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Hypoxic-ischemic encephalopathy (HIE) is the leading cause of permanent brain injury in term
newborns. HIE can lead to significant impairments during development and adulthood including
cerebral palsy, learning disability, and epilepsy. Currently, there is no effective cure for HIE, and
the standard-of-care only offers a 15% reduction in the risk of death or disability. This thesis
project is focused on an engineering approach to the development of novel treatment strategies
for this devastating disease.

First, we must understand and evaluate the disease physiology in order to determine the
desired therapeutic activity: how will a therapeutic enter the brain and interrupt injury pathways?
It is well known that HIE is initiated as a result of low flow of oxygen and blood flow to the brain
(hypoxic-ischemia, or HI), producing a crisis of energy failure. This crisis precipitates
excitotoxicity and neuroinflammation, which propagate the resulting injury over hours, days, and
years. However, critical intervention points remain unknown, including the time window for
effective treatment and the permeability of delivery barriers in the brain. We demonstrate that
injury can be ameliorated by curcumin, a broad-acting anti-inflammatory and antioxidant
molecule, when incorporated into a nanoparticle formulation for improved solubility and stability
(Chapter 3). This supports the further investigation of drugs which are able to target
inflammatory and oxidative stress pathways. We additionally use an ex vivo brain slice model to
assess hanoparticle transport in the diseased brain microenvironment, discovering disease-
mediated disruptions to the extracellular matrix and changes in microglial uptake of
nanoparticles (Chapter 4). This supports the further investigation of nanotechnology for

applications in brain-targeted drug delivery.



Next, we optimized the nanoformulation to more effectively address delivery challenges.
Small molecule drugs and biologics face challenges including limited solubility, low circulation
time, and low penetration of the brain. Drug encapsulation in a poly(lactic-co-glycolic acid)
(PLGA) nanoparticle is an accessible solution, especially as PLGA nanoparticles have been
FDA-approved in other disease applications. As we will demonstrate, the PLGA nanoparticle
platform can be tailored for improved brain penetration by modulating surface properties: 1) the
conjugation of poly(ethylene glycol) (PEG), which improves nanoparticle diffusive ability through
brain tissue, and 2) the inclusion of surfactants in the formulation, specifically polysorbate 80
(P80), which improves brain cell-specific targeting (Chapter 5). The investigation of a brain-
penetrating, cell-specific drug delivery platform is relevant for a variety of brain diseases and
allows for tailoring the formulation specifically to the HIE model.

This project culminates by evaluating the optimized PLGA-PEG/P80 nanoparticle
platform for catalase drug delivery after HIE (Chapter 6). Catalase is a therapeutic enzyme that
combats oxidative stress disease pathways but exhibits poor nanoparticle encapsulation due to
its hydrophilic nature. Using a hydrophobic ion-pairing technique to increase catalase’s
hydrophobicity, we formulate catalase-loaded PLGA-PEG/P80 nanoparticles. After in vivo
administration in the HIE model, we demonstrate catalase nanoparticle accumulation in the
injured tissue and a significant neuroprotective effect. The work in this thesis supports the
further investigation of curcumin and catalase nanoformulations for the treatment of HIE. More
broadly, it demonstrates that a range of therapeutic cargo can be successfully incorporated into
biodegradable, brain-penetrating nanoparticles for application across the spectrum of

neurological disorders.
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Chapter 1 — Introduction to neonatal brain injury and nanotechnology

One of the fascinations of small things is that they turn out to be so alien, in spite
of supefficial similarities in shape or function to larger, more familiar relatives.
— George Whitesides

1.1 Neonatal brain injury: background

Perinatal asphyxia (PA), where newborns suffer from a lack of oxygen and blood flow to the
brain, accounts for one of the highest numbers of disability adjusted life years for any condition
[1, 2]. PA can result in the development of hypoxic-ischemic (HI) brain injury, also known as
hypoxic-ischemic encephalopathy (HIE), which occurs in 1.3-4.7 per 1000 live births in
developed countries, and in as many as 26 per 1000 live births in low-resource settings [3].
Without treatment, 20-50% of affected infants die within the newborn period, and up to 25% of
survivors exhibit permanent neuropsychological handicaps including intellectual disability,
cerebral palsy, epilepsy, or sensorineural hearing loss or vision loss, which carry a huge burden

on society [4].

1.2 Neonatal hypoxic ischemia

Neonatal HI begins with a reduction in blood flow to the newborn through either the umbilical
cord or placenta. Suppression of blood flow is typically associated with an acute perinatal event
such as obstructed labor, placental abruption, or umbilical cord prolapse, although chronic
conditions like pre-eclampsia or intrauterine infection may increase susceptibility. Low blood
flow induces systemic hypoxia, which reduces cardiac output, which results in global ischemia
and reduced cerebral blood flow. Although this general etiology is shared between infants with
HI, the progression and outcome of injury is highly variable across individuals. Injury severity is
typically classified as mild, moderate, and severe, with diagnosis occurring at birth (within 4.5-5
hours) immediately followed by treatment for moderate and severe cases. Importantly, it is not
possible to predict which infants will develop HI prior to delivery, nor to predict the severity of
injury once the insult has occurred. Despite advances in obstetric care, clinicians are left having
to start treatment after the primary neurological injury has occurred, with the injury progressing

at an unknown speed, for a poorly-defined duration of time.

1.2.1 Pathophysiology of HI brain injury
Next-generation therapies for HI will leverage disease physiology in order to target therapeutics

to sites of injury and specific injury pathways of interest. Thus, it is important to understand the



role of energy failure, excitotoxicity, oxidative stress, neuroinflammation in the progression of HI.
The development of HI occurs in three phases: a primary injury phase, where the insult
immediately causes cell swelling, oxidative stress, and mitochondrial dysfunction; a secondary
phase, where energy production briefly improves and then precipitously declines to cause
causes seizures and increased cell death; followed by a tertiary phase, characterized by

ongoing inflammation and excitotoxicity-induced cell death to propagate the injury [5].

Primary phase of injury

By definition, global and cerebral hypoxia and ischemia cause a dramatic reduction of oxygen
and metabolic substrates in the brain. This directly induces energy failure as cells are unable to
produce adequate adenosine triphosphate (ATP) through aerobic respiration, a process which
requires oxygen as the terminal electron acceptor in the mitochondrial electron transport chain
(ETC). The less efficient anaerobic respiration is used to partially meet cellular energy
demands, but a buildup of lactate byproduct leads to lactic acidosis, a fatal condition on its own.
ATP-dependent processes also begin to fail, initiating a cascade of cytotoxic activity [5].

One important ATP-dependent process is the maintenance of sodium and potassium
gradients across the neuronal membrane. Failure of these gradients results in influx of sodium
into the cell, which creates an osmotic gradient driving water influx as well. This leads to cellular
edema and acute cell lysis. Sodium influx can also trigger action potentials leading to neuronal
depolarization and release of excitatory neurotransmitters such as glutamate (“excitotoxicity”).
Excess glutamate in the extracellular space is normally scavenged by astrocytes, but this
recycling process is ATP-dependent and its failure creates a feed-forward cycle which
exacerbates the injury. Excess glutamate and general mitochondrial failure, combined with the
re-introduction of oxygen as hypoxic and ischemic conditions improve, initiate the excito-
oxidative cascade [6].

The first step of the excito-oxidative cascade is glutamate overactivation of N-methyl-D-
aspartate (NMDA) receptors leading to an influx of calcium into the cell. Excess calcium
activates neuronal nitric oxide synthase which produces nitric oxide (NO) [7]. When oxygen is
re-perfused through the brain, dysfunctional mitochondria produce reactive oxygen species
(ROS) like superoxide (O27), which reacts with NO to produce the peroxynitrite radical ONOO'.
This peroxynitrite radical can cause lipid peroxidation, protein deactivation, and DNA damage,
ultimately leading to cell death by apoptosis [8]. Pro-apoptotic factors are upregulated in
newborns, increasing the likelihood of cell death by apoptosis [9]. The newborn brain is

especially susceptible to ROS damage due to relatively immature antioxidant defenses and a



reduced ability to regenerate antioxidants in HI conditions [10, 11]. Additionally, compared to
adults, the newborn brain overexpresses NMDA receptors, has a lower threshold for NMDA
receptor activation, and is open for longer once activated [12]. Thus, glutamate excitotoxicity is

a critical intervention point for neonatal brain injury.

Secondary phase of injury

As blood flow and oxygenation return to the body and brain, cells improve their ATP production
and a “latent” period begins [13, 14]. The degree of injury from the HI insult is highly correlated
to function in this 24-48h period [14, 15]. Function is correlated with degree of mitochondrial
activity as well as the body’s ability to supply metabolic substrates [16-20]. Ultimately, cells must
be able to match energy production with metabolic demand. Near the end of the latent period,
glutamate levels increase again, bringing with it a secondary energy failure [21]. A large
inflammatory response is initiated, the blood-brain barrier (BBB) breaks down, and seizures and
secondary edema may develop [21]. At this point, it is generally thought to be too late for

therapeutic intervention [22].

Tertiary phase of injury

The cycle of excitotoxicity, oxidative stress, and cell death present in early phases of HI
provokes a delayed inflammatory response which may persist for weeks or months after birth
[23]. The neuroinflammatory response recruits leukocytes to the brain and activates local
microglia and astrocytes [24]. Glial cell activation initiates changes in cell phenotype and
function [25-28]. For example, microglia proliferate and migrate to sites of injury, as well as
becoming extra-phagocytic for the clearance of cellular debris [25, 29-33]. Activated astrocytes
also proliferate and undergo glial scarring to isolate and contain damaged areas [34, 35]. Both
astrocytes and microglia lose their neuroprotective functions once activated [36], and when
tissue damage overwhelms the immune response, a chronic state of neuroinflammation is
sustained [37]. Several promising therapies for HIE have anti-inflammatory or immune-
modulating properties, suggesting that prevention or augmentation of the neuroinflammatory

response may be an ongoing therapeutic target [38-40].

1.2.2 The Vannucci model
The most widely-utilized model of neonatal HI brain injury is the Vannucci model of unilateral HI

in rodents. Initially described in the adult rat by Seymour Levine [41], the model was translated



to neonatal rats [42] and has been optimized to be the model now used ubiquitously in the HIE
field [43]. The etiology of HIE is thought to be largely due to the combined effects of reduced
oxygen delivery to the brain (hypoxia) and a concurrent fall in cardiac output or cerebral blood
flow (ischemia). In the postnatal day 7 (P7) rat HI model, the cerebral structures most likely to
be damaged are the hippocampus, cortex, striatum, and thalamus [44], depending on the
severity of insult [42, 45-47]. These patterns of injury in the P7 rat are broadly comparable to
injury patterns seen in infants with HIE [48, 49]. In general, the non-ligated side of the brain
remains largely undamaged, outside of very severe injury [45]. Loss of ipsilateral hemispheric
volume relative to the contralateral side correlates closely with both sensorimotor function and
more formal pathology scores [46, 50]. In addition, this model has shown suppression of
electroencephalogram power with continued seizure activity up to 48h after insult, which is often
seen in infants with HIE [51-53]. The Vannucci model was used to develop the therapeutic
hypothermia (TH) treatment, which has been the standard of care since 2010 [54-57]. The
successful translation of TH makes the Vannucci model a valuable tool to understanding the

pathophysiology of HI and developing novel treatments.

1.2.3 Therapeutic hypothermia, novel treatment strategies, and current challenges
Currently, TH is the only clinically-implemented treatment that has been shown to provide robust
improvement in outcome in asphyxiated term newborn infants who develop moderate or severe
HIE [54]. TH, in which either the head or whole body is cooled to 33-34°C for 72 hours, is
thought to slow injury and promote recovery through several mechanisms. First, cerebral
metabolic rate decreases 5% per 1°C drop in temperature, resulting in reduced ATP demand
and therefore a reduced degree of energy failure [58, 59]. Cooling is also anti-inflammatory [60-
62] and anti-apoptotic [61-64]. However, TH only provides a 15% risk reduction in death and
disability, and 40-50% of infants treated with TH are still likely to have a poor outcome [54, 65].
There is also evidence that TH may harm infants born with certain co-morbidities such as
infections or bleeding [66, 67].

Other neuroprotective agents like xenon, tetrahydrobiopterin, N-acetyl cysteine (NAC)
and erythropoietin (Epo) have been studied in either, or both, preclinical and clinical trials as an
adjuvant to TH [68, 69]. Many of these therapies, for instance NAC and Epo, appear to be
neuroprotective due to the fact that they have broad-spectrum activities, including anti-
inflammatory and antioxidant effects. However, high doses of these drugs are usually needed to
have these effects [40, 70]. Nonetheless, these treatment strategies are often combined with TH

due to the fact they do not outperform TH [71], and none of these therapies are currently



curative. Thus, additional interventions during this critical period may reduce the severity of
ongoing brain injury [72]. Strategies that can improve drug delivery and efficacy, providing better

neuroprotection, are necessary to address this critical need.

1.3 Applications of nanotechnology in medicine

Nanoparticles have been proposed as a means to improve drug delivery efficiency, reduce off-
site effects, provide sustained drug release, and allow delivery of a diverse range of
therapeutics [73]. Polymeric nanoparticles have additionally demonstrated an ability to
overcome barriers to drug delivery in the brain, including the highly selective BBB and a tightly
regulated extracellular space (ECS). Among the variety of polymers that can be used as
delivery vehicles for treatments of neurological disorders, some of the most promising are those
made of poly(lactic-co-glycolic acid) (PLGA). For example, PLGA nanoparticles coated with
polysorbate 80 (P80) surfactant facilitated the delivery of a number of drugs that are unable to
cross the BBB in free form [74]. PLGA nanoparticles have improved delivery of therapeutics to
glioma [75], Alzheimer’s disease [76, 77], glaucoma [78], traumatic brain injury [79], and other
diseases of the central nervous system [79-81]. At the disease site, cell-specific delivery can be
achieved by surface modifications on the PLGA polymer with targeting ligands, surfactants, or
cell-penetrating peptides [82]. After crossing the BBB, the challenge of penetrating the brain
parenchyma to diffuse long distances to reach diseased cells must also be overcome before
those cells can be targeted. Dense poly(ethylene glycol) (PEG) surface coatings have been
shown to improve polymeric nanoparticle diffusion in the brain parenchyma [83] in addition to
increasing stability, solubility [84, 85], and circulation time of the nanoparticle system [86].
However, most nanotherapeutic studies investigate adult disease. As outlined in the following
subsections, neonatal and pediatric physiology is substantially different from the adult, which

can affect nanoparticle and drug behavior.

1.3.1 Pediatric physiological considerations for nanotherapeutic design

Upon systemic administration into the body, nanotherapeutic formulations undergo absorption,
distribution, metabolism, and elimination (ADME). The most dramatic physiological changes
affecting ADME of nanotherapeutics occur in the infant and toddler ages; these are briefly
outlined here and are summarized in Figure 1.1. During the neonatal period, absorption of
nanotherapeutics is affected by relatively high gastric pH, with a pH of 4.6 in the first week of life
compared to an adult range of 1.5-3.5. There is also an increased gastric emptying rate at 75

min in neonates compared to 45 min in adult males and 60 min in adult females for calorie-



containing liquids [87]. In the intestinal lumen, permeability is generally increased due to the
immaturity of the mucosa, but transport systems are also immature, so some transporter-
mediated interactions can limit therapeutic absorption [88]. The gut microbiome is highly
variable, ranging from completely sterile at birth, to some colonization within 4-8 hours, to adult
levels in adolescence [88]. However, factors like whether the infant drinks maternal or artificial
milk can influence the microbial composition, increasing observed variability of intestinal
permeability at young ages [89]. The relationship between the gut microbiome and intestinal
permeability has been covered extensively [90-92]. Developmental changes also affect
adsorption after alternative routes of nanotherapeutic administration, such as transdermal [93],
oral transmucosal [94], rectal [95], and intrapulmonary [96].

Nanotherapeutic distribution is specifically affected in infants due to proportionally higher
body water, with 80-90% body weight (BW) compared to 55-60% BW in adults, and lower body
fat, at 10-15% BW compared to 11-20% in adult men and 16-30% in adult women [88]. One
consequence of this is relatively high volumes of distribution of water-soluble drugs. For
example, gentamicin has a volume of distribution of 0.5-1.2 L/kg in infants compared to 0.2-0.3
L/kg in adults [88]. Metabolism is typically dissimilar between children and adults, and
importantly, the cytochrome enzymes responsible for metabolism are immature from birth to
approximately 2 years of age [97]. In general, children have higher rates of hepatic clearance
than adults, resulting in higher dosages by weight. However, since the maturation of metabolic
enzymes is not linear, doses must be carefully determined based on a drug’s metabolic pathway
and the developmental age of the patient [89, 98, 99]. Broad physiological differences including
increased ventilation rate, increased cardiac output, and increased body surface area to weight
compared to adults, can further impact the distribution and elimination of pediatric formulations
[88]. Babies and children are not “little adults”; the development of novel therapeutics for this

patient population must specifically take into account their distinct physiology.
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Figure 1.1 Developmental changes across the pediatric age range from premature infant

(<37 weeks gestation) to child/adolescent (2-16 years of age).
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1.3.2 Translational challenges of nanotechnology to pediatric populations

Potential advantages of nanotechnology for pediatric formulations are similar to adult
formulations and include improved drug targeting to specific tissues of interest, controlled and
sustained release medications to reduce dosing frequency, increased solubility of lipophilic or
otherwise insoluble therapeutic agents, and enhanced bioavailability [100]. Nanotechnology-
based drug delivery platforms beneficially alter the pharmacokinetics (PK) of drugs and result in
a different dose-response relationship when compared with the drug itself. However,
nanoparticle formulation development for the pediatric population is challenging because of the
patient group’s heterogeneity and dissimilarity to adults. Due to their distinct physiology,
pediatric patients experience different medicine-related toxicities compared to adults [101, 102]
and often both active drug and formulation excipients (such as nanomaterials) have different
bioactivity in children [103]. Dosing challenges are exacerbated by rapid growth and
development during childhood, with doses of certain formulations varying 100-fold during this
period [104-106]. The lack of PK data in pediatrics compounds the problem of a lack of age-
appropriate formulations, leading to off-label use of drugs by clinicians and resulting in
increased risk of toxicity or sub-therapeutic dosing [107].

To overcome the challenges of heterogeneity in patient population, disease progression,
and pathology, we can look towards the example of dendrimer-NAC (D-NAC) nanoparticles for
the treatment of cerebral adrenal leukodystrophy. This is the only nanoformulation to date which
has been successfully translated to the pediatric population. Before clinical investigation, D-NAC
was evaluated in eight separate models of inflammation-mediated disease—in mice, rabbits,
and dogs—accounting for sex differences and developmentally appropriate ages in each model
[108]. Looking forward, it is clear that increased study of nanoformulations in pediatric models is
necessary for the development of safer and more effective therapeutics for this age group. The

work in this thesis supports that overarching goal.

1.4 Overview of project chapters
In Chapter 2, the methods used for the thesis are summarized. These methods cover
nanoparticle formulation and their characterization in vitro, ex vivo, and in vivo, with appropriate
statistical analysis.

In Chapter 3, curcumin is introduced as a broad-acting therapeutic with potential to be
neuroprotective after HI injury. A PLGA-PEG nanoformulation is used to increase drug solubility,

extend drug release, enhance uptake across the BBB, and deliver drug to sites of injury. Gross



injury and area loss measurements show a significant neuroprotective effect of the
nanotherapeutic, which is demonstrated on a cellular level by the return of partially healthy
microglial morphology in PLGA-PEG/curcumin treated brains.

In Chapter 4, nanoparticle diffusion and uptake into brain cells is assessed in an ex vivo
brain slice model of hypoxic-ischemic injury. Nanoparticles are successfully used to probe
disease-mediated extracellular changes in the brain microenvironment. Further, nanoparticle
uptake into microglia is found to be a consequence of both disease state and nanoparticle
physicochemical properties.

In Chapter 5, the polymeric nanoformulation is optimized for brain penetration by the
incorporation of surfactants, which are commonly used to promote the formulation and
stabilization of nanoparticles. The surfactant P80 is shown to significantly improve nanoparticle
penetration of the blood-brain barrier and uptake into brain cells, while retaining diffusivity in the
brain extracellular space.

In Chapter 6, the PLGA-PEG/P80 formulation is used for the delivery of catalase, an
antioxidant enzyme, after HI injury. Given catalase’s large and hydrophilic nature, a hydrophobic
ion-pairing technique was used to improve its loading into the nanoparticle core. The resulting
nanoformulation demonstrated high protein activity with relatively low mass loading and
sustained enzyme protection in degradative conditions. Finally, these nanoparticles were found
to be neuroprotective in the Vannucci model of HI injury.

In Chapter 7, the thesis research and other manuscript contributions are summarized.



Chapter 2 — Methods

Truth has nothing to do with the conclusion, and everything to do with the methodology.
— Stefan Molyneux

2.1 Methods for nanoparticle formulation and in vitro characterization
Nanoparticle formulation by the nanoprecipitation method
Nanoparticles in Chapters 3 and 5 were formed by nanoprecipitation. A polymer solution
(organic phase) was added dropwise into 25 mL aqueous solution where nanoparticles formed
spontaneously and were stirred for 3h at 700 rpm to remove the organic solvent. The organic
solvent was further removed with rotary evaporation (Buchi Rotavapors, Buchi Corporation,
New Castle, DE) under reduced pressure (15 mbar) at 4°C for 30 min. Nanoparticles were
collected and washed twice by ultracentrifugation with deionized (DI) water at 100,000xg for 25
min. Finally, the nanoparticles were resuspended in 1 mL DI water, or in sterile 1x phosphate
buffered saline (PBS) for animal experiments. For fluorescently-labeled nanoparticles, the same
nanoparticle formulation procedure was used with PLGA and PLGA-PEG and conjugation of
AlexaFluor 555 (AF555), AlexaFluor 647 (AF647), or CF647 dye was achieved by attachment to
the free COOH on the PLGA backbone, as described previously [83].

In Chapter 3, PLGA-PEG or PLGA polymers were dissolved with curcumin in acetone at
a concentration of 20 mg/mL polymer and 2 mg/mL curcumin. The aqueous sink was 1% F127.

In Chapter 5, PLGA-PEG (20 mg/mL) was added to one of the following aqueous
solutions: 1% P80, 5% polyvinyl alcohol (PVA), 1% Pluronic F127 (F127), 5% Pluronic F68

(F68), 3% cholic acid (CHA), or no surfactant in deionized water.

Dendrimer, polystyrene, and quantum dot nanoparticle preparation

Dendrimer, polystyrene (PS), and quantum dot (QD) nanoparticles were used in Chapter 4.
40nm dark red fluorescent carboxylate-modified PS latex nanoparticles (PS-COOH) (Thermo
Fisher) were covalently modified with methoxy-PEG-amine (NHz) (5kDa MW, Creative PEG
Works) by a carboxyl amine reaction [109]. Generation-4 hydroxyl modified PAMAM dendrimers
labeled with Cy5 (D-Cy5) were provided by Dr. Rangaramanujam Kannan and Dr. Anjali
Sharma at the Johns Hopkins University Center for Nanomedicine [110, 111]. These conjugates
are stable at physiological conditions and have been validated for ex vivo application at the
concentration used in our study (1 ng/uL) [112]. CdSe/CdS core-shell QDs with PEG-methoxy
functionality were provided by Dr. Vince Holmberg in the UW Department of Chemical

Engineering, which were proven stable at physiological conditions for ex vivo application [113].
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Preparation of hydrophobic ion-pairing (HIP) complexes with catalase

HIP complexes of catalase were prepared prior to catalase nanoparticle formulation in Chapter
6. Stocks of ion-pairing agent was made in DI water: 20 mM dextran sulfate (DS, M; 5000), 250
mM sodium dodecyl sulfate (SDS), and 500 mM taurocholic acid (TA). 50 mM phosphate buffer
was adjusted to pH 4.7 with 0.1 N HCI and then used to dissolve catalase at a 10 mg/mL
concentration. Based on molar ratio, an appropriate volume of ion-pairing agent (less than 25
uL) was slowly added to the catalase solution, spontaneously forming HIP complexes. The
solution was vigorously vortexed for 1 min followed by centrifugation at 12,000 rpm for 15 min at
4°C. Uncomplexed catalase in the supernatant was measured by bicinchoninic (BCA) assay.
Pelleted HIP complexes were lyophilized into powder and stored at 4°C.

