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ABSTRACT OF THE DISSERTATION

Engineering Nanoparticle Surfacesto Target and Treat Traumatic Brain Injury

by
Lauren Waggoner
Doctor of Philosophy in Nanoengineering
University of California San Diego, 2022

Professor Ester Kwon, Chair
Professor Jesse Jokerst, Co-Chair

Many traumatic brain injury (TBI) survivors suffer cognitive impairments after injury, yet
there are currently no FDA approved therapeutics that address long-term patient brain health.
Development of vascularly delivered TBI therapeutics is challenging due to their poor
pharmacokinetics, which reduces their accumulation and retention in the brain. Nanoparticles are
promising technologies that can improve the vascular delivery of TBI therapeutics by protecting
the drug payload in circulation, increasing blood half-life, and passively accumulating in injured
brain tissue across the transiently permeable blood-brain barrier (BBB). Nanoparticle surfaces
can be modified to change their physicochemical properties and implement targeting strategies,
thereby tuning their pharmacokineticsto improve delivery. Thus, vascular delivery of nanoparticle-

based TBI therapeutics can be improved by engineering the surface properties of nanoparticles.
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To engineer nanopatrticles that accumulate in the injured brain, we modified the surfaces
of diverse nanoparticle platforms to tune their physicochemical properties and implement active
targeting. First, we engineered the steric forces and hydrophaobicity of lipid nanoparticles (LNP)
by modifying their polyethylene glycol (PEG) layer with short and long anchor PEG-lipids. We
found that vascularly delivered LNPs formulated with long anchored PEG-lipids had longer blood
half-lives and extended activity in the injured brain. Next, we engineered the charge and
hydrophobicity of model polystyrene nanoparticles via surface modification with peptides. We
found that peptide physicochemical properties affected nanoparticle pharmacokinetics, with
neutral, zwitterionic, and negatively charged nanoparticles demonstrating greater passive
accumulation in the injured brain than positively charged nanoparticles. Finally, we applied these
ideas to a porous silicon nanoparticle (pSiNP) drug delivery system for brain derived neurotrophic
factor (BDNF) surface modified with PEG and a peptide that targets the injured brain (CAQK).
After intravenous administration of pSINP-BDNF, we observed a ~24% reduction in brain lesion
volumes compared to both free BDNF and untreated controls. Understanding how engineered
nanoparticle surface properties affect their pharmacokinetics in TBI models informs the design of
nanoparticle-based TBI therapeutics and is broadly applicable to the design of vascularly

delivered therapeutic nanoparticles.
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CHAPTER 1: Nanomedicine for Acute Brain Injuries: Insight from Decades of Cancer

Nanomedicine

1.1: ABSTRACT

Acute brain injuries such as traumatic brain injury and stroke affect 85 million people a
year worldwide, and many survivors suffer from long-term physical, cognitive, or psychosocial
impairments. There are few FDA-approved therapies that are effective at preventing, halting, or
ameliorating the state of disease in the brain after acute brain injury. To address this unmet need,
one potential strategy is to leverage the unique physical and biological properties of
nanomaterials. Decades of cancer nanomedicine research can serve as a blueprint forinnovation
in brain injury nanomedicines, both to emulate the successes, but also to avoid potential pitfalls.
In this review, we discuss how shared disease physiology between cancer and acute brain injuries
can inform the design of novel nanomedicines for acute brain injuries. These disease hallmarks
include dysregulated vasculature, an altered microenvironment, and changes in the immune
system. We discuss several nanomaterial strategies that can be engineered to exploit these
disease hallmarks, for example passive accumulation, active targeting of disease-associated
signals, bioresponsive designs that are ‘smart’, and immune interactions.
1.2: INTRODUCTION

Acute brain injuries such as traumatic brain injury (TBI) and stroke are large contributors
to declines in disability-adjusted life years (DALYs) worldwide and it is estimated that
approximately half the world’s population will have at least one TBI in their lifetime.>2In the United
States, TBI and stroke affect over 3 million Americans annually, at an estimated economic cost
of 110.5 billion dollars.®4 Although there are other causes of brain injuries such as anoxic brain
injury or encephalitis, in this review we focus our discussion on TBI and stroke due to their
prevalence.>® The predominant causes of TBI include blunt force trauma or a penetrating wound
to the head after traffic accidents, falls, sporting activities, gunshot wounds, or assault.>” In stoke,
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blockage of an artery (ischemic stroke) or excessive bleeding from an artery in the brain
(hemorrhagic stroke) causes an interruption of blood flow to the brain.®5 In both TBI and stroke,
initial causative injuries are followed by a secondary injury that can evolve over minutes to months,
and is responsible for further deterioration of brain tissue through multiple mechanisms, including
mitochondrial dysfunction, cell apoptosis, and inflammatory responses.

