1.5+0.1
25 1402 0.21+£0.02 -1.3+0.1
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Table 3.2: Effective diameter (from DLS) and electrophoretic mobility (from PALS) of
100:0 POEGMA nanogels prepared with various amounts of MMA comonomer (10 mM
PBS, pH 7.4, n=5 t one standard deviation).

MMA Content Diameter (nm) Polydispersity Mobility
(mol %) (1/s)/(V/cm)

0 190+ 3 0.03+£0.02 -0.8+0.4
5 1061 0.02 £0.02 -0.6+0.3
10 92+1 0.04 £0.02 -0.9+0.1
15 108+1 0.03+£0.02 -0.7+0.1
20 1131 0.04 £0.02 -0.7+£0.2
25 1041 0.06 £ 0.02 0x0.9

Table 3.3 Effective diameter (from DLS) and electrophoretic mobility (from PALS) of
10% BMA nanogels prepared with varying POEGMA monomer ratios
(M(EO)2MA:0OEGMAs00) (10 mM PBS, pH 7.4; n=5 + one standard deviation).

Nanogel Diameter Polydispersity Mobility
Formulation (nm) (1/s)/(V/cm)
10% BMA 100:0 872 0.05+£0.02 -0.7+04
10% BMA 90:10 11712 0.03+£0.03 -1.0+£0.2
10% BMA 80:20 366+ 6 0.11+£0.06 -1.4+£0.2
10% BMA 70:30 1161+ 77 0.35+£0.02 -0.7+£0.1
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Figure 3.1: Logarithmic intensity-based particle size distribution (from DLS) of 10%
BMA nanogels fabricated using varying ratios of M(EO),MA:OEGMAsqo.

To characterize the morphology of the nanogels, transmission electron microscopy (TEM)
was used to image dehydrated nanogels using uranyl acetate as a negative stain to
enhance contrast. Figure 3.2 shows 10% BMA 100:0 nanogels that are discrete, spherical
and appear highly monodisperse, consistent with the DLS results. Note that the smaller
apparent diameter observed by TEM relative to the DLS result is attributable to the drying

of the nanogels on the grid.
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Figure 3.2: Transmission electron microscopy image (magnification 100 000x) of 0.1
wt% 10% BMA 100:0 nanogel stained with 1% uranyl acetate.

3.4.2 Nanogel degradation

To explicitly assess the potential of the nanogel to degrade into byproducts that will not
accumulate in the liver/kidneys, nanogels were incubated in different degradation media
simulating different in vivo degradation promoters: 10 mM glutathione (GSH, an
endogenous reducing agent present at low concentrations in the extracellular space and
at the chosen concentration intracellularly that can reductively degrade the cross-
linker%®>0, pH 4.5 100 mM acetate buffer (promoting acid-catalyzed degradation of ester
groups in the cross-linker and/or connecting the PEG side chain to the backbone®'*2, and
20 U/mL esterase (promoting enzymatic degradation of the same ester groups).

Degradation was monitored using DLS (Figure 3.3), while the degradation products were
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characterized using NTA (Figure 3.4A) and GPC (Figure 3.4B). Upon exposure to 10 mM
GSH, nanogels rapidly undergo an almost 5-fold increase in hydrodynamic diameter
(Figure 3.3A) and a decrease in the count rate (Figure 3.3D), consistent with rapid
cleavage of the disulfide bonds in the cross-linker; at the conclusion of the 12 hour
incubation time, the cuvette had collected precipitate on the bottom, indicating the
formation of large aggregates consistent with colloidally destabilized (i.e. partially
degraded) nanogels. This process of nanogel swelling followed by destabilization is also
supported by the NTA data (Figure 3.4G), which shows significantly larger nanoparticles
present at the 24 hour time point. Degradation under acidic conditions using the 100 mM
acetate buffer showed comparable outcomes to the GSH-mediated degradation but with
much slower kinetics, with significant nanogel swelling not observed until 6 h of exposure
to the low pH conditions (Figure 3.3B,E,H). Esterase-mediated degradation is much slower
(Figure 3.3C,F,l) given that its large size (168 kDa) makes its diffusion into the
hydrophobized nanogels limited; the moderate change in hydrodynamic diameter is likely
due to ester cleavage on or close to the surface of the nanogel that results in minimal
overall nanogel swelling (Figure 3.3C and Figure 3.3l). In comparison, in PBS (10 mM, pH
7.4) or 2 UM GSH (mimicking the reductive conditions of the extracellular space), only
very minimal changes in nanogel size were observed over the same period (Figure S3.1).

As such, the degradability of the nanogels is significantly accelerated by specific
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intracellular stimuli, suggesting potential for nanogels to facilitate site-specific drug

delivery.
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Figure 3.3: Degradation of 10% BMA 100:0 nanogels at 37°C over 12 h in 10 mM GSH,
pH 7.4 (A,D,G), 100 mM acetate buffer, pH 4.5 (B,E,H) or 20 U/mL esterase (C,F,l). (A-C)
Normalized effective hydrodynamic diameter (from DLS); (D-F) Normalized rate (from
DLS); and (G-1): Multimodal intensity-based size distributions at t=0 hour (solid line) and
t=12 hour (dashed line).

To assess the nature of the degradation products of the nanogels following incubation in

the degradation-promoting environments, further characterization of the degraded

nanogels was carried out using NTA (Figure 3.4A). The degraded suspensions are very
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polydisperse, consistently showing multimodal size distributions that confirm the
presence of both smaller (degraded) polymer fragments and larger (colloidally
destabilized) aggregates as the nanogels degrade; in comparison, the fresh nanogels all
show unimodal and narrow particle size distributions. Analysis of the molecular weight of
the degradation products (after 24 hour of degradation) using GPC (Figure 3.4B) confirms
that the majority of the degraded nanogels have chain lengths significantly below the
molecular weight of the original nanogels, with the majority of the degradation products
exhibiting molecular weights well below the 50 kDa cut-off for renal clearance; in
particular, >95% of the residual polymer following degradation in 10 mM GSH has a
molecular weight below this threshold after only 24 hour of degradation.>® The GPC result
is consistent with the expected degradation of POEGMA-based nanogels into primarily
poly(ethylene glycol) (PEG) and short-chain poly(methacrylic acid), both of which are FDA-

approved in various contexts.>*>®
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Figure 3.4: Characterization of nanogels after 24 hour exposure to various mimics of
physiological conditions using (A) nanoparticle tracking analysis (NTA) and (B) gel
permeation chromatography (GPC).

3.4.3 Haloperidol uptake and release

The suitability of these nanogels as therapeutically-relevant drug delivery vehicles for
haloperidol was assessed by loading HLP into the nanogel via passive diffusion in ethanol
to determine the drug loading capacity (DLC) and encapsulation efficiency (EE). As shown
in Table 3.4, both BMA and MMA-functionalized nanogels show similar trends with
respect to drug loading, with 10 mol% BMA or MMA facilitating the greatest haloperidol
uptake. This result is hypothesized to relate to achieving an optimal balance between
maximizing the availability of hydrophobic domains for promoting nanogel-drug
interactions and minimizing deswelling that may block drug access into the nanogel

structure. When less hydrophobic comonomer is used, the nanogel is insufficiently

143



Ph.D. Thesis — Madeline Simpson McMaster University—Chemical Engineering

hydrophobic to support high drug uptakes; when more BMA or MMA is incorporated, the
nanogel collapses to limit drug in-diffusion. This trend mirrors that observed in optimizing
the L:G ratio in PLGA nanoparticles; increasing the quantity of more hydrophobic lactic
acid enhances drug loading and prolongs release. 3132 The EE and DLC results are similar,
if not higher, than achieved with other reported nanoparticle systems!? 4 minimizing the

amount of polymer required to deliver a relevant dose of haloperidol to the nose.

Table 3.4: Drug loading capacity (DLC) and encapsulation efficiency (EE) of haloperidol
in BMA and MMA nanogels as a function of their hydrophobic comonomer content
(n=3 % one standard deviation).

BMA MMA

Nanogel DLC EE DLC EE

Formulation (wt%) (%) (wt%) (%)
0% 100:0 13.0+£0.1 811 13.0+£0.1 811
5% 100:0 13.3+0.2 83+1 13.3+0.6 83+3
10% 100:0 14.4+£0.1 90+1 14.8+0.5 93+3
15% 100:0 12.5+0.1 78+ 1 12.8+0.1 801
20% 100:0 0.8+04 203 1.5+0.6 385
25% 100:0 0.5+0.8 136 0.8+0.5 204

Haloperidol was also loaded into the formulations containing the more hydrophilic
OEGMAs00 comonomer, the results of which are shown in Table 3.5. Increasing the
OEGMAGs00 content does not significantly affect the quantity of haloperidol loading,
confirming that it is the presence of the hydrophobic domains within the nanogel that

imparts affinity for drug loading.
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Table 3.5: Drug loading capacity (DLC) and encapsulation efficiency (EE) of haloperidol
in 10% BMA nanogels as a function of their OEGMAS500 contents (n=3 * one standard
deviation).

Nanogel Formulation bLc EE
(wt%) (%)
10% BMA 100:0 14.4+0.1 901
10% BMA 90:10 15.2+1.1 93+4
10% BMA 80:20 154+2.0 91+1
10% BMA 70:30 153+1.0 93+3

The 10% BMA 100:0 nanogel was selected to assess in vitro haloperidol release given that
it has the smallest size (Table 3.1) and among the highest encapsulation efficiencies (Table
3.4) and thus is particularly suitable for in vivo use. Drug release was assessed in vitro
using five different release media that simulate different aspects of extracellular or
intracellular fluids. As haloperidol is highly insoluble in aqueous media at typical
physiological conditions, phosphate buffered saline (PBS, 10 mM pH 7.4) was
supplemented with a surfactant (Tween 80, whose micelle formation mimics cell
membranes in vivo),% 3>36 4344 3 reducing agent (GSH, as previously explained), and/or
an acidic buffer (100 mM acetate pH 4.5, corresponding to lysosomal pH); the former
provides a sink for the release of hydrophobic haloperidol while the latter two promote
degradation of the cross-linker. Figure 3.5 shows the cumulative haloperidol release after
incubation at 37°C for 24 hour in these different media or combinations thereof. Minimal
haloperidol release (~4%) was observed in PBS due to the low aqueous solubility of
haloperidol at neutral pH, while the addition of Tween 80 more than triples the drug

release (~13%) consistent with the presence of a lipophilic domain enhancing haloperidol
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solubility. Conversely, inducing nanogel degradation by chemically reducing the disulfide
cross-linker significantly enhances drug release (~45% in 24 h); including both GSH and
Tween 80 in the release media further enhances drug release (~62% in 24 h). Acidic
conditions induce similar effects, enabling ~50% haloperidol release within 24 h. These
results suggest that endogenous molecules at intracellular concentrations will trigger
degradation of the labile bonds within the nanogel formulation to promote haloperidol
release in vivo while maintaining extended overall release times (>24 h) relevant to at

minimum daily rather than multiple times daily dosing.
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Figure 3.5: Cumulative in vitro release of haloperidol from 10% BMA 100:0 nanogels
after 24 h of incubation at 37°C into 10 mM PBS, pH 7.4, 0.5 wt% Tween 80, 10 mM
GSH, 100 mM ammonium acetate, pH 4.5 or 0.5 wt% Tween 80/10 mM GSH. Error bars
represent the standard deviation of n=3 samples.
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3.4.4 In vitro cytocompatability

To assess the potential of these nanogels for in vivo applications, a MTS assay was used
to examine the metabolic activity of SH-SY5Y human neuronal cells after 24 hour of
exposure to various formulations and concentrations of nanogels (Figure 3.6). POEGMA
is known to be a cytocompatible polymer, which is confirmed by the high viability of cells
observed following treatment with the 0% 100:0 formulation lacking hydrophobic
comonomer.>’>8 The 100:0 nanogels containing 10% BMA or MMA and the 10% BMA
90:10 nanogels (all of which exhibit the small sizes/high drug loadings targeted for in vivo
use) also maintained cell viabilities of >85% up to concentrations of at least 1 mg/mlL,

confirming the high cytocompatability of these materials.
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Figure 3.6: Nanogel cytotoxicity to SH-SY5Y neuronal cells, measured via the MTS
assay, after 24 hour of treatment relative to cell-only (no treatment) control. Error
bars represent one standard deviation of n=3 samples.

3.4.5 In vivo pharmacological efficacy

To examine the pharmacodynamics of the haloperidol-loaded nanogels in vivo, two

behavioural experiments (locomotion inhibition and cataleptic response) were conducted

in male Sprague-Dawley rats.

Locomotion test
Positive symptoms of schizophrenia include hallucinations and agitation; haloperidol

treats such symptoms since it has a locomotor depressant effect due to its interactions
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with dopamine receptors within the mesolimbic system.>® A baseline measure of
locomotion was first collected by administering saline solution without any nanogel or

IlI

drug to quantify the behavior of a “normal” rat prior to haloperidol-loaded nanogel
therapy. Interestingly, both the 10% BMA 100:0 and the 10% MMA 100:0 nanogels
produced a statistically significant (p<0.05) attenuation of rodent locomotion over the
period studied even without haloperidol loading, with the 10% BMA 100:0 nanogel
showing the largest decrease in motor activity (Figure 3.7). As locomotor activity is not
only driven by neurological cues but also sensory (sniffing) factors, we hypothesize that
the presence of polymer within the nasal cavity partly impedes olfactory orientation,
resulting in decreased movement.®%-61 All three 0.3 mg/kg haloperidol-loaded nanogel
formulations further reduced rat locomotion compared to the baseline in a statistically
significant manner, although only the two BMA-containing nanogels produced a
statistically significant locomotion suppression relative to their individual nanogel
formulations. Although these nanogels delivered the same low dose of haloperidol
previously employed to induce motor suppression using PAMAM dendrimers,*> the same
locomotion suppression effects were observed even with the significantly larger nanogel
particles (90 -120 nm) compared to dendrimers (15 nm); this result is attributed to the

soft and deformable structure of the nanogel enabling the effective permeation of the

nasal mucosa, thereby enhancing the delivery of nanogel encapsulated APDs to the brain.
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Figure 3.7: Locomotor activity of rats over a 2.5 hour period beginning 1 hour post-
intranasal administration of saline, nanogel or 0.3 mg/kg haloperidol in nanogel. Error
bars represent standard error of n=6 samples with *= p<0.05 from pairwise analysis.

Catalepsy test

Catalepsy is considered a Parkinson-like extrapyramidal side effect of typical APDs like
haloperidol®? and is characterized by muscular rigidity and failure to correct an externally
imposed posture, resulting in an observable and quantifiable behavioural change that is
directly correlated with the concentration of haloperidol in the brain.®3 Rats were given a
higher intranasal dose of nanogel corresponding to 1 mg haloperidol per kg to induce the
cataleptic side-effect. Across all time points, the empty (unloaded) nanogels did not

induce catalepsy (Figure 8), suggesting that the nanogels are not neurotoxic even at a ~3-
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fold higher dose than administered in the locomotion assay. However, significant
cataleptic effects were apparent 30 minutes after administration for haloperidol-loaded
10% BMA 100:0-HLP and 10% MMA 100:0-HLP nanogels and maintained across all acute
time points tested (up to 6 hour post-administration), suggesting both rapid transport of
haloperidol to the brain as well as subsequent controlled release of the haloperidol once
there to maintain the effects over extended periods. The haloperidol-loaded 10% BMA
90:10-HLP nanogels also induced catalepsy but not until 1 hour post-administration,
reflective of slower drug transport to the brain using this somewhat larger and more
hydrophilic formulation; however, catalepsy then persisted over the remainder of the 6
hour acute assessment period. Interestingly, when catalepsy was again checked 24 hour
post-IN administration, rats administered with 10% BMA 100:0-HLP nanogels still
maintained a cataleptic response, indicative of high residual drug concentrations in the
brain; all cataleptic responses subsided by 48 hour post-administration, confirming this
result was not associated with any kind of toxicity response. In comparison, previous
reports of IN-induced cataleptic behaviour by administering 2 mg haloperidol/kg loaded
in lectin-functionalized PLGA nanoparticles or 0.3 mg haloperidol/kg loaded in PAMAM

dendrimers achieved catalepsy for only one hour post-administration.44>

The significantly longer antipsychotic activity maintained by haloperidol-loaded nanogels

can be attributed to the specific characteristics of the nanogel-based drug delivery
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vehicle; specifically, the small particle size and high deformity of nanogels relative to other
delivery vehicles enable enhanced transport across the nasal epithelium while the
hydrophobic domains imparted by BMA/MMA enable higher drug encapsulation and
sustained drug release. In particular, the 10% BMA 100:0 nanogel that exhibits both the
smallest particle size and highest interfacial hydrophobicity of all the nanogels tested
provides both the fastest onset of catalepsy as well as the longest-term sustained
therapeutic benefit when administered intranasally. By comparison, the 10% BMA 90:10
formulation, which shows the slowest onset cataleptic response, has a larger size and a
more hydrophilic interface due to the presence of long-brush OEGMA at the surface.
While particle size and drug-nanogel interactions are thought to be the dominant driver
of these effects, an appropriate hydrophilic/hydrophobic balance is also known to be
critical for regulating mucosal transport,®4% with higher hydrophilicity minimizing
mucosal entrapment and higher hydrophobicity promoting stronger affinity for epithelial
cells and more efficient embedding of the nanoparticles within the bilayers of the cell
membrane.®® Furthermore, linear PEG coatings have been shown to help nanoparticles
rapidly diffuse through the dense mesh of mucus and thus reach the epithelial nasal tissue
more effectively, prolonging nanoparticle residence time within the nasal cavity and
making the nanoparticles more likely to travel to the brain. 670 While there is currently
no clear understanding of the role of brush-PEG structures on mucosal penetration,

POEGMA-based nanogels may induce a similar effect.
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Figure 3.8 Cataleptic response following intranasal administration of empty
(unloaded) nanogels and 1 mg/kg haloperidol-loaded nanogels (nanogel-HLP). Error
bars represent the standard error of n=6 samples.

3.5 Conclusions

The incorporation of hydrophobic domains (via butyl methacrylate or methyl
methacrylate copolymerization) into degradable poly(oligoethylene glycol methacrylate)
nanogels creates nanocarriers with chemical and physical properties ideal for delivering
antipsychotic drugs to the brain. The deformable gel network coupled with the
incorporation of hydrophobic domains to enhance haloperidol loading affinity enables

high drug encapsulation efficiencies and sustained haloperidol release suitable for the

delivery of therapeutically-relevant doses of APD while maintaining high colloidal
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stability. The stimuli-responsive labile bonds incorporated within the nanogel structure
trigger enhanced haloperidol release and nanogel degradation in the intracellular
environment to prevent toxic polymer accumulation in vivo. The nanogels show high
cytocompatability at concentrations comparable to those used for IN delivery, while in
vivo studies demonstrate that intranasal delivery can facilitate nose-to-brain delivery of
therapeutically-effective doses of APD that elicit behavioural changes in rats that can be
rapidly induced but also sustained over extended periods of up to 1 day post-IN
administration (significantly longer than other reported nanoscale formulations). Overall,
hydrophobized POEGMA nanogels represent a minimally-invasive and effective
therapeutic option that can lower required APD doses and re-administration frequencies,
both essential to reduce neurological side effects and improve patient compliance with

APD treatment regimens.
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$3.1 Supporting Information

Table S3.1: Chemical synthesis of BMA nanogels.?