The above procedure was modified appropriately for individual experiments: The
catalase solution pH was adjusted to 4.2, 5.2, and 7.0 for the pH variation study. 10 mM citrate
buffer was used instead of phosphate buffer to determine the effect of buffer ion species. For
bovine serum albumin (BSA) complexes used as a non-therapeutic control, BSA
(ThermoFisher) was dissolved in citrate buffer at pH 3.7 prior to the addition of ion-pairing

agent.

Nanoparticle formulation with HIP catalase complexes
Nanoparticles in Chapter 6 were formed by either solid/oil/water (S/O/W) emulsion or
nanoprecipitation. To formulate nanoparticles by S/O/W emulsion, 1 mL of 25 mg/mL PLGA45k-
PEG5k (LA:GA 50:50, Akina) dissolved in dichloromethane (DCM, Fisher Scientific) was added
to 1 mg lyophilized catalase HIP complexes. The mixture was emulsified with a Sonic
Dismembrator Ultrasonic Processor (Fisher Scientific) using 20 kHz probe sonication at 30%
amplitude with 1s on:1s off pulses for 30s on. After adding 4 mL 3% cholic acid (Millipore
Sigma) in DI water, the second sonication was performed at 20% amplitude with 1s on:1s off
pulses for 30s on. This emulsion was then poured into 25 mL beaker of 1% P80 and stirred for
3h at 500 rpm to remove the organic solvent. Nanoparticles were collected and washed twice by
ultracentrifugation with phosphate buffer at 100,000xg for 25 min. Finally, the nanoparticles
were resuspended in 1 mL DI water. Nanoparticles were used immediately or stored at 4°C for a
short time.

To formulate nanoparticles by nanoprecipitation, 1 mg lyophilized catalase or BSA
complexes were dissolved in 0.3 mL dimethyl sulfoxide (DMSQO). 25 mg PLGA-PEG was

dissolved in 0.7 mL acetone. The two solutions were quickly vortexed together before being
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added dropwise into 25 mL 1% P80. The remainder of the procedure was as described above.

For animal experiments, catalase and BSA nanoparticles were resuspended in sterile PBS.

Characterization of particle size, polydispersity, zeta potential, and morphology

For nanoparticles formulated in all chapters, size and polydispersity index (PDI) were measured
by dynamic light scattering (DLS), and the zeta potential was determined using a zeta potential
analyzer (NanoSizer Zeta Series, Malvern Instruments, Malvern, UK). Samples were diluted to
appropriate concentrations to obtain accurate measurements in 10 mM sodium chloride, pH 7.4,
as described previously [114].

For scanning electron microscopy in Chapter 3, nanoparticles were resuspended in DI
water and diluted 100-fold in ethanol. Subsequently, 100 uL of the diluted nanoparticle solutions
were pipetted onto a silicon wafer and allowed to air-dry for 1h in a fume hood. The
nanoparticles were sputter coated with palladium under an argon environment and imaged on
the FEI XL830 Dual Beam Focused lon Beam/Scanning Electron Microscope in the UW

Molecular Analysis Facility.

Curcumin drug loading and encapsulation efficiency

In Chapter 3, drug loading and encapsulation efficiency of curcumin-loaded nanoparticles were
determined by ultraviolet-visible light spectrometry (UV-Vis) compared to a standard calibration
curve of curcumin in DMSO. Each sample’s absorbance at 430 nm was measured and
adjusted by subtracting a blank of unloaded polymer nanoparticles’ absorbance in DMSO. The
weight of polymer and drug was determined by lyophilizing the nanoparticle sample. Drug
loading and encapsulation efficiency are defined as follows:

weight of drug encapsulated in NP
weight of polymer and drug in NP

% Drug Loading =

weight of drug encapsulated in NP
weight of drug used in formulation

% Encapsulation Efficiency =

In-vitro drug release profile

In Chapter 3, curcumin release from PLGA-PEG/curcumin and PLGA/curcumin nanoparticles
was measured over 24h. Nanoparticles were resuspended in 1 mL 1xPBS and then evenly
distributed to three dialysis tubes made of cellulose ester (MWCO: 300kDa, Spectrum
Laboratories, Inc.). The membranes were submerged in 20 mL 1xPBS containing 1% P80 and
placed on a shaker at 60 rpm at 37°C. At 1h, 2h, 4h, 8h, and 24h of incubation, the membranes
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were transferred to fresh 20 mL of 1% P80 in 1xPBS. In the supernatants collected at each time
point, curcumin content was determined by UV-Vis compared to a calibration curve of curcumin
in the 1xPBS 1% P80 solution. Percent curcumin released from the nanoparticles was defined
as the curcumin amount released at a specific time point divided by the total curcumin

encapsulated in the nanoparticles.

Mass spectrometry for quantification of surfactants in nanoparticle formulations

High performance liquid chromatography (HPLC)-mass spectrometry (MS) was used to quantify
surfactant amounts in nanoparticles formulated in Chapter 5. Standard solutions of each
surfactant were injected into a triple quadrupole LC-MS/MS system (AB Sciex 5600 QTOF)
equipped with a Waters BEH column (50 mm, 2.1x150 mm). Surfactant was eluted using two
mobile phases, HPLC-grade water and acetonitrile at 0.3 mL/min and identified on the
chromatogram by molecular weight. For surfactants P80 and CHA, where a sample peak was
identified, a calibration curve from standard solutions was created and used to determine the
amount of surfactant present in PLGA-PEG/P80 and PLGA-PEG/CHA, respectively. For
surfactants F68, F127, and PVA, no sample peak could be identified.

Time-of-Flight secondary ion mass spectrometry (ToF-SIMS)

In Chapter 5, ToF-SIMS was used to confirm surfactant presence on the nanoparticle surface.
ToF-SIMS spectra were acquired on a IONTOF ToF-SIMS 5 spectrometer using a 25 keV Bis*
cluster ion source in the pulsed mode. Spectra were acquired for both positive and negative
secondary ions over a mass range of m/z = 0 to 800. The ion source was operated at a current
of 0.2 pA. Secondary ions of a given polarity were extracted and detected using a reflectron
time-of-flight mass analyzer. Spectra were acquired using an analysis area of 100 micron x 100
micron. Positive ion spectra were calibrated using the CHs*, CoHs*, and CsHs" peaks. The
negative ion spectra were calibrated using the CH", OH", C;H", and CsH" peaks. Calibration
errors were kept below 25 ppm. Mass resolution (m/Am) for a typical spectrum was between
5000 to 5600 for m/z = 27 (pos) and between 4000 to 6500 for m/z = 25 (neg). PLGA-PEG/DI
nanoparticle, surfactant and PLGA-PEG/surfactant samples were drop cast on cleaned silicon
wafers. 5 positive and 5 negative ion spectra were collected from random positions on each
sample. Sample preparation and data acquisition was repeated on two separate dates for a total
of 10 positive and 10 negative ion spectra per sample type. The positive and negative ion data
were analyzed separately to generate a peak list across all spots on all samples. The peak area

tables were imported into the NBToolbox spectragui (https://www.nb.uw.edu/mvsa/nbtoolbox)
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and used to create a peak ratio A/(A+B) where A = sum of all P80 peaks and B = sum of all

nanoparticle peaks.

Plasma protein adsorption study

In Chapter 5, nanoparticles formulated with surfactants were incubated in plasma to assess
differences in protein adsorption. Plasma was collected from P9 rat pups by collecting blood into
a heparin-coated tube and then centrifuging out cells at 2000xg for 10 min. 100 L of each
PLGA and PLGA-PEG nanoparticles were mixed well with 900 pL plasma and then left in a
37°C incubator. 4h later, 5 uL of the protein/nanoparticle solution was diluted in 995 yL 10 mM
NaCl for DLS characterization as described above. Then, nanoparticles were pelleted by
centrifugation at 100,000xg for 25 min to remove non-adsorbed protein. The samples were then
tested for protein concentration with the Pierce BCA Protein Assay Kit (ThermoFisher) as

described above.

Characterization of catalase binding efficiency and mass by BCA assay

In Chapter 6, catalase was quantified in the HIP complexation process and in nanoparticles. HIP
binding efficiency was measured indirectly by measuring protein concentration in the initial
solution and supernatant using the Pierce BCA Protein Assay Kit (ThermoFisher) as described
above. Percentage binding efficiency was calculated according to the following equation:

(initial-supernatant)
initial

Binding efficiency = x100%

For the quantification of catalase mass in nanoparticles, 100 pL of catalase-loaded
nanoparticles was combined with 50 pL of 1 M sodium hydroxide (ThermoFisher). The solution
was vortexed for 2s, spun down on a minicentrifuge, and then incubated at 37 °C for 30 min for
base-catalyzed hydrolysis of the PLGA polymer to release all loaded catalase. 50 yL PBS was

then added to neutralize the solution, which was then measured according to the BCA assay kit.

Catalase activity assay

Catalase nanoparticles in Chapter 6 were evaluated for catalase activity using a catalase
spectrophotometric assay adapted from Beers and Sizer [115]. A pH 7.0 solution of 0.036% w/w
H.O- (Sigma) was prepared in 50 mM phosphate buffer with a 240-nm absorbance (Az40)
between 0.48 and 0.52. In an optically clear quartz cuvette (Hellma Analytics), 100 pL of
catalase sample was added to 2.9 mL of H>O- solution, mixed via pipetting, and Az was

measured at 2s intervals for 3 min using a kinetic spectrometric reading on a SpectraMax M5
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UV-Vis Spectrophotometer (Molecular Devices). The active units per mL of catalase solution
(freely dissolved or encapsulated in nanoparticles) were calculated using the following equation:
(3.45)(dilution factor)

(time)x0.1

In the equation, 3.45 represents the decomposition of 3.45 umol H>O, during A24 decrease from

Active units/mL =

0.45 to 0.4 and 0.1 is the mL volume of sample added. This assay measures catalase activity
even when the enzyme is encapsulated, due to the ability of H2O; to diffuse throughout the
polymer matrix [116]. Stock catalase had 2000-5000 AU/mg catalase.

To evaluate catalase protection in the nanoparticle polymer matrix, nanoparticles were
incubated in PBS with 0.2 wt% pronase (pronase from Streptomyces griseus, Sigma). Aliquots
were collected at Oh, 1h, 2h, 4h, and 24h, and immediately tested for catalase activity. Enzyme
activities were calculated as the sample activity at a given timepoint divided by the initial sample

activity at Oh.

2.2 Methods for nanoparticle analysis ex vivo

Animal and ethics statement

Ex vivo animal studies in Chapters 3-5 were performed in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. All of the animals were handled according to approved Institutional Animal
Care and Use Committee (IACUC) protocols (#4383-01 and #4383-02) of the University of
Washington, Seattle, WA, USA. The University of Washington has an approved Animal Welfare
Assurance (#A3464-01) on file with the NIH Office of Laboratory Animal Welfare (OLAW), is
registered with the United States Department of Agriculture (USDA, certificate #91-R-0001), and
is accredited by AAALAC International. Every effort was made to minimize suffering. Time-mated
pregnant female Sprague-Dawley rats (virus antibody-free CD® (SD) IGS, Charles River
Laboratories, Raleigh, NC, USA) were purchased and arrived on estrous (E) day 17. Dams were
housed individually and allowed to acclimate to their environment for a minimum of 3 days prior
to delivering. The day of birth was defined as PO. Litters containing both sexes were cross-
fostered and culled to 12 animals early after birth. Before and after the experiment, each dam and
her pups were housed under standard conditions with an automatic 12h light/dark cycle, a
temperature range of 20—-26°C, and access to standard chow and autoclaved tap water ad libitum.

The pups were checked for health daily.
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Brain slice preparation for live particle tracking studies

Brain slices for Chapters 3-5 were prepared from P9-14 rat pups, as previously described [112].
Normal rats were sacrificed and brains quickly removed under sterile conditions. Fresh 300 um
thick brain slices were prepared using a tissue chopper (Mcllwain, Ted Pella, Inc, Redding, CA)
and surgical dissecting scope. Slices were placed onto 30-mm, 0.4-um-pore-sized cell culture
membrane inserts. The membranes were then placed in 35-mm plates containing 1 mL culture
medium consisting of 50% minimal essential media, 50% Hanks Balanced Salt Solution
(HBSS), 1% GlutaMAX, and 1% penicillin. The cultures were maintained at 37°C, with constant
humidity and 95% air and 5% CO..

Multiple particle tracking (MPT)
MPT was used in Chapters 3-5 to evaluate diffusive ability of PLGA, PLGA-PEG, and PS-PEG
in the living brain [83, 117, 118]. In Chapters 3 and 5, fresh brain slices were used; in Chapter 4,
slices were cultured for 3 days and subgroups were exposed to oxygen-glucose deprivation
prior to MPT. Before tracking, slices were transferred to 35 mm glass bottom imaging disks and
2 uL of AF555-labeled PLGA and PLGA-PEG particles were injected directly into brain tissue.
Visualization of the nanoparticles was accomplished with the excitation/emission spectra
specific to AF555 in two different general brain regions, the cortex and thalamus. Five 6.5 s
videos were collected per slice at 10 Hz and 40x magnification via fluorescent microscopy with a
cMOS camera (Hamamatsu Photonics Corporation, Bridgewater, NJ) coupled with a confocal
microscope (Nikon Instruments, Inc, Melville, NY). Trajectories were calculated via MOSAIC
MPT (Chapter 3) or TrackMate (Chapters 4 and 5) ImageJ plugin, and geometrically-averaged
precision-weighted mean squared displacements (MSD) were calculated via a self-developed
Python package. Effective diffusion coefficients for each particle type in each brain region were
then extracted from MSD data and an average diffusivity of the particle type was obtained from
a weighted average of the two brain regions. At least 50 particles were tracked per sample, with
n=3 independent brain samples per particle type.

In Chapters 4 and 5, selected trajectory features, described below, were extracted [119].
First, geometrically-averaged precision-weighted MSDs were calculated for each trajectory and

timestep using the equation:
N-n-1

25— 2
<r<>= Xian=Xi
N-1 =0 | i+N ||
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where r? indicates the MSD determined at each step, n, for a total number of steps, N, with 3D
position coordinates x(x,y,t). Then, diffusion coefficients, D, and the anomalous diffusion
coefficient (Def), alpha, were determined by fitting MSD curves to the function:
<r2(n)> =4D(nAt)®
Alpha values of 1 indicate normal diffusive behavior, while values below 1 indicate subdiffusion
and values above 1 indicate superdiffusion. The MSD ratio, which characterizes the shape of the
MSD curve, is defined by:
"2 o<re(ng)> ny

where ni and n, represent the first and last frames of the trajectory, respectively. Ratios below 0
indicate restricted diffusion (subdiffusion) while ratios above 0 indicate superdiffusion. Trajectory
efficiency (E), a measure of the nanoparticle’s net displacement compared to the sum of its step
lengths, was calculated by the equation:

_ IXnwrXol?

N x4 12
The fractal path dimension (Ds), which can distinguish between confined and random walk
trajectories, was calculated from:

log(N)

" log(NdL™)
where d is the largest distance between any two positions and L is the sum of all step lengths.
Fractal dimension values of 2 indicate random walk trajectories and values above 2 indicate
confined diffusion. Finally, trappedness (p:), the probability that a particle with diffusion coefficient
D and traced for a period of time NAt is trapped into a region ro, is given by:

DNAt

p,=1-exp(0.2048-0.25117(——)
o

All calculations were done in Python using a package available on GitHub [120].

Slice culturing, oxygen-glucose deprivation (OGD), and treatment

Slices for Chapter 4 were prepared as described above. For glutathione (GSH) and flow
cytometry studies, three brain slices were plated per membrane insert. For all other
experiments, 1 brain slice was plated per membrane insert. After slices rested overnight in the
incubator, media was removed and fresh media was added, followed by two more days of rest.
Samples underwent OGD after 3 days in vitro (DIV), except for flow cytometry studies, which

underwent 2 DIV. The end of the OGD incubation period was defined as time t=0h. For the

17



normal control (NC) condition, slices proceeded directly to t=0h without OGD media exchange.
For a subset of groups, 100uL 1x PBS containing 0.1mg superoxide dismutase (SOD, Cu/Zn
SOD1 from bovine erythrocytes, Sigma) or 0.75ug (150mg/kg brain tissue) AZ (Zithromax) per
slice was added directly to the 3h and 0.5h OGD slices, respectively. 6-well plates were

returned to the CO; incubator until further processing.

Glutathione (GSH) assay

Slices in Chapter 4 were tested for GSH as an assessment of oxidative stress. At t=24h for all
sample conditions, brain slices were frozen at -80°C for GSH detection with the GSH/GSSG
ratio detection assay kit fluorometric green (Abcam). Three brain slices approximating 15g of
brain tissue were processed for each sample. Samples were processed following the
manufacturer’s instructions and analyzed for fluorescence at 490/520 excitation/emission on a
Cytation 3 UV-Vis Spectrophotometer (BioTek Instruments) to measure the extent of thiol green
indicator reaction with GSH. Adjusting for volume resuspension and dilutions, GSH

concentrations were reported as pmoles GSH per gram of initial brain tissue.

Cytotoxicity analysis and slice imaging

Slices in Chapter 4 and 5 were stained with 5ug/mL propidium iodide (P1), fixed, and stained
with 4',6-diamidino-2-phenylindole (DAPI, Invitrogen, 1:10,000). Slices were imaged using a
Nikon A1R with a 40x objective. For every slice, five images were acquired from each brain
region of interest (cortex and thalamus). Image acquisition settings were consistent for all
images. For each image, DAPI-positive cells (total cells) and Pl-positive cells (dead cells) were
counted manually in ImagedJ after applying an Otsu threshold and fluorescent cutoff to aid in
visualization. The Pl-positive/DAPI-positive cell ratio was expressed as the percentage of dead
cells in an individual image. Immunofluorescence staining for microglia was done with goat anti-
Iba1 antibody (Wako 019-19741, 1:200) and anti-goat AlexaFluor 488 (Life Technologies
A11034, 1:500). Microglia images were analyzed using an adaptation of Visually Aided Morpho-
Phenotyping Image Recognition (VAMPIRE) as described below [121]. Image acquisition and
analysis was performed in a blinded manner.

Slice health was measured in Chapter 5 by lactase dehydrogenase (LDH) release. 4h
after nanoparticle treatment, slice media was collected and flash frozen. For LDH cytotoxicity
analysis, media samples were thawed to room temperature and LDH assays (Cayman
Chemical) were conducted according to the manufacturer’s protocol. 100 pL of the sample was

added to 100 uL of LDH reaction buffer in triplicate to 96-well plates on ice and the plates were
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gently shaken in a 37°C incubator. After 30 min, the plates were returned to the ice and then
measured by UV-Vis (SpectraMax M5, Molecular Devices) for absorbance at 490 nm. Percent
cytotoxicity was calculated as the sample absorbance normalized to the 4h absorbance of the
Triton-X condition x100%.

VAMPIRE for microglial morphometric analysis
All confocal microscopy images were converted from the .nd2 to .tiff. Using Python, all images
were separated by RGB channel and labeled with the appropriate cell stain: DAPI for the blue
channel and Iba1 for the green channel [122-124]. Every image was then split into four
quadrants using Image_slicer. Scikit-learn was used to split all images in an 80:20 test-to-train
ratio [125], assuring at least two images for each slice of the three experimental conditions: NC,
0.5h OGD, and 0.5h OGD+AZ. Cells from each image were segmented using the Cell Profiler
pipeline associated with the VAMPIRE package [126]. Five shape mode models were built from
all training images using the VAMPIRE package and associated protocol
(https://github.com/kukionfr/VAMPIRE_open) [121], and then applied to all images. Shape mode
frequencies of individual slices were averaged for resulting distribution plots. Equation 1 was
used to calculate the difference in sample shape mode frequency from NC shape mode
frequency:

Absolute difference=|x,-Xnc n|
where n is shape mode (1 through 5), x, is sample frequency for shape mode n, and xncn is NC

frequency for shape mode n. Circularity was calculated with equation 2:
) . 4mA
Circularity= ?

where A is area and P is perimeter for each microglia.

Nanoparticle co-localization in microglia and neurons and flow cytometry

To probe nanoparticle interactions with brain cells ex vivo, nanoparticles were topically pipetted
on organotypic whole hemisphere slices. In Chapter 4, PS-PEG, D-Cy5, and QDs (10uL of
1ng/uL) were applied at t=1h after OGD injury or equivalent normal control time point. In
Chapter 5, 100 uL PLGA-PEG nanoparticles (100 ng/uL) formulated with each surfactant were
applied. The slices were then live-incubated for 4h to allow the nanoparticles to diffuse through
brain tissue and interact with microglia. For qualitative analysis, slices were fixed, stained for

Iba-1+ microglia or NeuN+ neurons, and then imaged.
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For quantitative analysis of nanoparticle uptake in Chapters 4 and 5, brain slices were
processed for flow cytometry. After 4h of nanoparticle incubation, slices from each experimental
group were placed in 1 mL Accutase. Samples were gently shaken on ice for 30 min and then
carefully pipetted to ensure tissue was fully homogenized. The sample was then transferred to a
new tube through a top filter (Pierce Tissue Strainers) until all the homogenate was filtered. During
this process, HBSS and 25 mM HEPES were added to dilute homogenate to a final volume of 10
mL. The tube was spun down at 600xg at 4°C for 5 min to pellet cells, then aspirated and the
supernatant discarded. 100% fetal bovine serum (FBS) was then added to resuspend the cell
pellet. Percoll Solution (final concentration 33%) was added to the cell suspension and mixed
well, and then FACS media was added to the suspension. The cell suspension was centrifuged
for 15 min at 800xg and 4°C, and then the supernatant was aspirated, leaving the cell pellet at
the bottom. To wash excess Percoll Solution, the pellet was resuspended in FACS media and
centrifuged for 10 min at 600xg and 4°C, and again the supernatant was removed. The final pellet
was resuspended in FACS media for staining. Fc block (BD Biosciences) was added to the FACS
media cell suspension and incubated for 5 min on ice, and then cells were stained with DAPI
(1:10,000) and fluorescein isothiocyanate (FITC)-CD11b (1:200). Appropriate controls for CD11b
gating were done with an aliquot of the control sample. The cells were stained with the above
stains for 15 min and washed 3 times with FACS media for 4 min at 1000xg and 4°C. The BD
LSRII (BD Biosciences) machine recorded cells in each sample with fluorescence in the DAPI,
CD11b, and AF555 channels until 100,000 events (live cells) were reached. Analysis of the
cytometry data was performed in FCS Express 7 Research and representative data is shown in

Figure 2.1.
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Figure 2.1 Representative FACS data from control samples.

(A) Based on forward and side scatter, gate P1 was drawn such that cellular debris would be
eliminated. From height and width scatter, gate P2 was drawn to isolate single cells only. (B)
Gate P3 was drawn to isolate DAPI-negative (live) cells; data from an unstained sample (left)
and DAPI-stained sample (right) are shown. (C) Gate P4 was drawn to isolate CD11b-positive
cells (microglia); data from an unstained sample (left) and CD11b-stained sample (right) are
shown. (D) Marker P6 was drawn to determine the proportion of microglia with nanoparticle
fluorescence; data from a sample without nanoparticles (left) and with nanoparticles (right) are
shown.