Although there are differences between TBI and stroke in disease initiation and the long-
term pathophysiology of the subsequent secondary injury, there are a number of shared disease
hallmarks. These disease hallmarks include neuronal excitotoxicity and apoptosis, vasculature
dysregulation, upregulation of adhesion molecules, release of inflammatory mediators, and
increased levels of reactive oxygen species (ROS) and proteases.®'° Current TBI treatments are
merely palliative, and include life-sustaining interventions and surgery to minimize tissue
damage.'*'? Neurological assessment with the Glasgow Coma Scale (GCS) and imaging of high-
risk patients is used to gauge injury severity.*? For patients identified to have large hematomas or
contusions, rapid surgical intervention is crucial in order to restore blood flow and minimize tissue
damage. Corrective surgery within 4 hours of clinic admittance demonstrated shorter hospital
stays and a 50% lower mortality rate in TBI patients.*®* Similarly, in stroke there is a short time
window for administration of reperfusion therapies in order to restore blood flow without increasing
the risk of complications like intracerebral hemorrhagic conversion.** Thrombolytic therapy such
as tissue plasminogen activator (tPA) injection must be delivered within ~4.5 hours after injury in
order to be effective.'® Additionally, endovascular thrombectomy of large-vessel clots is the
standard of care for acute ischemic stroke and is typically performed 6-24 hours after stroke
onset.'%1” While these interventions at acute time points are necessary to sustain life and mitigate
tissue death in the brain, there is a need for new therapeutics that halt, attenuate, or ameliorate
the pathophysiology of the secondary injury in the remaining tissue to improve the long-term

disease management of acute brain injuries.



Despite the unmet clinical need, there has been a challenge to obtain approval for new
therapeutics for the treatment of stroke and TBI by the food and drug administration (FDA).
Although systemically administered therapeutics designed to address the secondary injury have
improved biochemical and functional outcomes in preclinical animal models, they have failed to
show efficacy inclinical trials. Potential factors that contribute to the failure of preclinical to clinical
translation include the inability of a single drug to address the complex and heterogeneous
disease sequelae that follows the primary injury, difficulty in recapitulating human disease using
animal models, and the inadequate bioavailability of drug to the injured brain.'®° In recent efforts,
progesterone, a neuroprotective steroid that showed success in multiple preclinical TBI models,
failed to demonstrate clinical endpoint improvement assessed by Glasgow Outcome Scale over
placebo in both ProTECT Il and SyNAPSe phase Il clinical trials (2010-2013) for moderate-to-
severe TBI patients.?%?! This latest trial is representative of the current landscape of clinical trials
for brain injuries; 30 years of TBI clinical trials have yet to yield a single treatment that improves
long-term brain health.?? In stroke, a meta-analysis of therapeutics developed over a twenty year
timespan from 1995-2015 established that only ~5% of drugs that entered the clinical trial pipeline
reached the market in various countries when drugs in preclinical testing were excluded from the
analysis.?® This success rate is considerably lower compared to the estimated 13.8% worldwide
success rate (2000-2015) across all therapeutics made in another analysis,?* and is similar to the
3.4% success rate for oncology. Furthermore, the molecules under investigation predominantly
target the clotting cascade (thrombolytic, anti-thrombotic or anti-platelet molecules) and therefore
aim to prevent further damage and do not address the complex secondary injury brain
pathophysiology.?*252¢ The lack of clinical successes for both TBI and stroke highlights the need
to innovate in therapeutic development for brain injuries.