M(EO).MA OEGMAs00 BMA
(8) (8) (nt)
0% 100:0 1.5 - -
5% BMA 100:0 1.5 - 78
10% BMA 100:0 1.5 - 165
15% BMA 100:0 1.5 - 261
20% BMA 100:0 1.5 - 370
25% BMA 100:0 1.5 - 494
10% BMA 90:10 1.4 0.4 165
10% BMA 80:20 1.2 0.8 165
10% BMA 70:30 1.1 1.2 165

2 All polymerizations were performed at 90°C in 150 mL Milli-Q water. Acrylic acid (90
uL, 1 mmol), 2-hydroxyethyl disulfide (90 uL), sodium dodecyl sulfate (60 mg, 0.02
mmol) and potassium persulfate (61.5 g, 0.02 mmol) were kept constant in all batches.
Nanogels were labeled based on the code “x% <hydrophobic comonomer> y:z”, where x
is the mole % of the hydrophobic comonomer used (BMA) and y:z represents the molar
ratio of M(EO)2MA:OEGMAsqo used to synthesize the nanogel.

Table $3.2: Chemical synthesis of MMA nanogels.?

M(EO):MA OEGMAsgo MMA
(8) (8) (nt)
5% MMA 100:0 1.5 - 52
10% MMA 100:0 1.5 - 111
15% MMA 100:0 1.5 - 175
20% MMA 100:0 1.5 - 249
25% MMA 100:0 1.5 - 332

2 All polymerizations performed at 90°C in 150 mL Milli-Q water. Acrylic acid (90 uL, 1
mmol), 2-hydroxyethyl disulfide (90 pL), sodium dodecyl sulfate (60 mg, 0.02 mmol) and
potassium persulfate (61.5 g, 0.02 mmol) were kept constant in all batches. Nanogels
were labeled based on the code “x% <hydrophobic comonomer> y:z”, where x is the
mole % of the hydrophobic comonomer used (MMA) and y:z represents the molar ratio
of M(EO)2MA:OEGMAsq0 used to synthesize the nanogel.
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Figure S3.1: Stability of 10% BMA 100:0 nanogels measured by DLS at 37°C over 12 h.
(A-B) Normalized effective hydrodynamic diameter; (C-D) normalized count rate; and (E-
F): multimodal intensity-based size distribution at t=0 h (solid line) and t=12 h (dashed
line) in 10 mM PBS, pH 7.4 (A,C,E) or 2 uM GSH, pH 7.4 (B,D,F).

162



Ph.D. Thesis — Madeline Simpson McMaster University—Chemical Engineering

Chapter 4 : Narrowly Dispersed, Degradable, and Scalable Poly(oligoethylene glycol
methacrylate)-Based Nanogels via Thermal Self-Assembly
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4.1 Abstract

Covalently cross-linked and hydrolytically degradable poly(oligoethylene glycol
methacrylate) (POEGMA)-based nanogels are fabricated using an all-aqueous self-
assembly approach. The nanogels are composed of hydrazide- (POH) and aldehyde-
functionalized (POA) POEGMA precursor polymers that exhibit lower critical solution
temperature (LCST) behavior in agueous media and form a covalent, yet degradable,
hydrazone linkage upon mixing. By systematically changing the chemistry of the core and
cross-linking precursor polymers, the concentration of the core precursor polymer, the
ratio of core to cross-linking precursor polymer, and the temperature at which the
assembly is conducted, a library of nanogels was produced with significant differences in
size, polydispersity, and colloidal stability. Multivariate statistics indicates the presence of
significant non-linear responses within the process variables as well as correlations
between the output variables, reflective of the complex balance of aggregation and
stabilization mechanisms at play to produce a stable, monodisperse nanogel population.
Furthermore, formulations that yield more polydisperse nanogels on a small scale result
in macroscopic aggregate formation when scaled up while formulations that yield more
monodisperse nanogels can be scaled to yield nanogels with matched properties. We
anticipate these results can be applied to strategically synthesize stable, covalently cross-
linked degradable nanogels with targeted sizes at scalable quantities for a range of

biomedical and biosensing applications.
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4.2 Introduction
Nanogels, solvent-swollen networks of cross-linked polymers, have been utilized as
catalytic nanoreactors,'? sensors,>® drug delivery vehicles,’ tissue engineering scaffolds,®

12 and antifouling

9 biomedical imaging agents,%!! enzyme immobilization supports,
agents'®1>, among other applications. The tunable chemical composition and physical
morphology of nanogels makes them attractive materials for such a wide variety of
applications,'® aided by the demonstrated capacity to tune nanogel properties such as

size, shape, water content, and cross-link density (and thus porosity) based on judicious

selection of nanogel building blocks and reaction conditions. 1720

Stimuli-responsive polymers that dynamically change in response to external stimuli such
as temperature,?! pH,??, light,%32% or the presence of a small molecule® are often used to
form nanogels, as the “smart” properties of such polymers are retained upon cross-linking
of the polymers into nanogels.'> 2> Temperature is among the most widely investigated
and technologically-relevant stimuli owing to the utility of temperature both a sensing
stimulus (e.g. detecting intracellular temperature changes due to biological processes?®)
and a triggering stimulus, either via direct heating or via remote-controlled induction
heating (e.g. superparamagnetic nanoparticles in the presence of an oscillating magnetic
field*”-28 or anisotropic plasmonic nanoparticles in the presence of near-infrared

irradiation?®). Most reported nanogels are fabricated based on thermoresponsive
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polymers that exhibit a lower critical solution temperature (LCST),3%33 although there are
some examples of upper critical solution temperature (UCST) nanogels3. In particular,
the LCST polymers poly(N-isopropylacrylamide) (PNIPAM)3> and, more recently,
poly(oligoethylene glycol methacrylate) (POEGMA)%*® have been used to generate
thermoresponsive nanogels that exhibit a volume phase transition temperature (VPTT)
due to their potential to undergo temperature-induced swelling and shrinking (and thus

changes in porosity) in aqueous media'? 1% 34,

Thermoresponsive nanogels have traditionally been prepared from either precipitation
polymerization3” or inverse emulsion-templated free radical polymerization3® from
monomers, although newer methods like inverse nanoprecipitation and polymerization-
induced self-assembly (PISA) coupled with controlled living radical polymerization have
also been developed by exploiting the solubility change of the polymer in the reaction
media during the polymerization to drive nanoparticle formation?% 34, However, all these
methods have drawbacks. The conventional precipitation polymerization can be
performed in water, is scalable, and can result in highly monodisperse nanogels over a
range of tunable sizes between 80 to >1000 nm3°. However, the simultaneous in situ
polymerization and cross-linking can be problematic for degradation in vivo due to the
molecular weight of the carbon-carbon backbone exceeding the renal clearance limit,

creating long-term clearance challenges even if degradable cross-linkers like ethylene
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glycol dimethacrylate (enzymatically/ hydrolytically degradable)* or those containing
disulfides (reducible)**4?, acetals (hydrolytically degradable at lower pH)* or
polyvinylalkoxysiloxanes (hydrolytically degradable at higher pH)* are used.
Furthermore, the kinetically-controlled polymerization process typically produces
nanogels with highly heterogeneous internal structures.*® Nanogel preparation using
water in-oil emulsions is also scalable but typically results in highly polydisperse nanogel
sizes and poses challenges around the removal of residual monomer, organic solvent, and
surfactant.’® Inverse nanoprecipitation, a surfactant-free process whereby nanogels are
prepared by mixing a polymer solution in a water-miscible solvent with a large volume of
water to induce phase separation into 100-1000 nm clusters,*® similarly poses challenges
around solvent removal in addition to being highly mixing-dependent and thus
challenging to scale, although it has been successfully used on the lab scale to create ~150
nm diameter nanogels with a size well-suited to prolonged circulation in vivo*’. PISA-
based controlled radical polymerization techniques such as atom-transfer radical
polymerization (ATRP) and reversible addition-fragmentation chain transfer (RAFT) in
which chain growth and cross-linking is conducted simultaneously to create nanogels*®
offer the benefits of creating more uniform and homogenously cross-linked networks*
with the option of introducing more complex morphologies like vesicles and worms>° but

at a cost of synthetic complexity and scalability. As such, developing an adaptable and
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scalable method for fabricating monodisperse and degradable thermoresponsive

nanogels remains desirable.

Recently, we have reported a rapid, one-pot, thermally-driven method to produce stable,
covalently cross-linked, and monodisperse populations of poly(N-isopropylacrylamide)
(PNIPAM) nanogels in aqueous media.>* PNIPAM oligomers with molecular weights below
the renal clearance limit are functionalized with hydrazide or aldehyde groups and are
mixed together above their LCST to form nanoaggregates that are cross-linked in situ
through hydrazone bond formation. The resulting thermally self-assembled PNIPAM
nanogels have a homogeneous internal cross-link structure®? and, due to the lability of
the hydrazone bond (weeks at acidic conditions, months at neutral conditions),>3 can be
hydrolytically degraded back to their initial precursor polymers over time.”! However,
from a biomedical translational perspective in terms of bringing such nanogels to practical
use as nanotherapeutics, the use of PNIPAM remains challenging. Although most
cytocompatibility and tissue compatibility studies involving PNIPAM-based materials have
yielded promising results,”> >*>> the highly toxic nature of the NIPAM monomer and the
lack of a clear degradation pathway for PNIPAM in vivo has complicated the regulatory

approval of PNIPAM for biomedical use.
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In this context, the application of a similar methodology to create monodisperse and
degradable nanogels based on poly(oligo ethylene glycol methacrylate) (POEGMA)
instead of PNIPAM offers clear benefits. While POEGMA itself has not to our knowledge
yet been approved by regulatory agencies for human use, the degradation products of
POEGMA are short-chain poly(ethylene glycol) and poly(methacrylic acid), both of which
have been approved for many biomedical uses>®8. In addition, POEGMA offers similar
low cytotoxicity and as good or better protein repellency and non-inflammatory
properties in vivo relative to PNIPAM®?; indeed, POEGMA-based materials have been
demonstrated to suppress protein adsorption (key to promoting long-term nanoparticle
circulation and/or low inflammatory responses) on par with or better than poly(ethylene
glycol), the current gold standard.®® However, POEGMA and PNIPAM undergo
mechanistically different types of LCST transitions,® making the direct application of our
thermally-driven self-assembly approach (which relies on the initial formation of a
compact, well-defined nanoaggregate of one of the two functional precursor polymers in
aqueous solution) challenging. Indeed, initial efforts to directly replicate the assembly
conditions found to create highly monodisperse microgels using PNIPAM resulted in the
formation of large and highly polydisperse POEGMA-based nanogels and/or bulk
aggregates. As such, to effectively apply the self-assembly method to create degradable,
monodisperse, and size-controlled POEGMA nanogels, an improved understanding of the

process conditions leading to small, monodisperse nanogels is required.
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Herein, we address this challenge by investigating how altering the different self-assembly
parameters such as the chemistry of the core and cross-linking polymer, the assembly
temperature, and the ratio of core and cross-linking polymer affects the size and
polydispersity of the self-assembled POEGMA nanogels. We analyze the results in the
frameworks of both the fundamentals of smart polymers as well as multivariate statistical
analysis aiming to identify correlations both between and within process conditions and
nanogel properties. We are particularly interested in identifying synthetic conditions that
lead to the formation of small (50-150 nm) and monodisperse POEGMA-based nanogels,
which have attractive potential applications as long-term circulating nanoparticles for
drug delivery®? and biosensing?®; however, developing a broader understanding of the
structure-property correlation framework would also enable the generation of narrowly
dispersed nanogel populations of different sizes that may be relevant to producing
nanogels for a broader range of applications. Finally, we demonstrate how the
identification of such conditions can enabling the scaling of the self-assembly method to
higher volume nanogel production, key to the use of such nanogels in practical

applications.
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4.3 Experimental

4.3.1 Materials

Diethylene glycol methacrylate (M(EO);MA, EO repeats=2) and oligo(ethylene glycol)
methacrylate (OEGMA47s5, EO repeats=8-9) were purchased from Millipore Sigma and
purified by running the monomer through a column of aluminum oxide (Millipore Sigma)
to remove the inhibitors. 2,2-azobisisobutyric acid dimethyl ester (AIBMe, Wako
Chemicals), acrylic acid (AA, Millipore Sigma), thioglycolic acid (TGA, Millipore Sigma),
sodium chloride (NaCl, Millipore Sigma), adipic acid dihydrazide (ADH, Alfa Aesar), N’-
ethyl-N-(3-dimethylaminopropyl)-carbodiimide (EDC, Carbosynth), hydrochloric acid
(HClI, LabChem Inc.), sodium hydroxide (NaOH, Lab Chem Inc.), and dioxane (Caledon
Laboratory Chemicals) were all used as received. The acetal-containing monomer N-(2,2-
dimethyoxyethyl)methyacrylamide (DMEMAmM) was synthesized according to our
previous reports>. Milli-Q grade distilled deionized water (DIW, 18.2 MQ cm resistivity)

was used in all experiments.

4.3.2 Synthesis of hydrazide-functionalized POEGMA (POH)

POH synthesis was carried out according to the protocol described by Smeets et al*°.
Briefly, M(EO);MA (3.5 g, 18.6 mmol), OEGMA45 (0.5 g, 1.1 mmol), and AA (0.6 g, 8.3
mmol) were mixed with TGA (7 uL, 0.12 mmol) and AIBMe (37 mg, 0.14 mmol) in 20 mL

of dioxane in a 100 mL round bottom flask. The solution was purged with nitrogen for 30
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minutes and then lowered into an oil bath at 75°C, after which the reaction was allowed
proceed for 4 hours under magnetic stirring. The solvent was removed by evaporation,
and the isolated polymer was dissolved in 150 mL of Milli-Q H,0. To convert the carboxylic
acid groups of the acrylic acid to hydrazide groups, a carbodiimide-mediated conjugation
was carried out by mixing the prepolymer with a five-fold excess of ADH (3.6 g, 20.5 mmol)
and adjusting the pH to 4.75. EDC (1.6 g, 10.2 mmol) was then added, and the pH was
continuously adjusted through the addition of 0.1 M HCI to facilitate the conjugation of
ADH to the acrylic acid groups (Scheme 4.1). The solution was dialyzed using 3.5-5 kDa
molecular weight cut-off membranes for a minimum of six hours over six cycles,
lyophilized, and stored as a 20 wt% solution in water at 4°C. The degree of
functionalization was determined using base-into acid titration (ManTech Inc.) by
analyzing 50 mg of polymer dissolved in 50 mL of 1 mM NacCl using 0.1 M NaOH as the
titrant. For *H-NMR, polymers were dissolved in deuterated chloroform and analyzed
using a Bruker AVANCE 600 MHz spectrometer. Gel permeation chromatography (GPC)
was carried out using a Polymer Laboratories PL-50 GPC equipped with three
Phenomenex Phenogel™ columns (300 x 4.6 mm, 5 pm; pore sizes: 100, 500, 10* A) at
room temperature; DMF with 50mM LiBr was used as the eluent, and calibrated using
PEG narrow standards obtained from Polymer Laboratories. All samples were filtered

using a 0.2 um nylon filter.
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Scheme 4.1: Synthesis of hydrazide-functionalized POEGMA (POH). Free radical
polymerization of M(EQ);MA, OEGMAs0o and AA, followed by post-synthesis conversion
of the AA carboxylic acid groups to hydrazides with ADH using EDC-mediated chemistry
produces the final POH polymer.

4.3.3 Synthesis of aldehyde-functionalized POEGMA (POA)

POA was synthesized using protocols extensively described elsewhere.>® Briefly,
M(EO).MA (3.1 g, 16.5 mmol), OEGMA475 (0.9 g, 1.9 mmol) and DMEAMAm (1.3 g, 7.5
mmol) were mixed with TGA (7 uL, 0.12 mmol) and AIBMe (32 mg, 0.14 mmol) in 20 mL
of dioxane in a 100 mL round bottom flask. The solution was magnetically stirred and
purged with nitrogen for 30 minutes, after which it was lowered into a 75°C oil bath to
polymerize for four hours. The dioxane was removed using rotary evaporation, after
which the polymer was dissolved in 100 mL of 0.5 M HCl and left to stir for 24 hours to

convert the acetal groups to aldehydes (Scheme 4.2). The polymer was purified by six

cycles of dialysis against Milli-Q H»0, lyophilized, and finally stored at 4°C as a 20 wt%
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solution in water. H-NMR and GPC characterization of polymer chemistry and molecular

weight respectively was performed using the same techniques described above for POH.

M(EO),MA OEGMA;,, DMEMAmM POA

~So I I TGA/AIBIVIe
Oz + z ‘ Dloxane 75°C
+7 33 \ 1‘ 7‘89

Scheme 4.2: Synthesis of aldehyde-functionalized POEGMA (POA). Free radical
polymerization of M(EQ);MA, OEGMAsg and DMEMAmMm, followed by post-synthesis acid-
catalyzed hydrolysis of the DMEMAmM acetal groups to aldehydes yields the final POA
polymer.

4.3.4 Determination of polymer LCST

The LCST of the precursor polymers was determined using a Variant Cary 100 UV-visible
spectrophotometer. The polymers were dissolved at a concentration of 10 mg/mL in
water and placed in a two-sided clear polystyrene cuvette. The absorbance was measured
at 500 nm over a temperature range of 10-80°C and recorded at 0.5°C intervals during a
temperature ramp performed at a rate of 1°C/minute. The absorbance measurements
were converted to transmittance values, with the (onset) LCST identified as the

temperature at which the sample transmittance fell below 95%.
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4.3.5 Nanogel self-assembly

Nanogel self-assembly was performed as per the sequential addition process illustrated
in Scheme 4.3. Either 0.5 wt% or 1 wt% stock solutions of POH and POA were first
prepared. A5 mL aliquot of the core polymer solution (POH or POA) was loaded into a 20
mL glass vial and heated in an oil bath to a pre-determined temperature for five minutes
under magnetic stirring at 350 rpm. The complementary cross-linker solution (POA or
POH) was then diluted to the targeted concentration and slowly added dropwise (~30 s)
to core polymer solutions, with the mixtures stirred for 15 minutes. The resulting nanogel
suspensions were removed from the oil bath and cooled overnight at room temperature.
Different assemblies were conducted by switching the identity of the core and cross-
linking polymers, changing the core solution concentrations, and altering the mass ratio

between the core and cross-linking polymers.