Statistical analysis
Statistical analysis of ex vivo cytotoxicity, GSH concentration, and microglial uptake by flow
cytometry were made using an unpaired t-test, assuming normality. Statistical analysis of MPT
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data distributions was conducted using a two-tailed Mann-Whitney U-test. All analysis was

performed using GraphPad version 7. A P-value <0.05 was considered statistically significant.

2.3 Methods for nanoparticle analysis in vivo

Animal and ethics statement

In vivo animal studies in Chapters 3, 5 and 6 were performed in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health and as described above. All of the animals were handled according to
approved IACUC protocols #4383-01, #4383-02, #4484-01, and #4484-02 of the University of
Washington, Seattle, WA, USA. Sprague—Dawley female dams with sex-balanced litters (virus
antibody-free CD® (SD) IGS, Charles River Laboratories, Raleigh, NC, USA) were purchased
and arrived when pups were postnatal day 5 (P5). The day of birth was defined P0O. Before and
after the experiment, each dam and her pups were housed under standard conditions with an
automatic 12h light/dark cycle, a temperature range of 20-26°C, and access to standard chow

and autoclaved tap water ad libitum. The pups were checked for health daily.

Biodistribution, capillary depletion, and nanopatrticle quantification
In Chapter 5, AF647-labeled PLGA and PLGA-PEG nanoparticles were administered via tail vein
(150 mg/kg) in healthy P9 pups (n=5). After 4h, pups were sacrificed and the animal was perfused
with 20 mL 1xPBS. The brain was extracted and major organs (lungs, heart, spleen, liver, and
kidneys) were frozen at -80°C. Serum was collected by centrifuging the blood sample at 2000xg
for 10 min and removing supernatant. All frozen organs were homogenized by pipetting in 1XxPBS
at a concentration of 100% (w/v), then centrifuged at 10,000xg for 10 min to remove cell debris.
Capillary depletion was conducted on freshly extracted brains (n=4) according to the protocol
described by Banks et al. [127]. Briefly, brains were homogenized in 0.8 mL capillary depletion
buffer (CDB) and then mixed with 1.6 mL CDB with 26% dextran on ice. The homogenate was
centrifuged at 5400xg for 15 min at 4°C. The middle, clear layer was separated as the capillary-
depleted brain fraction and the bottom, red pellet was resuspended in 0.3 mL PBS as the capillary-
rich brain fraction.

Nanoparticle concentration in tissue samples were determined by measurement of sample
fluorescence intensities (excitation 625 nm/ emission 665 nm) by UV-Vis spectroscopy. Separate
calibration curves were created for each organ and nanoparticle formulation combination; sample

curves for brain parenchyma and brain capillaries is shown in Figure 2.2. The same nanoparticle
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batch was used for injection and calibration curves. The analysis was conducted by first
subtracting blank fluorescence values for every organ from a control animal. All calculated
nanoparticle concentrations were normalized by injected dose (ID) and then organ weight to find

% ID per mg tissue or mL serum.
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Figure 2.2 Biodistribution calibration curves.
Individual calibration curves for each tissue fraction-nanoparticle combination were created in
order to accurately calculate nanoparticle accumulation in the brain.

Unilateral hypoxic-ischemic brain injury model in neonatal rats

The Vannucci model of HIE was performed in Chapters 3 and 6. On the day of insult, pups were
separated from their dams, weighed and sexed, and randomized to experimental groups. In
Chapters 3, injury was performed on P7; for chapter 6, P10 pups were used. Anesthesia with
isoflurane (3% induction, 1.5-2% maintenance) was given in 100% O via a nose cone, under a
dissecting microscope. The left carotid artery was identified and either cauterized with fine tip
disposable cautery (Chapter 3) or ligated (Chapter 6). Pups were maintained in a temperature-
controlled water bath before and after undergoing unilateral ligation of the left carotid artery.
After all the animals recovered from anesthesia, they returned to the dams for a minimum of 30
min before placement in a hypoxic chamber in a temperature-controlled water bath. Once rectal
temperature in a sentinel animal was stable at 36°C for 5 min, the chamber was sealed and 8%
02 (92% N2) administered at a rate of 2.5 L/min. Once the oxygen concentration within the

chamber reached 8%, hypoxia was maintained for approximately 2 hours or until 10% mortality
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was reached. For all studies in this proposal, temperature of pups was monitored during the

nesting period and immediately after each dose of nanoparticle, saline, or free drug.

PLGA-PEG nanopatrticle uptake across the impaired blood brain barrier

Nanoparticle uptake across the impaired BBB was assessed in Chapter 3. HI pups (n = 6) were
administered 50 mg/kg AF647-PLGA-PEG particles intraperitoneally (i.p). 30 min after HI. Pups
were sacrificed 24h after HI injury, perfused, and the brain removed and placed in formalin.
FITC-labeled dextran (3 kDa) was injected 30 min after HIl at a 7.5 g/kg dose as a measurement
of BBB extravasation [128]. For biodistribution, healthy pups (n = 6) were administered 150
mg/kg AF647-PLGA-PEG particles i.p. on P7, with HI pups (n = 10) receiving the same dose 30
min after HI. Pups were sacrificed 24h after injection. Blood was collected before perfusion and
organ extraction, and all organs were subsequently frozen at -80°C. Serum was collected by
centrifuging the blood sample at 2000xg for 10 min and removing supernatant. Frozen brains
were homogenized in 1xPBS using a tissue homogenizer (Wilmad-LabGlass, NJ) and
centrifuged at 10,000xg for 10 min to remove cell debris. Nanoparticle concentration in brain
and serum samples were determined by comparison to a UV-Vis calibration curve of AF647-
PLGA-PEG nanoparticles in 1xPBS (excitation 625 nm/ emission 665 nm). For each animal,
brain/serum ratio was calculated by first determining the mg of PLGA-PEG in brain per mg brain

tissue and then dividing by mg of PLGA-PEG in serum per ml serum.

Drug administration

For Chapters 3 and 6, treatment was administered i.p. 30 min, 24h, and 48h after HI. Dosage
and timing were based on previous investigation of the therapeutic window for pharmacological
agents in the Vannucci model [129]. In Chapter 3, a total of 75 pups (42 males, 33 females)
were randomized into four separate treatment groups: saline, free curcumin, blank PLGA-PEG
nanoparticles, and curcumin-loaded PLGA-PEG nanoparticles. Curcumin dosing was 10 mg/kg
in the particle groups and 100 mg/kg in the free drug group. In the free drug group, curcumin
was dissolved in DMSO and then diluted in twice the volume of saline. This amount of DMSO
was necessary to maintain curcumin solubility, further supporting the need for a nanoparticle
delivery system for curcumin. In Chapter 6, a total of 58 pups (30 males, 28 females) were
randomized into three separate treatment groups: saline, catalase-loaded nanoparticles (3300

active units/kg), and blank nanoparticles using the hydrophobic ion-pairing method.
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Gross injury scoring and total area loss

72h after injury, animals received an overdose of pentobarbital before transcardiac perfusion
with 1xPBS followed by 10% neutral-buffered formalin (NBF). Immediately following brain
extraction, a photo of each whole brain was taken and subsequently analyzed by an individual
who was blinded to group allocation. Gross brain injury in the hemisphere ipsilateral to ligation
was assessed on a five-point ordinal scale (0—4) as follows: 0 = no injury, 1 = mild injury with <
25% lesion of ipsilateral hemisphere, 2 = 25-50% lesion, 3 = 51-75%, and 4 = 275% injury, as
previously described [130].

In Chapter 6, the freshly extracted brain was then sliced into 3 mm thick slices at
approximately the level of the hippocampus and thalamus. Slices were incubated in prewarmed
2,3,5-triphenyltetrazolium chloride (TTC, Fisher Scientific) for 10 min at 37°C. The slices were
then fixed in 10% NBF for 24h before being imaged for area loss measurement.

In Chapter 3, freshly extracted brains were post-fixed in 10% NBF for at least 48h.
Following fixation, blocks of brain were obtained. Using external landmarks, brains were cut at
approximately the level of the striatum (block 1) and level of the hippocampus and thalamus
(block 2). Sections were paraffin embedded, cut into 5-um sections, and stained with
hematoxylin and eosin (H&E). Given some slide-to-slide variability in the first cohort of animals,
four additional sections between the striatum and thalamus at 120 pm intervals were taken in
the second cohort of animals. Slides were scanned in bright field with a 20X objective using a
Nanozoomer Digital Pathology slide scanner (Hamamatsu; Bridgewater, NJ).

Area loss analysis was performed as previously described [46]. Briefly, two 5 um
sections from the slices best representing the cortex, hippocampus, basal ganglia and thalamus
were selected. Virtual slides were exported as 600dpi images. The optical density and
hemispheric area of each section was analyzed with ImagedJ software by another blinded
individual. The average percentage area loss from the two sections (one at the level of the
frontal cortex and one at the mid-hippocampal level) was calculated by using the following
formula:

ipsilateral area
contralateral area

% Area Loss = (1 ) x 100%

Sections from two animals (one each in the blank PLGA-PEG nanoparticle and PLGA-
PEG/curcumin groups) could not be assessed for area loss due to damage to the tissue during

processing.
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Histopathological evaluation

In Chapter 3, H&E-stained slides from saline (n = 17); free curcumin (n = 18); PLGA-
PEG/curcumin (n = 20) and blank PLGA-PEG particle (n = 20) treated animals were evaluated
by a board-certified veterinary pathologist blinded to treatment group. A previously reported
nine-step scoring system for HIE [131] was used, with modifications, to grade the following
regions: cerebral cortex; striatum; thalamus; and hippocampus. There was some section-to-
section variability, although all regions were present for grading (or in severely affected animals
were absent due to marked cystic necrosis) with the exception of one PLGA-PEG/curcumin
treated animal in which section 2 was further caudal and lacked hippocampus. This animal had
severe disease elsewhere in the brain and was assigned the maximum score of 16. Lesions in
the cortex, striatum, and thalamus were scored semi-quantitatively using a 0-4 scale, where “0”
was normal; “1” indicated scattered random neuronal necrosis or a small focal area (<10%); “2”
indicated columnar damage in the cortex involving layers II-IV or partly confluent or incomplete
multifocal to coalescing neuronal cell necrosis/loss affecting 20-30% of the region; “3” indicated
large, confluent and complete injury affecting 40-60% of the region (all layers of cortex); and “4”
indicated markedly rarefied/cystic lesions with near complete loss of architecture (>80%
affected). Half scores were possible based on defined criteria (Table 2.3). Scoring for the
hippocampus was also performed on a 0-4 scale, with “1” indicating <10% injury; “2” indicating
50% injury, “3” indicating 75% injury; and “4” indicating 100% injury (Table 2.3).

Table 2.1 Neuropathological scoring criteria.
Region-specific scoring used for evaluation of neuropathology in saline, free curcumin, blank
PLGA-PEG, and PLGA-PEG/curcumin treatment groups.

Cortex, Striatum, Hippocampus
Thalamus
Score Percent involved Criteria
0 Normal No injury
0.5 <10 necrotic neurons <10 scattered necrotic
neurons
1 <10% small, patchy <10%; dentate not involved
1.5 10-20% patchy <50% or if dentate is involved
2 21-30% party confluent or 50%; patchy areas necrotic
incomplete neurons CA1-4
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25 31-40% mostly confluent Coalescing compared to score
of 2; <75% affected

3 40-60% large, confluent, 75%; extensive
complete
3.5 61-80% severe 76-95%
>80% with cystic rarefaction  complete infarction including

dentate (100%)

Scores from each region were summed to yield the final score, ranging from 0 to 16. For
figures, the median score from each group was calculated and an animal representing that
median score (or within 1 point of the median score) was used to show pathology in the various
regions of brain. Images of lesions captured from the digitally scanned slides were exported
and plated in Adobe Photoshop Elements. Image brightness and contrast was adjusted using
White Balance level and/or Auto Contrast manipulations applied to the entire image. Original

magnification and scale bars are stated.

Immunohistochemistry

PLGA-PEG uptake in the brain was evaluated as previously described [132, 133] by placing
brains in a formalin-to-30% sucrose gradient and sectioned on a Leica cryostat into 30 ym
sections. For cell density and morphology qualitative evaluations, 10 um slices from a
paraffinized brain were deparaffinized before staining. Primary antibodies for microglia (1:250
goat anti-Ilba1, Abcam) and neurons (1:250 donkey anti-NeuN, Abcam) were prepared in 1xPBS
containing 0.01% Triton-X (Sigma) and either normal donkey serum (Sigma) or normal goat
serum (Sigma). Primary antibody solutions were added to tissue sections for 8-12h at 4°C in a
humified chamber. Sections were washed twice in 1xPBS. Secondary antibodies were prepared
in 1xPBS and added to tissue sections for 2 h. Sections were washed twice in 1xPBS, then
stained with 1:1000 DAPI (Invitrogen). Slides were washed and dried for 30 min in the dark.
Mounting medium (Dako, Agilent Technologies, Santa Clara, CA) was added to each slide and
a glass coverslip placed on top. Slides were stored at 4°C until imaged on an A1 confocal

microscope (Nikon Instruments) and at 20°C for long-term storage.
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Statistical analysis

Pups carrying rectal probes were excluded from the final analysis, as the stress of carrying
probes has previously been shown to have a neuroprotective effect [134]. Injury data is
summarized as median with 95% confidence interval (Cl). Total area loss, gross injury, and
global neuropathology scores were compared using a two-tailed Wilcoxon- Mann—-Whitney U-
test and a Bonferroni correction applied for multiple comparisons. Statistical analysis was

performed using GraphPad version 7. A p-value <0.05 was considered statistically significant.

28



Chapter 3 — Curcumin-loaded polymeric nanoparticles are neuroprotective

in neonatal rats with hypoxic-ischemic encephalopathy

The nontoxic curative compound remains undiscovered but not undreamt.
—James F. Holland
Protecting the newborn brain: we need cocktails and ice!
— Donna Ferreiro
This project feels full of momentous beginnings: when Edward first trained me on formulating
curcumin-loaded nanoparticles, which we are now studying in larger animal models of HIE;
when | first met the neonatology team, including Tommy, Kylie, and Daniel, who make a
comeback in Chapter 6; and when | first learned confocal imaging and multiple particle tracking,
which make an appearance in most upcoming chapters. My search for a “nontoxic curative
compound”, a drug “cocktail” to treat the newborn brain, began here with curcumin.

3.1 Introduction

Preclinically, therapies with broad-spectrum activities including anti-inflammatory and
antioxidant properties are thought to have potential for pharmacologically targeting HI brain
injury. Curcumin is a promising pharmacologic intervention with anti-inflammatory, antioxidant,
and anti-apoptotic effects, and is an inducer of neurogenesis [135-137]. Curcumin is the active
ingredient in turmeric, which has been traditionally consumed as a dietary component for
centuries [138]. However, in pharmacological form, it has poor bioavailability due to its
hydrophobic nature and rapid hepatic metabolism [139]. Incorporation of curcumin into a
nanoparticle platform could alleviate current delivery limitations by increasing curcumin’s
solubility and improving curcumin’s absorption, distribution, metabolism, and excretion profiles
in the body.

Curcumin nanoformulations have previously been shown to enhance therapeutic efficacy
in a variety of animal models of neurological disorders [140], including reductions in edema,
oxidative stress, inflammation, and apoptosis, as well as improved behavioral outcomes [141-
146]. However, investigation of both curcumin and polymeric nanoparticles has been limited to
adult models of injury, despite the fact that the newborn brain is uniquely vulnerable to brain
injury [9, 12]. We therefore sought to test the neuroprotective effect of curcumin-loaded

polymeric nanoparticles in the Vannucci rat model of neonatal HI brain injury.

3.2 Results

Preparation and characterization of curcumin-loaded nanoparticles
Brain-penetrating curcumin-loaded nanoparticles were synthesized using PLGA polymer and

PLGA-PEG diblock copolymer via the nanoprecipitation method. After formulation of curcumin-
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loaded nanoparticles, nanoparticle hydrodynamic size, polydispersity index and zeta-potential
were determined by DLS and Zetasizer, and curcumin loading and efficiency by UV-Vis (Table
3.1). PLGA/curcumin nanoparticles had a size, ¢-potential, and PDI of 58.84 nm, -4.98 mV, and
0.15 respectively, while PLGA-PEG/curcurmin had similar physicochemical characteristics of
61.13 nm, -2.69 mV, and 0.12. The PLGA-PEG/curcumin nanoparticles achieved marginally
higher curcumin loading (6.00%) than PLGA/curcumin (5.27%).

Table 3.1 Physicochemical properties of PLGA and PLGA-PEG nanoparticle loaded with
curcumin.

PLGA and PLGA-PEG nanoparticles loaded with curcumin was characterized for hydrodynamic
diameter, {-potential (ZP), and PDI using dynamic light scattering at 37°C and pH 7.2 in 10mM
NaCl. Drug loading (DL) and drug encapsulation efficiency (DEE) was measured using UV-vis
spectroscopy. All values are reported with mean + standard error (SEM).

Particle tvoe PEG % Mean Size + 'J\r"gaE';wZP Mean PDI DL + DEE +

yp (wiw)  SEM(nm) + SEM SEM (%) SEM (%)
(F;,L()ig‘;fgurcumm 0 588+20 -50%+02 02+001 53+01 46.0+21.0
mPEG5k-
PLGA45k 10 61.1+08 -27+01 0.1+005 6.0+05 27.3+26

(50:50)/Curcumin

Drug release studies showed burst release phenomena in both PLGA and PLGA-PEG
particles, with 40% and 49% curcumin release, respectively, in the first 4h, followed by a
sustained phase releasing up to 59% or 99% curcumin in the next 4 days (Figure 3.1A). SEM
imaging shows similar spherical morphology for blank PLGA-PEG and PLGA-PEG/curcumin
nanoparticles (Figure 3.1B).
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Figure 3.1 Curcumin release kinetics from PLGA and PLGA-PEG nanoparticles.

PLGA and PLGA-PEG nanoparticles loaded with curcumin were incubated in 1xPBS with 1%
P80 at 37°C and samples were collected over 96h. (A) About 80% curcumin is released from
PLGA-PEG nanoparticles within 8h. 41.19% more curcumin is released from PLGA-PEG
nanoparticles compared with PLGA nanoparticles within 96h. (B) SEM images show curcumin-
loaded PLGA-PEG and blank PLGA-PEG nanoparticles are spherical in shape. Scale bars: 200
nm

PLGA-PEG nanoparticles can diffuse in the brain parenchyma

AF555-labeled PLGA-PEG nanoparticle diffusivity was determined to ensure that particles are
capable of moving within the brain microenvironment (Figure 3.2) to reach target cells, upon
reaching the brain following systemic administration. Diffusion analysis demonstrated PLGA-
PEG nanoparticles had a diffusivity of 0.1 um?/s in the cortex (Figure 3.2A) and 0.085 ym?/s in
the thalamus (Figure 3.2B). This was a 10-fold increase in diffusivity over PLGA particles in the
cortex (0.01 um?/s), and a 20-fold increase in diffusivity in the thalamus (0.004 um?/s). Overall,
PLGA-PEG nanoparticles had 14-fold higher diffusive ability, 1.13-fold greater drug loading, and
a 35% increase in drug release compared to PLGA nanoparticles. Therefore, PLGA-PEG
nanoparticles were chosen for evaluation of therapeutic effect in vivo in the rat model of

neonatal HI brain injury.

31



N
wm

A mmm PLGA in Cortex, n=129
Il PEG in Cortex, n=98
20
n
Q
O 15
=
[
Qr? 10
X
5
0 T r -
—6 =5 -4 -3 0 1 2
25
B @ PLGA in Thalamus, n=261
I PEG in Thalamus, n=72
20
n
Q
O 15
4+
[
(©
a 10
(o]
o~
5
0 S l
—6 -5 -3 -2 -1 1 2

Log Defr

Figure 3.2 Nanoparticle diffusion within the brain parenchyma.

P14 organotypic brain slices were treated with AF555-labeled PLGA and PLGA-PEG
nanoparticles. MPT videos were collected and individual particles tracked. (b) Log plot of
effective diffusion coefficients of PLGA-PEG nanoparticles in the cortex (n = 98) and thalamus
(n = 72). The average Des in the cortex is 0.1 ym?/s in the cortex and 0.085 um?/s in the
thalamus. (b) Log plot of effective diffusion coefficients of PLGA nanoparticles in the cortex (n =
129) and thalamus (n = 261). The average Des in the cortex is 0.01 um?/s in the cortex and
0.004 um?/s in the thalamus. Data represent means of at least n = 3 experiments in 3 brain
slices.

PLGA-PEG nanoparticles can overcome the BBB and extravasate into the parenchyma

of the HI brain

AF647-PLGA-PEG nanoparticles accumulated in the hippocampus, dentate gyrus, and
thalamus in the ipsilateral hemisphere of the HI brain (Figure 3.3A). However, there was no
apparent co-localization in Iba-1+ amoeboid microglial cells (Figure 3.3B) in the CA1 region of
the ipsilateral hippocampus. Quantification of AF647-PLGA-PEG nanoparticles in healthy and

injured pups (Figure 3.3C) demonstrated significantly higher nanoparticle accumulation in the

32



injured brain (average brain/serum ratio 0.0135) compared to the healthy brain (average
brain/serum ratio 0.0047; p=0.0037). PLGA-PEG extravasation into the brain parenchyma
demonstrates that the nanoparticle is able to leverage the impaired BBB to deliver therapeutic

payload within proximity of cells involved in ongoing injurious pathways.
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Figure 3.3 Nanoparticle uptake in regions of injury in the HI brain.

AF647-labeled PLGA-PEG nanoparticles (50mg/kg, red) were administered i.p. 30 min after Hl
in P7 pups. Pups were sacrificed 24h after HI and perfused. (A) PLGA-PEG localization near
NeuN+ neurons (green) is visible in the ipsilateral (injured, right image) hemisphere of HI pups.
There is no visible uptake near neurons in healthy pups (left image). (B) PLGA-PEG localization
near Iba-1+ microglia (green) is also present in the ipsilateral hemisphere in HI pups and absent
from uninjured pups. Blue: DAPI cell nuclei stain. Scale bars in all images: 100 ym. (C)
Fluorescently-labeled nanoparticles were injected at a 150 mg/kg dose to healthy (n=6, injected
at t=0) and HI (n=10, injected 30 min after injury) pups on P7 and pups were perfused and
sacrificed after 24h. Nanoparticle concentration in the brain and serum was measured by UV-
Vis and normalized to sample volume or mass. The brain/serum ratio in HI pups (0.0135) was
significantly higher (p=0.0037) than the brain/serum ratio in healthy pups (0.0047) indicating
enhanced brain penetration of the PLGA-PEG vehicle after HI injury.