Nanomedicines, therapeutic and/or diagnostic materials with dimensions on the
nanometer length scale, have been actively developed for the treatment of cancer over the past
two decades, and have yielded benefits such as decreasing off-target toxicity, improving drug
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distribution, and incorporating challenging cargoes such as hydrophobic small molecules and
labile macromolecules. The first FDA-approved nanomedicine, Doxil®, is a polyethylene glycal
(PEG)-modified liposome encapsulating the chemotherapeutic drug, doxorubicin. 2 Doxil®
improves tumor accumulation due to its longer blood half-life and reduces off-target cardiotoxicity
due to the altered organ biodistribution of nanometer-sized materials or ‘nanomaterials’.?® In
another example, FDA-approved Abraxane® uses albumin to formulate the hydrophobic molecule
paclitaxel to improve solubility and biodistribution into target tumors.?® The field of cancer
nanomedicine has experienced significant research growth since its inception, supported by
funding agencies like the National Cancer Institute’s Centers of Cancer Nanotechnology
Excellence program.®°3t After the first FDA approval of Doxil® in 1995, five additional cancer
nanomedicine technologies, including Abraxane®, have entered the clinical market in the United
States and there are currently over thirty nanoparticle formulations are in the clinical trial
pipeline.®? Several of these nanomedicines innovate beyond passive tumor accumulation,
employing technologies such as active targeting, gene delivery, and stimuli-responsive
materials.®3233 On the horizon, there are multiple promising nanomedicine technologies under
development for application to cancer. For example, cancer vaccines require the delivery of
multiple molecules to an antigen presenting cell that can educate the immune system; the
supramolecular structure of nanomaterials provides technology to package cancer antigens and
adjuvant into one entity and exploits the natural behavior of antigen presenting cells to
phagocytose nanometer-sized materials.3*

Nanomedicines are promising technologies to fulfill the desperate need for new
therapeutics in the clinical management of acute brain injuries. Herein, we compare nanomaterial
engineering as a discipline between cancer and acute brain injuries, and in particular
nanomaterial design that leverages disease physiology. We also look for insight from two decades
of largely empirical cancer nanomedicine research to inspire future innovation in nanomedicine
design for brain injuries. Successful nanomedicine destined as a treatment for use in humans
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requires an understanding of the complex host biology and subsequent engineering of
nanomaterials to interact with that biology. As such, in this review we elaborate on the perspective
that cancer and acute brain injury share major disease pathologies that can be exploited by

nanomedicine design (Figure 1.1, Table 1.1).

Upregulated receptors

Nanomaterial

Endothelium
© ‘A)
\L Clot Pericyte
Bioresponsive
Monocyte/macrophage nanomaterial

Neurons

Activated
microglia

Microglia

Figure 1.1: Nanomaterial paradigms in acute brain injury. Nanomaterials can be engineered
to respond to disease physiology in acute brain injuries, including dysregulated vasculature (pink),
an altered microenvironment (gray and blue), and changes in the immune system (yellow).
Specific examples for each nanomaterial design can be found in Table 1, color-coded by
guadrant.



Table 1.1: Specific examples of nanomaterial design based on pathology found in cancer and

acute brain injury.

Cancer Acute brain injury References
Permeable vasculature
Heterogeneous, tortuous, : . .
) Transient disruption of BBB
- and leaky vasculature with S
& ) . due to injury; Increased para-
o disorganized and reduced
S : and transcellular transport,
et pericyte and smooth muscle : o .
= . pericyte migration, swelling
& coverage; Poorly developed of astrocvtic endfeet
lymphatic structures y : 35, 36, 37,
38
“‘EPR-like” effect enables
c EPR effect enables passive passive accumulation of
2 accumulation of nanomaterials across
8 nanomaterials into tumors transiently compromised
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o Coagulation
>
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3 | s stromal clot formation
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Table 1.1: Specific examples of nanomaterial design based on pathology found in cancer and
acute brain injury.

Active Targeting: ECM targeting
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Common disease pathologies include dysregulation of the vasculature, increased access
to cells and extracellular matrix in the tissue microenvironment, changes in the biochemistry of
the interstitial fluid (e.g., ectopic ROS and protease activity), and an activated immune system. In
both diseases, pathology causes vascular damage that activates a host response such as clotting
or receptor expression which can be targeted by nanomaterials. Vascular damage also leads to
permeability in vasculature that presents an opportunity for nanomaterials to passively
accumulate into the parenchyma.®-% As a consequence, in disease, nanomaterials delivered in
the systemic vasculature have increased access to the cells and microenvironment of the tissue,
which in health is typically sequestered.®” After brain injury, there is a wound bed that may have
an improper healing response while cancer has been described as a “wound that never heals”.%®
The resulting wound microenvironment may have an extracellular matrix (ECM) composition that
differs from physiologically healthy tissue, and an accumulation of disease-associated oxidative
species and proteases. Nanomaterials can be engineered to respond to these changes in the
microenvironment as bioresponsive materials, increasing the temporal and spatial specificity of
therapeutic delivery.®® 70 Lastly, both diseases have a dysregulated immune response that could
be modulated by nanomaterials to either activate or suppress the immune system in cancer and
acute brain injury respectively, or take advantage of endogenous immune cell homing to deliver
therapeutics to the diseased tissue.”*="® Although the goals for therapeutic outcomes between
cancer and brain injuries may diverge (i.e. tumor cell killing vs. neuro-regenerative response),
there are commonalities in the pathophysiology between diseases that can be leveraged for
nanomaterial design.