POH POA
or or
POA POH
AVAY)
;f e Yy INAA
T>LCST X
‘\;.h Add cross-linker

Scheme 4.3: Schematic of self-assembly method. The core polymer (POH or POA) is
heated above its LCST to form nanoaggregates in solution. The complementary cross-
linking polymer (POA or POH) is then added to the solution, leading to the spontaneous
formation of covalent hydrazone bonds to form stable, cross-linked nanogels.
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4.3.7 Multivariate analysis

Regression analysis was used to identify relationships between self-assembly properties
and nanogel properties. For this analysis, projection to latent structures (PLS) regression
was applied using ProSensus’ ProMV software package. X-space variables were associated
with the various self-assembly reaction conditions, i.e. the identity of core and cross-
linking polymer, the concentration of the core prepolymer solution, the ratio of
core:cross-linking polymer, and the difference in the temperature at which the self-
assembly process was run relative to core polymer LCST. Y-space variables included the
key properties of the resulting nanogels, i.e. hydrodynamic diameter, polydispersity and

multimodal number-based diameter distributions.

4.3.6 Nanogel particle size measurements

Dynamic light scattering measurements were carried out at 25°C using a Brookhaven
NanoBrook 90Plus particle analyzer running BIC Particle Solutions software (Brookhaven
Instruments Corporation). A 659 nm laser was used with a detector aligned at a 90° angle.
Nanogel solutions were diluted to produce a count rate of ~500 kcps. Five two-minute
measurements were carried out per sample, with the reported values representing the
cumulant averages from the intensity-weighted particle size distributions plus or minus

one standard deviation.
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4.3.8 Self-assembly scale up

To demonstrate the feasibility of scaling up the self-assembly technique, three synthetic
conditions producing nanogels with varying sizes and polydispersities were selected for
scale up to a 50 mL volume. A core pre-polymer solution (38.5 mL total volume) was
prepared in a 100 mL round-bottom flask, while a cross-linking pre-polymer solution (11.5
mL total volume) was loaded into a syringe. The core pre-polymer solution was heated to
a temperature above the LCST of the core pre-polymer and allowed to form the
nanoaggregate under 350 rpm magnetic stirring for 10 minutes, a longer time relative to
that used for the small volume assemblies to compensate for heat transfer kinetics.
Subsequently, a syringe pump was used to add the cross-linking pre-polymer solution at
a flow rate of 3 mL/min for 3.85 min (compared to 30 s for the 6.5 mL scale). The final
mixture was stirred for 15 minutes, removed from the oil bath to cool, and then

characterized by DLS in the same manner as the smaller scale samples.

4.4 Results and Discussion

4.4.1 Polymer synthesis and characterization

Thermosensitive linear precursor polymers were synthesized using chain transfer agent-
mediated free radical polymerization of short (M(EO),MA, EO repeat units, n=2) and long
(OEGMA475, n=8-9) POEGMA monomers. The monomer ratio of 90 mol% M(EO).MA and

10 mol% OEGMA47s was selected to produce a polymer with an LCST similar to that of
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PNIPAM (~32°C), ensuring that the LCSTs of the more polar hydrazide and aldehyde-
functionalized pre-polymers were still accessible in aqueous solution. Hydrazide-
functionalized POEGMA (POH) polymers were synthesized by copolymerizing acrylic acid
with the two POEGMA monomers followed by a post-polymerization carbodiimide-
mediated modification with an excess of ADH (Scheme 4.1); aldehyde-functionalized
POEGMA (POA) polymers were prepared by copolymerizing POEGMA monomers with the
acetal monomer DMEMAmM, which was subsequently converted to an aldehyde by an
acid-catalyzed hydrolysis reaction post-polymerization (Scheme 4.2). The total functional
group content of each functional pre-polymer was measured to be ~20% (Table 4.1),
consistent with essentially stoichiometric functionalization of the polymers relative to the
recipes used. Similarly, the molecular weights of both POH and POA polymers were 15-20
kDa (Table 4.1), well below the renal clearance limit of 30-50 kDa to ensure efficient
biological clearance upon degradation.®® The introduction of the hydrophilic hydrazide
and aldehyde functional groups increases the LCST of the 90:10 POEGMA polymer from
39°C to 66°C and 54°C for POH and POA, respectively (Table 4.1 and Figure 4.1). This
change in LCST value is similar to those measured for the PNIPAM-based pre-polymers
previously used for the self-assembly process, whereby functionalization increases the
LCST of pNIPAM from 32°C to 44°C for NIPAM-Ald and 58°C for NIPAM-Hzd.>® The
temperature range over which the phase transition occurs is significantly smaller for both

POH and POA compared to hydrazide- and aldehyde-functionalized PNIPAM precursor
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polymers (Figure 4.1). This result suggests that the assembly temperature may be a

significantly more sensitive variable for POEGMA nanogel assembly relative to PNIPAM

nanogel assembly.

Table 4.1: Chemical characterization of linear polymer precursors.

M(EOJ)MA  OEGMAys V", . Functional Functional e
(mol %)? (mol %)? (x10 b group content (°c)®
g/mol)® (mol %)
POH 70.5 7.8 20.1 1.8 NHNH, 21.7¢ 66
POA 72.8 7.3 15.1 1.9 COH 19.92 54

2 Determined by 'H NMR.

bDetermined using DMF GPC.

¢Determined using conductometric titration
d Determined at 95% transmittance in DIW.
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Figure 4.1: Lower critical solution temperature behavior of 1 wt% POA, POH, NIPAM-
Ald and NIPAM-Hzd polymer solutions in DIW.
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4.4.2 Nanogel self-assembly and characterization

Scheme 4.3 shows the steps of the self-assembly process. To form the initial
nanoaggregate, the core solution was heated above the LCST and subsequently cross-
linked by the addition of the second polymer with complementary functionality to
stabilize the aggregate into a nanogel by the formation of the hydrazone bond. By
changing the temperature of the assembly (expressed as the difference between the
assembly temperature and the LCST of the core pre-polymer), the mass concentration of
the core pre-polymer in the initial solution, and the mass ratio of the core to cross-linking
polymer, a broad range of nanogel diameters and polydispersities ranging from small (~50
nm) to large (~700 nm) and from monodisperse (PD ~0.1) to highly polydisperse (PD >0.3)
were achieved (refer to Supporting Information Tables S4.1-S4.6 for raw data for the
complete nanogel library). Relative to PNIPAM nanogel assemblies previously performed
over a similar range of input variables in which all tested formulations yielded particle
sizes over a narrow range (219-252 nm) but consistently low polydispersities (~0.1 or
less)®!, POEGMA assemblies can access both significantly higher and (of particular
interest) significantly lower particle sizes but result in less consistently low
polydispersities. However, aside from two formulations that resulted in bulk aggregation
(Table S4.2), all POEGMA nanogels showed monomodal particle size distributions
(Supporting Information, Tables S4.3-S4.6, Figure S4.2), confirming the general efficacy of

the assembly strategy to produce definable POEGMA nanogel populations. To understand
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how to control the size and polydispersity of POEGMA nanogels, we systematically
investigated the effects of the different assembly conditions on POEGMA nanogel

properties in the following sections.

4.4.3 Effect of core prepolymer identity on nanogel diameter

The choice of the core pre-polymer has a large impact on the fabricated nanogel
properties (Figure 4.2). POH-core nanogels are consistently much larger than POA-core
nanogels irrespective of the assembly temperature and the core:cross-linker pre-polymer
mass ratio used for nanogel fabrication. Several nanogels produced using POA as the core
polymer showed particle sizes <100 nm and as low as ~50 nm (albeit with only moderate
to higher polydispersities, Tables S4.2 and S4.4), while most nanogels produced using a
POH core showed hydrodynamic diameters >200 nm and as high as 450 nm. We attribute
this variation to the different hydrophobicity of the hydrazide and aldehyde-
functionalized polymers, as evidenced by both the lower LCST and the significant sharper
transition of POA compared to POH (Figure 4.1). The polymer that forms the initial
nanoaggregate dominates the nanogel composition since it is always in at least 5-fold
excess of the quantity of cross-linking polymer; as such, the majority of free functional
groups within each nanogel can be attributed to the core polymer. Furthermore, the
lower polarity of POA compared to POH means that the POA nanoaggregates above their

LCST will be more tightly condensed than those formed by POH above its LCST. Thus, using
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POH as the core polymer would lead to larger nanoaggregates and a more hydrophilic gel
phase following nanogel fabrication, accounting for the higher sizes observed. Similarly,
the higher polarity of POH compared to POA would more strongly colloidally stabilize the
nanoaggregate above the LCST, accounting for the lower general polydispersity values
observed for POH core nanogels. However, the capacity to fabricate ~50 nm nanogels with
at least average polydispersities of ~0.2 (achievable using the more condensed POA as the
core polymer) does offers a significant advantage relative to the conventional

precipitation-based synthesis technique, in which sizes <100 nm are rarely achievable.
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Figure 4.2: Effect of POH polymer content on nanogel diameter and polydispersity (1
wt% core pre-polymer solution concentration). (A) Nanogels assembled at 5°C above
the core polymer LCST; (B) nanogels assembled at 10°C above the core polymer LCST.
4.4.4 Impact of reaction temperature

While no direct correlation between absolute assembly temperature and size was

observed between the POH and POA core results, a clear correlation was observed when

the absolute difference between the assembly temperature and the LCST of the core
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polymer was considered. This temperature difference dictates the degree to which the
core pre-polymer nanoaggregates collapse prior to the addition of the cross-linking
polymer as well as both the degree and rate at which the cross-linking pre-polymer
(originally at room temperature) undergoes an LCST transition following addition to the

pre-heated core pre-polymer solution.

Assemblies conducted below the LCST of the core POH pre-polymer result in larger and
more polydisperse nanogels (Table 4.1). In this case, no defined POH nanoaggregate is
formed prior to cross-linking pre-polymer (POA) addition; furthermore, an assembly
temperature 5°C below the LCST of POH is still above the LCST of POA (Figure 4.1), leading
to the formation of poorly defined POA aggregates over time and thus poorly controlled
nanogel/microgel formation from solution. Assemblies performed at the LCST of the core
pre-polymer maintained these higher polydispersities when POA was used as the core
pre-polymer (i.e. the nanoaggregate itself was less stable, Table S4.2) and/or lower core
POH pre-polymer concentrations were used (i.e. fewer and/or smaller and thus colloidally

less stable nanoaggregates were formed, Table S4.1).

Assemblies conducted above the LCST of the core pre-polymer showed different trends
depending on the chemistry of the core polymer. For POH core materials (Figure 4.3A and

Tables S4.1, S4.3 and S4.5), assemblies performed at 5°C above the LCST resulted in the
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formation of nanogels with higher particle sizes but lower polydispersities, with highly
monodisperse nanogels formed when the more dilute (0.5 wt%) core pre-polymer
solution was used. We attribute both these results to the formation of better-defined
nanoaggregates above the LCST, which can subsequently template the formation of more
uniform nanogels. Performing assembly at a temperature 102C above the POH core pre-
polymer LCST results in the formation of smaller nanogels at higher POH concentrations.
This result is consistent with the continuing collapse but maintained stability of the
nanoaggregate upon further heating, aided by the relatively broad thermal transition of
POH (Figure 4.1). However, at the lower 0.5 wt% core polymer concentration, higher
particle sizes and polydispersities were observed at the +102C assembly temperature,
with bulk aggregation visually observed at intermediate POA:POH ratios. This result is
consistent with the occurrence of gradually increasing bulk thermoaggregation between
the (initially smaller) nanoaggregates as the nanoaggregates further collapse upon
heating above their LCST (Figure 4.1). Collectively, these observations suggest the
importance of balancing nanoaggregate formation with nanoaggregate stability during
the assembly process in order to achieve stable and narrowly disperse nanogel

populations.

In contrast, for POA core materials (Figure 4.3B and Table S4.2), increasing the reaction

temperature relative to the LCST generally results in an increase in the hydrodynamic
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diameter of the nanogel. This result is consistent with the increased compaction and
hydrophobicity of the POA nanoaggregate as the temperature increases, resulting in the
formation of larger pre-polymer aggregates and thus ultimately larger nanogels.
Furthermore, the increased degree of collapse of the initial nanoaggregates results in
fewer aldehyde groups being sterically available to react with the added POH cross-linking
pre-polymer; in addition, all POA assembly temperatures tested lie below the LCST of
POH, meaning that the POH cross-linking pre-polymer is less likely to mix with the
hydrophobic POA nanoaggregate. As a result, fewer (less hydrophilic) hydrazone bonds
and greater (more hydrophilic) excess hydrazide/aldehyde groups will be present in the
final nanogel, resulting in increased nanogel swelling upon cooling and thus larger
measured particle sizes. This interpretation is further supported by the large increase in
nanogel particle size observed when the core POA pre-polymer solution was heated 15°C
higher than its LCST (Table S4.2), a temperature that is also above the LCST of the cross-
linking POH pre-polymer (Figure 4.1). The resulting nanoaggregation of both pre-
polymers reduces the probability of POH cross-linking the highly condensed POA
nanoaggregate while increasing the potential for POH and POA nanoaggregates to
peripherally cross-link, ultimately leading to larger, less stable, and more polydisperse

nanogel populations.
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Figure 4.3: Effect of self-assembly temperature (at the core pre-polymer LCST, 5°C
above the core pre-polymer LCST, and 10°C above the core pre-polymer LCST) on
nanogel diameter and polydispersity (1 wt% core pre-polymer solution concentration).
(A) POH core; (B) POA core.

4.4.5 Effect of core prepolymer concentration

In general, increasing the core pre-polymer solution concentration from 0.5 to 1 wt% for
either POH- (Tables S4.3 and S4.5) or POA-core (Tables S4.4 and S4.6) nanogel
formulations results in the formation of larger nanogels, consistent with the increased
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collision frequency of core pre-polymers at higher pre-polymer concentrations (Figure
4.4). For example, nanogels assembled at or just above (+5°C) the LCST were consistently
smaller when the lower 0.5 wt% core pre-polymer concentration was used regardless
whether POH or POA was used as the core pre-polymer (Tables S4.1 and S4.2). However,
the smaller nanoaggregates formed at lower core pre-polymer concentrations are also
less stable as they are further heated and the nanoaggregates become more hydrophobic,
leading to the observation of large-scale aggregation in some samples at higher
temperatures (Table S4.1). Less obvious trends are apparent in comparing the
polydispersities achieved at different core pre-polymer concentrations, although certain
assembly temperatures can induce significantly different polydispersities as a function of
core pre-polymer composition. For example, with POH core nanogel assemblies (Table
S4.1 and Figure 4.4), the more dilute 0.5 wt% core pre-polymer concentration resulted in
nanogels with substantially higher polydispersities when assembly was conducted at the
LCST while the trend was reversed when assembly was conducted 52C above the LCST.
The balance between forming a well-defined nanoaggregate (requiring T > LCST) versus
inducing larger-scale aggregation (accelerated as the temperature is further raised above
the LCST) results in certain assembly conditions giving substantially more monodisperse
products, albeit at less systematically predictable recipes than observed with the other

variables.
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Figure 4.4. Effect of core solution concentration (0.5 or 1 wt%, POH or POA core) on
nanogel diameter and polydispersity. (A) Assemblies conducted at the core polymer
LCST and (B) assemblies conducted at LCST + 5°C.

4.4.6 Effect of cross-linker ratio

Increasing the ratio of cross-linking to core pre-polymer used for nanogel fabrication is

expected to increase the cross-linking density within the final nanogel and thus reduce

the nanogel size, a trend we observed in our previous work on fabricating PNIPAM-based
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nanogels.>! %4 However, this trend is largely not observed with POEGMA nanogel self-
assembly. Indeed, with POA-core nanogels (Table S4.2), a small but significant increase in
particle size was observed as the relative amount of cross-linking polymer added was
increased at assembly temperatures below the LCST of the cross-linking POH polymer. In
this case, even if added cross-linking polymer results in a higher cross-link density
(increasing the elastic resistance to swelling), the introduction of more highly polar
hydrazide groups upon POH addition (increasing the mixing driving force for swelling)
more than offsets the cross-linking effect. For POH core nanogels, the most common
result is that the cross-link:core pre-polymer ratio has no significant effect on either the
size or the polydispersity of the nanogels formed (for example, see Figure 5A), a result
consistent with the lower hydrophilicity of the POA cross-linking polymer that reduces the
mixing contributions to swelling. There are also several cases of the lowest cross-
linker:core pre-polymer ratio of 0.05 yielding nanogels either significantly larger or
significantly smaller than the other nanogels within the same group (Tables S4.1 and
S4.2), suggesting that low amounts of cross-linker cannot in some cases provide sufficient
stabilization of the nanoaggregate to create well-defined nanogels. Overall though, the
cross-linker:core ratio has substantially less impact on the final nanogel properties than

the other parameters studied.
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Figure 4.5: Representative example of the effect of the cross-linker:core ratio on the
diameter of 1 wt% POH core nanogels assembled at 10°C above the LCST of the core
POH polymer. (A) Intensity versus diameter particle size distributions from DLS; (B)
tabulated average diameters and polydispersities from DLS. See Supplementary Tables
S4.3-54.6 for full data.

4.4.7 Multivariate analysis of nanogel diameter and polydispersity

To clarify our understanding of the relative effects of different process parameters on
nanogel diameter and polydispersity, statistical analysis techniques were applied. First,
principal component analysis was carried out on the response (Y-space) observations of
the particle size, the standard deviation of the particle size (based on n=4 repeat
measurements at each assembly condition tested), and the nanogel polydispersity. Figure
4.6 shows the first component weightings arising from a PCA model constructed using
two latent variables, which collectively describe 90.0% of the variance in the response
variables. Note that the average diameter and standard deviation of the average diameter

weightings are similar, indicating that these two variables are correlated and cannot be
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set independently in product optimization. This correlation matches our observations
that larger nanogels tend to exhibit higher absolute standard deviations in average
diameter based on the higher aggregative driving forces leading to nanogel formation in
such cases. However, the lack of correlation observed between the average diameter and
the polydispersity suggest promise for independently tuning particle size using the self-

assembly technique without compromising polydispersity.
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Figure 4.6. Component weightings of average diameter (red), standard deviation of
average diameter (green), and polydispersity (blue) from Principle Component
Analysis of the response variables.