Curcumin-loaded PLGA-PEG nanoparticle treatment reduces global injury in the

Vannucci model

Following i.p. injection of blank PLGA-PEG nanoparticles (250 mg/kg) and PLGA-
PEG/curcumin (10 mg/kg curcumin, 250mg/kg PLGA-PEG), free curcumin (100 mg/kg), and
saline (10 mL/kg) into HI pups at P7 — P9, gross injury scores decreased significantly from a
median (95% CI) of 3 (3-4; p=0.006), 3.5 (1-4; p=0.03), and 4 (3-4; p=0.003) in the saline, free
curcumin, and blank PLGA-PEG groups, respectively, compared to a median of 0 (0-3) in the
PLGA-PEG/curcumin group (Figure 3.4A). Representative median brains are shown in Figure

3.5. Total area loss showed similar results (Figure 3.4B). Median (95% CI) hemispheric area
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loss of the left side was 37.2% (27.9-51.4%), 37.8% (20.2-44.2%), 35.4% (6.0-44.4%), 12.3%
(3.6-26.8%), in the saline, free curcumin, blank PLGA-PEG, and PLGA-PEG/curcumin groups,
respectively. Area loss was significantly lower in the PLGA-PEG/curcumin compared to the
saline (p=0.006) and free curcumin groups (p=0.04). An initial trend (p=0.07) towards a
significant difference in area loss between the PLGA-PEG/curcumin and blank PLGA-PEG

particle groups did not remain after adjustment for multiple comparisons.
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Figure 3.4 PLGA-PEG/curcumin effects on global brain injury and percent area loss in the
HI brain.

HI pups were treated 30 min, 24h, and 48h after HI injury with either saline, free curcumin, blank
nanoparticles, or PLGA-PEG/curcumin. Pups were sacrificed 72h after HI injury. All analyses
were performed in a blinded manner. (A) Median (95% CI) gross injury scores were — saline: 3
(3-4; n = 16), free curcumin: 3.5 (1-4; n = 19), blank PLGA-PEG particles: 4 (3-4; n = 20);
PLGA-PEG/curcumin: 0 (0-3; n = 20). Significance was seen between PLGA-PEG/curcumin and
saline (p = 0.006), free curcumin (p = 0.03), and blank PLGA-PEG (p = 0.003). (B) Median (95%
Cl) area losse scores were — saline: 37.2% (27.9-51.4%; n = 16), free curcumin: 37.8% (20.2-
44.2%; n = 19), blank PLGA-PEG particles: 35.4% (6.0-44.4%; n = 18); PLGA-PEG/curcumin:
12.3% (3.6-26.8%; n = 19). Significance was seen between PLGA-PEG/curcumin and saline (p
= 0.006) and free curcumin (p = 0.04) groups. *Indicates significant difference compared to all
other groups.
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Figure 3.5 Representative gross injury in Hl pups.
For each treatment group, a representative picture of the median animal used for gross injury
scoring is provided.

Curcumin-loaded PLGA-PEG nanoparticle treatment does not result in region-specific

neuroprotection

Marked variation in region-specific response to treatment was seen using
histopathological analysis. A plot of region-specific pathology scores by group is presented
(Figure 3.6). H&E images showing representative pathology in the different areas assessed are
shown in Figure 3.7. Median (95% CI) total pathological score (maximum 16) was 12.5 (10-
14.5), 12.3 (9-14.5), and 13.3 (8.5-15) in the saline, free curcumin, and blank PLGA-PEG
particles, respectively, and 6.5 (2.5-15.0) in the PLGA-PEG/curcumin group. A similar pattern of
decreased median pathology score in the PLGA-PEG/curcumin group was seen in the cortex
(Figure 3.6A), thalamus (Figure 3.6B), hippocampus (Figure 3.6C) and striatum (Figure 3.6D);
however, none of these differences were statistically significant. A summary of pathology
scores, as well as gross injury and area loss analysis across all groups is shown in Table 3.2.
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Figure 3.6 Neuropathology following PLGA-PEG/curcumin treatment of Hl pups.

HI pups were treated 30 min, 24h, and 48h after unilateral HI injury with either saline, free
curcumin, blank PLGA-PEG nanoparticles, or PLGA-PEG/curcumin nanoparticles. Pups were
sacrificed on P10, 72h after HI injury. Neuropathological analyses were performed in a blinded
manner. Four regions—(A) hippocampus, (B) cortex, (C) striatum, and (D) thalamus—on he
unilateral side were scored on a 9-point scale between 0 (least injured) and 4 (most injured).
Though median score was lowest in the PLGA-PEG/curcumin group for all measures,
significance was only seen in the cortex between blank PLGA-PEG and PLGA-PEG/curcumin (p
= 0.0249). Groups were compared using a two-tailed Wilcoxon-Mann-Whitney U-test, with
Bonferroni correction for multiple comparisons.

Table 3.2 Outcome measures following treatment in neonatal HI rats.

Rats received HI on P7 and treatments (saline, free curcumin, blank PLGA-PEG, and PLGA-
PEG/curcumin) were given at 30 min, 24h, and 48h after HI. All outcome measures were
assessed 72h after HI injury. For each outcome measure, median (95% CI) gross injury, area
loss, and regional and total pathology score across the four treatment groups is provided.
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*Indicates significant difference compared to all other groups. *Indicates significant difference
compared to saline and free curcumin groups. Groups were compared using a two-tailed
Wilcoxon-Mann-Whitney U-test, with Bonferroni correction for multiple comparisons.

Group (median; 95% CI)
Free Blank PLGA-PEG/
Saline curcumin PLGA-PEG | curcumin
Gross Injury 3 (3-4) 3.5 (1-4) 4 (3-4) 0 (0-3)*
37.2 (27.9- 37.8 (20.2- | 35.4 (6.0- 12.3 (3.6-
Area Loss (%) | 51.4) 44.2) 44.4) 26.8)"
Pathology
scores:
Injury Cortex 3.5(3.0-4.0) |2.4(2.5-4.0) | 2.5(2.5-4.0) | 1.1 (1.5-4.0)
Assessment | Hippocampus | 3 (2.5-3.5) 3 (2.5-3.5) 3.3 (2.0-3.5) | 1.8 (0.0-3.5)
Striatum 3.5(2.5-4.0) | 3.3(2.5-4.0) | 3.5(2.5-4.0) | 1.8 (0.5-4.0)
Thalamus 2.5(2.0-3.5) |2.5(1.5-3.0) [ 2.5(1.5-3.5) [ 1 (0.5-3.5)
Total
Pathology 12.5 (10.0- 12.3 (9.0- 13.3 (8.5-
Score 14.5) 14.5) 15.0) 6.5 (2.5-15.0)

Blank PLGA-PEG, free curcumin and saline treated animals tended to have more
severe, extensive necrosis of the anterior cortex and middle cortex (Figure 3.7), often with
rarefaction of the neuropil. In the striatum, hippocampus, and thalamus, we observed moderate-
to-marked multifocal to coalescing neuronal necrosis and cell loss. In contrast, lesions in more
PLGA-PEG/curcumin than blank PLGA-PEG treated animals were more often characterized by
mild to moderate columnar necrosis in the cerebral cortex, and mild, patchy neuronal necrosis in
the striatum, thalamus and hippocampus. Further, more PLGA-PEG/curcumin treated animals
had minimal to no neuropathology, with 8 animals receiving a total neuropathology score lower
than 4 (three animals with a score of 0; 2 animals with a score of 2; and 1 animal each with a
score of 2.5, 3, and 3.5). In contrast, only 1 animal in each of the blank PLGA-PEG and free
curcumin groups scored less than 4, and no saline treated animals received a score lower than
6. Severe injury characterized by variably severe (but generally minimal to mild) involvement of
the contralateral hemisphere was observed in all treatment groups (n = 3 saline treated animals;
n = 1 free curcumin treated animal; n = 6 blank PLGA-PEG treated animals; and n = 4 PLGA-

PEG/curcumin treated animals).
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Figure 3.7 Representative histology images of PLGA-PEG/curcumin treated pups.

Left column — saline treated animal; Left center — free curcumin treated animal; Right center —
blank PLGA-PEG treated animal; Right column —PLGA-PEG/curcumin treated animal. Animals
within one point of the treatment group median are pictured. Top row: Lower magnification view
of the hippocampus (h) and cerebral cortex (c) at the level of the thalamus (t). In the saline, free
curcumin, and blank PLGA-PEG treated animal there is moderate to regionally marked
disorganization and neuronal death of the cortex with a portion of ischemic cortex missing (*) in
the blank PLGA-PEG treated animal. In the PLGA-PEG/curcumin treated animal, there is mild
multifocal columnar neuronal cell necrosis and loss (#). Bar = 0.25 mm. Middle row: Higher
magnification of neuronal cell death and loss with disorganization of the cortex (*). Normal
neurons are indicated by the triangle. M = meninges. Bar = 100 um. Bottom row: Hippocampus
(CA1 and CA2) with regionally extensive neuronal necrosis and loss (*). Normal neurons are
indicated by the triangle. Bar = 100 pym.

Microglia show altered morphology following PLGA-PEG/curcumin nanopatrticle
treatment

We observed an increase in microglial numbers (Iba-1+ cells), and a change in
microglial morphology, in the brains of the saline, free curcumin, and blank nanoparticle
treatment groups 72h after HI injury (Figure 3.8A). Microglial morphology was more amoeboid in
shape in the dentate gyrus, CA1, and subcortex of the ipsilateral hemisphere in the saline, free
curcumin, and blank nanoparticle groups, with no differences in morphology seen between
them. However, PLGA-PEG/curcumin treated animals showed reduced microglial numbers, and
fewer amoeboid morphological features. In particular, in the CA1 region in the PLGA-
PEG/curcumin treated pups, microglia were more elongated. A few cell processes were also
present, potentially indicating a return to a more normal ramified state (Figure 3.8B). The
morphological changes in microglia were confined to regions of neuronal injury, which included

the CA1 region of the hippocampus, subcortex, and the caudate putamen.
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Figure 3.8 Microglial density following HI and PLGA-PEG/curcumin treatment.
The presence of Iba-1+ microglia (green) was evaluated in regions of injury in the HI brain for all
treatment groups, including the cortex, CA1, and dentate gyrus. Microglia number is increased
in all control groups (saline, free curcumin, and blank PLGA-PEG) and morphology shifted to an
amoeboid phenotype. PLGA-PEG/curcumin-treated microglia appear to be fewer in number and
partially ramified. Blue: DAPI cell nuclei stain. Scale bars in all images: 100 ym.

3.4 Discussion

PA and resulting HIE are leading causes of morbidity and mortality around the time of
birth [54]. Although TH is currently the only validated treatment for HIE, it is not universally
neuroprotective. Unfortunately, 40-50% of treated infants with moderate and severe HIE will still
die or have significant neurological disability [65]. As the development of TH into a
neuroprotective strategy for neonates was based on preclinical research in a number of animal

models, there is scope to use these same models to develop pharmacological interventions as
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an adjuvant to TH. For instance, Juul et al. demonstrated the neuroprotective effects of
recombinant human Epo in the Vannucci rat model, which has more recently been translated to
clinical trials with term infants and extremely low gestation neonates [70]. Analogous to the
pleiotropic neuroprotective effects of both TH and Epo, the present study proposes that
curcumin similarly affects the progression of brain injury through multiple pathways, ultimately
delivering a neuroprotective effect which is enhanced by using the PLGA-PEG polymeric
nanoparticle.

Significant neuroprotection was seen in the PLGA-PEG/curcumin treatment group
compared to all control groups (saline, free curcumin, and blank nanoparticle) by gross brain
injury scoring. Hemispheric area loss also showed significant neuroprotection (p<0.05) in the
PLGA-PEG/curcumin treatment group compared to all control groups. However, after adjusting
for multiple comparisons, no difference was seen between the PLGA-PEG/curcumin and blank
PLGA-PEG groups. This might be due to a therapeutic effect of the PLGA-PEG polymer itself,
as others have shown that PEG can suppress reactive oxygen species production after injury by
limiting superoxide generation [147]. Despite the significant decrease in global injury measures
(gross injury and area loss), no significant decreases in region-specific or total formal pathology
score in the PLGA-PEG/curcumin group were seen. This may be due to a lack of resolution in
the gross injury score, or the fact that the formal pathology scoring system includes the
subcortical structures not seen on the gross injury score.

The difference in efficacy between measures may also give clues as to where the PLGA-
PEG/curcumin is exerting its effects. Both area loss and pathology scoring focus on the areas at
the center of the unilateral infarct that are most susceptible to the injury [46, 148]. By
comparison, gross injury scoring will include the total infarct area, including the penumbral
region [149]. The dramatic decrease in gross injury score suggests that PLGA-PEG/curcumin
may be most beneficial at the penumbra, and that it is neuroprotective for cells that are less
severely affected by the insult. This is also supported by the fact that the median pathology
score (both total and region-specific) decreased in the PLGA-PEG/curcumin group, but the
upper bounds of the 95% CI did not, suggesting that any neuroprotective effect of PLGA-
PEG/curcumin was particularly absent in the most severely-injured animals. This is not an
uncommon finding in the field, with TH and other therapies, including xenon, potentially unable
to rescue injury once beyond a certain severity [148, 150]. In fact, comparing the pathology
scores seen in our current study to similar previous work would suggest that the injury produced
in this model was relatively severe [46], with many animals experiencing complete structural

loss of the ipsilateral hemisphere, and involvement of the contralateral side [45]. Certain aspects
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of the response to injury may also prevent optimal penetration of the particle and delivery of the
therapeutic. Edema formation in the most severely-affected animals could reduce penetration of
the particle into the core of the infarct. Though nanoparticle penetration into the region of injury
was seen, and a therapeutic effect was achieved on gross injury analysis, uniform distribution of
a therapeutic from the penumbra to the core is necessary to achieve maximal efficacy [151,
152]. Co-administration of PLGA-PEG/curcumin with therapies that reduce edema formation,
such as TH, may augment the effects of the particle, and this combination will be a focus of
future work.

Polymeric nanoparticle systems have been widely used to improve biodistribution and
bioavailability of therapeutics. Nanoparticles coated with special surfactants, such as P80 [153,
154], Poloxomer 188 (also referred to as Pluronic F68) [153, 155], or with chitosan [156], have
also been shown to target the brain following systemic injection, even with an intact BBB, by
adhering to and entering endothelial cells of the BBB. However, the nanoparticles coated with
P80 or Pluronic F68 in these studies possessed surface charges in the —20 to -40 mV range,
and the chitosan-coated particles were 260 nm in diameter, thereby making it unlikely that these
specific particles were capable of diffusing into the brain beyond the BBB endothelium [83, 117].
The curcumin-loaded particles used in this study were around 60 nm in diameter and had near-
neutral surface charge, both characteristics that enhance penetration of nanotherapeutics within
the brain parenchyma. Additionally, PEG copolymerization to PLGA imparts steric stability for
improved nanoparticle bioavailability upon systemic administration [157, 158]. The PLGA-PEG
nanoparticles used in this study demonstrated a 10-fold higher diffusive ability in the cortex and
20-fold higher diffusivity in the thalamus compared to the PLGA formulation. This is likely due to
the “stealth” nature of PEG-coated particles that limits interaction with cells and proteins in the
brain extracellular space [118]. Increased diffusive ability is significant because it allows the
nanoparticle and curcumin payload to achieve greater dispersion in the brain, a property which
is correlated with the efficacy of many therapeutics [73, 159, 160].

Greater drug release from curcumin-loaded PLGA particles was achieved by modifying
surface functionality with the PEG polymer. PEG, as an amphiphilic polymer, is able to increase
the surface area of the nanoparticle and therefore increase the fraction of curcumin that is
adsorbed onto, or weakly bound to, the nanoparticle surface [161]. The early burst release
phase is therefore dominated by drug release from near the nanoparticle surface, as seen in the
PLGA-PEG/curcumin formulation, which demonstrated higher burst release (40% from PLGA
and 49% from PLGA-PEG within 4h) and greater controlled release over 96h (59 vs 99%)

compared to the PLGA/curcumin formulation [162].
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After being delivered to the injured brain, curcumin can act on HlI injury through multiple
pathways. Others have demonstrated the therapeutic properties of curcumin, including both
antioxidant [163, 164] and anti-inflammatory [165, 166] effects. Curcumin’s anti-inflammatory
effects are due to inhibition of nuclear factor kappaB signaling, which leads to a reduction in
proinflammatory cytokines and enzymes [166, 167]. In vitro and in vivo studies have shown that
curcumin’s antioxidant effects arise from direct scavenging via the phenolic structure, as well as
modulation of nuclear factor (erythroid-derived 2)-like 2 pathway [164]. Curcumin also inhibits
activation of the NMDA receptor for glutamate, which is central to the initiation of the exito-
oxidative cascade that results in necrosis and apoptosis from mitochondrial damage after Hl
injury [168]. Finally, curcumin induces neurogenesis by modulating the canonical Wnt/b-catenin
pathway, leading to reversal of cognitive deficits in models Alzheimer disease [169].

PLGA-PEG nanoparticle uptake in the injured brain was observed within 24h in the
regions of injury. Nanoparticle uptake and extravasation into regions of injury and proximity
close to amoeboid microglia and injured neurons is important because both cell types are
implicated in the progression of HI brain injury. During inflammation, microglia proliferate, with a
shift in phenotype from ramified healthy surveying microglia to a spectrum of more amoeboid
“activated” microglia [25-27]. After 72h of therapy, microglia were fewer in number in the PLGA-
PEG/curcumin group, with a more ramified morphology, compared to the control groups. This
suggests that PLGA-PEG/curcumin is capable of selectively altering microglial function in areas
of injury, which may reduce the long-term inflammatory responses to HI that contribute to the
secondary and tertiary phases of injury [16]. However, longer-term outcomes may be needed to
discriminate the benefit seen in changing microglial phenotype in the PLGA-PEG/curcumin
group.

The brain uptake and region-specific localization of the polymeric nanoparticle platform
can play a significant role in targeted delivery, especially if toxicity of a drug is of concern. It is
important to emphasize that minimal or no nanoparticle uptake is seen in regions of healthy
tissue, which will reduce off-site toxicity and minimize any long-term unwanted effects. Instead,
the PLGA-PEG/curcumin particle leverages both BBB breakdown in regions of injury and
nanoparticle stealth properties to distribute specifically within the injured brain parenchyma. The
ability of the PLGA-PEG/curcumin particle to deliver a broad-acting therapeutic to injured cells
for neuroprotection, without associated toxicity, highlights the advantages of using a
nanoparticle platform for targeted delivery.

Limitations to this study include the relatively early (72h) assessment of injury, and the

absence of behavioral outcomes. For instance, compared to previous work that assessed area
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loss at P14, one week after injury [46, 148], area loss at P10 may underestimate final tissue loss
due to a shorter time period for the injury to evolve. Future studies with longer follow-up after the
injury may allow for greater resolution in terms of comparing injury severity in the different
treatment groups. Additionally, due to the limited solubility of curcumin, DMSO was needed in
addition to PBS as a delivery vehicle for the free curcumin treatment. Previous studies using
DSMO at concentrations ranging from 0.1% (v/v) to 100% to deliver curcumin in cell cultures
reported no significant cytotoxicity [170-173]. DMSO was also used to deliver melatonin in the
neonatal HI model and no significant neurotoxic effect was found between DMSO and PBS
treatment groups [174]. When an effect has been found DMSO at similar concentrations to
deliver curcumin in brain injury models, it has instead erred on the side of neuroprotection rather
than neurotoxicity [175]. The conflicting literature and need for DMSO to solubilize curcumin
further justifies the use of nanoparticle-based delivery platform. Lastly, the experiment was not
designed to evaluate sex-based differences. Significant changes in outcome based on sex have
been observed in both preclinical models and the clinical setting, and males and females may
have different requirements for interventions that modulate oxidative stress [176-181]. To further
support the use of curcumin-loaded nanoparticles as a pharmaceutical intervention in perinatal
brain injury, PLGA-PEG/curcumin must also be compared to treatments like Epo and NAC,
which have demonstrated efficacy in injury models comparable to the Vannucci model [40, 129].
The increased efficacy of the PLGA-PEG/curcumin particle over free curcumin also supports the
idea that other potential agents besides curcumin that experience delivery or pharmacokinetic
barriers to neuroprotection could be loaded into similar particles. Nevertheless, this is the first
study that demonstrates the neuroprotective effect of curcumin, when loaded into brain-

penetrating PLGA-PEG nanoparticles, in the treatment of neonatal brain injury.

3.5 Conclusion

One critical yet underserved population for therapeutic development is the neonatal population,
for whom PA and subsequent development of HIE is a leading cause of death. We sought to
investigate the efficacy of curcumin, a pharmaceutical intervention that works on multiple
pathways to reduce inflammation and promote neuronal recovery, in a rat model of neonatal
brain injury. Therapeutic delivery mediated by the PLGA-PEG polymeric nanoparticle platform
was used to improve efficacy by increasing drug solubility, stability, bioavailability, and targeting
of sites of injury. We show that BBB impairment enhances nanoparticle extravasation into the
brain parenchyma, and that a dense PEG coating on the PLGA nanoparticles allows for

effective penetration within the brain parenchyma. As a result, when administered systemically,
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PLGA-PEG/curcumin significantly reduces global injury, but its neuroprotective effect may be
most pronounced in the penumbral region, or in less severely injured animals. The
neuroprotective effect of curcumin-loaded nanoparticles provides an additional intervention for
further study in the treatment of neonatal brain injury.

In the next chapter, we more closely evaluate nanoparticle behavior in the diseased
brain environment using an ex vivo model of HI injury. We identify features of nanoparticles and
of the disease state that promote selective nanoparticle uptake into microglia, which can be

desirable for targeted therapeutic delivery and the reduction of off-target effects.
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Chapter 4 — Nanoparticle-microglial interaction in the ischemic brain is

modulated by injury duration and treatment

A model is a lie that helps you see the truth.
— Howard Skipper
This project was delightfully designed to showcase most of our lab’s core tools: nanoparticles,
multiple particle tracking, organotypic brain slices, confocal imaging, and image analysis. It gave
me an opportunity to work closely with Rick and Mengying in their final year, and also with Mike,
Hawley, and Jeremy. Putting all our expertise together, we developed a brain slice model of
hypoxic-ischemia to “help us see the truth” of nanoparticle behavior in diseased tissue.

4.1 Introduction

Cerebral ischemia is a major cause of death in both neonates and adults [182, 183].
Unfortunately, treatments for both neonatal HI and adult stroke provide only modest benefits in
mortality and morbidity [184, 185]. Investigation of effective treatments for HI continues to be a
critical area of research. Microglia, the resident immune cells of the brain, are of more recent
and special interest for therapeutic targeting in HI [186]. Microglia become activated after
ischemic injury, exhibit increased phagocytic behavior, and contribute to neuroinflammatory and
ROS stress that may exacerbate damage in the brain [30]. Thus, an opportunity exists to
provide neuroprotection after ischemic injury by designing therapeutics to target and modulate
microglial behavior.

A promising strategy for microglial-targeted therapeutic development is the delivery of
drugs via nano-sized carriers. Although nanoparticle platforms vary widely in composition,
shape, and other physical characteristics, several distinct nanoparticle types have shown an
ability to overcome biological barriers to drug delivery in the brain. For example, polymeric
nanoparticles (size <200nm) with a dense PEG coating can rapidly penetrate within small pores
in the brain ECS that restrict the diffusion and broad distribution of most therapeutics [83, 187].
Adequate intracellular trafficking of therapeutics also presents a major drug delivery challenge,
but nanoparticles can leverage existing endocytosis pathways in microglial cells for
internalization. QDs and poly(amidoamine) (PAMAM) dendrimer nanoparticles, among others,
have shown accumulation within activated microglia [112, 113, 132, 133, 188]. Importantly,
these transport routes may be altered in the presence of injury. While nanoparticles can
facilitate and enhance drug transport in the brain, these effects are dependent on both
nanoparticle characteristics and disease state [189], requiring further screening and study.