The goal of this review is to highlight how nanomaterials can be engineered to interact
with physiological changes that occur during acute brain injury; our discussion adopts a design-
centered perspective and discussion of therapeutic payloads for nanoparticles is limited. For a
detailed discussion on TBI therapeutic payloads that can be carried by nanomaterials, please
refer to this excellent review.”* Several routes of administration for nanomaterials to the brain are
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under investigation, such as intranasal, intrathecal, and convection-enhanced delivery (CED) ">~
®  For example, intrathecal DepoCyt®, a liposomal formulation encapsulating the
chemotherapeutic Cytarabine, was approved by the FDA in 2007 to treat lymphomatous
meningitis caused by metastasis of non-Hodgkin lymphomas.” In patients with acute brain
injuries, surgical intervention is often a necessary component of clinical care and creates an
opportunity for direct access to the brain that circumvents many delivery barriers. While these
routes of administration are promising, in this review we focus on intravenously administered
nanomaterials as a minimally-invasive route of delivery commonly used in the clinical setting that
is relevant in the treatment of both cancer and acute brain injury. Intravenous delivery can also
be used as treatment regardless of whether patients receive surgical intervention.
1.3: ACUTE BRAIN INJURY MODELS

In order to discuss advances in acute brain injury nanomedicine, an overview of commonly
utilized animal models is pertinent. Detailed discussions are available for TBI (Xiong®®, Morales®!,
Wojnarowicz®) and stroke (Fluri®®, Herson®, Jickling®®). Common TBI animal models include
controlled cortical impact (CClI), fluid percussion injury (FPI), weight drop, penetrating brain injury
(PBI) and blast injury.8®8! In CCl or FPI models, a craniotomy exposes the brain dura for direct
focal injury via a controlled piston impact or fluid pressure pulse, respectively. In weight drop
models, a guided weight falls on either an intact skull or exposed dura. CCl and FPI can be
controlled and are highly reproducible but require craniotomy and therefore cannot reproduce
disease physiology that includes the skull. PBI uses punctures instead of blunt trauma to simulate
bullet or shrapnel wounds. Blast injuries simulate diffuse brain injury, such as injuries caused by
the shock wave from military explosions, and is performed by placing the animal subject at the
end of a shock tube that generates pressure waves. While maintaining the intact skull is more
representative of human disease, reproducibility is difficult to control in closed skull injury models
due to variability in how energy interacts with the skull. In these models, injury severity is
modulated by varying injury velocity, depth, and size.®° For ischemic stroke, the most widely used
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preclinical model is the middle cerebral artery occlusion model (MCAQO) where a suture or filament
is tied around or inserted into the middle cerebral artery. The occlusion can be permanent
(pPMCAO) or transient (tMCAO). The occlusion in tMCAQO s typically maintained between 60-120
minutes followed by restoration of blood flow and is a model for ischemia/reperfusion injury in the
clinic.8®8 Other models of stroke include photothrombosis and embolic stroke. In
photothrombosis, light-responsive dye is injected into the brain and damages vascular structures
when the skull is irradiated with light; this model is advantageous for the ability to spatially control
lesion location.?” Finally, the embolic stroke model, which best recapitulates human stroke
etiology, initiates in situ clotting and ischemia by the injection of clotted blood, thrombin, or beads.
1.4: DYSREGULATED VASCULATURE

Vascular dysregulation and dysfunction is pathophysiology shared between acute brain
injury and cancer, and can be exploited by nanomaterials (Figure 1.2). In cancer, growing tumors
generate new vasculature from nearby vessels networks through secretion of angiogenic factors,
such as VEGF and angiopoietin.®® The growth of new vessels in the tumor is rapid and poorly
regulated, resulting in heterogeneous and dysfunctional vessels. Whereas normal vasculature
involves the coordination of multiple cell types that have a well-regulated structure, tumor
vasculature is disorganized, in particular the coordination of perivascular pericytes and smooth
muscle cells around endothelial cells required to regulate oxygen and blood flow.5* This
disorganization leads to endothelial fenestrae, vesicles, transcellular holes, widened endothelial
junctions, and a discontinuous basal membrane.® The defects in the vascular unit allows the
passage of multiscale materials into the tumor that are typically excluded, including proteins,
macromolecules, nanomaterials, and cells.%®