To account for this correlation within the key performance variables, partial least squares
multivariate statistical analysis was attempted. Figure 4.7 shows the relative

contributions of the key process variables (i.e. the difference between the self-assembly
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temperature and the core pre-polymer LCST, the concentration of the core pre-polymer
solution, and the amount of POH added relative to the total pre-polymer concentration,
a variable directly correlated to the core:cross-linker pre-polymer ratio) on the diameter
of the fabricated nanogels. The analysis indicates that the concentration of the core pre-
polymer solution has no effect on nanogel diameter, while increasing the self-assembly
process temperature difference with the core pre-polymer LCST and the POH:total
polymer ratio both have positive but very weak correlations with nanogel diameter. These
results contradict our more qualitative analysis of the data, which suggested the only
variable that latent variable methods identify as statistically significant (the core:cross-
linker polymer ratio) was the least effective at tuning nanogel size (Figure 4.5). The
inconsistency between the conclusions drawn between the statistical and qualitative
methods clearly shows the lack of linearity in the response of nanogel size to changes in
process conditions, with the subtle balance between nanoaggregate formation and
nanoaggregate stabilization resulting in an intermediate “sweet spot” of compositions
that is poorly predicted by linear models. Indeed, the R? = 0.22 value of the model reflects
this inherent complexity in correlating self-assembly conditions with nanogel properties,
although such model quality can still be useful for identifying useful directions to explore
for analyzing the data. On this basis, we proceeded to invert the latent variable model to
predict a set of assembly conditions that could minimize particle size, polydispersity,

and/or both (equally weighting the importance of both variables); see Supporting
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Information, Table S4.7 for the identified recipes. However, the majority of the predicted
conditions resulted in bulk aggregation, with only the low polydispersity prediction
yielding a colloidally stable but still reasonably polydisperse (PD = 0.26) nanogel (albeit
with a well-predicted nanogel size; see Supporting Information, Table S4.8). As such, while
multivariate statistics can give insight into the correlations between the output variables
and how process conditions affect particle properties, the high non-linearity of the

response variables made it only minimally useful to predict optimal assembly conditions.

Coefficient

AT [Core] POH/Total
Polymer

Figure 4.7: Contribution of different reaction composition and condition parameters
on the diameter of self-assembled nanogels. The self-assembly process temperature
relative to the core polymer LCST (red), the concentration of the core pre-polymer
solution (green), and the mass of POH relative to the total mass of polymer (correlated
with the core:cross-linker polymer ratio) (blue).
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4.4.8 Scale up of nanogel self-assembly

The simplicity, speed (<20 minutes), and relative insensitivity to mixing of this thermal
self-assembly technique make the method promising for scaling to larger volumes. To
demonstrate the role of the selection of assembly conditions to produce larger batches
of narrowly dispersed nanogels, we selected synthetic conditions that produced (1) <300
nm nanogels with a low polydispersity (1 wt% POH core, 0.2 wt% POA cross-linker, LCST
+10°C); (2) <100 nm nanogels with PD ~0.2 (0.5 wt% POA core, 0.1 wt% POH cross-linker,
LCST + 10 °C); and (3) the low polydispersity nanogels predicted by the latent variable
model (0.43 wt% POH core, 0.011 wt% POA core, LCST + 15°C, PD = 0.26 at the screening
scale). The self-assembly volume was scaled from 6.5 mL to 50 mL (~7.5x scale up),
mandating a change in the assembly vessel from a 20 mL vial to a 100 mL round-bottom
flask. This scale was chosen as it represents a significant volume increase from the
screening assembly volume (relevant to at least lab-scale particle production) and
requires significant changes in equipment that, if successful, would suggest that further
scaling is possible; however, it does not consume an excessive amount of the pre-
polymers. While we sought to keep as many process parameters as possible constant
between the two scales, the aggregation time was increased to ensure sufficient time for
heat transfer and the cross-linker addition time was adjusted proportionate to the
increase in the reactor volume to ensure uniform mixing of the cross-linking pre-polymer

during addition. Figure 4.8 shows pictures of the resulting nanogel suspensions, while
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Table 4.2 shows a comparison of the nanogel properties between the case (1) nanogels
produced at both smaller and larger scales. Scale-up of nanogels exhibiting broader
polydispersities at smaller scales results in bulk aggregation upon larger scale assembly
(Figure 4.8C); however, scaling of the nanogels exhibiting low polydispersities at smaller
scale is highly successful (Figure 4.8A and 9), with statistically indistinguishable particle
sizes and polydispersities measured following self-assembly at each scale (p>0.05 in each
pair-wise comparison, Table 4.2 and Figure 4.9). These results demonstrate the potential
for this technique to be scaled up and utilized to produce larger batches of nanogels with

comparable properties to the small volumes prepared at the lab scale.

Figure 4.8: Suspensions produced by scaling up of three different synthetic conditions.
(A) Case 1 —1 wt% POH core, 0.2 wt% POA cross-linker, LCST + 10°C; (B) Case 2 — 0.5
wt% POA core, 0.1 wt% POH cross-linker, LCST + 10°C; (C) Case 3 — 0.43 wt% POH core,
0.011 wt% POA core, LCST + 15°C.
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Table 4.2: Comparison of nanogel diameter and polydispersity achieved via small scale
(6.5 mL) and large scale (50 mL) self-assembly conditions for recipe (1).

Sample Scale Diameter (nm) Polydispersity
6.5 mL 282+ 4 0.14 £0.03
50 mL 2781 0.12 £0.05
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Figure 4.9: Logarithmic intensity-based nanogel size distribution of small (6.5 mL - red)
and large (50 mL - green) batches of self-assembled 1 wt% POH core and 0.2 wt% POA
cross-linked nanogels produced at 10°C above the core polymer LCST.

4.5 Conclusions

While we have successfully identified scalable conditions in which monodisperse and size-
controlled POEGMA-based nanogels can be fabricated, the differences between the self-
assembly behavior of POEGMA and PNIPAM (the latter as described in our previous

work>L 64) are notable. Overall, it is significantly easier to produce monodisperse nanogels

using PNIPAM; in addition, finer control over particle size via, for example, tuning the
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cross-linker:core polymer ratio was routinely possible for PNIPAM nanogels. In
comparison, with POEGMA, monodisperse nanogels are formed only under very specific
conditions, with the most monodisperse nanogels formed at temperatures just above the
LCST of the core pre-polymer and at core pre-polymer concentrations leading to the
formation of discrete but not highly compacted/hydrophobic nanoaggregates. We
hypothesize that this difference is related to the less abrupt LCST behavior of
functionalized PNIPAM pre-polymers relative to POEGMA pre-polymers (Figure 1),
resulting in a broader range of thermal self-assembly conditions in which a nanoaggregate
can be formed but also remains sufficiently hydrophilic to retain colloidal stability.
However, aside from the effect of the cross-linker:core pre-polymer ratio (which showed
only subtle but still systematic effects on nanogel size with PNIPAM materials), the other
general trends observed are similar between POEGMA and PNIPAM self-assemblies (i.e.
hydrazide-functionalized pre-polymers perform better as core pre-polymers and
decreasing the core pre-polymer concentration reduces nanogel size); this result suggests
that similar fabrication mechanisms are at play. In addition, the capacity of the POEGMA
self-assembly process to produce very small nanogels (~50 nm) with acceptable
polydispersities (~0.2) is a unique feature of the POEGMA self-assembly process that has
significant potential benefits for fabricating nanogels for enhancing biological penetration

and/or bioimaging applications.
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The size and polydispersity of POEGMA nanogels is primarily controlled by the
physiochemical characteristics of the core pre-polymer. The cross-linking pre-polymer
ratio showed no significant impact on the nanogel size or polydispersity provided that
unusually low (i.e. an initial nanoaggregate is not formed) or high (i.e. both pre-polymers
are highly aggregated) self-assembly temperatures were not used; we attribute this result
to the balance between the elastic-induced deswelling effects of increasing the cross-link
density and the mixing-induced swelling effects of adding residual (unreacted) aldehyde
or, in particular, hydrazide groups during the cross-linking process. This attribute offers
advantages in the design of nanogels with defined sizes but different cross-link densities,
as the cross-link density (and thus the mechanics and internal porosity) of the nanogels

can be altered without significantly impacting the targeted particle size.

The capacity to fabricate low dispersity and hydrolytically degradable POEGMA nanogels
on the 50-150 nm size range offers several potential applications. Specifically, the highly
protein-repellent properties of POEGMA,>° the capacity to easily surface functionalize the
nanogels post-fabrication based on click chemistry reactions with residual hydrazide
and/or aldehyde groups®, the high water content and thus tissue-mimetic internal
morphology of nanogels,®®%” and the intermediate accessible particle size (i.e. too large
for routine clearance from the blood via simple diffusion but too large for rapid

macrophage-mediated clearance®®) all suggest the potential of self-assembled POEGMA
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nanogels as long-circulating targeted drug delivery vehicles and/or bioimaging aids.
Relative to existing available methods for fabricating POEGMA nanogels, this method is
unique in terms of enabling the production of monodisperse, small, and degradable

nanogels based on an easily scalable process.
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$4.1 Supporting Information

Table S4.1: Diameter and polydispersity of self-assembled nanogels comprised of a
POH core and cross-linked by POA as a function of the self-assembly temperature (set
relative to the LCST of the POH core pre-polymer), the ratio of cross-linker:core pre-
polymers added, and the core pre-polymer concentration.

0.5 wt% core 1 wt% core
pcﬁ;::er Cro;z—tliizker Di?:::)t er Polydispersity Di?:::; er Polydispersity
LCST + AT

0.05 309+3 0.16 2844 0.13+0.03
0.10 274 +7 0.13 £0.02
10 Bulk Aggregation
0.15 257 +2 0.13 +0.03
0.20 445+ 5 0.18 282 t4 0.14 +0.03
0.05 252+3 0.09+0.04 397+6 0.17 +£0.03
0.10 3085 0.10 £ 0.03 3205 0.18 + 0.06
> 0.15 175+2 0.12 £0.03 3317 0.19+0.09
0.20 163+2 0.10+£0.03 325+4 0.23 £ 0.06
0.05 1797 0.36+0.007 200+13  0.42£0.008
0.10 132+3 0.33 +0.006 3076 0.11+0.04
° 0.15 1132 0.30 £ 0.006 2412 0.10 £ 0.03
0.20 109+1 0.29 +0.007 203+2 0.12 £0.02
0.05 441 +10 0.35+0.02 352+7 0.32 +0.02
0.10 407 £ 9 0.29 +0.01 208+ 6 0.32+0.01
® 0.15 440+ 7 0.26 £ 0.02 182 +12 0.31+0.01
0.20 761 +24 0.39+0.03 190+ 6 0.33 £ 0.007
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Table S4.2: Diameter and polydispersity of self-assembled nanogels comprised of a
POA core and cross-linked by POH as a function of the self-assembly temperature (set
relative to the LCST of the POH core pre-polymer), the ratio of cross-linker:core pre-
polymers added, and the core pre-polymer concentration.

0.5 wt% core 1 wt% core
Core
Cross-linker Diameter Diameter
polymer Polydispersity Polydispersity
Ratio (nm) (nm)
LCST + AT

0.05 192 +5 0.38 £ 0.007 3215 0.24 +0.01
0.10 139+5 0.36 £0.009 366+5 0.25+0.02

o 0.15 128+1 0.33 £0.007 402+7 0.28 £ 0.02
0.20 132+2 0.32+0.007 356+11 0.29 £0.02
0.05 53+1 0.21 £ 0.008 91+1 0.31+£0.004
0.10 57+1 0.20 £ 0.007 112+2 0.32 £ 0.009

10 0.15 50+1 0.23+0.01 129+ 2 0.32 £0.05
0.20 68+1 0.26 £ 0.006 124 +1 0.32 +0.008
0.05 115+2 0.36 £ 0.006 931 0.31 +£0.006
0.10 51+1 0.24 £ 0.007 101+1 0.32 £ 0.008

> 0.15 50+1 0.24 £+ 0.004 1142 0.31 +0.007
0.20 54+1 0.23+0.01 112 +2 0.30 £ 0.008
0.05 95+1 0.26 + 0.006 751 0.29 + 0.005
0.10 92+1 0.26 £ 0.006 84+1 0.32 £ 0.06

° 0.15 902 0.25 + 0.007 89+7 0.32+0.01
0.20 103+1 0.26 £ 0.005 891 0.32 £ 0.008
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Table S4.3: Hydrodynamic diameters and size distributions of 0.5 wt% POH core
nanogels. Size distributions are shown as a function of core:cross-linker pre-polymer
ratio - 0.05 (red), 0.10 (green), 0.15 (blue), and 0.20 (purple).
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Table S4.4: Hydrodynamic diameters and size distributions of 0.5 wt% POA core
nanogels. Size distributions are shown as a function of core:cross-linker pre-polymer
ratio - 0.05 (red), 0.10 (green), 0.15 (blue), and 0.20 (purple).
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Table S4.5: Hydrodynamic diameters and size distributions of 1.0 wt% POH core
nanogels. Size distributions are shown as a function of core:cross-linker pre-polymer
ratio - 0.05 (red), 0.10 (green), 0.15 (blue), and 0.20 (purple).
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Table S4.6: Hydrodynamic diameters and size distributions of 1.0 wt% POA core
nanogels. Size distributions are shown as a function of core:cross-linker pre-polymer
ratio - 0.05 (red), 0.10 (green), 0.15 (blue), and 0.20 (purple).

AT Diameter Size Distribution
400 | 100
g
&300 P
TE 4 60
@200 | &
15 g 240
& 100 } 20
0 1 1 1 0 L M EEETT]
0.05 0.1 0.15 0.2 1 10 100 1000
Cross-linker:Core Ratio Diameter (nm)
’_\400 100
g
£300 & 80
£ 200 g
v [
10 | & = 40
LM . _
0.05 0.1 0.15 0.2 1 10 100 1000
Cross-linker:Core Ratio Diameter (nm)
100
’_\400
g . 80
2,300 £
= = 60
Frl =
€200 £
5 g E40
=]
al Bl B BN EEE
0 . . . 0
0.05 0.1 0.15 0.2 1 10 100 1000
Cross-linker:Core Ratio Diameter (nm)
400 | 100
=
g300 t g %
g Z 60
0 200 f &
z g 40
8100 t 20
NN I I N
0.05 0.1 0.15 0.2 1 10 100 1000
Cross-linker:Core Ratio Diameter (nm)

212




Ph.D. Thesis — Madeline Simpson McMaster University—Chemical Engineering

$4.1.1 Optimization Using Multivariate Statistics

The key potential advantage of using latent variable models is the ability to optimize the
input variables to reach a desired product quality. To apply this concept to our data, three
new assembly conditions were identified by optimizing the model with three different
objective functions: (1) minimize particle size (with a 1% weight on polydispersity control);
(2) minimize polydispersity (with a 1% weight on particle size control); and (3) an optimal
combination showing both low polydispersity and low particle sizes (with both variables
equally weighted in the optimization protocol). Table S4.7 shows the optimal input levels
determined by this procedure. Note that all these recipes include parameters that lie
significantly outside the initially studied model space, particularly with regards to the core
pre-polymer concentrations. Table S4.8 compares the predicted to actual nanogel
diameter/polydispersity achieved with each recipe. Only the minimal polydispersity
recipe yielded a colloidally stable nanogel, although reasonable correspondence in both
polydispersity and particularly diameter was achieved between the model predicted and
experimental diameter. Furthermore, the same properties can be achieved upon
repeated assemblies (Figure S4.1). As such, while the strongly non-linear correlations
within the data (as evidenced by the relative low R? = 0.22 of the latent variable model)
limit the utility of model inversion to identify optimal assembly conditions, the model still
has some degree of predictive value for identifying recipes that will yield targeted nanogel

properties provided that the recipe leads to a colloidally stable nanogel.
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Table S4.7: Optimized synthetic conditions to produce nanogel populations with
desired size and population distributions.

Core Pre-
Polymer POH:Total
Case AT Concentration Polymer Ratio
(mg/mL)
Balanced 0.42 3.57 0.040
Minimize diameter -5.0 9.11 0.055
Minimal polydispersity 15.0 4.31 0.979

Table $4.8: Comparison of predicted versus actual particle sizes and polydispersities of
nanogels assembled using model-predicted optimal recipes for each optimization case
studied.

Predicted Actual
Diameter Diameter
Polydi i Polydi i
(nm) olydispersity (nm) olydispersity
Balanced 134 +2 0.29 Bulk Ageresation
Minimize diameter 107 +1 0.30 g8ree
Minimize 33149 0.21 306+5 0.26 +0.03
polydispersity
100 F
80
=
2 60
9
£ a0 }
20
0 L1l L1 1l
1 10 100 1000

Diameter (nm)

W Triall M Trial 2

Figure S4.1: Logarithmic intensity-based size distributions of self-assembled nanogels
prepared using the latent variable model-predicted synthetic conditions to minimize
the overall polydispersity. Trial 1 is shown in red and trial 2 is shown in green.
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Figure S4.2: Transmission electron microscopy image (120 000x magnification) of self-
assembled 1 wt% POH core/0.2 wt% POA cross-linked nanogels produced at 10°C
above the core polymer LCST. Nanogels are stained with 1% uranyl acetate. Note that
the size of the nanogels via TEM is substantially smaller than the DLS values given the
dehydration of the nanogels upon the preparation of the TEM samples. However, the
nanogels appear highly spherical and relatively monodisperse, consistent with DLS data.
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Figure S4.3: Nanogel particle size distributions measured using DLS (1 wt% POH
core/0.2 wt% POA cross-linked nanogels produced at 10°C above the core polymer
LCST): (A) Comparison of size distributions for nanogels measured at 25°C in water, 25°C
in 10 mM PBS, and 37°C in 10 mM PBS; (B) Comparison of diameter and polydispersity
under the same conditions. PBS = pH 7.4, 10 mM phosphate buffer, 0.15 M total ionic
strength to mimic in vivo conditions.
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Poly(oligolactic acid methacrylate) Nanogels for the Intranasal Delivery of Olanzapine
to the Brain
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5.1 Abstract

The soft mechanics, chemically tunability, and low interfacial tension of nanogels offer
promise for drug delivery; however, degradability and drug uptake remain key limitations
to the delivery of hydrophobic drugs. Herein, hydrazone-cross-linked poly(oligoethylene
glycol methacrylate) (POEGMA)-based nanogels containing hydrophobic domains derived
from an oligo(lactic acid methacrylate) (OLAMA) comonomer are fabricated via the self-
assembly of hydrazide and aldehyde-functionalized oligomers. The OLAMA domains act
as a sink for the uptake of olanzapine (OLZ), a poorly-water soluble antipsychotic drug
used to treat schizophrenia. Nanogel degradation in acidic conditions produces small
polymer fragments that can be easily cleared in vivo, and both the nanogels and the
degradation products show no significant toxicity to SH-SY5Y neuronal cells. The nanogel
formulations load up to 10 wt% olanzapine and can be administered intranasally (IN), with
a low dose of drug (2 mg OLZ/kg) showing prolonged (up to 48 hr) maintenance of pre-
pulse inhibition in a rodent-model of schizophrenia. By administering a well-defined
degradable nanogel with sustained olanzapine release kinetics, the frequency of
therapeutic intervention and the associated metabolic side effects can both be
significantly decreased, thus potentially improving patient compliance to this clinically-

prescribed APD.
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5.2 Introduction

Nanogels, three-dimensional networks of solvent-swollen cross-linked polymer, have the
unique ability to rapidly swell in response to external stimuli.! The ability to tune the
physiochemical properties of nanogels, including their composition, size, and cross-link
density, can leverage their distinct properties to promote drug uptake and control release
kinetics to design drug delivery systems.?2 However, due to the conventional synthetic
routes employed, the majority of reported nanogels for drug delivery are limited in terms
of their in vivo use given their lack of predictable degradability into well-defined
degradation products over controllable degradation times.®> Novel approaches to
promote degradability and enhance drug release have been proposed to exploit the
stimuli-responsive nature of nanogels, primarily by incorporating labile moieties within
the polymer matrix; for example, redox-responsive bonds such as disulfides can be
cleaved by endogenous glutathione*’ while acid-labile groups such as acetals,® ketals,®*°
and esters!! enable pH-dependent hydrolysis. Enzymatic degradation can also be
facilitated in vivo by the use of peptide cross-linkers incorporating specific recognition
sequences for proteolytic enzymes such as aspartic proteases (e.g. pepsin!?), serine
proteases (e.g. collagenase,'>!* elastase,'>1® trypsin,'” chymotrypsin®>1® 18 and
plasmin'®), or aminoproteases (e.g. thermolysin®>'®), and/or utilizing biodegradable
polymer backbones such as hyaluronic acid, which degrades in the presence of

hyaluronidase?®-?1. However, the use of many of these degradation approaches limits the

219



Ph.D. Thesis — Madeline Simpson McMaster University—Chemical Engineering

type of chemistry that can be used to fabricate the nanogel; furthermore, except in the
case in which the backbone polymer is physiologically degradable, the degradation
products of such nanogels are not well-defined, problematic for clinical translation.