We investigate the role of injury, treatment, and nanoparticle type in driving nanoparticle-

microglial interactions in ischemic conditions. We use ex vivo organotypic whole hemisphere
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(OWH) brain slices, which have emerged as a facile platform for modeling disease processes
and screening therapeutic platforms, including nanoparticles [113, 190, 191]. The ability to
obtain multiple OWH slices from a single brain reduces biological variation and enables detailed
investigation of disease environments or therapeutic efficacy. OWH slices also preserve
functional relationships between neighboring cells and maintain 3D-cytoarchitecture [190].
Importantly, oxygen-glucose deprivation (OGD) has been widely used to model ischemic injury
in organotypic slices [192]. OGD brain slice models retain in vivo pathological processes
including extracellular glutamate release, neuronal damage, and production of cytokines and
oxidative stress markers [193-195]. Thus, OGD-exposed OWH slices are a powerful high-
throughput screening platform for evaluation of cell interactions with nanopatrticle therapeutics in
ischemia to study how nanoparticle-based drug delivery can be used to improve therapeutic
outcomes.

To establish the degree of injury and microglial response following OGD exposure, we
evaluate cytotoxicity and oxidative stress in healthy, OGD-exposed, and azithromycin (AZ)-
treated OWH brain slices. AZ is an FDA-approved therapy that can suppress both acute and
chronic pathologic microglial activation in response to ischemic stroke injury [196, 197].
Because microglial behavior correlates with disease severity [198, 199], AZ modulation of
microglia provides a validated platform to study microglia-nanoparticle interaction in response to
treatment [200]. We use a Python-based image analysis technique to quantify the degree of
microglial morphological heterogeneity following injury and treatment. We next investigate how
injury alters nanoparticle diffusion within the brain, an important factor for maximal distribution
and microglial cell interaction. Lastly, we quantify nanoparticle uptake in microglia based on
injury and treatment with flow cytometry and immunofluorescent imaging. We compare 3 distinct
nanoparticle platforms, PS-PEG, PAMAM dendrimers, and cadmium selenide/ cadmium sulfide
(CdSe/CdS) core/shell QDs, to determine the influence of nanoparticle physical characteristics
on microglial uptake. By using nanotechnology to probe microglial changes after disease and
treatment, our study informs the design of nanoparticles to leverage the brain microenvironment

and target microglial cells for enhanced therapeutic outcome in ischemic conditions.

4.2 Results
OGD time-dependent severity

HI duration can drastically change disease outcomes [201]. Therefore, we first investigated the
impact of OGD time on cell viability and the oxidative stress environment. Compared to NC slice

cytotoxicity of 11.2%, 0.5h, 1.5h, and 3h OGD exposure times resulted in significant increases
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in cytotoxicity of 54.3%, 33.8%, and 32.9% respectively (Figure 4.1A). The 0.5h OGD
cytotoxicity was also significantly higher than that of 1.5h or 3h OGD. 0.5h, 1.5h, and 3h OGD
exposure times also yielded significantly decreased GSH concentrations of 1.7-fold, 4.1-fold,

and 2.3-fold reductions respectively (Figure 4.1B).
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Figure 4.1 OGD exposure-dependent effect on cell death and oxidative stress
environment.

(A) Percent cytotoxicity as determined by Pl-positive/DAPI-positive cell ratio (n=40-50 per
condition) and (B) GSH concentration (n=5) for NC, 0.5h, 1.5h, and 3h OGD-exposed brain
slices.

Prior to investigating AZ effects on nanoparticle interaction with microglia, we evaluated
AZ and SOD effect on OGD-induced cytotoxicity to confirm therapeutic effects seen in literature.
We have previously demonstrated that SOD can attenuate excitotoxic damage in OWH brain
slices [190]. SOD addition to 3h OGD-exposed slices significantly reduced cytotoxicity to 17.1%
(p=0.036) (Figure 4.2A). Having observed the greatest cytotoxicity induced by 0.5h OGD
compared to NC, we proceeded to investigate the cytotoxicity effect of AZ on 0.5h OGD-
exposed slices. AZ treatment significantly reduced cytotoxicity to 14.0% (p<0.001) (Figure
4.2B). AZ treatment also significantly increased GSH concentration 1.5-fold compared to that of
0.5h OGD (p=0.013) (Figure 4.2C).
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Figure 4.2 Therapeutic effects on OGD exposure-induced injury.

Percent cytotoxicity of (A) NC, 3h OGD, and 3h OGD+SOD (n=40-50 per condition) and (B) NC,
0.5h OGD, and 0.5h OGD+AZ (n=33-50 per condition) measured by Pl-positive/DAPI-positive
cell ratio. (C) GSH concentrations of NC, 0.5h OGD, and 0.5h OGD+AZ (n=5). NC, 0.5h OGD,
and 3h OGD conditions are the same as presented in Figure 4.1.

OGD and AZ effects on microglial shape as determined by VAMPIRE

To better understand microglial response to OGD injury, we characterized microglial
morphological heterogeneity across disease states. Microglial morphology and heterogeneity
are dependent on disease environment and are one indicator of microglial phenotype and
function [202, 203]. VAMPIRE package determined 5 distinct microglial shape modes and
subsequently classified all imaged microglia into shape modes [121]. Figure 4.3A displays the
frequency of the 5 shape modes for each group, where frequency is the percentage of microglia
that exhibited the given shape mode. 0.5h OGD+AZ treatment resulted in a shape mode

distribution similar to that of NC microglia: shape modes 3, 4, 5, 1, and 2 in order of increasing
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frequency. Overall, 0.5h OGD showed a reduced spread in shape mode frequencies, indicating
an increase in microglial shape heterogeneity since all 5 shape modes were more equally
represented. The absolute difference of shape mode frequency from NC shape mode frequency
was 4.5% and 2.2% for 0.5h and 0.5h OGD+AZ respectively, although the difference between
the two groups was not statistically significant (p=0.083) (Figure 4.3B). Circularity was
calculated directly from individual microglia. Upon 0.5h OGD exposure, microglia exhibited a
significantly increased circularity of 0.69 compared to NC circularity of 0.50 (p<0.001) (Figure
4.3C). AZ treatment reversed the extent of microglial circularity to 0.53, significantly lower than
that of 0.5h OGD (p<0.001). NC and OGD+AZ circularity were also significantly different
(p<0.001). Furthermore, circularity did not correlate to shape mode, with a greater circularity for
the 0.5h OGD condition for each of the 5 shape modes (Table 4.1).
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Figure 4.3 AZ reverses microglial heterogeneity and circularity after 0.5h OGD.
(A) Frequency of 5 shape modes of microglia for NC, 0.5h OGD, and 0.5h OGD+AZ groups as
generated from the VAMPIRE package. (B) Absolute difference in shape mode frequencies of
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0.5h OGD and 0.5h OGD+AZ from that of NC. (C) Microglial circularity of NC (n=2954 microglia
from 4 slices), 0.5h OGD (n=1539 microglia from 5 slices), and 0.5h OGD+AZ (n=1612
microglia from 3 slices) conditions.

Table 4.1 Average circularity of microglia by shape mode for a given experimental
condition.

Experimental Shape Mode
Condition 1 2 3 4 5 Average
NT 0.53 0.48 0.50 0.53 0.47 0.50
OGD 0.63 0.59 0.78 0.85 0.61 0.69
OGD+AZ 0.55 0.48 0.57 0.57 0.49 0.53

OGD enhances nanoparticle diffusion through the brain ECS

Nanotherapeutics must be able to reach target cells from the point of entry in the brain. To
probe disease-mediated changes to the brain ECS and the effect on a nanoparticle’s ability to
move, we performed MPT with 40nm PS-PEG nanoparticles in ex vivo slices after OGD.
Particle characteristics compared to a non-PEG coated particle are provided in Table 4.2. Mean
squared displacements (MSD) were calculated for each particle trajectory from each video, and
the geometrically ensemble-averaged MSD (<MSD>) for each experimental group was
generated as a function of lag time (Figure 4.4A). Regardless of OGD duration, nanoparticles
showed greater displacement, indicating an elevated ability to diffuse, compared to the NC
group. Extraction of Det values using the Einstein-Smoluchowski Equation revealed a 16.7-,
16.5-, and 16.6-fold increase in nanoparticle diffusive ability in the 0.5h, 1.5h, and 3h OGD
groups, respectively, compared to that of the NC group (Figure 4.4B). The <MSD> curves were
then fit using the anomalous diffusion equation to obtain values of the anomalous diffusion
exponent, a. Trajectories were classified as either superdiffusive (a>1.25), normal
(0.75=a=1.25), or subdiffusive («a<0.75) (Figure 4.4C). All durations of OGD increased
superdiffusive and decreased subdiffusive transport. The proportion of superdiffusive
trajectories increased by 6.1% while subdiffusion decreased by 10.8% between the NC and 3h
OGD groups. Changes in diffusion were region-dependent, however, with more severe disease-
mediated effects in striatum than cortex (Figure 4.4D). The 0.5h, 1.5h, and 3h OGD exposure
increased diffusion by 5.8-, 4.3-, and 4.5-fold, respectively, in the cortex compared to 27.8-,
38.0-, and 45.8-fold, respectively, in the striatum (Figure 4.4E). The regional and combined
median De and trajectory counts are presented in Table 4.3.

Table 4.2 Physicochemical properties of PS-PEG used in MPT and nanoparticle uptake
studies.
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Nanoparticles (n=3) were characterized in terms of hydrodynamic diameter, mean surface
charge (C-potential), and the polydispersity index (PDI) by dynamic light scattering at 25°C and
H 7.2in 10 mM NaCl. A non-PEG coated PS particle is included for comparison.

Nanoparticle Number Mean | Intensity Mean PDI {-potential *
Type * SEM (nm) * SEM (nm) SEM (mV)
PS-COOH 39.1£0.49 53.2+0.58 0.044 -37.5+£0.74
PS-PEG 51.4 £0.96 66.9£0.40 0.027 -0.59+£0.10
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Figure 4.4 Characterization of nanoparticle diffusive behavior after OGD.

(A) Geometrically ensemble-averaged MSD vs lag time for NC (black), 0.5h (grey), 1.5h (blue),
and 3h OGD (gold) conditions. Faint lines represent averages of each video (30 per group) and
the bolded line represents the mean of all videos. (B) Desf values extracted from each trajectory
from all videos (n=10) in all slices (n=3) per group (1 dot = 1 trajectory). (C) The anomalous
exponent o was calculated by fitting trajectory MSDs to the anomalous diffusion equation. o was
used to classify trajectories as either superdiffusive, normal, or subdiffusive. (D) <MSD> vs lag
time split by brain region (left: cortex, right: striatum). (E) Der values split by brain region:
(left=cortex, right=striatum). (F) Effective ECS pore size distributions in NC and 0.5h, 1.5h, and
3h OGD slices from left to right. % of pores >40nm and average pore size are indicated by text.
Data for B & E are reported as median * interquartile range.

Table 4.3 Summary of multiple particle tracking in OGD slices.
Der in rat brain tissue were extracted at 1=0.303s from nanoparticle trajectories in the cortex
(n=5 videos per slice) and striatum (n=5 videos per slice) in n=3 slices per group.
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Treatment | Triectories i | Durin Gortex | Trajectories | gz | Dy
(Hm©/s) (Hm©/s)

NC 24,382 0.0338 64,840 0.00707 0.0118
0.5h OGD 65,305 0.197 42,378 0.196 0.197
1.5h OGD 43,520 0.146 38,787 0.269 0.195
3h OGD 103,415 0.151 51,285 0.324 0.195

To estimate the distribution of effective ECS pores in each group, we fit the Amsden
obstruction scaling model for entangled and cross-linked hydrogels [204] to the Der data in
Figure 4.4B. As exposure to OGD increased, the distribution of pore sizes shifted to larger pores
(Figure 4.4F). The percentage of pores larger than 40nm increased from 2.5% in the NC to
10.0%, 13.7%, and 24.5% in the 0.5h, 1.5h, and 3h OGD groups, respectively. Similarly,
average pore size increased from 25.0nm (NC) to 31.8, 32.4, or 35.6nm (0.5h, 1.5h, and
3h OGD, respectively). Two final geometric features were calculated to better characterize
nanoparticle behavior in the diseased brain microenvironment: trajectory boundedness and
efficiency (Figure 4.5). Boundedness reflects the proportion of a trajectory which is restricted
within a circular area, while efficiency reflects the ability of a nanoparticle to maximize
displacement while minimizing distance traveled. 0.5h OGD caused a 1.1-fold decrease in
boundedness and 6.1-fold increase in efficiency compared to that of NC. 1.5h and 3h OGD also
increased efficiency by 6.4- and 5.4-fold, respectively, but elicited no fold-change on

boundedness compared to that of NC.
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Figure 4.5 Supplemental geometric feature analysis of nanoparticle trajectories.
Nanoparticle boundedness (A) and efficiency (B) calculated for each trajectory from all videos
(n=10) in all slices (n=3) per group (1 dot = 1 trajectory).
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Microglial uptake of nanoparticles is influenced by disease state and nanoparticle
properties

We have confirmed OGD slice health can be recovered following AZ treatment and that
particles up to 40nm in size can readily move within the OGD brain environment. Therefore, we
next sought to understand how injury and treatment influence the interaction of PS-PEG, D-Cy5,
and QD nanoparticles that reach microglial cells. Using flow cytometry, we determined the
proportion of microglia which were nanoparticle-positive in each treatment condition. We
showed a significant increase in microglial uptake of PS-PEG after OGD (PS-PEG: 0.47% NC
vs 0.5h OGD 1.50%, p=0.016), and that AZ treatment reverted microglia to low-uptake behavior
(PS-PEG: 0.59%) (Figure 4.6A). Application of 100x higher concentration PS-PEG showed
similar trends, with 27.3%, 67.5%, and 40.4% uptake in microglial cells for NC, 0.5h OGD, and
0.5h OGD+AZ conditions (Figure 4.7). Microglial uptake of D-Cy5 (Figure 4.6B) and QDs
(Figure 4.6C) however, did not exhibit significant differences across all three disease states.
Importantly, QDs were internalized at much higher proportions than the other nanoparticle types
across all treatment groups: median values for the 0.5h OGD group were 1.42%, 0.68%, and
25.0% for PS-PEG, D-Cy5, and QDs, respectively. Confocal images confirm that microglial

uptake of nanoparticles occurred for all nanoparticle types and disease states.
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Figure 4.6 Microglial uptake of PS-PEG, D-Cy5, and QD nanoparticles at 5h for NC, 0.5h
OGD, and 0.5h OGD+AZ conditions.

Flow cytometry results of (A) PS-PEG-positive, (B) D-Cy5-positive, and (C) QD-positive
microglia as a proportion of all microglia in NC, 0.5h OGD, and 0.5h OGD+AZ groups. Co-
localization of (A) PS-PEG nanoparticles (white), (B) D-Cy5 nanoparticles (white), and (C) QD
nanoparticles (white) with NC, 0.5h OGD, and 0.5h OGD+AZ microglia (red) and cell nuclei
(blue). All scale bars represent 20um.
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Figure 4.7 Supplemental analysis of microglial uptake of PS-PEG at a 100-fold increased
?:)slg-epresentative confocal images of PS-PEG (white) and microglia (red) after administration
of 100ng/uL (a 100-fold higher dose than the representative data in Figure 4.6). All scale bars
represent 20 um and cell nuclei (blue) are also shown. (B) Flow cytometry results indicate
nanoparticle-positive microglia as a proportion of all microglia in each treatment group.

One important result from flow cytometry was the change in microglial number after
injury in treatment. While microglia made up 20.33% of live cells in a NC slice, their proportion
was significantly reduced after 0.5h OGD (3.99%), measured 5 hours after the end of injury
(p=0.016). However, treatment with AZ increased microglial proportion to 14.70% (p=0.016
versus 0.5h OGD) (Figure 4.8A). Lower microglial percentage out of all live cells after 0.5h
OGD was sustained for at least 25h (NC: 15.49%, 0.5h OGD: 4.00%, p=0.024) as determined
by flow cytometry (Figure 4.8B), which was further supported by quantitation of microglial area
to total cell number in confocal images at 24h after injury (Figure 4.8C). Interestingly, we
observed a regional difference in microglial vulnerability. In the cortex, area covered by
microglia did not change significantly across disease states (Figure 4.8D), but microglial area in
the thalamus was significantly reduced after OGD (p<0.001). Treatment with AZ increased

microglial coverage (p=0.031 compared to OGD), although still to a reduced level from NC
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(p<0.001) (Figure 4.8E). Representative confocal images from each region are shown in Figure
4.6F.
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Figure 4.8 Microglial number decreases after OGD and is restored with AZ.

(A) Flow cytometry results of microglia as a proportion of all live cells in the NC, 0.5h OGD, and
0.5h OGD+AZ groups 5h after injury and (B) in the NC and 0.5h OGD groups 25h after injury.
(C) Microglial area of NC, 0.5h OGD, and 0.5h OGD+AZ slices normalized to DAPI-positive cell
count from images at 24h after injury for all images, (D) cortex alone, and (E) thalamus alone.
(F) Representative images of microglia (green) in the cortex and thalamus of NC, 0.5h OGD,
and 0.5h OGD+AZ slices. All scale bars represent 100um.
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4.3 Discussion

In this study, we investigated the nanoparticle- and disease-dependent nature of nanoparticle-
cell interactions in the brain microenvironment using an OWH brain slice model of ischemic
brain injury. Our first goal was to modulate ischemic brain injury severity by increasing OGD
exposure times. There was an increase in cytotoxicity for all OGD exposure times compared to
that of NC. Surprisingly, 1.5h and 3h OGD exposure times resulted in lower cytotoxicity than
0.5h OGD exposure. Previous studies have demonstrated an increase in cytotoxicity from 0.5h
to 1h of OGD ex vivo, and 60min is regarded as the timeframe of OGD-induced neuronal
swelling followed by apoptotic and necrotic death [205-208]. In our study, exposure to 0.5h OGD
was sufficient to induce significantly different outcomes than the NC condition, in agreement
with other findings [193, 209, 210]. Considering OGD mediates damage via oxidative stress, we
measured the concentration of the redox buffering molecule GSH as another measure of slice
health [211]. All OGD exposure times reduced GSH concentrations, representing an oxidatively
stressed, unhealthy environment [212].

Microglia are potent cellular targets for drug delivery, due to their role in propagating
neuroinflammation after ischemic injury. Previous studies have demonstrated microglia-specific
drug delivery with PAMAM dendrimers, which was attributed to the increased phagocytic
behavior of microglia in an activated state [30, 133, 213]. Increased microglial uptake of
dendrimers is also present after HI in mice in vivo, retinal HI injury in mice in vivo, and in vivo-
induced cerebral palsy rabbits ex vivo [112, 214, 215]. In all three studies, microglia exhibited
robust activation and proliferation, which was associated with an amoeboid cell shape, pro-
inflammatory phenotype, and increased phagocytic behavior. However, in our study, dendrimer
uptake was not significantly changed and no microglial proliferation occurred compared to that
of the NC condition. In fact, microglial area from confocal images and microglial counts from
FACS indicate a decrease in microglial number after OGD. One key difference is the lack of a
global inflammatory response in our ex vivo slice preparation process. Without systemic
inflammatory contributions such as peripheral immune cell invasion, OGD alone may be
insufficient to mediate microglial proliferation [216-219]. Thus, one major limitation of inducing
injury ex vivo is the inability to fully represent complex pathological processes such as
neuroinflammation. Future studies may overcome this limitation by incorporating a strong
infammatory stimulus in vivo before brain extraction.

Microglial phenotypes in slice culture models are different than those represented in vivo
[220] and several studies have shown that nanoparticle uptake is correlated to microglial

phenotype [221, 222]. Accumulating evidence shows the importance of shape in characterizing
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microglial phenotype [223, 224], supporting further microglial characterization using shape
modes, surface marker presentation, transcriptomics, or cytokine expression. Improving
microglial characterization is essential to understanding microglial-nanoparticle interactions,
especially as the classical M1 and M2 microglial polarization phenotype schema progressively
phases out [225]. To better characterize the range of microglial morphologies in our OGD slice
model, we used computer-aided morphological analysis. These results showed that 0.5h OGD
induced changes in microglial shape modes, which were reversed back to NC shape mode
distributions upon AZ treatment. AZ has previously been shown to promote an anti-inflammatory
phenotypical change of macrophages and microglia [196]. Although some variation in frequency
for the 5 shape modes remained after AZ treatment, the ranking of shape mode frequencies
from least (3) to greatest (2) followed the same ranking as the NC microglia shape mode
frequencies. The VAMPIRE package enables in-depth morphological analysis and detection of
nuances in microglial shapes that encompass the heterogeneity of microglia that the human eye
cannot detect. However, extracting intuitive shape characteristics of microglia from VAMPIRE as
opposed to broad trends is non-trivial given the complexity in interpreting the large dataset
“machine-vision” classifications of the VAMPIRE package [121]. Independent of shape mode,
one readily interpretable morphological distinction between groups was that of microglial
circularity, where high circularity corresponds to microglia assuming a non-branching amoeboid
morphology characteristic of a pro-inflammatory activated state [224]. Although a value of 1
describes a perfect circle, some circularity values (1.2% of NC, 14.3% of 0.5h OGD, and 1.6%
of 0.5h OGD+AZ) are slightly above 1 (1.12 max) due to errors in computer estimation of pixel
perimeters [226]. We found that 0.5h OGD increased microglial circularity while AZ prevented
amoeboid morphology, reducing circularity levels to closer to that of NC microglia. Further work
may better determine the association between nanoparticle uptake and microglial morphological
phenotype by analyzing additional cell features, such as degree of branching, branching
polarization, length of branching, and soma size, especially for nanoparticle-containing cells.

In contrast to dendrimers, PS-PEG nanoparticles exhibited increased microglial
accumulation after OGD, and QDs were internalized at roughly equal proportions regardless of
disease state. It is remarkable that QDs were able to achieve orders of magnitude higher
microglial accumulation after administration at the same dose as PS-PEG and D-Cy5. Our
results indicate that microglial phagocytosis is highly dependent on nanoparticle platform, and
disease-induced changes in microglial behavior are not leveraged equally among all
nanoparticle types. These platforms differ in size, rigidity, and chemical composition which can

influence nanoparticle-cell interactions [227, 228] suggesting that nanoparticle physicochemical
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parameters must be well-tuned to achieve accumulation in target cells at sites of injury. For
example, rigid lipid nanoparticles can more easily penetrate cell membranes compared to less
rigid nanoparticles [229]. Previous work also supports microglial uptake of high-rigidity
nanoparticles, namely gold nanoparticles in vitro and silica and QD nanoparticles ex vivo and in
vivo [113, 230, 231].

Nanoparticle diffusive ability also plays a role in reaching target microglial cells and in
achieving maximal therapeutic impact [232, 233]. As evidenced by the MPT results after
exposure to OGD, PS-PEG nanoparticles exhibited more than 16-fold higher diffusive ability
compared to the NC condition. Although we only directly confirmed diffusivity for PS-PEG,
PEGylated QDs and PAMAM dendrimers have also been shown to move effectively within the
brain parenchyma in healthy [83] and diseased states [132, 133]. After OGD, PS-PEG
nanoparticle trajectories were more efficient and the population of particles behaving
subdiffusively decreased. This shift in diffusive transport modes may be associated with other
disease-mediated changes. For example, OGD-induced cytotoxicity might reduce cell density
and therefore decrease the likelihood of subdiffusive transport, which is characteristic of
nanoparticles closely interacting with cellular compartments. Macroscopic ECS changes after ex
vivo ischemic injury have also been previously reported, including an increase in striatal
tortuosity and decrease in ECS volume fraction of brain tissue in the hippocampus and cortex
[234, 235]. For example, the formation of dead-space domains may explain both an increase in
estimated ECM pore size and tortuosity [236]. OGD also potentially increases the expression of
ECM-degrading matrix metalloproteinases (MMPs), as demonstrated in models of cerebral
ischemia [237]. The increase in ECM-degrading enzymes can lead to larger pore sizes and
subsequently increase nanoparticle diffusion in the ECS. In this study, the distribution of ECS
pore sizes did in fact shift to larger pores following OGD, which could be leveraged by the
PEGylated nanoparticles for effective diffusive transport through injured tissue.