The blood-brain barrier (BBB) describes the highly selective and regulated transport of
multiscale materials (ions, molecules, proteins, etc.) from the blood into the brain parenchyma.
The function of the BBB is created by the neurovascular unit, a precise spatial organization of
multiple cell types, notably endothelial cells, pericytes, and astrocytes, although other cells are
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also observed to play a significant role.®” In acute brain injury caused by ischemic stroke or TBI,
BBB damage is a hallmark of disease and is imaged in the clinic for the purpose of diagnosis
using medical imaging modalities such as MRI and CT. After acute brain injury, vasculature is
severed by the physical force of the injury that can result in endothelial cell death. In addition,
weakened vascular structures can lead to the rupture of blood vessels and bleeding into the brain
parenchyma, which present clinically as subdural hematomas and contusions.®® Within the
neurovascular unit, tight junction proteins between endothelial cells that are major barriers of
paracellular transport become downregulated in response to injury, resulting in vascular
permeability. The sized-based extravasation of multiscale molecules such as Evans blue dye,
horseradish peroxidase, and dextran has been used to understand the extent of BBB permeability
after the primary injury.®®°2 In addition, the morphologies and functions of pericytes and
astrocytes can be altered after stroke and TBI. In both stroke and TBI, pericyte migration and the
swelling of astrocytic end feet further compromise the integrity of the neurovascular unit.%-% In
stroke, pericytes contract due to oxidative stress caused by the ischemic injury leading to
constricted vasculature and reduced cerebral blood flow even after removal of the occlusion.®®
These changes in cellular morphology and function contribute to the secondary injury and further
increase BBB dysfunction.

BBB permeability is dynamic. In TBI, expression of tight junction proteins contribute to
BBB permeability; their expression increases within hours after the injury, peaks at 24 hours, and
decreases back to baseline levels 5 to 7 days after the injury occurs.®” There have also been
observations of biphasic permeability, although the evidence is conflicting. Some studies show
that the permeability is highest immediately after injury followed by a second opening occurring
up to 3 days later.®® The temporal study of BBB permeability after stroke also remains
inconclusive. Some studies observe increased BBB permeability for up to 30 days after ischemic
injury, while others show that BBB permeability is also biphasic, with maximum permeability at 3-
5 hours after injury and then again at 48 hours.®®1%° There is also evidence that vascular
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dysfunction after acute brain injury extends to chronic time points, weeks to months after
injury 19102 Conflicting accounts of permeability may be due to differences in animal models,
strains of animals, and evaluation methods. Ischemic stroke also causes an increase in caveolae
and vesicles in the endothelial cells of the BBB, indicating a potential increase in transcytosis after
injury that could contribute to BBB permeability.1%1%4 These increases in the rates of endocytosis
and transcytosis have been shown as early as 6 hours after tMCAQ inadult male mice.% Similarly
in cancer, recent studies have provided evidence to support the hypothesis that transcytosis is
the major mode of entry of nanoparticles into tumors.1% While further study is required to elucidate
the mechanisms, increased BBB permeability has consistently been observed within hours after
injury in multiple animal models of injury.

The tortuous and leaky vasculature present in tumors is the basis of passive transport of
systemically administered nanometer-sized materials across multiple cancer types.'®” Once
nanomaterials enter the tumor through the leaky vasculature, they are retained due to inadequate
lymphatic drainage in the tumor microenvironment. This phenomenon was first described by
Maeda et al. in 1986 who coined the “enhanced permeation and retention” (EPR) effect. Although
the heterogeneity of the EPR effectin human tumors have recently been challenged,'®® studies
have correlated the presence of EPR (as measured by accumulation of nanoparticle MRIcontrast
agents) with the efficacy of nanoparticle-formulated drugs in human tumors!%11° These recent
observations support a precision medicine approach to implementing EPR effect, in which patient
EPR may be measured prior to administration of nanoformulated therapeutic.'* Nevertheless,
the EPR effect is the conceptual basis of multiple FDA-approved liposome-based cancer
treatments (e.g., Doxil®, DaunoXome®, Marqgibo®, and Onivyde®) to increase the therapeutic
window of toxic chemotherapeutics. Because passive accumulation of nanomaterials into the
tumor is a function of time, these nanoformulated therapeutics benefit from increased blood

circulation half-life. Accordingly, two of these formulations, Doxil® and Onivyde, are surface-
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modified with PEG to increase their blood half-life by avoiding clearance by the reticuloendothelial
system (RES).!'2