In addition to this limitation regarding degradation, the high water content of nanogels
limits their capacity to encapsulate hydrophobic molecules. To improve nanogel affinity
for poorly-water soluble molecules, hydrophobic domains are typically introduced by
copolymerization with specific monomers. Domains or grafts of poly(lactic acid)??,
poly(lactic-co-glycolic  acid) (PLGA),>> and aromatic materials such as
poly(valerolactone),?* ulvan,? and 2-vinylanthraquinone?® have all been used to facilitate
the encapsulation of poorly-water soluble compounds. However, the low incorporation
efficiency of these groups within the polymer chains leads to weak physical interactions,
rendering it difficult to produce nanogels with controlled sizes. In addition, the lack of
clear degradation/clearance pathways for the grafted hydrophobic moieties may cause
accumulation and toxicity concerns Jin vivo. Alternately, exploitation of the
thermoresponsive nature of poly(N-isopropylacrylamide) (PNIPAM )?7-28 or oligo(ethylene
glycol) derivatives?®-30 that form more hydrophobic internal structures above their lower
critical solution temperature can improve hydrophobic drug loading, although often at

the cost of nanogel swellability and/or colloidal stability.3!-32
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Developing an effective strategy for creating nanogels enabling good hydrophobic drug
loading/release is particularly critical to the use of nanogels for the delivery of
antipsychotic drugs (APDs), the majority of which are identified as class Il drugs by the
Biopharmaceutical Class System due to their low aqueous solubility.3 Olanzapine (OLZ,
2-methyl-4-(4-methyl-1-piperazinyl)-10H-thieno[2,3-b][1,5]benzodiazepine) is a second
generation atypical APD commonly prescribed to treat schizophrenia, a chronic and
debilitating mental disorder that affects 1% of the global population.3* Olanzapine has a
unique pharmacological profile that offers relief from both positive and negative
symptoms of schizophrenia® with minimal extrapyramidal side effects often experienced
with first generation APDs.3® However, olanzapine has dose-dependent negative
metabolic effects, specifically weight gain, that can lead to elevated plasma glucose levels,
hyperlipidemia, and insulin resistance causing type Il diabetes;3’-3® in particular, chronic
oral dosing of olanzapine treatment produces inflammatory cytokine reactions in
peripheral tissues that induce metabolic symptoms.3®%? As such, administering
olanzapine in a manner that avoids systemic circulation would be advantageous for
preventing the non-specific interactions with off-target tissues causing negative side

effects.

The intranasal (IN) route of delivery is able to provide direct nose-to brain transport by

allowing drugs and/or nanomaterials to travel through the nasal epithelium and along the
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olfactory or trigeminal nerves or extracellular pathways into the brain.4*** IN
administration has the advantage of rapid drug absorption and higher bioavailability due
to the avoidance of hepatic first-pass metabolism and the highly selective blood-brain
barrier, leading to faster onset of therapeutic action.* Strategies to exploit IN delivery of
olanzapine have been explored using different nanomaterials such as Pluronic micelles,®
PLGA  nanoparticles,*” lipid-based transfersomal vesicles,”® mucoadhesive
nanoemulsions,* chitosan nanoparticles,*® >° and poly(e-caprolactone) nanocapsules®?.
However, rapid in vitro drug release,** dose-dependent toxicity towards nasal epithelial
cells,”® inflammation in the nasal cavity,*® and a lack of long-term pharmacodynamics
data®*! represent key limitations of existing nanoparticle delivery technologies for IN

olanzapine delivery.

Our group has extensively studied the use of degradable hydrazone cross-linking within
hydrogel systems more broadly to address the challenge of degradability. Well-defined
polymers of PNIPAM®?2 or poly(oligo ethylene glycol methacrylate) (POEGMA)>3
functionalized with either aldehyde or hydrazide groups will spontaneously produce
covalent hydrazone bonds upon mixing, creating hydrogels that remain stable for periods
ranging from days to months depending on the storage conditions.>* The cross-linking
hydrazone bonds are hydrolytically labile and, upon degradation, will release the

oligomeric polymer precursors,®> > which are designed to be below the renal molecular
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weight cut-off (MWCO) limit® to ensure their clearance from the body. This approach
reduces the variability in the degradation products observed from nanogels produced via
standard free radical precipitation polymerization that can result in at least a fraction of
non-clearable polymer product. By exploiting the unique thermoresponsive properties of
both PNIPAM and POEGMA, we have more recently implemented this chemistry to
fabricate nanogels using a rapid, scalable, thermally-driven self-assembly method to
synthesize well-defined hydrazone-cross-linked nanogels (Scheme 5.1).>°° We have
demonstrated how varying the composition and conditions of the self-assembly method
can affect both particle size and polydispersity, enabling the tunable design of nanogels
suitable for drug-delivery.>® However, as with most reported nanogels which typically
have high water contents, the capacity of such self-assembled nanogels to deliver class Il
hydrophobic drugs such as olanzapine is inherently limited, requiring re-engineering of
the nanogel composition (and, by extension, the precursor polymer composition) to

enable improved hydrophobic drug uptake.

To address the poor nanogel affinity for poorly-water soluble therapeutics, herein we
present a strategy to synthesize self-assembled POEGMA nanogels with hydrophobic
domains based on the preparation of oligomeric precursor materials containing
oligo(lactic acid) methacrylate (OLAMA). Copolymerization of OLAMA with different side

chain lengths of oligo(lactic acid) into the POEGMA-based precursor polymers enables the
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introduction of degradable hydrophobic self-assembly sites into the nanogel, resulting in
colloidally stable nanogels that are chemically cross-linked through hydrazone bonds in
addition to the physical interactions between the hydrophobic OLAMA side chains. The
self-assembled OLAMA side chains create hydrophobic domains to promote hydrophobic
drug uptake/release, while degradation is enabled over time due to hydrazone bond
hydrolysis in the covalent cross-links as well as hydrolysis of the polymer side chains via
both oligo(lactic acid) hydrolysis and ester group hydrolysis between the backbone and
the oligo(ethylene glycol) side chains. We demonstrate that this approach leads to
hydrophobized nanogels that retain the advantageous attributes of nanogels (swelling
and deformation) while still facilitating the encapsulation of therapeutically-relevant
guantities of olanzapine. The self-assembled nanogels can degrade under acidic
conditions, while the nanogels and the precursor polymer/degradation products are not
cytotoxic to SH-SY5Y neuronal cells. Finally, IN delivery of olanzapine-loaded nanogels
provides prolonged therapeutic efficacy in a rodent model of schizophrenia, indicating
the potential to enhance bioavailability, lower the dose and frequency of olanzapine
administration, and ultimately lessen the metabolic side effects of this drug while

improving patient compliance with this therapeutic regimen.
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Scheme 5.1: Schematic of the self-assembly process and olanzapine loading strategies
used to produce OLZ-loaded POEGMA-POLAMA nanogels. (A) In the direct drug loading
method, hydrazide-functionalized polymer (POH-OLAMA,/s) is prepared in an olanzapine
solution and heated to a temperature 10°C greater than the polymer LCST, followed by
dropwise addition of the cross-linking aldehyde-functionalized polymer (POA) in an
olanzapine solution to simultaneously form the nanogels via self-assembly and load drug
in the formed hydrophobic domains. (B) In the passive diffusion loading method, self-
assembly of the polymers occurs in DIW to first form the nanogels followed by an
additional olanzapine loading step carried out by re-suspending the self-assembled
nanogels in an olanzapine solution in ethanol. Both drug-loaded nanogels are then
purified by centrifugation to create a drug-loaded degradable nanogel suspension.
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5.3 Experimental

5.3.1 Materials

Diethylene glycol methacrylate (M(EO)2MA, 2 EO repeats, 95%) and oligo(ethylene glycol)
methyl ether methacrylate (OEGMA475, 8-9 EO repeats) were purchased from Millipore
Sigma (Oakville, ON, Canada) and purified to remove inhibitors using an aluminum oxide
column. Acetonitrile (HPLC grade, Caledon Laboratory Chemicals, Georgetown, ON,
Canada), acrylic acid (AA, 99%, Millipore Sigma), adipic acid dihydrazide (ADH, 97%, Alfa
Aesar, Ottawa, ON, Canada), ammonium acetate (HPLC grade, Millipore Sigma) 2,2-
azobisisobutryic acid dimethyl ester (AIBMe, Pure Chemistry Scientific Inc., Watertown,
MA, USA), deuterated chloroform (CDClz, 99.9% atom D, Millipore Sigma), 3,6-dimethyl-
1,4-dioxane-2,5-dione (p,L-lactide, 99%, Millipore Sigma), dizocilpine hydrogen maleate
(MK-801, Millipore Sigma), ethanol (anhydrous, Greenfield Global, Brampton, ON,
Canada), N’-ethyl-N-(3-dimethylaminopropyl)-carbodiimide (EDC, 99% AK Scientific,
Union City, CA, USA), glacial acetic acid (Caledon Laboratory Chemical), 2-
hydroxyethylmethacrylate (HEMA, >99%, Millipore Sigma), methanol (HPLC grade,
Caledon Laboratory Chemicals), thioglycolic acid (TGA, 298%, Millipore Sigma), tin (ll) 2-
ethylhexanoate (Sn(Oct),, Millipore Sigma) and Tween 80 (Millipore Sigma) were all used
as received. Olanzapine (OLZ, 99.16%, ApexBio), was purchased from Cedarlane
(Burlington, ON, Canada). N-(2,2-dimethoxyethyl)methacrylamide (DMEMAmM) was

synthesized according to previous reports.”® Deionized water (DIW) (18.2 MQ cm
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resistivity) purified using the Millipore Simplicity System (Millipore, Bedford, USA) was
used in all experiments. All other reagents used were analytical grade and were not

purified before use.

5.3.2 Synthesis of oligo(lactic acid methacrylate)

Oligo(lactic acid methacrylate) macromonomers with m=4 and 8 lactic acid repeat units
were synthesized according to the procedure developed by Ishimoto et al.?° Briefly, a 100
mL round bottom flask containing a stir bar was flamed dried under vacuum and then
purged with nitrogen. This cycle was repeated three times. p,L-lactide (m=4, 5 g or m=8,
10 g) was placed in the flask and dried under vacuum for one hour. HEMA (2.1 mL) and
Sn(Oct)2 (32 uL) were added to the flask and purged with nitrogen gas for 30 minutes.
Following, the flask was heated to 110°C, and the reaction was allowed to proceed for 3
hours (Scheme 5.2). The flask was then removed from the oil bath and allowed to cool,
after which the product was dissolved in 50 mL chloroform and added to a separation
funnel together with 50 mL of 1 M HCI to extract the impurities from the product. The
bottom organic phase was collected, while the aqueous phase was extracted twice more
with chloroform (collecting the bottom organic layer each time). The organic phase was
further rinsed once with brine solution, after which MgSO4 was added to remove any
residual water. Excess chloroform was removed using rotary evaporation, and the final

product was vacuum dried overnight and stored at 4°C.
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Scheme 5.2: Synthesis of oligo(lactic acid methacrylate) (OLAMA) via ring opening
polymerization of p,L-lactide catalyzed by tin (1) ethylhexanoate in the presence of 2-
hydroxyethyl methacrylate (HEMA).

5.3.3 Synthesis of hydrazide-functionalized POEGMA (POH)

POH was synthesized according to the protocol developed by our group.>> AIBMe (39 mg),
M(EO)2MA (1.9 g), OEGMA475 (2.1 g), acrylic acid (560 pL) and 10% TGA in dioxane (75 pL)
were dissolved in 20 mL of dioxane and placed into a 100 mL single neck round bottom
flask. The flask was purged with nitrogen (minimum 30 minutes) and heated to 75°C under
magnetic stirring (350 rpm). Following the four hour polymerization reaction, the dioxane
was removed using rotary evaporation and the intermediate polymer product was re-
dissolved in 100 mL of DIW. Carboxylic acid groups were subsequently converted to
hydrazide groups by conjugating a 5x molar excess of adipic acid dihydrazide (4.9 g) using
carbodiimide chemistry (EDC, 1.9 g) while maintaining the pH of the reaction at 4.75 with

1 M HCI (Scheme 5.3). The polymer solution was then placed in 3.5-5 kDa MW cut-off
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(MWCO) membranes for dialysis against DIW (six cycles of six hours each) to produce the
final purified product. The product was lyophilized and then dissolved in DIW using
magnetic stirring to create a 20 wt% solution. The polymer solution was finally filtered
using a 0.2 um syringe filter and stored at 4°C. The final polymer concentration in the
solution was determined using gravimetric analysis. To confirm the conversion of
carboxylic acid groups to hydrazide groups, the intermediate (carboxylated) product and
the final product were both analyzed via conductometric titration using 0.1 M NaOH as
the titrant. A similar protocol was followed to synthesize hydrazide-functionalized
POEGMA incorporating a theoretical 20 mol% of OLAMA (m=4, 2.4 g or m=8, 4 g, with all

other masses kept constant) (Table S5.1).52

M(EO),MA OEGMA;,, mO_LAl;I\(/)Ifg POH-OLAMA, 5
N N
TGA/AIBMe
—
5o Dioxane, 75°C
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Scheme 5.3: Free radical polymerization of POH-OLAMA4/s. Polymerization of
M(EO)2MA, OEGMAsm, AA, and OLAMA, or OLAMAs, and subsequent functionalization
with ADH using EDC-mediated chemistry post-synthesis produces POH-OLAMA4/s.
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5.3.4 Synthesis of aldehyde-functionalized POEGMA (POA)

A detailed synthetic protocol for the synthesis of aldehyde-functional POEGMA has been
previously reported by our group.> Briefly, AIBMe (50 mg), M(EQ).MA (3.1 g), OEGMA47s
(0.9 g), DMEMAmM (1.3 g) and 75 pL of a 10% solution of TGA in dioxane were dissolved in
20 mL of dioxane and added to a 100 mL single-neck round bottom flask. The contents of
the flask were stirred at 350 rpom and purged with nitrogen for a minimum of 30 minutes
while an oil bath was heated to 75°C. The stirred flask was placed into the heated oil bath
and maintained under nitrogen for the duration of the four hour reaction. The dioxane
was subsequently removed using rotary evaporation. The isolated product was then
dissolved in 100 mL of 0.25 M HCI and stirred for 24 hours to covert the acetal groups to
aldehydes (Scheme 5.4). The polymer was purified using dialysis as described above and
then similarly lyophilized, re-dissolved in DIW, filtered and stored at 4°C. *H NMR was
performed using Bruker AV700 in CDCls to confirm the degree of functionalization. The

final polymer concentration was determined using gravimetric analysis.
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Scheme 5.4: Free radical polymerization of POA. Polymerization of M(EO).MA,
OEGMAs00, DMEMAmM, and subsequent acidic hydrolysis post-synthesis produces POA.

5.3.5 Polymer characterization

To determine the composition of the final products, the polymers were dissolved in CDCl3
and analyzed using 'H NMR (Bruker AVANCE 600 MHz spectrometer). Molecular weight
was assessed via gel permeation chromatography (GPC) using a Polymer Laboratories PL-
50 Integrated GPC System equipped with a Phenomenex Phenogel Linear LC column (300
x 4.6 mm, 5 um) operating at room temperature and using 50 mM LiBr in DMF as the
eluent. The GPC system was calibrated using PEG standards from Polymer Laboratories.
The samples were injected into the GPC through at 0.2 um PTFE filter. To determine the
lower critical solution temperature (LCST) of the polymers, 1 wt% solutions were prepared
in DIW and placed in two-sided clear quartz cuvettes. Using a Varian Cary 100 UV-Visible
spectrophotometer equipped with a circulating temperature bath, the absorbance was

measured at 500 nm by ramping the temperature at 1°C /min and recording data at 0.5°C
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intervals from 20-85°C. The absorbance measurements were subsequently converted to
transmittance values, and the onset LCST was identified as the temperature at which the

transmittance of the polymer samples fell below 95%.