The proportion of pores greater than 40nm increased with increasing exposure of OGD.
Interestingly, an appreciable percentage of pores were predicted to be smaller than 40nm, the
particle diameter. Neutrally charged 40nm PS-PEG nanoparticles can evade many of the
mechanisms by which ECM hinders extracellular movement [83], making diffusion
predominantly influenced by steric interactions. While it is likely that some populations of
particles are truly immobilized within pores, the Amsden obstruction model may be
underestimating pore size by assuming nanoparticles are completely inert. PEGylated
nanoparticles may interact with microglia, other cell types, and various components of the ECM.

Regardless, the model was applied equally across all experimental groups and therefore still
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provides insight into the differences existing between them. Additionally, the range of pore sizes
identified in this study is similar to previous findings using MPT analysis in brain slices [117].
Furthermore, since we only measured diffusion of 40nm particles compared to the 40nm,
100nm, and 200nm particles used by Nance et al. [83], we likely underestimated the true size of
pores >40nm. Nanoparticle probe size, different culturing conditions, and DIV can each alter
MPT analysis and the application of the Amsden obstruction model, requiring further
investigation in the OGD model.

One benefit of the OWH slice platform for furthering these studies is the ability to study
regional variability in response to injury. After both 1.5h and 3h OGD, nanoparticles in the
striatum had consistently faster Deir compared to those in the cortex. Microglial area coverage
also indicated a greater injury response in the midbrain. Only the thalamus, not the cortex,
showed a decrease in microglial area coverage after 0.5h OGD. Although we did not probe for a
mechanism to explain regional differences, such investigation can have important implications
for therapeutic development. One recent study investigated the injury-resistant nature of the
hypothalamus region and identified that slow neuronal depolarization in the region may be one
native mechanism of neuroprotection [238]. Enhanced therapeutic penetration within specifically
diseased brain regions could reduce requisite dose amount and frequency and avoid
inadvertent cytotoxicity on healthy tissue. Due to the intricate balance of pro- and anti-
inflammatory activity in the brain microenvironment after disease, over-scavenging of reactive
oxygen species or excessive inhibition of inflammatory processes could interrupt healthy cellular
function or exacerbate damage [239-241]. Given that ischemic injury manifests in multiple
phases and in regional patterns [49, 108], the continued investigation of regional variations in
the brain could inform therapeutic strategies for specific regional targets, which would be highly
advantageous in combating immediate and ongoing disease sequelae.

Further cross-platform investigation will be important to elucidate advantageous
nanoparticle characteristics, in addition to diffusive ability, size, rigidity, and surface
functionalization, for microglial-targeted drug delivery after injury. Microglial uptake of additional
nanoparticle platforms, such as nanocrystals or polymeric micelles, has been understudied yet
may elucidate new therapeutic avenues. Importantly, immediate AZ treatment of OGD-injured
slices returned microglial uptake behavior of all nanoparticle types closer to that of NC
conditions, suggesting that modulated microglia of recovered brain tissue behave similarly to
healthy microglia. While this work primarily studied AZ modulation of slice health and microglial
behavior, we also demonstrated that application of SOD or AZ is neuroprotective after ischemic

injury. Brain slices treated with either therapeutic had significantly reduced cell death over 24h,
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and AZ additionally prevented a decrease in GSH concentration, indicative of an inhibition of
oxidative stress and cell damage. SOD efficacy is due to its scavenging of superoxide anion
which is implicated in excitotoxicity, but the exact mechanism of AZ therapeutic efficacy remains
to be elucidated in the brain [242, 243]. Regardless of therapeutic mechanism, therapeutic
reversion of OGD-induced microenvironment offers promising implications for drug delivery
strategies. If SOD or AZ were delivered via rigid carriers similar to PS-PEG nanoparticles that
exhibited increased diffusion and microglial uptake after OGD exposure, drug distribution would
favorably accumulate in diseased regions. After therapeutic release and reduction of disease
phenotype, subsequently administered nanoparticle doses would preferentially sequester in
ongoing injury sites compared to recovering or healthy tissue environments. Further
investigation of strategies to modulate nanoparticle diffusivity and microglial uptake may result

in more effective methods of nanoparticle-mediated therapeutic delivery.

4.4 Conclusion

In this work, we probed the effect of OGD-induced disease and AZ treatment on nanoparticle
interactions with microglia in the brain microenvironment. First, we determined the effect of
OGD exposure on cell death and oxidative stress, markers of injury severity. We observed
significant injury responses after 0.5h OGD exposure: 54.3% increase in cytotoxicity, 1.7-fold
decrease in GSH concentration, and larger pore distribution in the ECS. From image analysis,
we observed an OGD-induced shift in microglial morphology towards more heterogeneity in
shapes with overall increased circularity and a decrease in microglial density. Nanoparticle
interactions with microglia were dependent on both the nanoparticle platform as well as injury
state. After 0.5h OGD, microglial internalization of PS-PEG was increased, but uptake of QDs or
dendrimers was not enhanced, indicating an important role of nanoparticle material identity in
determining extent of phagocytosis after injury. PS-PEG nanoparticles exhibited a 16.7-fold
increase in diffusion after 0.5h OGD compared to that of NC. Treatment with AZ not only
effectively reduced OGD cytotoxicity and GSH depletion, but also reverted nanoparticle uptake
behavior of PS-PEG and microglial morphology towards that of NC. This study shows OWH
slices enable region-dependent nanoscale probing of live tissue to identify cellular and
microstructural changes in diseased and recovering brain microenvironments that can be
leveraged for cell-specific uptake of nanoparticles. Additionally, we demonstrate that in ischemic
conditions, nanoparticle fate is platform-dependent, providing insights into therapeutic strategy

for targeting microglial cells to combat neurological disease.
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In the next chapter, we continue our investigation of brain-targeted polymeric
nanoparticles, but return to the biodegradable platform introduced in Chapter 3. We explore
whether modulation of surfactant type in the PLGA-PEG nanoparticle formulation process can
influence nanoparticle uptake into the brain, microglia, and neurons. Nanoparticles with
improved brain-penetrating properties can be broadly applied to the treatment of many

neurological disorders.
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Chapter 5 — Surfactant effects drive nanoparticle penetration and cellular
uptake in the brain

If the brain were so simple we could understand it, we would be so simple we couldn’t.
— Lyall Watson

When | began this project five years ago, | thought we were asking a simple question: are some
surfactants better than others, in the context of nanoparticle drug delivery to the brain? What
began as ex vivo screening, as in Chapter 4, became more interesting when we looked in vivo,
and required a better understanding of the nanoparticles in vitro, which we did in collaboration
with Scott (mass spectrometry) and Daniel (surface analysis). This project has brought me more
failed experiments & manuscript rejections than any other thesis chapter, but it has also been
where I've learned the most as a scientist.

5.1 Introduction

The brain’s uniquely restrictive biological barriers, including the BBB and brain parenchyma,
make target cells within the brain inaccessible to nearly all therapeutic molecules. While
invasive delivery techniques like intraparenchymal injection can increase therapeutic
accumulation in the brain, a need remains for noninvasive delivery strategies. Nanotechnology
is one promising avenue for systemic delivery of neurotherapeutics since nano-sized particles
can overcome transport barriers and achieve accumulation within the brain [244, 245]. Recently,
drug-loaded nanoparticles have demonstrated efficacy in models of glioblastoma [246],
neurodegenerative disorders [247], and neonatal hypoxic-ischemia [248], among other brain
injuries [249, 250].

For effective therapeutic delivery in the brain, nanoparticles must be designed to have
biologically advantageous properties. As described in previous chapters, PLGA-PEG
nanoparticles present advantages of biodegradability, reduced protein adsorption, and
enhanced nanoparticle diffusivity in the brain ECS. Since nanoparticle surfaces mediate
interactions between the nanoparticle and biological environment, further surface functionality
can be added to PLGA-PEG nanoparticles to improve cell penetration or cell-specific targeting.

One important class of molecules present at nanoparticle surfaces are surface acting
agents, referred to as surfactants. During the formulation process of PLGA-PEG nanoparticles,
surfactants are commonly introduced to reduce surface tension at the interface between the
organic polymer solution and the aqueous phase. Although nanoparticles can be formulated
without surfactants [251], these molecules promote nanoparticle formation and stabilization.
Additionally, studies have shown that surfactant coatings can alter nanoparticle-cell interactions.
Tween surfactants, especially Tween 80 (or polysorbate 80, P80), can specifically enhance

nanoparticle accumulation in the brain [252]. Pluronic surfactants, including poloxamer 188
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(Pluronic® F68, F68) and poloxamer 407 (Pluronic® F127, F127), are able to inhibit P-
glycoprotein efflux transporters [253-255]. However, nearly all prior studies have evaluated
surfactant effects after incubating previously-formulated nanoparticles in fresh surfactant
solutions to produce a dense surface coating. Moreover, none have investigated nanoparticle
diffusion past the BBB, which has dependence on surface presentation of PEG [256]. We
hypothesized that nanoparticles formulated with PEG and surfactants may be optimally
designed for transport to and within the brain.

In the present study, we compared PLGA-PEG formulations with surfactants P80, F68,
and F127 to a control formulation without surfactant in deionized (DI) water. We also studied the
surfactants poly(vinyl alcohol) (PVA), the most commonly used surfactant for nanoparticle
stabilization [257], and cholic acid (CHA), an anionic surfactant [114]. With each formulation, we
evaluated nanoparticle transport in the brain at multiple time and length scales, i.e. molecular-
level diffusion as well as cellular- and whole organ-scale nanoparticle accumulation. Our results
provide insight into nanopatrticle design for improved penetration of biological barriers for

therapeutic delivery in the brain.

5.2 Results

Surfactants and PEG enhance nanoparticle stability and diffusive ability
To isolate the role of surfactant on biodistribution, cellular uptake, and diffusive ability, we
controlled for nanoparticle size and surface charge. Based on previous work, colloidally stable
nanoparticles with hydrodynamic diameters below 114 nm and near-neutral zeta C-potential can
transport efficiently to and within the brain [83, 258]. The formulations used in this study had
average diameters between 55-69 nm and {-potentials between -6.5 and -3.0 mV (Table 5.1).
The PEG layer and surfactant molecules decrease nanoparticle aggregation and increase
stability, which is indicated by low polydispersity indices (PDI < 0.20) of formulations with both
PEG and surfactant. However, nanoparticles without PEG (PLGA/F127) or surfactant (PLGA-
PEG/DI) had elevated PDls of 0.20 and 0.22, respectively. Using mass spectrometry, we
confirmed that surfactant molecules compose a low weight percent of the PLGA-PEG/P80
(0.01%) and PLGA-PEG/CHA (0.005%) formulations (Supplementary Figure 1). Although we
expect surfactant concentration to be similarly low in the other formulations, we were unable to
quantify those contributions due to limitations of mass spectrometry with polydisperse polymer
species [259].

To probe molecular-scale interactions in the brain microenvironment, we characterized

the diffusive ability of each nanoparticle formulation in 300 um brain slices prepared from
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healthy rats. More extensive analysis of nanoparticle diffusion is presented in the following
sections, but ensemble-averaged effective diffusion coefficients (D), its fold-change compared
to theoretical nanoparticle diffusion in artificial cerebrospinal fluid (Dacsr), and the number of
analyzed trajectories are included as summary statistics in Table 5.1. The results indicate rapid
transport of nanoparticles with anionic surfactant molecules (PLGA-PEG/CHA, Dp=21.7x10*
um?/s) or without surfactant (PLGA-PEG/DI, Dp=12.9x10* um?/s). Diffusion of non-PEGylated
nanoparticles with surfactant (PLGA/F127, Dp=1.02x10"* um?/s) is significantly hindered, in
alignment with previous studies on the importance of a PEG layer for enhanced diffusive
behavior [117].

Table 5.1 Physicochemical properties and diffusivity of PLGA-PEG nanoparticles
formulated with biocompatible surfactants.

Nanoparticles were characterized in terms of hydrodynamic diameter, mean surface charge (C-
potential), and the polydispersity index (PDI) by dynamic light scattering at 25°C and pH 7.2 in
10 mM NaCl. All values are reported as mean + standard error of the mean (SEM) (n=3).
Effective diffusion coefficients in rat brain tissue (Dy) were extracted at a 1 = 0.8 s from
nanoparticle trajectories over fifteen videos across three brain slices for each formulation, and
compared to theoretical nanoparticle diffusion in artificial cerebrospinal fluid (aCSF) based on
the Stokes-Einstein equation and mean particle diameter.

Polymer/ Number Mean | PDI ¢-potential | Ensemble D, | Dacsr/Do Number of
Surfactant + SEM (nm) + SEM (mV) | (x10™ um?/s) Trajectories
s 682+40 | 020 | 628+03 1.02 94,000 557
PLGA-PEG/ 59.6+1.5 0.08 -3.63+0.8 4.72 23,000 568
1% P80
PLGA-PEG/ 65.5+4.1 0.09 4331204 5.98 17,000 569
5% F68
PLGA-PEG/ 59.7+1.3 0.08 40614 7.50 15,000 839
1% F127
PLGA-PEG/ 65.3+24 0.11 -3.24+£0.9 8.48 12,000 339
5% PVA
PLGA-PEG/ 55.0+29 0.22 -4.58 £ 0.6 12.9 9,000 590
DI H,O
PLGA-PEG/ 56.2+3.0 0.17 -6.11+£ 0.6 21.7 5,000 308
3% CHA
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Figure 5.1 Mass spectrometry analysis of surfactants P80 and CHA.
Surfactants P80 and CHA were quantified by comparison of peak area to a calibration curve of

known standards.

Nonionic surfactants result in decreased cellular uptake and diffusivity ex vivo

Organotypic brain slices enable high-throughput assessment of nanoparticle behavior in the

brain, as slices retain multicellular complexity and 3D architecture without in vivo barriers which
limit nanoparticle penetration to the brain [260]. We first quantitatively assessed nanoparticle

uptake into microglia within 4h of exposure by flow cytometry (Figure 5.1A). The results showed
uptake of PLGA-PEG/DI nanoparticles in 25.2% of microglia, and significantly reduced
internalization rates 11.0%, 13.2%, 8.6%, 10.1%, 12.1%, and 12.9% for PLGA-PEG/CHA, F68,
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F127, P80, PVA, and PLGA/F127, respectively. No significant differences exist between
nanoparticles formulated with surfactant. We investigated cytotoxicity as a potential confounding
factor in nanoparticle uptake studies, since cells exposed to a high surfactant dose would
undergo cell death [261] and therefore not be counted in flow cytometry analysis. Using
propidium iodide staining (Figure 5.1B) and lactate dehydrogenase release (Figure 5.2A) as two
measures of cell death after four hours of nanoparticle incubation, all samples were within a
normal 5-25% cytotoxicity range. Figure 5.2 also shows qualitative confirmation of nanoparticle

uptake within neurons and microglia in the 4h experimental window.
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Figure 5.1 Assessment of surfactant effects on nanoparticle transport in organotypic
brain slices.

(A) Flow cytometry analysis indicate that all formulations with surfactant demonstrated similar
levels of microglial uptake within 4 h, while PLGA-PEG/DI achieved significantly elevated levels
of uptake. (B) Propidium iodide (Pl)-positive cell counts, as a proportion of total cells,
demonstrate no significant differences in cytotoxicity across all treatment conditions. (C)
Nanoparticle trajectories were analyzed to calculate ensemble-averaged mean squared
displacement at time lags up to 6.5 s. (D) Log of Dy at 0.8 s were extracted for each trajectory (1
dot = 1 trajectory).
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Figure 5.2 Supplementary assessments of nanoparticle transport in organotypic brain
slices.

(A) Lactate dehydrogenase (LDH) release indicates no toxic effect of nanoparticle exposure;
cytotoxicity is within a normal 5-25% range. (B) All nanoparticle formulations (red) are observed
in neurons (left, green) and microglia (right, green). All cell nuclei (blue) are stained with DAPI
and all scale bars represent 20 um.

PLGA-PEG/F127

We applied each nanoparticle formulation to organotypic brain slices and subsequently
analyzed several hundred nanoparticle trajectories to extract diffusion information. At shorter
length and time scales, nanoparticle transport is governed by diffusion. Each PLGA-PEG
formulation demonstrates a positive slope of ensemble-averaged mean squared displacement
(<MSD>) over time, while the PLGA/F127 formulation shows more stagnant growth (Figure
5.1C), indicating limited diffusive ability. At a time interval of 0.8 seconds, D, were extracted for
each trajectory (Figure 5.1D). The ensemble-averaged D, for each formulation at this time scale
are available in Table 5.1. The Dy distributions indicate significantly enhanced diffusive ability of
PLGA-PEG nanoparticles with the anionic surfactant CHA compared to no surfactant
(p<0.0001). However, the presence of nonionic surfactants reduced diffusive ability: compared
to PLGA-PEG/DI nanoparticles, we observed 1.52-fold, 1.72-fold, 2.16-fold, and 2.73-fold
slower diffusion with the PLGA-PEG/PVA, PLGA-PEG/F127, PLGA-PEG/F68, and PLGA-
PEG/P80 formulations, respectively. Although the reductions were statistically significant
(p<0.001 for all), the effect of surfactant incorporation was much smaller than the effect of the
PEG layer. Without a PEG layer, nanoparticles appeared immobilized in the brain: PLGA-
PEG/F127 nanoparticles exhibited 7-fold increased diffusive ability compared to PLGA/F127
nanoparticles (p<0.0001).
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Individual trajectories were then analyzed for geometric features to distinguish between
subtypes of diffusive transport. Characterization of the <MSD> curves showed that PLGA/F127
trajectories exhibited subdiffusive behavior more frequently than any other formulation, while the
PLGA-PEG/DI and PLGA-PEG/CHA formulations were more likely to demonstrate
superdiffusive behavior (Figure 5.3A). These results were closely aligned with extraction of q,
the anomalous diffusion coefficient, for each nanoparticle trajectory. The plurality of PLGA/F127
trajectories were classified as subdiffusive (a<1) while most PLGA-PEG/DI and PLGA-
PEG/CHA trajectories had normal (a=1) diffusive behavior (Figure 5.3B). Average trappedness,
a geometric feature which describes the probability of the nanoparticle being trapped within a
given radius, was highest for the PLGA/F127 nanoparticles and lowest for PLGA-PEG/DI
nanoparticles (Figure 5.3C). Conversely, PLGA/F127 nanoparticles were least efficient — that is,
each time step resulted in small net displacements — while PLGA-PEG/DI nanoparticles were
most efficient (Figure 5.3D). For each geometric feature, all formulations with surfactants
existed on a continuum between the immobilized PLGA/F127 nanoparticles and the diffusive
PLGA-PEG/DI nanoparticles. Therefore, the results of multiple particle tracking (MPT) indicate
that the inclusion of nonionic surfactants in nanoparticle formulations will increase the likelihood
of cellular interaction — indicated by increasing subdiffusion, trappedness, and decreasing

efficiency — at short length and time scales.
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Figure 5.3 Geometric analysis of nanoparticle diffusion trajectories.

(A) The aspect ratio of the MSD curve for each trajectory was extracted and classified as
subdiffusive (<0) or superdiffusive (>0). (B) The anomalous exponent a was extracted for each
trajectory and classified as superdiffusive (>1), normal (1), or subdiffusive (<1). The (C)
trappedness and (D) efficiency of each trajectory was calculated and plotted as violin plots.

Nonionic surfactants enhance BBB permeation and accumulation in the brain

Beyond diffusion and cellular internalization, nanoparticle fate in the brain is dependent on
favorable circulation kinetics, biodistribution, and transport across the BBB. These outcomes
must be assessed in vivo. We administered each PLGA-PEG formulation in healthy rat pups by
intravenous tail vein injection. Four hours after administration, only PLGA-PEG/P80
nanoparticles were able to extravasate across the healthy BBB and uptake in neurons and
microglia (Figure 5.4). To quantify nanoparticle penetration across the BBB, we used a capillary
depletion technique on homogenized brain tissue which separated brain capillaries from the
parenchyma [127]. Results are presented as the percent of injected dose (%ID) per gram brain
parenchyma or brain capillary (Figure 5.4A). Only PLGA-PEG/P80 nanoparticles achieved a
significantly higher concentration in the brain parenchyma compared to brain capillaries (17.8 vs

7.4 %ID per g tissue, p=0.028). However, all nonionic surfactants improved BBB permeation
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compared to the no-surfactant control: without a surfactant, nanoparticle concentration in brain
capillaries was 14.9-fold higher than in the parenchyma; F68, F127, P80, and PVA reduced this
value to 3.2-, 0.9-, 0.4-, and 1.2-fold, respectively. Interestingly, the formulation with anionic
CHA demonstrated nearly no accumulation in either the brain capillaries or parenchyma.

We then sought to understand the fate of nanoparticles once within the brain
parenchyma. Using confocal imaging, we found evidence of PLGA-PEG/P80 uptake in microglia
and neurons within the hippocampus (Figure 5.4B). In contrast, PLGA-PEG nanoparticles
formulated without surfactant or with CHA, F68, F127, or PVA showed greater association with
blood vessel structures (Figure 5.4C). Staining of tight junction protein zona occludens 1 (ZO-1)
confirmed these regions as brain capillaries (Figure 5.5A). The accumulation of nanoparticles at
the healthy BBB persists at least for 24 hours: patterns of PLGA-PEG/PVA nanoparticle
localization in brain capillaries appear consistent at both 4 hours and 24 hours after
administration, with no visible additional neuronal or microglial uptake of nanoparticles (Figure
5.5B-D). Comparison with the PLGA/F127 formulation after 24 hours indicates that the absence
of a PEG layer does not enable increased BBB transcytosis or cellular uptake (Figure 5.5C-D).
Finally, analysis of nanoparticle biodistribution across serum and major organs supports that a
large fraction of nanoparticles are still in circulation at 4h (Figure 5.4D). The liver and spleen
also demonstrate nanoparticle accumulation, while more limited uptake was found in the kidney,

heart, and lungs.
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Figure 5.4 Distribution of biodegradable, PEGylated nanoparticles (red) in the brain and
major organs at t=4h.

(A) PLGA-PEG/P80 nanoparticles, unlike all other formulations, exhibit significantly higher
accumulation (p=0.0280) in the brain parenchyma (left bars, solid fill) compared to brain
capillaries (right bars, hashed). (B) PLGA-PEG/P80 nanoparticles can internalize within some
microglia (green, top) and neurons (green, bottom) in the brain parenchyma. (C) PLGA-PEG/DI,
PLGA-PEG/CHA, PLGA-PEG/F68, PLGA-PEG/F127, and PLGA-PEG/PVA nanoparticles do
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not exhibit patterns of microglial (top row) or neuronal (bottom row) uptake, and instead appear
associated within the vasculature. (D) Nanoparticles demonstrate accumulation in the serum,
liver, and spleen, with minimal signal from the kidney, heart, and lungs. (A, D): Each dot
represents one pup for a total of n=4 (brain) or n=5 (major organs). (B-C): All cell nuclei (blue)
are stained with DAPI and all scale bars represent 20 ym.
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Figure 5.5 Supplementary assessments of in vivo nanoparticle localization at 4h and 24h.
(A) Staining of ZO1 (green) confirms nanoparticle localization within blood vessels. (B) PLGA-
PEG/PVA nanoparticles appear stuck within blood vessel walls at both 4h and 24h post-
administration. (C) No microglial uptake of PLGA-PEG/PVA or PLGA/F127 nanoparticles was
observed 24h after administration. (D) No neuronal uptake of PLGA-PEG/PVA or PLGA/F127
nanoparticles was observed 24h after administration.