An EPR-like effecthas been observed for nanomaterials in acute brain injury; the vascular
damage caused by the injury allows nanomaterials to passively accumulate in the injured tissue.
In a one-hour tMCAO model, when PEG modified liposomes were delivered intravenously
between 0 and 24 hours after reperfusion, they maximally accumulated in the injured tissue when
administered up to 6 hours after reperfusion.®® Similarly, in a CCl model of TBI, passive
accumulation of liposomes after vascular delivery was highest when administered at 3 or 6 hours
after injury compared to uninjured controls.*® This transient access before 6 hours was also
observed when electrostatically complexed nanoparticles were applied in a penetrating brain
injury model.*®® Importantly, these studies demonstrate that the accumulation of vascular
delivered nanomaterials in the context of acute brain injury is local to the site of injury and not
widespread throughout the brain, and therefore provides a mode to passively target the injured
tissue. Another major observation is that in brain injuries, the passive targeting of vascularly
delivered nanomaterials into injured brain tissue is transient. In addition, passive accumulation of
nanomaterials is size-dependent in TBI, with smaller nanoparticles up to 100 nm in diameter
having greater distribution into the brain, while accumulation of nanoparticles 500 nm in diameter
decreases by several orders of magnitude in comparison,®® mirroring the well-established
observations of size-dependent nanoparticle accumulation in cancer,101:114.115

The passive accumulation of nanomaterials into the injured tissue can be exploited to
improve treatment efficacies in models of brain injury. Cerebrolysin, a mixture of peptide growth
factorsincluding brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF), is used
to treat neurological disorders, such as dementia and Alzheimer’s disease, but its therapeutic
utility is limited by a short in vivo half-life. Cerebrolysin was formulated into polylactic-co-glycolide
(PLGA) nanoparticles to protect the labile peptide cargo, and intravenous administration between
30 minutes to 4 hours after injury to a rat model of TBI led to reduced brain edema and BBB

13



breakdown compared to free drug.®” In another example, conjugates of squalenoyl lipid and the
neurological therapeutic adenosine yielded an amphiphilic prodrug that can form ~120 nm
nanoparticles through nanoprecipitation.®® These nanoparticles extended the circulation half-life
compared to free drug and interacted with cells of the neurovascular unit. Administration into a
pMCAO mouse model 2 hours after the induction of ischemia led to decreased infarct volume by
an impressive 64% compared to vehicle control and a concomitant reduction in caspase-3
activation when tissues were analyzed at 24 hours.

Beyond the initial damage of the vasculature that allows the passive accumulation of
nanomaterials from the blood, the clotting cascade is initiated for hemostatic regulation of
bleeding within minutes to hours after injury. A major challenge in the treatment of TBI is the
clinical management of clotting; excessive clotting can lead to stroke whereas inadequate clotting
can lead to brain hemorrhage.'® A critical aspect is to manage clotting locally to the brain, an
organ that is particularly vulnerable to changes in blood flow. The clotting cascade is initiated by
damage to the endothelium that exposes basement membrane collagen and allows binding of the
glycoprotein von Willebrand factor (VWF) present in the circulating blood.**” The bound VWF at
the damaged endothelium in turn binds and activates platelets that upregulate GPIIb/llla receptors
(integrin anbBs), leading to further platelet accumulation and the formation of a plug to halt bleeding
at the site of injury.*” In addition to platelet hemostasis, activation of both the intrinsic and extrinsic
clotting cascades lead to processing of soluble blood fibrinogen monomers into an insoluble fibrin
network surrounding the platelet thrombus.'” Due to the rapid and robust formation of clots in
response to vascular damage, the clot can be used as a beacon to recruit nanomaterials. In order
to take advantage of the innate ability of platelets to incorporate into clots, iron oxide hanoparticles
have been coated with platelet membranes and applied in a photothrombotic stroke model.*®
Combination of the natural platelet homing with application of a magnetic field led to maximal
accumulation of materials at 6 hours post-injection and this strategy was used to deliver L-arginine
for in situ production of nitric oxide in order to increase blood reperfusion of the ischemic tissue.
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In another strategy to use clots as a way to target nanomaterials to the injury site, PLGA
nanoparticles modified with RGD peptide was used to target glycoprotein receptors on the surface
of platelets in a rodent blast injury model with polytrauma.*® When rodents were treated with these
nanoparticles encapsulating the anti-inflammatory dexamethasone, there was increased survival
due to decreased internal lung hemorrhaging, improved BBB integrity, and reduced astrogliosis
within the amygdala of the brain. Apart from targeting the clotting cascade to achieve greater
accumulation, nanoparticles can also be engineered to interact with the clotting cascade itself to
create hemostatic materials. This strategy has been pursued in peripheral injuries, and include
strengthening the clot with synthetic polymers modified with clot-binding peptides'® or
homeostatic nanomaterials that release drug in response thrombin activity.*'® In the future,
hemostatic technologies can be developed in the context of the specific challenges presented in
acute brain injuries.?°