5.3.6 Nanogel self-assembly

Nanogel self-assembly was carried out according to the optimized method previously
described by our group and shown in Scheme 5.1.° Briefly, a 1 wt% solution of the
hydrazide (POH or POH-OLAMA./g) core polymer was prepared in DIW and aliquoted in 5
mL volumes into 20 mL glass vials containing a stir bar. An oil bath was pre-heated to a
temperature 10°C greater than the pre-determined LCST of the core polymer, after which
the glass vials containing the hydrazide polymer were placed in the oil bath and incubated
for 5 min under magnetic stirring at 350 rpm. The complementary cross-linking POA
polymer was prepared at a concentration of 0.2 wt% in DIW, and 1.5 mL aliquots were
added dropwise (~30 s) to each vial containing the pre-heated core polymer. The solutions
were stirred for an additional 15 min and then removed from the oil bath. The nanogel
suspensions (POH core=P0 nanogel, POH-OLAMA, core=P4 nanogel or POH-OLAMAg

core=P8 nanogel) were allowed to cool to room temperature and then stored at 4°C.
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5.3.7 Nanogel characterization

Dynamic light scattering (DLS) measurements were carried out using a Brookhaven
NanoBrook 90Plus particle analyzer operating BIC Particle Solutions Software (Version
2.6, Brookhaven Instruments Corporation). Scattering was detected using a 659 nm laser
at a 90° angle. Nanogel suspensions were diluted to 1 mg/mL in 10 mM phosphate
buffered saline (PBS), producing a count rate of ~500-600 kcps at 25°C. Each sample was
measured 5 times for 2 min; the average effective hydrodynamic diameter from the
intensity-weighted particle size distribution plus/minus one standard deviation is
reported. Electrophoretic mobility measurements were carried out using the phase

analysis light scattering (PALS) mode of the ZetaPlus zeta potential analyzer.

5.3.8 In vitro degradation of nanogels

Nanogel degradation was monitored under acidic conditions to characterize the extent of
degradation and the degradation products. A 1 mg/mL solution of nanogel (PO, P4 or P8)
was prepared in either 100 mM HCI (pH 1) or 100 mM acetate buffer (pH 4.5). Nanogel
diameter and count rate was monitored as function of time using DLS (configured as
above). Prior to the first measurement, the laser intensity was maximized and maintained
constant throughout the entire experiment; measurements were taken for 2 minutes
every 15 minutes for a total of 12 hours. After 24 h, each sample was measured using

nanoparticle tracking analysis (NTA) with a Malvern NanoSight LS10 instrument (Version
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3.2, NTA software). These samples were then lyophilised and re-suspended in DMF for

GPC analysis using the system described above.

5.3.9 Determination of olanzapine loading

Olanzapine uptake was evaluated using two methods; (1) direct loading during the self-
assembly process (Scheme 5.1A) and (2) passive diffusion in an additional step post-
nanogel synthesis (Scheme 5.1B). In the case of direct loading, olanzapine was first
dissolved in DIW at a concentration of 94 pug/mL (aqueous solubility limit) and placed on
a shaker for 1 hour. The POH(-OLAMA./g) core solution and POA cross-linking solutions
were prepared by diluting the stock polymers with the OLZ solution to 1 wt% and 0.2 wt%
respectively. The self-assembly process was carried out as described above, and the
nanogel suspensions were cooled to room temperature (~1 hour). Triplicate 1 mL aliquots
were taken from each sample and centrifuged at 20°C for 10 min at 18 000 rpm in an
Allegra 64R centrifuge (Beckman Coulter). The supernatant from each sample was
collected, filtered through a 0.2 um PTFE syringe filter, and analyzed using HPLC
(described below) to detect the total amount of unloaded (residual) drug; the remainder

of the drug was determined to be encapsulated.

For olanzapine loading using passive diffusion, nanogels were first synthesized in DIW as

described above, with triplicate 1 mL aliquots taken from each sample and centrifuged as
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above. Olanzapine was dissolved in anhydrous ethanol at a concentration of 2 mg/mL,
after which the nanogel pellets following centrifugation were re-suspended in 1 mL of the
OLZ/ethanol solution and placed on a shaker for 24 hours. The nanogels were then
centrifuged and the supernatant was collected and filtered as above for HPLC analysis of

unloaded residual drug.

A Waters HPLC system equipped with a Waters 2695 separation model (Model SM4), a
Waters 2489 ultraviolet detector (Model 246) operating at 254 nm and a Phenomenex
C18 column (150 x 4 mm, 5 um) was used for the detection of olanzapine. The mobile
phase, consisting of 10 mM ammonium acetate:methanol:acetonitrile:acetic acid
(57.2:22:20:0.8), was run at a flow rate of 1 mL/min with a sample injection volume of 10
uL. Drug loading was quantified by the drug loading capacity (DLC, Equation 5.1) and the
encapsulation efficiency (EE, Equation 5.2):

) ) Mass of drug loaded
Drug Loading Capacity = Total nanogel mass x100% (5.1)

) .. Mass of drug loaded
Encapsulation Ef ficiency = Mass of total drig added x 100% (5.2)

5.3.10 In vitro release of olanzapine
Olanzapine release from each nanogel formulation (PO, P4, P8) was assessed using two
different aqueous conditions to examine drug release kinetics under different

physiologically-relevant conditions. Olanzapine loading was carried out using passive
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diffusion as described above, after which a 1 mL aliquot of nanogel was diluted to contain
325 ug olanzapine and placed in the membrane of a 20 kDa MWCO Spectra-Por Float-A-
Lyzer G2 dialysis system. The membrane was then submerged in 5 mL of either: (1) 10
mM phosphate buffered saline (PBS), pH 7.4; or (2) 100 mM acetate buffer, pH 4.5
(simulating lysosomal pH). The samples were placed in a shaking incubator (100 rpm) at
37°C. At specific time points (1, 2, 4, 12 and 24 hours, followed by daily sampling over the
next 13 days), 3 mL of the release solution was collected and replaced with fresh solution.
The collected solution was filtered through 0.2 um PTFE syringe filters and analyzed using
HPLC. Release of free olanzapine (no nanogel) was also monitored under the same

conditions.

5.3.11 In vitro cytotoxicity

SH-SY5Y neuronal cells were cultured using Dulbecco’s Modified Eagle Medium/Nutrient
Mix F-12 (DMEM F-12, Invitrogen Canada) supplemented with 10% fetal bovine serum
(FBS, Gibco), 1% (-glutamine (Gibco) and 1% penicillin/streptomycin (Gibco) to create
proliferation media. The cytocompatability of SH-SY5Y cells with precursor
polymers/degradation products, nanogels, and OLZ-loaded nanogels was assessed using
a thiazolyl blue tetrazolium bromide (MTT) assay. SH-SY5Y cells were seeded in
proliferation media at a concentration of 4 x 10 cells/well in 96-well polystyrene plates

for 24 hr. Cells were subsequently treated with polymer formulations ranging in
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concentration from 0.1 to 1 mg/mL for an additional 24 hr. MTT reagent was then applied
and incubated with the cells for 3 hr. The concentration of solubilized formazan product
was measured using a wavelength of 570 nm using a Synergy 4 BioTek plate reader. Cell
viability was calculated by the ratio of the measured absorbance of the polymer samples

to the measured absorbance of the cell-only control.

5.3.12 In vivo behavioural evaluation of pre-pulse inhibition

Animal procurement and care was conducted in compliance with the Canadian Council
on Animal Care, and all housing/testing procedures were approved by McMaster
University’s Animal Research Ethics Board (Animal Utilization Protocol 18-06-27).
Eighteen male Sprague-Dawley rats weighing between 250-300 g were procured from
Charles River. The rats were housed in pairs with ad libitum access to food and water and

were maintained on a reverse 12/12 light/dark cycle.

Prior to testing, animals were randomly divided into three groups (n=6/group)
corresponding to the nanogel formulation each rat received: (1) PO; (2) P4; or (3) P8. Rats
were dosed with 2 mg/kg olanzapine intranasally, adjusting the nanogel concentration as
required (based on the DLC of each nanogel) to achieve the desired dose; control studies
were conducted using saline and/or non-drug loaded nanogels at concentrations

equivalent to the amount required to administer 2 mg OLZ/kg. Intranasal administration
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was performed on rats lightly anesthetized with isoflurane. The first dose was
administered by applying 30 pL of solution to each nostril. The rat was then returned to
anesthetic chamber for ~1 minute, after which a second dose of 30 uL per nostril was then
applied (resulting in a total of 120 pL of solution being administered to the nose). Rats
were maintained under anesthesia for <5 minutes in each case, after which they were

placed in an empty chamber to safely recover before being returned to their home cage.

The therapeutic efficacy of the olanzapine-loaded nanogels was evaluated by assessing
rodent startle response using a pre-pulse inhibition (PPI) test. Startle response was
measured using the SR-Lab Startle Response System from San Diego Instruments. All rats
were habituated to the testing chambers prior to any dosing. Prior to PPI testing, 0.35
mg/kg MK-801 was dosed using an intraperitoneal (IP) injection (saline was used for
control studies) to induce schizophrenia-like behavior. After a 15 minute period to allow
for MK-801 model induction, PPI testing was started using a five minute acclimatization
period with 65 dB background noise. Next, five startle pulses (120 dB) were presented to
all groups. Subsequently, 65 random trials of either (1) no pulse (0 dB), (2) startle pulse
(120 dB); (3) a pre-pulse (68, 71 or 77 dB) 100 ms prior to a 120 dB startle pulse or, (4)
one of the three pre-pulse stimuli only (no startle pulse) were presented, with the time
between the trials ranging from 10-20 s. The testing concluded with five 120 dB startle

pulses. Startle response was measured every 1 ms for 100 ms after the stimulus. PPI (%)
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is calculated using Equation 5.3, where P is the average response for the pre-pulse/startle

pulse trials and S is the average response magnitude to the startle-only trials:

PPI(%) = [1 - (g)] x 100 %

(5.3)

PPI tests were conducted at 1, 3, 6, 24 and 48 hr post-IN olanzapine administration to
assess the long-term efficacy of nanogel-mediated OLZ delivery on reversing

schizophrenia symptoms.

5.4 Results and Discussion

5.4.1 Synthesis and physiochemical characterization of POEGMA polymers

The synthesis of methacrylated oligo(b,L-lactide) monomers (OLAMA) was carried out by
performing a HEMA-initiated Sn-catalyzed ring-opening polymerization of b,Llactide. The
number of lactic acid units per monomer (m) was controlled by the ratio of p,L-lactide to
HEMA.®® Two macromonomers with different chain lengths of b,L-lactide were
synthesized: OLAMA, (average of 4 repeat units of D,L -lactide) and OLAMAgs (average of 8

repeat units of b,L -lactide).

Free radical copolymerization of one OLAMA monomer with oligo(ethylene glycol
methacrylate) monomers with varying ethylene glycol side chain lengths (M(EOQ)MA n=2

or OEGMA475 n=8-9) and one additional functional monomer to enable hydrazide (AA) or
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aldehyde (DMEMAmM) functionalization was employed to synthesize thermoresponsive
POEGMA precursor polymers. The short:long side chain ratio of each POEGMA polymer
was selected to ensure that all polymers exhibited a detectable lower critical solution
temperature (LCST) greater than room temperature, as this is a crucial characteristic to
carry out the self-assembly reaction. Lutz previously demonstrated how increasing the
mole fraction of the long-chain OEGMA47s increases the LCST of POEGMA polymers from
28°C (all M(EQ)2MA) to 90°C (all OEGMA47s5);%% subsequent work from our group has
demonstrated how copolymerizing OEGMA monomers with AA and subsequently
modifying the carboxylic acid group to a hydrazide significantly increases the measured
LCST by ~25-30°C, with the all OEGMA475 hydrazide polymer showing no detectable LCST
in water.>> Incorporating up to 30 mol% OLAMA4/s in PO10oH30 polymers did not display a
LCST up to 80°C,°! requiring the use of a M(EO):MA/OEGMA475 copolymer to enable
nanogel self-assembly. Synthesis of PO3oH3o (POH, 30 mol% OEGMA475 and 70 mol%
M(EO),MA) yielded a polymer with a LCST of 81°C; incorporation of 20 mol% of either
OLAMA; or OLAMAg, a mole fraction hypothesized to introduce significant hydrophobicity
into the nanogel while maintaining the water solubility of the precursor polymer, lowered
the LCST to 69°C (POH-OLAMA4) or 65°C (POH-OLAMAG) respectively (Figure 5.1), enabling

nanogel self-assembly at temperatures <80°C in water.
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The aldehyde-functionalized POEGMA polymer was synthesized by copolymerizing
OEGMA monomers with an acetal containing monomer (DMEMAmMm) that is converted to
an aldehyde post-synthesis via acid-catalyzed hydrolysis. A ratio of 90:10
M(EO).MA:OEGMA475 with 30 mol% aldehyde (POA) was selected for this polymer to
ensure the LCST (54°C) is much lower than the hydrazide polymers, which is important for
the self-assembly reaction (Figure 5.1). All precursor polymers have a number-average
molecular weight <25 kDa, which is sufficiently lower than the renal clearance limit of 50

kDa to enable polymer clearance upon degradation in vivo (Table 5.1).%¢
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Figure 5.1: Lower critical solution behaviour of nanogel precursor polymers. 1 wt%
POA (aldehyde-functionalized POEGMA) (black), POH (hydrazide-functionalized
POEGMA) (blue), POH-OLAMA, (hydrazide functionalized POEGMA with 20 mol%
OLAMA) (purple), and POH-OLAMAgs (hydrazide functionalized POEGMA with 20 mol%
OLAMAEs) (red) polymer solutions in DIW.

241



Ph.D. Thesis — Madeline Simpson McMaster University—Chemical Engineering

Table 5.1: Physiochemical properties of linear POEGMA polymers.

Functional

Polymer “SEEGOI\)/IZZQ: group OL?nMA (k“él;)a b? I(.OC CS)I
mol %

POH 70:30 NHNH2 30% - 22 2.6 81

POH-OLAMA, 70:30 NHNH; 30% 4 14 2.6 69

POH-OLAMAg 70:30 NHNH; 30% 8 18 2.5 65

POA 90:10 CHO 30% - 23 2.4 54

2 Determined from DMF GPC calibrated with PEG standards.

b Measured using UV-vis spectrophotometry at 500 nm in DIW.

5.4.2 Nanogel self-assembly and characterization

Nanogel self-assembly was carried out using the step-wise process previously described
and shown in Scheme 5.1.°%>° A precursor POH solution was stirred and heated at a
temperature 10°C higher than the polymer LCST; this ensures complete collapse of the
polymer chain to form the core nanoaggregate (Figure 5.1). The nanogel was then cross-
linked via hydrazone bonds upon the addition of the aldehyde-containing polymer (POA).
The selection of the POH polymer as the core polymer and POA as the cross-linker is based
on previous studies that indicated the higher polarity of the POH polymers (improving the
colloidal stability of the nanoaggregate) coupled with the lower LCST of POA (ensuring
rapid deposition of POA on the POH nanoaggregates) aids in producing monodisperse
nanogel populations.>® In addition, the core POH polymer is present at 5x excess to the

cross-linking POA polymer, ensuring the consumption of the vast majority of aldehyde
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groups that can interact with proteins and cellular membrane components to induce

inflammation.®3-64

Three self-assembled nanogel formulations were developed and characterized: PO
nanogel (POH core); P4 nanogel (POH-OLAMA, core) and P8 nanogel (POH-OLAMAg core)
(Figure 5.2). Table 5.2 shows the effective diameter, polydispersity and electrophoretic
mobility of all nanogel formulations measured in 10 mM PBS. The PO nanogels have the
largest diameter (~250 nm), consistent with the high hydrophilicity of the brush PEG side
chains; introducing OLAMA into the hydrazide-functionalized polymer results in smaller
nanogels consistent with the formation of hydrophobic domains inside the nanogel due
to physical cross-linking between the hydrophobic OLAMA side-chains, leading to higher
compaction of the initial nanoaggregate. Increasing the chain length of the OLAMA (from
4 to 8) further decreases the nanogel diameter due to the stronger hydrophobic
interactions between the longer OLAMA side-chains. The particle size distribution shown
in Figure 5.2 is relatively narrow (consistent with the relatively low polydispersities
observed, 0.07<PD<0.16), while the electrophoretic mobility of all nanogels is near-
neutral, as expected given that there are no charged groups incorporated into the

nanogels.
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Table 5.2: Dynamic light scattering (hydrodynamic diameter/polydispersity) and phase
analysis light scattering (electrophoretic mobility) measurements of self-assembled
nanogels. Nanogels were prepared with different core polymers and measured in10 mM
PBS, pH 7.4 (n=5  one standard deviation).

Effective Diameter Polydispersity ( Mobility

Nanogel Core Polymer

(nm) u/s)/(V/cm)
PO POH 254 + 62 0.07+0.04 -0.18+0.42
P4 POH-OLAMA, 211 + 43P 0.16+0.04  -0.38+0.39
P8 POH-OLAMAg 196 + 520 0.15+0.03 -0.47+0.25

3 p<0.0001 from one-way ANOVA with Tukey post-hoc test
b p<0.001 from one-way ANOVA with Tukey post-hoc test
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Figure 5.2: Physiochemical properties of self-assembled nanogels. (A) Logarithmic
intensity-based size distribution (from DLS) of self-assembled nanogels prepared with
different core hydrazide polymers, and (B) image of self-assembled nanogel solutions
post-synthesis at room temperature. POH core=P0 nanogel, POH-OLAMA, core=P4
nanogel and POH-OLAMAg core=P8 nanogel.

5.4.3 Nanogel degradation

The self-assembled nanogels fabricated in this study can degrade in multiple ways: (1)

hydrolytic cleavage of the cross-linking hydrazone bond to regenerate the initial POEGMA
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precursor polymers (whose molecular weight is maintained below the MWCO limit for
renal clearance, Table 5.1); or (2) hydrolytic cleavage of the brush side chains of PEG and
lactic acid via hydrolysis of the linking ester bonds.®>%® To assess nanogel degradation
using accelerated conditions, nanogels were suspended in 100 mM HCI (pH 1) and the
diameter and count rate was monitored using DLS (Figure 5.3); the degradation products
were subsequently characterized using NTA (Figure 5.4) and GPC (Figure 5.5 and Table
5.3). When exposed to the acid, the PO nanogels retained their size for the first three
hours, followed by a decrease in nanogel size (Figure 5.3A); however, the count rate
immediately decreased (Figure 5.3B), suggesting that mass loss from the nanogels is
occurring but the resulting swelling of the remaining, less cross-linked nanogels maintains
the nanogel size over at least the initial observation period. In contrast, the P4 and P8
nanogels have similar degradation profiles in which both the nanogel diameter (Figure
5.3A) and count rate (Figure 5.3B) immediately decreased down to a stable plateau,
suggesting fast degradation. Intensity-based multimodal size distributions for PO (Figure
S5.2C), P4 (Figure S5.2F) and P8 (Figure S5.21) show the occurrence of more polydisperse
nanogel populations after 12 hours of incubation compared to the initial time point (t=0).
We hypothesize that the physical interactions between the hydrophobic OLAMA domains
within the P4 and P8 nanogels introduce steric limitations to the formation of some of the
hydrazone bonds, resulting in fewer chemical cross-links that (upon acidic cleavage)

enable more rapid degradation of the nanogel structure. Following further incubation in
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the degradation media (over a total of 24 hours), nanogels were characterized using NTA
(Figure 5.4). The non-degraded nanogel suspensions have a single, narrow peak while the
degraded nanogel suspensions have multimodal size distributions. PO shows significantly
lower particle sizes, while P4 and P8 show both smaller particle size peaks (corresponding
to degraded polymer fragments) and larger particle size peaks (corresponding to the
formation of aggregates as the hydrophobically-modified nanogel fragments become
colloidally unstable). Characterization of the molecular weight of the degradation
products using GPC confirms that the degraded nanogels have similar molecular weight
distributions to the precursor polymers used to fabricate the nanogel (Figure 5.5), with
the number average molecular weight of the degraded nanogel (Table 5.3) being well
below the renal clearance cut-off limit (~50 kDa). Of note, the potential further
degradation of the POEGMA-co-OLAMA polymers would result in release of poly(ethylene
glycol) (PEG), oligomeric poly(methacrylic acid), and lactic acid, all of which are either
natural products (lactic acid) or have been independently FDA-approved for various

applications.5% 67-69
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Figure 5.3: Accelerated degradation of self-assembled nanogels. Degradation was
measured by DLS at 25°C over 12 h in 100 mM HCI, pH 1. (A) Normalized effective
hydrodynamic diameter (from DLS) and (B) Normalized count rate (from DLS).
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Figure 5.4: Characterization of intact nanogel and degraded nanogels using
nanoparticle tracking analysis (NTA).Size distribution of non-degraded nanogels (solid
line) and degraded nanogels after 24 hours of exposure to 100 mM HCI (dashed line) for
(A) PO nanogels; (B) P4 nanogels and (C) P8 nanogels.
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Figure 5.5: Comparison of molecular weights of nanogel precursor polymers and
degradation products. Characterization of initial precursor polymers (solid lines) and
self-assembled nanogel degradation products after 24 hr of exposure to 100 mM HCI
(dashed line) using gel permeation chromatography (GPC): (A) PO nanogels; (B) P4
nanogels; and (C) P8 nanogels.