Polysorbate 80 is surface-associated and influences serum protein adsorption
Surfactants, including P80, may achieve favorable nanoparticle fate in the brain by facilitating
plasma protein adsorption or desorption to the nanoparticle surface as the “protein corona”
biolayer develops [262]. However, this phenomenon is poorly studied for nanoparticles with both
PEG and surfactants. We first used time-of-flight secondary ion mass spectrometry to establish
that P80 is present on the nanoparticle surface. Positive and negative ion control spectra were
taken from PLGA-PEG/DI nanoparticles and the P80 surfactant to determine unique peaks for
each material. These peaks were then used to create a peak ratio A/(A+B) where A = sum of all
P80 peaks and B = sum of all nanoparticle peaks. Figures 5.6A and 5.6B show the positive and
negative ion peak ratios respectively from the ToF-SIMS data. Table 5.2 shows the proposed
chemical identifications of the selected peaks for each material. As seen in Figures 5.6A and
5.6B, the PLGA-PEG/P80 nanoparticles show a higher relative intensity of the P80 peaks
relative to the PLGA-PEG/DI nanoparticles (p=0.001 and p<0.0001 for the positive and negative

ion peaks, respectively) confirming the presence of P80.
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Figure 5.6 PLGA-PEG/P80 surface analysis and serum protein adsorption.

Positive ion (A) and negative ion (B) peak ratio from PLGA-PEG/DI and PLGA-PEG/P80 ToF-
SIMS data indicate a statistically significant presence of P80 on the surface of PLGA-PEG/P80
nanoparticles. (C) Compared to the PLGA-PEG/DI control, PLGA-PEG/P80 nanoparticles
exhibited increased protein adsorption (p=0.0382). (D) PLGA-PEG/P80 demonstrated a
negative shift in {-potential after plasma incubation, which was not observed with the PLGA-
PEG/DI control.

Table 5.2 Proposed chemical identifications of selected ToF-SIMS peaks from
nanoparticle and P80 control samples.

Positive ion peaks: Positive ion peaks: Negative ion peaks: Negative ion peaks:
PLGA-PEG/DI P80 PLGA-PEG/DI P80
m/z Label m/z Label m/z Label m/z Label
56.03 CsH4O 155.10 CyH150, 47.01 CHs0, 61.03 C2Hs0;
87.01 CsH303 171.14 Unknown 73.00 C2oHO3 105.06  C4H9Os
88.01 C3H4O3 197.15 C12H2102 75.01 C2H303 127.07 CsH1102
CoH150
100.02 C4H403 199.13 Unknown 87.01 C3H303 139.11  possible
101.02 C4Hs03 211.16  Unknown 89.03 CsHs03 141.09  CgH1302
102.03 C4HsO3 213.15 Unknown 103.01  C3H304 141.13  CgH47O
C14H2302
112.02 Unknown 223.15 possible 115.00  C4H304 153.10  CgH1302
CsHs03
113.03 possible 225.17 Unknown 116.01  C4H4O4 155.11  CgH150;
Ci16H3102
114.04 CsHeO3 239.20 possible 117.02  C4Hs04 157.13  CgH17O2
C4H304 Ci1sH3302 Ci10H1702
115.01 possible 281.25 possible 129.02  CsHs04 169.13  possible
C18H3502 CoH1503
116.01 Unknown 283.27 possible 131.00 C4H30s 171.11  possible
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C20H3702 Unknown or
127.05 Unknown 309.30 possible 131.03 CsH;O4 183.14 C41H190;
Unknown or C10H1703
128.05 Unknown 323.29 Unknown 133.02  C4Hs0s 185.12 possible
130.03 CsHeO4 339.33 Unknown 143.04 CgH;O4 possible 195.14  Cq2H1902
Unknown or
131.04 CsH;04 145.02 CsHsO0s 197.16  C12H210;
CsHsOs Unknown or
158.02 possible 147.04 CsH;Os 199.18 Cq2H230-
Unknown or
CsH7Os5 CeH70s5 or
159.03 possible 159.04 CyoH/0O2 209.16  Cq3H210>
Unknown or
C7HsOs CeHgOs or
172.04 possible 161.05  C10H9O> 220.16  C14H200,
173.00 Unknown 175.03  Unknown 223.18 Cq4H230;
175.02 Unknown 189.05 Unknown 227.20 Cq4H»0O5
CsH100s5
186.05 possible 235.23 Unknown
C16H200
187.02 Unknown 237.25 possible
188.03 Unknown 253.22 CqH2903
C7HoO6
189.04 possible 25524 CqH3102
CoH110s5
199.06 possible 263.25 Unknown
C15H3703
200.07 Unknown 265.27 possible
201.04 Unknown 269.26 Cq7H330:
203.05 Unknown 281.25 C4gH330;
CsHsO7 C1gH3702
216.03 possible 297.27 possible
CoH1007
230.04 possible
233.03 Unknown
C10H707
243.05 possible
244.05 Unknown
245.03 Unknown
247.04 Unknown
C11H1307
257.07 possible
258.07 Unknown
259.05 Unknown
273.06 Unknown
274.03 Unknown
275.05 Unknown
288.04 Unknown
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316.07 Unknown

330.07 Unknown

We next incubated PLGA-PEG/DI and PLGA-PEG/P80 nanoparticles in rat plasma for
four hours at 37°C and subsequently quantified the amount of plasma proteins adsorbed to the
nanoparticles (Figure 5.6C). Our results show significantly increased levels of protein adsorption
in the PLGA-PEG/P80 (p=0.0382) compared to nanoparticles without surfactant. We further
found evidence that elevated serum protein adsorption alters the nanoparticle surface charge:
after the serum incubation, a significant negative shift in {-potential was observed for PLGA-
PEG/P80 nanoparticles (-3.6 to -11.2 mV, p=0.0002) but not for PLGA-PEG/DI nanoparticles
(Figure 5.6D). This shift was not associated with a change in nanoparticle stability or
polydispersity (Figure 5.7A) and is larger than the shift experienced by any other surfactant-
formulated nanoparticle (Figure 5.7B).
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Figure 5.7 Supplementary analysis: size and surface charge characterization for all
nanoparticle formulations after 4-hour incubation in plasma.
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(A) All formulations except PLGA-PEG/DI and PLGA/F127 maintain stability and low
polydispersity after plasma incubation. (B) PLGA-PEG/P80 and PLGA/F127 show the largest
negative shifts in surface charge after plasma incubation.

5.3 Discussion
In this study, we have evaluated the influence of surfactant on nanoparticle biodistribution,
transport within the brain, and cellular fate. The results suggest that surfactant molecules
increase interactions between nanoparticles and the brain microenvironment. This was
demonstrated by improved BBB penetration, decreased diffusive ability through the brain ECS,
and increased uptake within neurons and microglia for formulations with surfactant compared to
a non-surfactant control. Importantly, surfactants were able to alter nanoparticle behavior solely
after incorporation into the formulation process, without any additional incubation steps for
surface coating or adsorption performed in previous studies. This suggests that complete
surface coverage is not necessary to achieve surfactant-mediated interactions with components
of the brain microenvironment.

One important surfactant-mediated interaction confirmed in this study was that between
P80 and cells of the BBB. PLGA-PEG/P80 nanoparticles, unlike the other formulations
administered in vivo, extravasated beyond brain capillary cells and localized within neurons and
microglia in the healthy brain. Previous studies support the ability of a P80 surface coating to
enhance nanoparticle accumulation in the brain [263-265]. The mechanism of this enhanced
transport has been attributed to receptor-mediated transcytosis: P80 promotes the adsorption of
apolipoprotein B and E, which in turn bind to low-density lipoprotein receptors on brain
endothelial cells [253]. A similar phenomenon has been described with F68-coated PLGA
formulations [75], and several previous studies have concluded that both F68- and P80-coated
PLGA nanoparticles enhance drug penetration in the brain [155, 266]. In comparison to these
studies, which used fluorescence imaging to qualitatively show BBB penetration, our study used
capillary depletion to quantify fluorescence signal in capillary-rich and capillary-depleted brain
fractions. This method is robust for bright fluorophores like AlexaFluor but is sensitive to in vivo
processing parameters including perfusion quality, similar to other methods for determining BBB
permeability [267]. Our results suggest that surfactant-mediated BBB penetration can still occur
with low surfactant amounts (i.e. without specific coating steps) and despite nanoparticle
PEGylation. Additionally, the subsequent cellular internalization of PLGA and PLGA-PEG
nanoparticles had not previously been characterized, despite the importance of intracellular
drug delivery for many neurological disease targets. Thus, the ability of PLGA-PEG/P80

nanoparticles to localize within neurons and microglia in this study is notable. This result aligns
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with one previous study demonstrating neuronal uptake of P80-coated human serum albumin
nanoparticles [268] and motivates further investigation of the mechanism driving nanoparticle
fate beyond BBB penetration. The influence of brain region on nanoparticle fate may also be
important for future studies, since it is well known that brain regions differ in degree of
vascularization [269] and cellular composition [270].

Enhanced brain accumulation of PEGylated nanoparticles formulated with nonionic
surfactants is likely influenced by surfactants at the nano-biointerface, particularly with the
formation of a protein corona. We demonstrate that, even on well-PEGylated nanoparticles,
surfactant choice influences the extent of plasma protein adsorption. Based on previous studies
evaluating the protein corona of biodegradable, polymeric nanoparticles, the major adsorbed
proteins are likely albumin, fibrinogen, immunoglobulin G and its light chains, and the
apolipoproteins ApoA-I and ApoE [157]. However, the exact composition of the protein corona
likely differs between our different surfactant formulations and is known to change upon
transport across the BBB [262]. Our results suggest that differences in the in vivo fate of
biodegradable nanoparticles reflect differences in the protein corona, given that formulations
with enhanced brain uptake (PLGA-PEG/F127, P80, and PVA) presented higher levels of
adsorbed protein compared to those that had low brain uptake (PLGA-PEG/CHA and F68). The
in-depth characterization of surfactant effects on nanoparticle protein coronas, especially
considering dynamic changes as the nanoparticle transports through various brain
compartments, is an important area for future work.

Even at very short scales of length and time, surfactants still impart influence on
nanoparticle transport in the brain. From multiple particle tracking analysis, we showed that the
presence of nonionic surfactant molecules hinders PLGA-PEG nanoparticle diffusion compared
to control nanoparticles without surfactant. The heterogeneous surface produced by the
incorporation of nonionic surfactant molecules within a PEG layer may increase viscous drag in
the brain extracellular space, slowing diffusive behavior. In contrast, the inclusion of an anionic
surfactant like CHA increased diffusive behavior. We speculate that the small size of CHA likely
minimizes interference with surface PEG chains, allowing more efficient PEG coverage and
greater inert behavior of the nanoparticle. Additionally, individual CHA molecules may contribute
to enhanced diffusion due to electrostatic repulsion effects with negatively charged extracellular
matrix (ECM) proteins [271]. These results are further evidence that surfactant molecules
increase interactions between the nanoparticle and its biological environment, which aligns with
a previous study on the hindrance effect of PVA on nanoparticle diffusion through cervico-

vaginal mucus [257]. Every formulation with surfactant, even the highly diffusive PLGA-
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PEG/CHA nanoparticles, exhibited more constrained trajectory features compared to the
PEGylated formulation without surfactant. Based on the extracted geometric features,
surfactant-mediated hindered transport specifically results in reduced diffusive efficiency and
decreased random sampling of the brain microenvironment, which limit the nanoparticle’s ability
to traverse the brain parenchyma after BBB extravasation. The features also suggest a
mechanism of hindered diffusion: subdiffusive and trapped classifications are associated with
nanoparticles which have been compartmentalized within cells. Although trajectories were too
short to capture complete endocytosis, our results suggest that formulations with surfactant
molecules have an increased likelihood of localizing within cellular compartments compared to
formulations without surfactant.

In alignment with previous studies across animal species, nanoparticles without a PEG
layer are immobilized in brain tissue. Not only was the average diffusive ability of a PLGA
nanoparticle more than 7-fold slower than its PEGylated counterpart, but extracted trajectory
features also described nanoparticles which were more subdiffusive, constrained, trapped, and
less efficient than any other formulation. Only one previous study has reported these trajectory
features for nanoparticles diffusing within a biological environment; gold nanoparticles exhibited
both super- and sub-diffusion within fibroblasts in vitro [119]. As quantifying and classifying
nanoparticle diffusion becomes more widespread in the drug delivery literature, it will be
important to create further distinctions between specific nanoparticle transport modes, such as
superdiffusion by an ATP-driven transport process versus intracellular flow gradients. It is also
important to maintain biological complexity when tracking diffusion: our ex vivo platform
maintains the brain ECM, which can itself confine or trap nanoparticles [83]. While the PEG
layer minimizes nanoparticle interactions with ECM proteins, the PLGA formulation was likely
significantly hindered by them. Incorporation of a Pluronic® surfactant, F127, into the PLGA
nanoparticle formulation process did not result in diffusive behavior comparable to PLGA-PEG
nanoparticles. This result highlights the importance of PEGylation in the development of
nanotherapeutics for the brain. Compared to the ECS of other organs, the brain ECS is more
tortuous and has more narrow pores, increasing the relative importance of an inert surface
coating [272, 273]. Our results suggest that the incorporation of surfactants into PLGA-PEG
formulations results in nanoparticles that balance diffusive ability and cellular interaction.

Following successful penetration of the BBB and diffusion through the ECS, nanoparticle
fate in the brain is dependent on its ability to internalize within target brain cells. We observed
surfactant-mediated nanoparticle interactions with neurons and microglia in an ex vivo

environment. Neuronal- or microglial-specific delivery of nanotherapeutics enables drugs to
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bypass transporters which may be involved in pathological processes [188], and instead provide
direct intracellular therapeutic effects with limited extracellular consequences. Based on
qualitative imaging, we found that all formulations can achieve both neuronal and microglial
uptake when applied topically to cultured brain slices. Neurons and microglia utilize different
transport pathways for nanoparticle internalization: neuronal uptake largely occurs through
clathrin-mediated endocytosis [274], but microglia can additionally leverage phagocytosis and
macropinocytosis pathways associated with macrophage cells [230]. While the effect of
PEGylation on decreasing phagocytic uptake is well-known, studies on the effect of surfactant
have only involved non-PEGylated formulations [155, 265, 266]. In those experiments,
hydrophilic poly(ethylene oxide) (PEO) segments of surfactant molecules mimicked a PEG layer
to reduce protein adhesion and nonspecific cellular uptake [275]. Our results show that, when
present together, surfactants act cooperatively with PEG to further reduce phagocytic uptake.
This finding lays in contrast to conclusions from the diffusion experiments, where surfactants
acted antagonistically with the PEG layer to increase cell interactions and slow diffusive
transport. We hypothesize that time scale can determine how surfactants and PEG will interact
with each other: surfactant disruptions to the PEG layer may be significant at the short time
scales relevant to diffusion; at longer scales relevant to cell uptake, surfactants may enhance
PEG’s nanoparticle shielding ability.

One limitation of this study was the inability to characterize the amount or distribution of
surfactant at the nanoparticle surface. While mass spectrometry determined that surfactant
contributions to the PLGA-PEG/CHA and PLGA-PEG/P80 were small (less than 0.01% by
weight), it could not be used for larger, polymeric surfactants and did not provide any
information on the spatial distribution of these molecules. ToF-SIMS determined that P80
surfactant molecules were present at the nanoparticle surface but could not quantify the extent
of surface coverage or distribution throughout the nanoparticle. Determination of these
additional parameters would provide additional insight to the minimum effective dose of
surfactant required to achieve biological effects. However, these measurements have not
previously been done for biodegradable polymeric nanoparticles and are challenging due to
chemical similarities between surfactant molecules and the PLGA-PEG polymer itself.
Development of this technique would enable the formulation of nanoparticles with varying
degrees of surface presentation of surfactant, which is likely a key determinant of nanoparticle
behavior in the brain. Additionally, the exact role of surfactant length and hydrophobicity may be
elucidated by focusing investigations to certain classes of surfactants, like the Pluronics® or

Tweens. Such effects have been preliminarily identified for example on in vitro macrophage
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uptake [276], but characterization in the unique brain microenvironment is currently lacking. The
continued study of the biological roles of surfactant molecules can inform the design of

nanoparticles for effective transport into and within the brain.

5.4 Conclusion

We have shown that the incorporation of surfactant molecules in PLGA-PEG formulations
enhances nanoparticle interaction within the brain microenvironment. Nonionic surfactants
mediate enhanced BBB penetration after intravenous administration: PLGA-PEG/F68, PLGA-
PEG/F127, PLGA-PEG/PVA, and PLGA-PEG/P80 nanoparticles exhibit 2- 11-, 12-, and 19-fold
greater uptake in the brain parenchyma, respectively, compared to PLGA-PEG nanoparticles
without surfactant. We observed decreased microglial uptake ex vivo and hindered diffusive
transport of nanopatrticles containing surfactants, demonstrating the role of surfactants in
increasing short-term interactions with cells while reducing longer-term uptake processes.
Charged surfactants, such as the anionic CHA, enable faster overall nanoparticle diffusion likely
due to electrostatic interactions with brain ECM components. Overall, the presence of a
surfactant influences the ability of nanoparticles to overcome biological barriers in the brain.
Additional studies on key nanoparticle design parameters, including surfactant spatial
distribution and surface coverage for effective delivery to the brain, will enable future
development, implementation, and clinical translation for polymer nanoparticles in treating
neurological disorders.

In the next chapter, we use the brain-penetrating PLGA-PEG/P80 platform to deliver a
therapeutic enzyme, catalase, to the injured neonatal brain. Catalase, as a large hydrophilic
protein, presents distinct nanoparticle loading challenges from the small, hydrophobic curcumin
molecule presented in Chapter 3. Successful encapsulation of both drugs in the PLGA-
PEG/P80 platform would demonstrate its broad therapeutic potential for neurological

applications.
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Chapter 6 — Catalase-loaded nanoparticles for neuroprotection against

neonatal brain injury

Look deep into nature, and then you will understand everything better.
— Albert Einstein

A couple years ago, Chris came to me with the idea behind this project: could hydrophobic ion-
pairing improve enzyme loading in our nanoparticles? He could use computational simulations
to “look deep” into the molecular interactions between enzymes, polymers, and solvents, while |
would test the hypothesis experimentally. After some initial success, this project quickly grew to
be a huge collaborative effort—bringing in the Neonatology team—and an incredibly enjoyable
way to conclude my thesis.
Note: molecular simulations for this project, performed by Chris and Jim, will be included in the
submitted manuscript but are not presented in this thesis chapter.

6.1 Introduction

Neonatal HIE is a devastating neurological condition that affects 1.3-4.7 in 1000 live births in the
United States [3, 277]. The current standard-of-care, TH, is only clinically implemented in cases
of moderate or severe HIE and still leaves more than 30% of infants dead or with severe
disability [278]. One strategy to improve neonatal outcomes is to use a pharmaceutical agent as
an adjuvant to TH. For example, erythropoeitin (Epo) is a promising therapeutic which was
successfully translated from the Vannucci model of HIE in rats to non-human primates and is
now in clinical trials [70, 279]. Another promising therapeutic may be catalase, an antioxidant
enzyme which converts hydrogen peroxide to water and molecular oxygen. By ameliorating
hypoxia and reducing oxidative stress, catalase has demonstrated efficacy against a range of
pathologies including solid tumors [280, 281], inflammatory bowel disease [282], and vascular
oxidative stress [283]. For neurological applications, catalase can attenuate neuroinflammatory
and apoptotic pathways in vitro [284, 285], but its application in vivo has been limited due to its
short half-life, proteolytic degradation, immunogenicity, and inability to penetrate the brain [286,
287].

Nanoparticles serve as vehicles that can improve drug biodistribution and bioavailability.
Drug-loaded biodegradable nanoparticles composed of PLGA-PEG have been shown to
improve drug solubility, stability, circulation time, release kinetics, and transport to and within the
brain parenchyma [73, 288]. Enzymes can particularly benefit from nanoparticle encapsulation
as the polymer matrix provides protection from immune clearance and systemic degradation
[289]. However, the hydrophilic nature of enzymes limits their encapsulation into the
hydrophobic core of PLGA-PEG nanoparticles. Hydrophobic ion-pairing (HIP) is a recent
technique developed to increase the lipophilicity of peptides and proteins [290, 291]. In this
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technique, complexes are formed by electrostatic interactions between ionizable groups on the
protein and ion-pairing agent. Complexes are reversible and can dissociate in ionic solutions,
but they are also lipophilic due to hydrophobic groups on the ion-pairing agent [292]. HIP has
previously been used for PLGA nanoparticle encapsulation of small peptides, antibodies, and
proteins as large as bovine serum albumin (BSA, 60 kDa) [292-295]. Complexation of large
enzymes such as catalase (240 kDa), and subsequent nanoparticle formulation and evaluation,
has not yet been reported.

In this study, we determine the effects of ion-pairing agent, molar ratio, pH, and buffer
ion on catalase HIP complexation efficiency. Using an optimized catalase complex, we next
develop a PLGA-PEG nanoparticle formulation which provides high catalase activity and
protection in degradative conditions. Finally, we assess the efficacy of the catalase-loaded

PLGA-PEG nanoparticles in the Vannucci model of HIE in neonatal rats.

6.2 Results

Effect of ion-pairing agent, molar ratio, pH, and buffer ion on complexation efficiency
We first optimized the HIP complexation of catalase by investigating three common sulfated ion-
pairing agents, taurocholic acid (TA), sodium dodecyl sulfate (SDS), and dextran sulfate (DS),
across a range of molar ratios. Phosphate buffer at pH 4.7 was used for all initial experiments.
For each ion-pairing agent, catalase binding efficiency increased with increasing molar ratio.
Catalase incubation with TA at ion-to-protein molar ratios of 32, 64, 128, and 256 resulted in
8.6, 16, 20, and 31% binding efficiencies, respectively (Figure 6.1A). For SDS, molar ratios 16,
32, 64, and 128 led to 27, 30, 31, and 40% binding efficiencies (Figure 6.1B), and molar ratios
of dextran sulfate (DS) at 0.5, 1, 2, 5, and 10 led to 32, 36, 41, 42, and 50% binding efficiencies
(Figure 6.1C).

To further optimize complexation, we investigated the role of pH on catalase binding
efficiency using DS as the ion-pairing agent. Lower pHs led to greater binding efficiency: at pH
4.2,4.7,5.2,and 7.0, we observed binding efficiencies of 48, 42, 35, and 10%, respectively
(Figure 6.1D). However, lower pH was also associated with higher catalase degradation, as
measured by a loss of activity. When normalized to catalase activity in phosphate buffer at pH 7,
catalase at pH 4.2, 4.7, and 5.2 retained 65, 87, and 90% of its activity, respectively (Figure
6.1E).

At acidic pHs, phosphate has a reduced buffering capacity. We therefore investigated
DS-catalase complexation with citrate buffer, which has a working range of pH 3.0-6.2. At ion-

to-protein molar ratios of 0.5, 1, 2, 5, and 10, we observed binding efficiencies of 19, 55, 62, 67,
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and 68%, respectively (Figure 6.1F). In comparison to phosphate buffer, citrate buffer achieved

significantly higher binding efficiencies at every molar ratio above 0.5 (p<0.05 for all).
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Figure 6.1 Effect of molar ratio on catalase complexation efficiency with different ion-
pairing agents.
(A) TA, (B) SDS, and (C) DS demonstrated an increasing trend of catalase binding efficiency
with respect to increasing molar ratio. For DS-CAT complexes, more acidic pHs are associated
with (D) increased binding efficiency but (E) increased loss of activity. (F) Binding efficiency in
citrate buffer increases with increasing molar ratio. Values are represented as mean + SD (n=3).
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Effect of nanoparticle formulation method on catalase loading and protection

We next incorporated DS-catalase complexes into PLGA-PEG nanoparticles using previously
published methods for nanoprecipitation and solid/oil/water (S/O/W) emulsion [293, 295].
Dynamic light scattering results are summarized in Table 6.1. By nanoprecipitation, catalase-
loaded nanoparticles had an average diameter of 115.8 nm, PDI of 0.17, and {-potential of -2.3
mV. By emulsion, catalase-loaded nanoparticles had an average diameter of 125.4 nm, PDI of
0.25, and -potential of -5.6 mV. Table 6.1 also includes size and surface charge
characterization of a blank formulation, used as a control for in vivo studies described in the

following section. For these nanoparticles, DS was complexed with BSA at a molar ratio of 5
and pH 3.8.
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Table 6.1 Characterization of nanoparticles loaded with HIP complexes.