The neurovascular unit itself is dysregulated hours up to months after injury and can
upregulate molecules that can be targeted by nanomaterials to deliver therapeutics to the site of
injury.*?! Receptors for glutathione, apolipoproteins, and low-density lipoproteins (LDL) are
upregulated on the endothelium after injury, and create a potential “vascular zip code” that can
be targeted by materials delivered into the blood.'?? In order to interact with LDL receptor related
protein (LRP1) on the surface of the BBB for the delivery of BDNF, poloxamer 188 and BDNF
were adsorbed onto the surface of 200 nm PLGA nanoparticles.** When these nanomaterials
were injected into the weight drop model of TBI three hours after injury, the addition of poloxamer
188 significantly increased the levels of BDNF in the brain compared with nanoparticles without
poloxamer 188 and free BDNF in both injured and sham injured mice. Mice treated with PLGA
nanoparticles modified with BDNF and poloxamer 188 showed significant improvements in
behavioral testing seven days after injury (motor, reflex, balance, and cognitive function)
compared to control groups treated with nanoparticles and BDNF without poloxamer 188.
Similarly, chitosan modified with the temperature-sensitive N-lsopropylacrylamide (NIPAAmM) was
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used to encapsulate the hydrophobic neuroprotective molecule riluzole, followed by surface
coating with the surfactant Tween 80 to create 50 nm nanoparticles.*? Intraperitoneal delivery
immediately upon reperfusion after a one-hour ligation in a rat tMCAO model led to decreased
infarct volume, decreased lipid peroxidation, and increased antioxidant markers. Peptides have
also been used to interact with the BBB after injury. In a dual targeting strategy to sequentially
cross the BBB and interact with ischemic tissue, Zhao et al. used two peptides: T7 peptide
(HAIYPRH)is a ligand of the transferrin receptor on brain endothelium and SHp (CLEVSRKNC)
was identified by phage display to preferentially target ischemic tissue in stroke.*®* When
administered immediately after reperfusion in a two-hour tMCAO model, dual targeted ~100 nm
liposomes modified with both peptides and encapsulating the small molecule inhibitor ZLO06 had
an increased accumulation in the ischemic injury at 6 and 24 hours after administration when
compared with untargeted or singly targeted liposomes. Increased accumulation of dual targeted
liposomes was consistent with decreased infarct volume and decreased neurological severity

scores over free drug.
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Figure 1.2: Nanomaterials that interact with vasculature in cancer and acute brain injury.
a, b. In cancer and acute brain injury, nanomaterials can (1) passively accumulate into adjacent
tissue, (2) actively target cells in the tissue, (3) target upregulated receptors on endothelium, and
(4) target clots. c, d. Dysregulated vasculature in cancer and acute brain injury allow for passive
accumulation of nanomaterials in the diseased tissue.
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1.5: MICROENVIRONMENT

The cellular and non-cellular components of the microenvironment are unique to a given
tissue and the homeostasis of the microenvironment is perturbed in disease.?® In the tumor
microenvironment, there is ectopic expression of receptors on stroma and tumors cells, changes
in the ECM composition, and accumulation of metabolic molecules. Due to the need to penetrate
deep into solid tumors for effective treatment, investigators have engineered nanomedicines that
capitalize on the changes in the tumor microenvironment to increase treatment efficacy. For
example, antibody-targeted liposomes or “immunoliposomes” that target cancer cells or tumor
stromal cells have been extensively developed to increase anti-tumor efficacy and decrease off-
target activity of chemotherapeutic treatments.*?* Doxorubicin liposomes modified with antibodies
against epidermal growth factor receptor (EGFR) are currently in phase Il clinical trials for
treatment of triple negative EGFR-positive breast cancer (ClinicalTrials.gov identifier:
NCT02833766) based on solid tumor preclinical and phase | clinical trials.'?>126 There are also
major changes to the ECM in cancer,'?® creating a reservoir of disease-specific substrates for
therapeutic binding. For example, polylactic acid (PLA)-PEG nanoparticles have been modified
with CLT1, a peptide discovered by phage display, to bind to enriched fibronectin in gliomas,
leading to increased accumulation after intravenous delivery and improvement of survival of
animals when used to deliver paclitaxel.?” In recent work, Ishihara et al. created protein
engineered fusions of the anti-tumor cytokine interleukin-2 with a collagen-binding domain to bind
to the collagen-rich stroma of tumors and temper the well-documented toxicity of interleukin-2.128
In this approach, they showed reduced interleukin-2 in the blood due to enhanced tumor
accumulation, attenuated tumor growth in three different tumor models, and increased
populations of cytotoxic T cells over regulatory T cells.