Table 5.3: GPC characterization of molecular weight (number average M,) and
dispersity (D) of untreated precursor polymers and nanogel degradation products
after 24 hours of treatment with 100 mM HCI.

M

Formulation (kDa) b
POH 22 2.6
POH-OLAMA, 14 2.6

Precursor Polymers

POH-OLAMAg 18 2.5
POA 23 2.4
PO 20 2.4
Degradation Products P4 22 1.8
P8 24 2.2

To track degradation in more physiologically-relevant conditions, nanogels were similarly

incubated in 100 mM acetate buffer (pH 4.5-lysosomal conditions) and monitored using

DLS. The diameter of all nanogel formulations remained relatively stable over the initial

12 hour observation time (Figure S5.1A); however, there was a gradual, small increase in
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count rate for the P4 (1.5x greater) and P8 (1.2x greater) nanogels (Figure S5.1C). The
multimodal size distributions at t=0 and t=12 hours suggest that degradation is occurring
in this period, with the PO formulation showing the presence of a small amount of larger
aggregate (Figure S5.2A) while the P4 and P8 nanogels show distinctly more polydisperse
particle size distributions (Figure S5.2D and G) with peaks at larger particle sizes (P4 and
P8, corresponding to aggregated degradation products) and/or lower particle sizes (P8).
These results suggest that a degree of hydrazone bond cleavage occurs in this period,
particularly for the P4 and P8 nanogels in which the presence of OLAMA domains inhibits
the formation of some hydrazone bonds; in this context, the increased count rates
observed can be attributed to increased conformational mobility of the hydrophobic
OLAMA side chains upon hydrazone degradation, creating denser nanodomains inside the
nanogels that scatter light more light while the particle size remains similar as covalent
hydrazone cross-links are supplemented by physical hydrophobic cross-links. The
degradation products were further characterized by NTA after 14 days of incubation in
the 100 mM acetate buffer, pH 4.5 (Figure 5.6). The PO nanogels have a broad size
distribution with two moderate shoulders towards large particle sizes, indicating nanogel
swelling. Comparatively, the P4 and P8 nanogels, both of which have a 10-fold reduction
in particle concentration compared to the PO nanogels, have very distinct multimodal size
distributions consistent with substantial degradation as described previously. As such, the

hydrophobized POEGMA-POLAMA nanogels are degradable under intracellular pH
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conditions. In comparison, assessment of nanogel stability in 10 mM PBS indicated no
significant changes in particle size (Figure S5.1B), count rate (Figure S5.1D) or size
distribution (Figure S5.2B,E,H) for any of the nanogels over the 12 hr time course of the

study.
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Figure 5.6: Characterization of degraded nanogels at intracellular pH using
nanoparticle tracking analysis (NTA). Size distribution of PO nanogels, P4 nanogels and
P8 nanogels after 14 days of exposure to 100 mM acetate buffer, pH 4.5.

5.4.4 Olanzapine loading and release

Olanzapine loading was carried out using two different methods: (1) direct loading by
dissolving the drug in the precursor solutions for the self-assembly reaction; and (2)
passive diffusion into pre-fabricated nanogels. Direct loading is an attractive benefit of

the self-assembly technique because it enables drug loading and synthesis in one step,

thereby eliminating the need for multiple purification and isolation steps. However, given
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that olanzapine is a highly hydrophobic drug (log P=3.6), the low aqueous solubility of the
drug in water (94 pg/mL) is a limitation of self-assembly based loading. Table 5.4
summarizes the drug loading capacity (DLC) and encapsulation efficiency (EE) of
olanzapine using both loading methods. The direct approach to olanzapine loading shows
consistent olanzapine uptake across all three nanogel formulations; while the
encapsulation efficiency is moderate, the DLC is low, thus requiring a very high amount of
nanogel to deliver a therapeutic dose of olanzapine. Conversely, passive diffusion-based
loading in ethanol (in which olanzapine can be dissolved at a concentration of 2 mg/mlL,
>20x higher than that achievable in water) enables much higher drug loading to a degree
depending on the nanogel composition. PO nanogels load the least amount of olanzapine
(6 wt%), consistent with the relatively high hydrophilicity of this nanogel; introducing the
hydrophobic domains via the incorporation of OLAMA significantly improves olanzapine
loading, with P4 nanogels showing a DLC of 8 wt% OLZ while P8 nanogels showing the
largest DLC of 10 wt% OLZ. While the DLC values are lower that reported for some
conventional hard nanoparticles,”® the up to 10 wt% drug loading in hydrophobized
POEGMA nanogels is much higher than the 2 wt% olanzapine loading reported for
PNIPAM nanogels’® (the closest comparable drug delivery system reported for OLZ) and

enables clinically-relevant IN doses to be delivered via a practical IN nanoparticle dose.
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Table 5.4: Drug loading capacity (DLC) and encapsulation efficiency (EE) of olanzapine
in PO, P4 and P8 nanogels. Comparison of direct loading during the self-assembly
process or passive diffusion into a pre-fabricated nanogel (n=3 + one standard
deviation).

Direct Loading Passive Diffusion
Nanogel DLC EE DLC EE
(wt%) (%) (wt%) (%)
PO-OLZ 0.33+£0.02 42+3 62 29+102P
P4-0LZ 0.34£0.02 43+3 812 41 +10°
P8-0LZ 0.36+0.01 46 £ 1 101 50 + 2°

2 p<0.001 or ® p<0.0001 from pair-wise one-way ANOVA with Tukey post-hoc test.

Compared to the initial nanogel (PO, P4 and P8), nanogels loaded with OLZ via passive
diffusion (PO-OLZ, P4-OLZ and P8-0OLZ) exhibited larger particle size increases following
drug loading, albeit maintaining relatively low polydispersities (Figure 5.7A). For the
passively-loaded nanogels (Figure 5.7A), the PO-OLZ nanogel showed a 13% increase in
diameter (p<0.0001); the P4-OLZ showed a smaller, but still significant (p<0.001),
increases in size of 6%, while the P8-OLZ increased by 4% (p=0.707). The nanogel swelling
upon drug loading can likely be attributed the transient nature of the hydrazone cross-
links; reinforcement of the hydrophobic interactions by the loaded hydrophobic drug
introduces further steric barriers to the dynamic re-formation of hydrazone bonds in
water, resulting in increased nanogel swelling. This re-arrangement of polymer chains
upon drug-loading is less pronounced in the P4-OLZ and P8-OLZ nanogels because the
formation of hydrophobic OLAMA domains during the initial nanogel synthesis already
impacted the cross-linking structure of the nanogel.
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Figure 5.7: Comparison of nanogel diameter (from DLS) before (empty nanogel: PO, P4
and P8) and after olanzapine loading (P0-OLZ, P4-OLZ, P8-OLZ). (A) Effective
hydrodynamic diameter and polydispersity (from DLS) of olanzapine-loaded (passive
diffusion) self-assembled nanogels. Nanogels fabricated with different core polymers
are measured in 10 mM PBS, pH 7.4. (B) Effective hydrodynamic diameter before and
after olanzapine loading. Presented error is one standard deviation of n=5 repeats and
statistical analysis was conducted using ANOVA with Tukey post-hoc test. *** p <0.001
and **** p < 0.0001 for pair-wise comparison.

Olanzapine release was studied in two different mimics of physiological conditions: 10

mM PBS, pH 7.4 (physiological pH) and 100 mM acetate buffer, pH 4.5 (mimicking acidic

intracellular lysosomal conditions that can both improve olanzapine solubility’! and
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promote gradual nanogel erosion (Figure S5.1 and S5.2). Figure 5.8 presents cumulative
olanzapine release over a 2-week period using 20 kDa MWCO Float-A-Lyzer membranes.
Free olanzapine showed the expected burst release through the membrane in both
release media, albeit with a substantial amount of drug retained inside the membrane
(due to adsorption or irreversible precipitation) leading to a maximum cumulative release
of 34% under the acidic conditions after two weeks (i.e. the condition at which OLZ is the
most water-soluble). In contrast, the nanogel formulations avoided this burst release,
with drug release proceeding with zero-order release kinetics for all formulations in each
of the release conditions. Release in PBS results in the smallest cumulative release for all
formulations (21% for free OLZ, 9% from PO, 14% from P4 and 11% from P8 after 2 weeks).
While a small increase in OLZ release from the PO nanogel was observed under acidic
conditions (13% cumulative release after 2 weeks), release from the hydrophobically-
modified nanogels that provide more favorable hydrophobic domains for drug binding is
not significantly enhanced under acidic conditions (cumulative release of 14% for P4 and
13% for P8). While the membrane partitioning effects do influence the absolute release
rates and kinetic profiles observed, the results shown in Figure 5.8 still clearly show that
the nanogels can facilitate prolonged and controlled olanzapine release that avoids the

burst release of drug that is implicated in inducing more severe metabolic side-effects.
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Figure 5.8: Cumulative in vitro release of olanzapine in different physiologically-
relevant conditions. (A) 10 mM PBS, pH 7.4 and (B) 100 mM ammonium acetate, pH 4.5
for free OLZ, PO-OLZ, P4-OLZ and P8-OLZ incubated at 37°C under 100 rpm shaking. Error
bars represent the standard deviation of n=3 samples.

5.4.5 Polymer and nanogel cytotoxicity

The cytocompatability of the precursor polymers/degradation products (POA, POH, POH-
OLAMA; and POH-OLAMAg), nanogels (PO, P4 and P8) and olanzapine-loaded nanogels
(PO-OLZ, P4-0OLZ, P8-0OLZ) was examined using a MTT assay using human SH-SY5Y neuronal
cells. Figure 5.9 shows the relative cell viability (to a non-treated cell-only control) of the
SH-SY5Y cells after 24 hours of polymer and nanogel exposure at a range of
concentrations representing nanogel concentrations that could potentially be
administered in vivo (and the relevant precursor polymer concentrations to those nanogel
concentrations, taking into account that the POA cross-linker is only incorporated at 20
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wt% relative to the POH (-OLAMA48) mass). All nanogels and precursor polymers
exhibited high cytocompatability with relative cell viabilities are >80%, indicating

potential to be used in vivo without inducing problematic toxicity.
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Figure 5.9: Cytotoxicity of precursor polymers and nanogels to SH-SY5Y neuronal cells.
Relative cell viability (to a cell-only control) as measured via the MTT assay after 24
hours of exposure to precursor polymers/degradation products (POA, POH, POH-
OLAMA; and POH-OLAMAGg), nanogels (PO, P4 and P8) and olanzapine-loaded nanogels
(PO-OLZ, P4-0OLZ, P8-0OLZ): (A) PO formulations; (B) P4 formulations; (C) P8 formulations.
Error bars represent standard deviation of n=4 samples. No statistically significant
differences were determined from ANOVA.

5.4.6 In vivo pharmacological efficacy of OLZ-loaded nanogels

A rodent model of schizophrenia was used to evaluate the pharmacodynamics of the
olanzapine-loaded nanogels in vivo. Pre-pulse inhibition (PPl) was selected as the
behavioural test given that it provides an operational measure of sensorimotor gating, a
phenomena that is observed across species related to the filtering of information from

one’s surroundings.’”? 737> In a healthy individual, a weak acoustic stimulus provided prior

to a larger startle stimulus will attenuate the startle response; in an individual with
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schizophrenia, a reduced startle response is not observed as the pre-pulse information is
not processed as effectively.”®”” To induce a rodent model of schizophrenia, male
Sprague-Dawley rats received 0.35 mg/kg IP injections of MK-801, a highly selective non-
competitive N-methyl-p-aspartate (NMDA) glutamate receptor antagonist that produces
a complex behavioural syndrome including dose-dependent changes (upon acute
exposure) in representative symptoms of schizophrenia including hyperlocomotion,
deficits in PPl and social interaction, stereotypy, and ataxia.”®”° Previous studies have
shown that disruption in PPl induced by MK-801 can be alleviated by olanzapine
treatment due to its preferential action in the mesolimbic area and high affinity for

serotonin receptors.’47>

Initially, a negative control measure of PPl was collected by dosing with saline IN 60
minutes and IP 15 minutes prior to PPI testing (Baseline); high levels of PPI (65%) were
observed. Rats given IN doses of PO, P4 or P8 nanogel similarly did not exhibit any PPI
reductions compared to the baseline; administration of olanzapine-loaded nanogels (PO-
OLZ, P4-OLZ and P8-0OLZ) similarly retained the same level of PPI as the baseline and
empty nanogel trials (not significant (ns), p>0.999). As such, the nanogels themselves do
not induce any significant behavioral change due to unexpected receptor interactions or

toxicity.
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Following, to induce schizophrenia-like symptoms, each animal was anesthetized and
dosed with IN saline; an IP injection of MK-801 was then administered 15 minutes prior
to PPI testing (MK-801 - positive control). Administration of MK-801 produced a
significant (p<0.0001 relative to Baseline) decrease in PPl to only 18%, showing the
expected schizophrenia-like responses. When rats were dosed with MK-801 in addition
to empty nanogel (PO/MK-801, P4/MK-801, P8/MK-801), PPl again decreased by a
substantial amount (p<0.0001 for PO, p<0.001 for P4, and p<0.05 for P8), comparable to
that observed in the MK-801 alone trial. No significant differences were observed
between any formulations receiving MK-801 without drug (ns, p>0.999). Therapeutic
intervention with PO-OLZ, P4-OLZ or P8-OLZ (2 mg/kg OLZ administered per rat) was
subsequently monitored 1, 3, 6, 24 and 48 hours after IN administration, with MK-801
dosing 15 min prior to PPl testing at each time point. PPl testing one hour post-IN
administration showed substantial deficits were retained for all OLZ-loaded nanogels
tested (p<0.001 for PO and P8, p<0.01 for P4, relative to the relevant no-MK-801 nanogel
control). At the 3 hour time point, the PPl of the PO-OLZ (p<0.01) and P4-OLZ (p<0.05)
nanogels remained significantly lower than their respective no-MK-801 control; however,
while the P8 nanogel PPl values also remained lower than its no-MK-801 control, the
difference was no longer statistically significant (p=0.06), suggesting nanogel-facilitated
transport of OLZ into the brain. PPl response continued to improve at the 6 hr time point

(ns, PO p=0.076; P4 p=0.690; P8 p=0.600) and was fully recovered 24 hr post-IN
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administration for all nanogels tested (ns, PO p>0.999; P4 and P8 p=0.989), showing that
prolonged therapeutic intervention and rescue of PPl deficits can be enabled by all
nanogel formulations. At 48 hours post-IN administration, the 2 mg/kg nanogel-OLZ no
longer retained its therapeutic benefits in the PO and P8 systems, with PPl once again
decreasing to the positive control baseline (p<0.001 for PO and P8 relative to their
respective no-MK-801 nanogel control). However, the P4 nanogel retained therapeutic
efficacy relative to its no-MK-801 nanogel control (p=0.053). To our knowledge, this data
represents the first demonstrated prolonged therapeutic intervention enabled by a
single, acute low dose of IN OLZ. Previous studies using 5x more drug (10 mg/kg IP) failed
to demonstrate similar complete restoration of PPl following 0.1 mg/kg SC MK-801,%° 3
mg/kg phencyclidine SC® or brain lesion-induced deficits in PPI,8% while other studies
using a slightly smaller dose of MK-801 than used herein (0.3 mg/kg) have shown PPI
reversal only one hour post-SC injection of 2.5 mg/kg free OLZ®3 or using 3 mg/kg OLZ SC

in isolation-reared rodents. 8

260



Ph.D. Thesis — Madeline Simpson McMaster University—Chemical Engineering

A
IN MK-801 PPI
dose injection testing
0.75-47.75 hr 15 min 25 min
B C
100 100
= I sk XX o Fokk »:k kK
9‘:- 80 | Fokkk KKK *
=
K=l
= 60
=
£
@ 40
=
a
o 20
a
0