Nanoparticles were characterized in terms of hydrodynamic diameter, mean {-potential, and the
PDI by dynamic light scattering at 25°C and pH 7.2 in 10 mM NaCl. All values are reported as
mean * standard error of the mean (SEM) (n=3).

Protein Formulation method Number Mean | PDI ¢-potential
* SEM (nm) SEM (mV)
Catalase Nanoprecipitation 115.8+1.9 0.17 -2.3+0.2
Catalase S/O/W emulsion 125.4 +5.2 0.25 -5.6 +0.4
Bovine serum albumin | Nanoprecipitation 106.5+54 0.13 -2.6 0.1

To compare the two catalase nanoparticle formulations, we assessed catalase loading
by activity and mass. In terms of catalase activity, both formulations achieved similar loading:
nanoprecipitation particles had 383 active units (AU) of catalase per mL nanoparticles, while
emulsion particles had 393 AU/mL (Figure 6.2A). In terms of catalase loading by mass,
however, nanoprecipitation particles (76 pg/mL) had significantly less catalase than emulsion
particles (298 ug/mL, p=0.0003) (Figure 6.2B). Together, these two results indicate higher
catalase deactivation by the emulsion process. Catalase activity after nanoprecipitation
averages around 5,000 AU/mg (as supplied by Sigma); emulsion results in catalase activity of
1320 AU/mg. The emulsion process therefore corresponds to 74% deactivation of catalase.

Next, we assessed nanoparticle protection of catalase in biological media. To mimic
degradative serum conditions in vivo, we incubated nanoparticles in a 0.2% pronase solution
and measured catalase activity at 0, 1, 2,4, and 24h. Activity was normalized to the Oh
timepoint. No significant differences were observed between formulations at each timepoint, and
20% of initial catalase activity is retained by both formulations through the 24h experimental

window (Figure 6.2C).
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Figure 6.2 Catalase loading and protection in PLGA-PEG nanoparticles by formulation
method.

(A) Nanoprecipitation and emulsion nanoparticles achieve non-significantly different catalase
loading by activity, but (B) nanoprecipitation nanoparticles have significantly lower catalase
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loading by mass (p=0.0003). (C) Both methods result in retention of catalase activity over 24h in
0.2% pronase solution. Values are represented as mean + SD (n=4 for A and B; n=3 for C).

Effect of catalase-loaded nanopatrticles on brain injury severity in neonatal rats

We assessed the efficacy of catalase-loaded nanoparticles in the Vannucci model of HIE with
P10 rat pups. Treatments of saline, blank nanoparticles (3300 AU BSA/kg), or catalase
nanoparticles (3300 AU catalase/kg) were administered intraperitoneally 30 min, 24h, and 48h
after injury. At the 72h endpoint, we found a significant reduction in gross injury scores after
catalase-loaded nanoparticle treatment (median score 0, 95% CI 0-2) compared to saline
treatment (median score 0.5, 95% CI 0-3, p=0.0392) (Figure 6.3A). Treatment with blank
nanoparticles (median score 2, 95% CI 0-3.5) did not have a significant effect on gross injury.
Total area loss measurements supported these results (Figure 6.3B). The median (and 95% ClI)
injury after saline treatment was 13% (10-31%), which was significantly reduced in catalase
nanoparticle-treated pups to 4.9% (0.61-27%) but was not significantly affected by treatment
with blank nanoparticles (median 23%, 95% CI 16-41%). Representative gross injury and area

loss images from the median pup in each group are shown in Figure 6.3C.
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Figure 6.3 Global brain injury is significantly reduced by treatment with catalase-loaded
nanoparticles.

(A) Median (95% CI) gross injury scores in the saline, PLGA-PEG/BSA, and PLGA-
PEG/catalase (CAT) nanoparticle groups are 0.5 (0-3), 2 (0-3.5), and 0 (0-2). (B) Median (95%
Cl) area loss measurements in the saline, blank nanoparticle, and catalase nanoparticle groups
are 13% (10-31%), 23% (16-41%), and 4.9% (0.61-27%). For both assessments, treatment with
catalase is significantly neuroprotective compared to saline (p=0.0392 and p=0.0471) while
blank nanoparticles have no significant effect. (C) Representative gross injury and area loss
images from each group.

6.3 Discussion

In this study, we used hydrophobic ion pairing to increase the lipophilicity of catalase, promoting
its encapsulation in PLGA-PEG nanoparticles for therapeutic application. We first optimized
catalase binding efficiency across ion-pairing agents, molar ratios, pH, and buffer ion. For all
variations, catalase complexed quickly with TA, SDS, and DS; the solution immediately turned
cloudy with insoluble precipitates. This is in good agreement with previous studies investigating
these ion-pairing agents with a number of proteins including lysozyme, conalbumin, insulin, and
ovalbumin [296-298]. Catalase, however, is the largest by far among these enzymes. lIts large
molecular weight may explain the lower binding efficiencies observed in our study (<50% in
phosphate buffer, <70% in citrate buffer) compared to previous work (>90%) [293, 295].
Hydrophobic and ionic interactions may be sterically limited in a large tetramer like catalase with
complex tertiary and quaternary structure [292, 299]. Despite this, we still observed successful
complexation, encouraging further study of HIP with large enzymes.

HIP complexation is driven by electrostatic interactions. At pH 4.7, catalase (pl 5.4) is
positively charged while the ion-pairing agents are negatively charged due to their sulfate
groups (pKa<2). The ion-to-protein charge ratio was approximately 1:1 for experimental trials
TA 128, SDS 128, and DS 5, where binding efficiency was 20, 31, and 42% respectively. Lower
binding efficiency with TA and SDS may be attributable to their higher hydrophobicity and lower
charge density compared to DS [293]. At pH 4.2, catalase becomes further positively charged
and we observed higher binding efficiency with DS 5 (48%). The cost is a loss of catalase
function, in alignment with previous work describing deactivation of catalase below pH 4 [300].
In contrast, when catalase is more neutrally charged and fully active at pH 7, hydrophobic
interaction-driven binding resulted in only 10% efficiency. Our study also highlights the
importance of buffer stability at acidic pHs; using citrate buffer (stable between pH 3.2-6.0), we
observed significantly higher binding efficiencies at most DS molar ratios compared to
phosphate buffer. Additionally, we could not produce BSA-DS complexes in phosphate buffer at

molar ratios and pHs which easily formed complexes in citrate buffer. Although phosphate buffer
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has been previously studied in HIP complexation [295], our study supports the use of citrate
buffer for complexation with large proteins.

We found improved binding efficiency by increasing the molar ratio for each ion-pairing
agent. Previous reports have found a limit to this behavior, where further molar ratio increments
past a critical point result in decreased binding [293, 295]. The proposed mechanism is that
excess ion-pairing agents form micelles which provide a hydrophobic environment in which
complexes can be solubilized or dissociate [301]. A large molecular-weight protein like catalase
may require higher molar ratios to exhibit this behavior, or the large protein may interfere with
micellization completely. Further work must be done to fully understand the limits of molar ratio
to increase catalase binding efficiency. Other parameters, including increased incubation time
[293] or larger molecular weight ion-pairing agents [302], may also be worth investigating for
improved catalase binding efficiency.

The water-insoluble catalase complexes were then used to improve enzyme loading in
PLGA-PEG nanoparticles. Nanoparticle loading of HIP complexes has been previously
demonstrated [302], although never with complexes of large enzymes. The conventional
method for nanoparticle enzyme encapsulation, water in oil in water (W/O/W) double emulsion,
depends on protein partitioning into an organic polymer matrix during a first emulsion. However,
hydrophilic protein molecules rapidly penetrate to the external aqueous phase during the
second emulsion, leading to poor encapsulation [292, 303]. Additionally, high-energy sonication
with PEG and DCM may result in byproducts which exacerbate oxidative stress in models of
neurological injury [304]. In contrast, the nanoprecipitation technique involves low-energy mixing
of organic and aqueous phases, but results in poor catalase encapsulation as evidenced by
rapid loss of catalase activity in degradative conditions [304]. We hypothesized that hydrophobic
catalase-DS complexes would demonstrate improved partitioning with PLGA-PEG and
improved catalase protection in degradative conditions. Our results supported this hypothesis.
Both S/O/W and nanoprecipitation particles retained 20% of their initial catalase activity over
24h in a pronase solution. In a previous study, catalase-loaded W/O/W and nanoprecipitation
nanoparticles only retained 6.1% and 5.4% activity, respectively, over 24h [304]. We also
showed a pronounced protein deactivation effect with the emulsion method: while both S/O/W
and nanoprecipitation particles had similar activity (400 AU/mL), emulsion particles loaded
approximately 4-fold higher catalase mass. We therefore proceeded to in vivo evaluation with
catalase-DS loaded nanoparticles formulated by nanoprecipitation.

In the P10 Vannucci rat model of neonatal HIE, we observed a robust neuroprotective

effect in the catalase-loaded nanoparticle treatment group compared to the saline control group.
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No neuroprotective effect was observed in the nanoparticle control group using BSA-DS
complexes. Catalase scavenging of hydrogen peroxide may combat HIE progression in multiple
ways: it alleviates ROS burden in the injured brain [305], serves as an alternate source of
oxygen in hypoxic tissue [306], and can mitigate long-term inflammatory processes [307].
Nanoparticle delivery of catalase has previously proved efficacious after MCAO and traumatic
brain injury in adult mice [306, 307] and thromboembolic stroke in adult rats [305]. Compared to
adults, neonates have relatively immature antioxidant defenses and a reduced ability to
regenerate antioxidants under HI conditions [10, 11]. To our knowledge, this study is the first
investigation of catalase to provide antioxidant relief after neonatal brain injury. Coadministration
of catalase with superoxide dismutase, another antioxidant enzyme which converts oxygen
radicals to hydrogen peroxide, may further enhance neuroprotection in this model and is a focus
of future work.

One limitation of our in vivo study is that overall injury severity is relatively low. Gross
injury scores from the saline group show a bimodal injury distribution which is characteristic of
this model. However, our median area loss was only 13%, compared to around 25-35%
achieved in similar, previous studies [308-311]. Increased animal numbers or longer hypoxia
incubation may address this limitation. Increased animal numbers would also enable the
assessment of sex-based differences in response to treatment. Significant changes in outcome
based on sex have been observed in both preclinical models and in clinical settings [312, 313],
and males may potentially display decreased antioxidant defenses compared to females [181,
314]. Our results encourage the further study of catalase-loaded nanoparticles as a

pharmaceutical intervention in perinatal brain injury.

6.4 Conclusion

We have shown the successful HIP complexation of catalase with dextran sulfate, which was
optimized to achieve 68% binding efficiency using citrate buffer at pH 4.7 at an ion-to-protein
ratio of 10. In general, binding efficiency increased with increasing molar ratio and decreasing
pH, as expected for a process driven by ionic and hydrophobic molecular interactions. We next
demonstrated catalase loading of 76 and 298 pg/mL in PLGA-PEG nanoparticles formulated by
nanoprecipitation and emulsion, respectively, although both formulations had similar catalase
activity approaching 400 AU/mL. Both formulations also showed similar catalase protection in a
degradative environment. Using the nanoparticles formulated by nanoprecipitation, given their
lower content of deactivated enzyme, we demonstrated a significant neuroprotective effect in a

P10 rat model of neonatal HIE. Further study of catalase as a therapeutic against neonatal brain
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injury, and of the PLGA-PEG/P80 nanoparticle platform to enhance therapeutic delivery to the
brain, is supported by this work.

In the next chapter, all research completed during this thesis is summarized.

90



Chapter 7 — Research summary

For the following publications or manuscripts in preparation for submission, the corresponding
author is indicated by an asterisk (*) and equal contributions by authors is indicated by a hash
symbol (#).

7.1 Determining dominant driving forces affecting controlled protein release from
polymeric nanoparticles

Josh Smith* Kayla Sprenger”, Rick Liao, Andrea Joseph, Elizabeth Nance*, and Jim
Pfaendtner®. Biointerphases (2017) volume 12, 02D412.

Enzymes play a critical role in many applications in biology and medicine as potential
therapeutics. One specific area of interest is enzyme encapsulation in polymer nanostructures,
which have applications in drug delivery and catalysis. A detailed understanding of the
mechanisms governing protein/polymer interactions is crucial for optimizing the performance of
these complex systems for different applications. Using a combined computational and
experimental approach, this study aims to quantify the relative importance of molecular and
mesoscale driving forces to protein release from polymeric nanoparticles. Classical molecular
dynamics (MD) simulations have been performed on bovine serum albumin (BSA) in aqueous
solutions with oligomeric surrogates of poly(lactic-co-glycolic acid) copolymer, poly(styrene)-
poly(lactic acid) copolymer, and poly(lactic acid). The simulated strength and location of polymer
surrogate binding to the surface of BSA have been compared to experimental BSA release
rates from nanoparticles formulated with these same polymers. Results indicate that the self-
interaction tendencies of the polymer surrogates and other macroscale properties may play
governing roles in protein release. Additional MD simulations of BSA in solution with
poly(styrene)-acrylate copolymer reveal the possibility of enhanced control over the enzyme
encapsulation process by tuning polymer self-interaction. Last, the authors find consistent
protein surface binding preferences across simulations performed with polymer surrogates of
varying lengths, demonstrating that protein/polymer interactions can be understood in part by

studying the interactions and affinity of proteins with small polymer surrogates in solution.
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7.2 Curcumin-loaded polymeric nanoparticles for neuroprotection in neonatal rats
with hypoxic-ischemic encephalopathy

Andrea Joseph, Thomas Wood, Chih-Chung Chen, Kylie Corry, Jessica M. Snyder, Sandra E.
Juul, Pratik Parikh, Elizabeth Nance*. Nano Research (2018) volume 11, pages 5670-5688
Hypoxic-ischemic encephalopathy (HIE) is the leading cause of permanent brain injury in term
newborns, and currently has no effective cure. Inflammatory processes play a key role in the
progression of this disease and may be amenable to a targeted pharmaceutical intervention.
Curcumin is a dietary compound with potent anti-inflammatory, antioxidant, and anti-apoptotic
properties, but is limited in therapeutic applications due to its low aqueous solubility, low
bioavailability, and rapid first-pass hepatic metabolism. To address these limitations, loading
curcumin into poly(lactic-co-glycolic acid)-poly(ethylene glycol) (PLGA-PEG) nanoparticles may
increase relevant pharmacokinetic parameters and allow for effective drug delivery to the brain.
Using the Vannucci model of unilateral hypoxic-ischemic brain injury in neonatal rats, we studied
the in vivo effect of curcumin-loaded PLGA-PEG nanoparticles on brain uptake, diffusion, and
neuroprotection. The curcumin-loaded nanoparticles were able to overcome the impaired blood-
brain barrier, diffuse effectively through the brain parenchyma, localize in regions and cells of
injury, and deliver a protective effect in these areas. This novel application of curcumin and PLGA-
PEG nanoparticle-mediated delivery to a clinically-relevant model of neonatal brain injury provides

greater opportunity for clinical translation of targeted therapies for HIE.
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7.3 Pharmacokinetics of nanotechnology-based formulations in pediatric
populations

Venkata Yellepeddi*, Andrea Joseph, and Elizabeth Nance*. Advanced Drug Delivery Reviews
(2019) volume 151, pages 44-55

The development of therapeutics for pediatric use has advanced in the last few decades.
However, off-label use of adult medications in pediatrics remains a significant clinical problem.
Furthermore, the development of therapeutics for pediatrics is challenged by the lack of
pharmacokinetic (PK) data in the pediatric population. To promote the development of
therapeutics for pediatrics, the United States Pediatric Formulation Initiative recommended the
investigation of nanotechnology-based delivery systems. Therefore, in this review, we provided
comprehensive information on the PK of nanotechnology-based formulations from preclinical
and clinical studies in pediatrics. Specifically, we discuss the relationship between formulation
parameters of nanoformulations and PK of the encapsulated drug in the context of pediatrics.
We review nanoformulations that include dendrimers, liposomes, polymeric long-acting
injectables (LAls), nanocrystals, inorganic nanoparticles, polymeric micelles, and protein
nanoparticles. In addition, we describe the importance and need of PK modeling and simulation

approaches used in predicting PK of nanoformulations for pediatric applications.
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7.4 Nanoparticle-microglial interaction in the ischemic brain is modulated by
injury duration and treatment

Andrea Joseph”, Rick Liao*, Mengying Zhang, Hawley Helmbrecht' Michael McKenna, Jeremy
Filteau, and Elizabeth Nance*. Bioengineering & Translational Medicine (2020) volume 5,
e10175

Cerebral ischemia is a major cause of death in both neonates and adults, and currently has no
cure. Nanotechnology represents one promising area of therapeutic development for cerebral
ischemia due to the ability of nanoparticles to overcome biological barriers in the brain. Ex vivo
injury models have emerged as a high-throughput alternative that can recapitulate disease
processes and enable nanoscale probing of the brain microenvironment. In this study, we used
oxygen-glucose deprivation (OGD) to model ischemic injury and studied nanoparticle interaction
with microglia, resident immune cells in the brain that are of increasing interest for therapeutic
delivery. By measuring cell death and glutathione production, we evaluated the effect of OGD
exposure time and treatment with azithromycin (AZ) on slice health. We found a robust injury
response with 0.5 hours of OGD exposure and effective treatment after immediate application of
AZ. We observed an OGD-induced shift in microglial morphology towards increased
heterogeneity and circularity, and a decrease in microglial number, which was reversed after
treatment. OGD enhanced diffusion of polystyrene-poly(ethylene glycol) (PS-PEG)
nanoparticles, improving transport and ability to reach target cells. While microglial uptake of
dendrimers or quantum dots (QDs) was not enhanced after injury, internalization of PS-PEG
was significantly increased. For PS-PEG, azithromycin (AZ) treatment restored microglial
uptake to normal control levels. Our results suggest that different nanoparticle platforms should
be carefully screened before application and upon doing so, disease-mediated changes in the
brain microenvironment can be leveraged by nanoscale drug delivery devices for enhanced cell

interaction.
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7.5 Governing transport principles for nanotherapeutic application in the brain

Hawley Helmbrecht, Andrea Joseph, Michael McKenna, Mengying Zhang, and Elizabeth
Nance*. Current Opinion in Chemical Engineering (2020) volume 30, pages 112-119

Neurological diseases account for a significant portion of the global disease burden. While
research efforts have identified potential drugs or drug targets for neurological diseases, most
therapeutic platforms are still ineffective at reaching the target location selectively and with high
yield. Restricted transport, including passage across the blood—brain barrier, through the brain
parenchyma, and into specific cells, is a major cause of ineffective therapeutic delivery.
However, nanotechnology is a promising, tailorable platform for overcoming these transport
barriers and improving therapeutic delivery to the brain. We provide a transport-oriented
analysis of nanotechnology’s ability to navigate these transport barriers in the brain. We also
provide an opinion on the need for technology development for increasing our capacity to
characterize and quantify nanoparticle passage through each transport barrier. Finally, we
highlight the importance of incorporating the effect of disease, metabolic state, and regional

dependencies to better understand transport of nanotherapeutics in the brain.
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7.6 Surfactants influence polymeric nanoparticle fate within the brain

Andrea Joseph, Georges Motchoffo Simo, Torahito Gao, Norah Alhindi, Dan Graham, Lara
Gamble, and Elizabeth Nance*. In preparation.

Drug delivery to the brain is limited by poor penetration of pharmaceutical agents across the
blood-brain barrier (BBB), within the brain parenchyma, and into specific cells of interest.
Nanotechnology can overcome these barriers, but its ability to do so is dependent on
nanoparticle physicochemical properties including surface chemistry. Surface chemistry can be
determined by a number of factors, including by the presence of stabilizing surfactant molecules
introduced during the formulation process. Nanoparticles coated with poloxamer 188 (F68),
poloxamer 407 (F127), and polysorbate 80 (P80) have demonstrated uptake in BBB
endothelium cells and enhanced accumulation within the brain. However, the impact of
surfactants on nanoparticle fate, and specifically on brain extracellular diffusion or intracellular
targeting, must be better understood to design nanotherapeutics to efficiently overcome drug
delivery barriers in the brain. Here, we evaluated the effect of the surfactants cholic acid (CHA),
F68, F127, P80, and poly(vinyl alcohol) (PVA) on poly(lactic-co-glycolic acid)-poly(ethylene
glycol) (PLGA-PEG) nanoparticle transport to and within the brain. These surfactants were
chosen as they are all biocompatible surfactants commonly used for nanoparticle stabilization.
We show that PLGA-PEG/P80 nanoparticles demonstrate enhanced penetration across the
BBB and subsequent internalization within neurons and microglia in vivo. The inclusion of
surfactant molecules decreases ex vivo microglial uptake and diffusive ability, reflecting the
surfactant’s role in encouraging cellular interaction at short length scales while reducing
nonspecific cellular uptake at longer scales. Thus, surfactants incorporated into the formulation
of PLGA-PEG nanoparticles play an important role in determining the nanoparticles’ fate within

the brain.
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7.7 Formulation and efficacy of catalase-loaded nanoparticles for the treatment of
neonatal hypoxic-ischemic encephalopathy

Andrea Joseph”, Chris Nyambura®, Danny Bondurant, Kylie Corry, Denise Beebout, Olivia
White, Olivia Brandon, Lily Farid, Nuo Xu, Ana Rios, Megan Wong, Tommy Wood, Jim
Pfaendtner, and Elizabeth Nance*. Pharmaceutics, invited submission by May 31, 2021
Neonatal hypoxic-ischemic encephalopathy (HIE) is the most common cause of death and
disability in term newborns. Initiation of oxidative stress pathways leads to the buildup of
reactive oxygen species and hydrogen peroxide, which may be mitigated by exogenous
administration of the antioxidant enzyme catalase. However, the translation of protein
therapeutics has been limited due to rapid clearance by serum proteases and circulating
macrophages as well as limited passage across the blood-brain barrier. Polymeric nanoparticle
encapsulation provides a non-invasive strategy for the controlled delivery of enzymatic cargo
but is still limited by poor partitioning of protein into the hydrophobic polymer matrix. In this
manuscript, we use the hydrophobic ion-pairing (HIP) method to formulate biodegradable, brain-
penetrating nanoparticles loaded with catalase. We optimize HIP complexation across the
following variables: three ion-pairing agents: dextran sulfate, sodium dodecyl sulfate, and
taurocholic acid; molar ratio; pH; and buffer ion. We use molecular dynamics simulations to
probe the molecular driving forces of complexation. Finally, we load catalase complexes in
poly(lactic-co-glycolic acid)-poly(ethylene glycol) (PLGA-PEG) nanoparticles and evaluate their
efficacy in a neonatal rat model of HIE. Our results support the further investigation of catalase
for neuroprotection after neonatal brain injury, and the broad application of HIP for a wide

variety of therapeutic enzymes and disease applications.
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