Control Treatments Therapeutic Treatments

M PO Nanogel M P4 Nanogel B P8 Nanogel

Figure 5.10: Pre-pulse inhibition (77 dB pre-pulse, 120 dB startle) in MK-801-induced
rat models of schizophrenia. (A) Rats received IN administration of PO, P4 and P8
nanogels with or without 2 mg/kg olanzapine, afterwards schizophrenia model was
induced by IP injections of 0.35 mg/kg MK-801 15 minutes prior to each assessment.
Results panels show (B) Control treatments and (C) Therapeutic treatments with PO, P4
and P8 olanzapine-loaded nanogels as a function of time. Solid lines represent average
of no-MK-801 controls (upper) or MK-801 only controls (lower) + 95% confidence
interval. Statistics are relative to respective NG-OLZ control. Error bars represent
standard error of n=6 samples. Statistical analysis conducted using ANOVA with Tukey
post-hoc test. *p<0.05; **p<0.01; *** p<0.001 and ****p<0.001.
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The persistent maintenance of PPl from 6 hours up to 48 hours post-IN administration of
a low (2 mg/kg) dose of OLZ in rats suggests that the combination of the IN route of
delivery and the nanogel transport/controlled release properties collectively enable
transport of the drug to the brain and prolonged drug release to enable longer-term PPI
recovery than observed in previous studies. The half-life of OLZ in rats (2.5-3 hr)®3¢ s
substantially shorter than the half-life in humans (29-55 hr)®’ due to metabolic
differences, while the frequency of adverse side effects appears to be dose-related as
plasma levels of olanzapine increase linearly with daily oral doses.®8# Supplying low
doses of olanzapine encapsulated in nanogels will retain the drug in its active form while
providing sustained release of the drug within its therapeutic range; concurrently, the IN
delivery strategy enhances the probability of the nanogel penetrating into the brain. Both
these factors increase OLZ bioavailability, thus minimizing the non-target drug
concentration that contributes to the negative side effects of the APD. The sustained
therapeutic effects demonstrated by this self-assembled nanogel system can be
attributed to the unique characteristics of the nanocarrier. Nanogels are able to improve
therapeutic delivery to the brain due to their enhanced mechanical deformability
(enabling improved intracellular drug delivery across cell membranes®®) and improved cell
targeting,®>? thereby facilitating uptake by the nasal epithelium and thus transport via
the direct nose-to-brain pathway that bypasses the BBB.%*** Soft nanogels are also

particularly efficiently transported to lysosomes, which have the ideal acidic conditions to
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trigger nanogel degradation and olanzapine release, because their deformability
facilitates membrane wrapping and engulfment in vesicles.®> Nanogel deformability also
enables larger particle sizes that encapsulate higher drug payloads, thus reducing the
quantity of polymer required to deliver a therapeutic drug dose.®® These self-assembled
nanogels are larger (~200-250 nm) than many of the PLGA*’ and SLN*° carriers previously
proposed for IN olanzapine delivery as well as most intravenous nanoparticles used given
the restricted transport of nanoparticles of size >100 nm through the BBB;°’ the
hydrophilic/hydrophobic balance required to maintain nanogel swelling yet enhance
olanzapine uptake also contributes to enhancing mucopenetration and epithelial cell
uptake.’®® On this basis, the P4 nanogels are likely the most suitable candidate for
practical application as these nanogels have high DLC values (8 wt%), intermediate
swelling responses, and the most prolonged therapeutic benefit in terms of PPI
attenuation. Despite the increased internal hydrophobicity imparted by the OLAMA
comonomer, the self-assembled nanogels retain their interfacial hydrophilic properties
due to the PEG side chains in the brush copolymer preventing particle aggregation while
enhancing particle diffusivity through mucus to enable access to the epithelium of the
nasal cavity.!9%191 Thys, these nanogels have desirable physiochemical properties to

provide sustained release of olanzapine using IN delivery to enhance drug bioavailability.
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5.5 Conclusions

Nanogels were prepared based on hydrazide and aldehyde-functionalized POEGMA-co-
POLAMA precursor polymers using a rapid, thermally-driven, self-assembly method. The
resulting covalently cross-linked nanogels contain hydrophobic domains of physically
interacting OLAMA side-chains to promote olanzapine uptake; nanogel degradation and
drug release was facilitated through hydrolytic degradation of the hydrazone cross-links
and/or the lactic acid-based side chains which regenerated the polymer building blocks
of the nanogels. The nanogels and their precursor polymers/degradation products were
both highly cytocompatible to neuronal cells at concentrations comparable to those used
for IN drug delivery, while pharmacodynamic studies confirmed that IN administered
drug-loaded nanogels enabled delivery of therapeutic doses of olanzapine that reversed
MK-801-induced deficits of pre-pulse inhibition for at least 24 hr following a single
nanogel administration, a sustained effect not previously shown by other IN-delivered
nanoformulations. IN administration of self-assembled nanogels thus provides a suitable
delivery mechanism for low doses of olanzapine that can decrease both the total dose
and the dosing frequency required for therapeutic intervention, thus minimizing the

adverse metabolic side effects and advancing the efficacy of this clinically prescribed APD.
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S5. Supporting Information

Table S5.1: Recipes of POH-OLAMA polymers containing 20 mol% OLAMA.

POH-OLAMA, POH-OLAMAs
M(EO).MA 19¢g 19¢g
OEGMAGs00 21¢g 2.1g
OLAMA 2.35 g (m=4) 4.0 g (m=8)
AA 560 ulL 560 pL
TGA? 75 uL 75 uL
AIBME 39 mg 39 mg
Dioxane 20 mL 20 mL

210% in dioxane
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Figure S5.11: Nanogel degradation and stability. Incubation of self-assembled PO (blue
line), P4 (purple line) and P8 (red line) nanogels in (A,C) 100 mM acetate buffer, pH 4.5
and (B,D) 10 mM PBS, pH 7.4 at 37°C: (A-B) Normalized effective hydrodynamic diameter
(from DLS); (C-D) Normalized count rate (from DLS).
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Figure $5.12: Multimodal intensity-based size distributions at t=0 h (solid line) and t=12
h (dashed line) (from DLS) of self-assembled PO (blue line, A-C), P4 (purple line, D-F) and
P8 (red line, G-I) nanogels incubated in (A,C,G) 100 mM acetate buffer, pH 4.5; (B,E,H) 10
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Chapter 6 : Conclusions and Future Work

6.1 Summary and Conclusions

The overall goal of this Ph.D. thesis is to develop nanogels with tunable compositions and
physiologically-relevant stimuli-responsive degradability for drug delivery applications.
The specific focus, facilitated by a collaboration with a neuroscience research group, was
on improving APD delivery to the brain by combining novel nanogel materials with the
non-traditional yet advantageous minimally-invasive IN route of administration known to
enhance drug bioavailability to the brain. The development of unique nanogel
formulations that leverage the known advantages of nanogels for drug delivery (swelling
and stimuli-responsiveness) while addressing their key limitations relative to APD delivery
(hydrophilicity and poor degradability) represents the key novel contribution of this
research. The findings within should significantly motivate the use of nanogel-based drug
delivery systems for clinical applications not solely restricted to schizophrenia but

extending into the delivery of other hydrophobic therapeutics.

Chapter 1 provides an overview of the motivation for this work, including the current
disease state globally and the associated impacts of managing a chronic neuropsychiatric
disorder. The present understanding of the etiology of schizophrenia is described, with
emphasis placed on how the uncertainty associated with the widely accepted disease

hypotheses limits clinical diagnosis and treatment options. The available animal models
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used for validation of APDs in rodents, and both the benefits as well as the limitations of
such models, are discussed. The two distinct classes of clinically prescribed APDs are
presented; their particular mechanisms of action, therapeutic advantages, as well as the
associated detrimental side effects are thoroughly reported. Current routes of
administration of APDs are discussed, and the advantages of the non-conventional IN
route explored within the thesis are presented. The end of the chapter describes the
current nanoparticle-based drug delivery systems explored in literature to-date and
identifies that a particular class of nanoparticle, the nanogel, is underutilized for APD
delivery due to its perceived associated limitations based on previously-established state-

of-the-art techniques for nanogel fabrication.

Chapter 2 utilizes conventional precipitation polymerization to synthesize POEGMA-
based nanogels. Hydrophobic domains derived from the co-polymerization of BMA and
MMA (0-15 mol %) are incorporated into the otherwise hydrophilic nanogel structure,
and their effect on nanogel swelling and the uptake of the highly hydrophobic atypical
APD lurasidone was determined. Incorporation of the hydrolytically-labile cross-linker
EGDMA enables nanogel degradation over time. High cell viability was reported toward
these nanogels, consistent with the POEGMA-based gels being known to have
cytocompatible and non-toxic properties. The lurasidone-loaded nanogel system enabled

the attenuation of hyperlocomotion in a rodent model of MK-801-induced schizophrenia
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using 4x less drug than required for IP administration, confirming the enhanced
lurasidone bioavailability provided by the intranasal route. Biodistribution showed
continued retention of fluorescently-labelled nanogels in the nasal tissue for up to two
days and little to no accumulation in any of the typical clearance organs. This
hydrophobized nanogel drug delivery system shows potential to minimize the adverse
side effects associated with systemic administration of APDs by minimizing the effective

dose required for therapeutic intervention.

Chapter 3 expands on the work accomplished within the previous chapter. Nanogels
containing BMA and MMA are similarly synthesized, although larger quantities (0-25 mol
%) of hydrophobic co-monomer are co-polymerized into the nanogel. Introduction of a
longer chain oligo(ethylene glycol methacrylate) is also introduced at varying mole
fractions (0-30%) within 10% BMA nanogels. These modifications were utilized to expand
our understanding of how the hydrophilic/hydrophobic balance governs nanogel stability
and affects swelling as well as drug uptake. It was determined that both sufficient
hydrophobic domains to enhance drug affinity as well as the retention of nanogel swelling
are necessary to promote high drug uptake; the incorporation of 215 mol% hydrophobic
co-monomer causes nanogel collapse and a decrease in swelling and porosity that
prevents drug diffusion into the matrix and thus reduces drug encapsulation. The cross-

linking architecture of the nanogels was also modified to include a covalent, redox
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responsive disulfide bridge to enhance nanogel degradability, which can be facilitated
through a bioorthogonal reaction using endogenous glutathione. The dose-dependent
response of the degradable haloperidol-loaded nanogels was quantified by assessing two
behavioural changes in rodents. A low 0.3 mg/kg dose was necessary to decrease rodent
locomotion, considered to be a therapeutic benefit; a higher 1 mg/kg dose was required
for the onset of catalepsy, a side effect considered comparable to EPS in humans. Such
cataleptic responses were induced at a drug dose half of the 2 mg/kg free HLP drug
solution administered IP previously reported. The enhanced bioavailability of IN
administered APDs is reinforced by this work, as is the potential for this drug delivery
system to be employed to deliver a variety of hydrophobic therapeutics requiring CNS

access.

Chapter 4 pivots to examining a different nanogel synthesis technique developed in the
Hoare research group. Aqueous nanogel self-assembly, made possible by
thermoresponsive precursor polymers of aldehyde and hydrazide functionalized
POEGMA, is explored. A systematic approach to nanogel self-assembly is investigated by
interchanging the core and cross-linking polymers and varying the quantity of core
polymer, ratio of cross-linking to core polymer, and temperature at which the self-
assembly reaction is conducted relative to the core polymer’s LCST. Multivariate statistics

are used to analyze the effect of the process parameters on nanogel size and
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polydispersity, identifying a non-linear relationship between the self-assembly variables
and nanogel properties that suggests a complex chemical process that cannot be
adequately modeled by a linear function. The scalability of a colloidally stable nanogel
formulation with a moderate nanogel size (~280 nm) and low polydispersity (PD<0.15)
with the potential for biomedical applications was identified for further investigation.
Large-scale self-assembly (50 mL) produced nanogels with properties comparable to the
small-scale batch (6.5 mL), indicating the potential of this method to produce nanogels

with tunable sizes for drug delivery and other clinical applications.

Chapter 5 implements the self-assembly strategies established in Chapter 4 to synthesize
self-assembled nanogels containing hydrophobic domains of OLAMA. The hydrazide-
functionalized POEGMA polymer is modified to include 20 mol% of short chain (4 or 8
repeats) OLAMA. Drug uptake of the atypical APD olanzapine is investigated both during
and after self-assembly. The limited aqueous solubility of olanzapine prevented high
loading capacity during the self-assembly reaction; however, drug incorporation post-
synthesis via passive diffusion enabled encapsulation of therapeutically-relevant
guantities of the APD, albeit with significant changes in nanogel size. The acid-catalyzed
hydrolysis of the cross-linking hydrazone bond was investigated under acidic physiological
conditions (pH 4) as well as accelerated conditions (pH 1) to demonstrate degradability.

Drug release kinetics showed linear, sustained release with <15% of the total drug
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released within 2 weeks, indicating that prolonged release using these nanogel
formulations is possible. PPl behavioural studies in rodents treated with MK-801 revealed
the time-dependent response associated with drug release. Restoration of PPl was not
produced until 6 hours post-IN administration, indicating a lag in therapeutic onset not
previously shown by the other nanogel formulations; however, following that lag, PPl was
retained for 24-48 hours depending on the nanogel formulation. As these nanogels are
larger, we hypothesize that the lag in onset can be attributed to both slower permeation
of the nanogels into the nasal epithelium and the slow rate of drug release shown by the
in vitro release kinetics. This chapter outlines that newer techniques for nanogel synthesis
can produce viable materials for drug delivery that encompass the key advantageous

parameters of nanogels.

6.2 Future Work

The research presented within this thesis utilizes novel, hydrophobized nanogel
formulations with tunable chemical compositions, swelling, and externally-triggerable
degradability coupled with the minimally invasive nose-to-brain delivery route to improve
the bioavailability of various clinically prescribed APDs. The drug delivery systems
presented herein have the potential to form a platform for the delivery of hydrophobic
drugs to the central nervous system by exploiting the minimally-invasive IN route of

administration. The ability to select materials that tailor nanogel chemistry to enhance
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the affinity for hydrophobic drugs by improving their solubility, as well as the opportunity
to exploit the unique swelling and elastic properties of nanogels to deliver larger particles
encapsulating bigger payloads of drugs through biological barriers typically accessible
only with smaller nanoparticles, are design considerations that can be widely applied to
strategically deliver other types of hydrophobic drugs. As such, other currently prescribed
APDs as well newly-developed APDs that are increasingly hydrophobic can be explored
for their encapsulation and delivery potential using the described systems. Utilization of
these nanogel systems to deliver therapeutics for the treatment of other CNS diseases
such as Alzheimer’s, Parkinson’s and Huntington’s as well as depression and anxiety also
has potential. Alternately, the incorporation of drugs with anti-cancer activity for the
treatment of glioblastoma, such as doxorubicin and paclitaxel that are also known to be
poorly water-soluble, could benefit from the proposed targeted method of delivery as it

can avoid the systemic circulation of cytotoxic drugs.

Additional future work that can be explored related to Chapter 2 is the completion of drug
release studies. The low solubility of lurasidone in the majority of solvents makes it very
difficult to detect using high-throughput methods relying on column separation such as
HPLC and LC-MS/MS. Considerable effort was put forth to optimize detection methods
using these systems; however, drug accumulation in columns caused carry-over into

subsequent samples (despite substantial washing between) that led to unreliable data
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collection and also introduced significant pressure problems. As a result, while UV-visible
spectrophotometry could be effectively utilized for drug loading quantification, its limit
of detection was not sensitive enough to quantify the low levels of lurasidone release in
aqueous media. Further probing of alternate quantification methods is suggested. In
addition, the biodistribution studies revealed that sustained levels of nanogel were
retained in the nasal tissue for at least two days. This indicates that longer chronic time
points need to be examined to determine when and how the nanogel is eventually
cleared. This also motivates the investigation of additional behavioural study time points
to determine if nanogel retention correlates with sustained drug release or if the two

components decouple and only the nanogel persists.

The locomotor data presented in Chapter 3 revealed that IN administration of the 10%
BMA 100:0 and 10% MMA 100:0 non-drug loaded nanogels could attenuate locomotor
activity. We hypothesize that the presence of nanogel within the nasal cavity could
prevent some of the sensory-stimulated movement that typically drives locomotion;
however, further investigation is warranted on this point. Receptor binding assays could
be probed to determine if there are meaningful interactions occurring. Histology on the
nasal tissue and brain could also be conducted to determine if there is any inflammation

or cytotoxicity concerns that could cause this outcome.
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When methods for self-assembly scale up were proposed for inclusion in Chapter 4,
increasing the polymer concentration was also proposed as an alternative to increasing
the self-assembly volume. As shown in the published journal article, increasing the
volume was selected as we felt this method more clearly implemented engineering
solutions that were most relevant to the topic of the publication. However, the synthesis
of high concentrations of self-assembled nanogels was executed and determined to be
possible. Over time, these samples were also observed to transition from stable colloidal
suspensions of nanogels to form macroscale hydrogels due to the transient nature of the
hydrazone bonds and the excess unreacted hydrazide groups. This has only ever occurred
in nanogel samples synthesized at high 10 wt% concentrations; the 0.5 and 1 wt%
formulations reported in Chapters 4 and 5 have never produced macroscopic gelation
over the many months they have been stored. Although not yet further characterized,
this transition could be exploited as an alternate formulation for depot LAI. As the current
limitations associated with IM LAls are due to the pain and irritation caused by the oil-
based deep tissue injections, the aqueous self-assembled nanogels could provide a more
tissue-compatible alternative. Essentially, the transition from nanogels to macroscopic
hydrogel represents an example of in situ gelation to create a different mesh-like polymer
structure. As the drug release kinetics from the nanogels alone are slow, the formation of
the macroscopic hydrogel could impart additional barriers to drug release, possibly

resulting in a biphasic yet sustained drug release pattern. As this could be viewed as a
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novel composite material as it transitions from nanogel to macroscopic hydrogel, possible

investigation as a drug delivery vehicle could reveal unique characteristics.

The promising findings reported in Chapter 5 could be supplemented with additional
behavioural studies. The focus of the presented PPl data was to determine the minimal
effective dose required IN to elicit a significant therapeutic behavioural response. The
next level of beneficial therapeutic efficacy would be to determine if a larger IN dose can
be provided that enables a substantial difference in drug dosing frequency (i.e. transition
from daily to weekly). Complementary biodistribution studies could also accompany this
data. As the conventional nanogels in Chapter 2 show surprising long-term retention in
the nasal tissue, comparable investigations should examine if this is characteristic of

hydrophobized POEGMA nanogels regardless of their synthetic route.

Finally, the APDs employed in this thesis are all FDA approved and are currently clinically
prescribed for the treatment of schizophrenia. As such, the pharmacokinetics studied
within this thesis focused on the nanogel material, as it is the novel component of the
drug delivery system. In order to facilitate clinical translation of these drug delivery
systems, simultaneous examination of the biodistribution of both the drugs and the
nanogels in preclinical models would be useful to gain a greater understanding of the

observed behavioural responses and further substantiate and validate controlled release
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kinetics in vivo. Cross-species translation of drug dosing information is also challenging
due to the metabolic differences between rodents, primates (the typical clinical model),
and humans. As such, using more advanced screening techniques, such as ex vivo tissue
studies or organ-on-a-chip technology, would enable the evaluation of pertinent tissue
interactions such as inflammation and receptor binding that could provide valuable safety
and toxicity information to reinforce the pursuit of clinical translation and/or identify
additional considerations to address prior to pursuing more involved studies. The
introduction of nanogels facilitating controlled release adds additional complexity to
translation as biodegradable moieties affect nanogel erosion and also influence drug
release kinetics. As drug dosing frequency is known to effect maintenance of steady-state
plasma levels of therapeutics and also plays a significant role in the risk of adverse side
effects, elucidating the frequency and minimal effective APD dose is an additional,
significant portion of work that can improve the safety and efficacy of these nanogel

systems.
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