Similarly, nanomaterials can be tailored to the specific microenvironment created after
acute brain injuries. We will discuss two major modes in which nanomedicines can interact with
the microenvironment of acute brain injury. The first mode is based on access; typically the brain
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parenchymais sequestered from the periphery by the selective and highly regulated BBB. In brain
injuries, the passive accumulation of nanomaterials through disrupted vasculature allows access
to the unigue microenvironment of the brain, including cells and ECM. The second mode is based
on changes that occur in the microenvironment after acute brain injuries; the disease progression
during the secondary injury creates changes in the ECM composition of the brain, leads to ectopic
protease activity, and generates the metabolites such as reactive oxygen species.’*2°

1.5.1: Targeting nanomaterials to cells and molecules in the microenvironment

Cells and molecules of the brain are sequestered by the intact BBB in the healthy brain
and become transiently accessible to intravenously delivered nanomaterials after acute brain
injury, as discussed above. The goal of numerous therapeutic strategies is to protect neurons,
identified as the major cell type responsible for functional deficits seen in patients of brain injury,
but also neurodegenerative diseases. As such, nanoparticles have been modified with peptide to
target neurons once they have passively accumulated into the brain. Electrostatic peptide-siRNA
complexes incorporating RVG, a peptide sequence from a coat protein of rabies virus used to
target neurons,*® accumulated with 80% specificity in neurons over other cells of the brain
parenchymain a model of penetrating brain injury.** These nanomaterials formulated with sSiRNA
against caspase 3, an important protein in the apoptotic cascade, were able to downregulate
caspase 3 protein by ~80% in the injured brain when administered immediately after injury. These
same siRNA and peptide components were able to accumulate into the injured brain and mediate
silencing when they were encapsulated into the pores of an inorganic porous silicon nanoparticle
using a non-covalent calcium silicate trapping chemistry.*

In addition to targeting cells, the ECM also presents a potential strategy to increase the
retention of nanoparticles in the injured tissue due to a potential large extracellular surface area
available for binding. The ECM in the healthy brain is largely composed of the glycosaminoglycan
hyaluronic acid and chondroitin sulphate proteoglycans, heparin sulfate proteoglycans, and
glycoproteins, with relatively low levels of collagen, fibronectin, and laminin compared to other
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tissues.'®1132 The relative levels and spatial localization of ECM constituents is thought to change
in brain pathology.?®** In the injury response, cells release cytokines and matrix
metalloproteases to remodel the ECM. In the injured brain, ECM components including
chondroitin sulfate proteoglycans (neurocan, aggrecan, NG2), heparin sulfate proteoglycans
(syndecans, perlecan, agrin), fibronectin, tenascins, and laminin are deposited around the lesion
site. 46129

In order to take advantage of this change in the ECM after acute brain injury, the Ruoslahti
group used in vivo phage display to identify the peptide motif CAQK to bind to the injured brain
tissue six hours after initiation of a penetrating brain injury model.*® They identified the receptors
of CAQK as veriscan and tenascin-R, proteoglycans known to be upregulated after injury.129.134.13
Modification of nanomaterials with CAQK led to increased accumulation into the injured brain
tissue, and CAQK-modified porous silicon nanoparticles carrying siRNA achieved efficient gene
silencing. In support of the potential therapeutic translation to humans, CAQK peptide conjugated
to silver nanoparticles also bound to cortical brain sections of a human TBI patient ex vivo. A
separate group used CAQK in a self-assembled coiled-coil protein nanoparticle sensitive to
thrombin cleavage to deliver a neuroprotective peptide, Tat-NR2B9c.*’ In the CCI model of TBI,
CAQK-modified protein nanomaterials had a greater than 2-fold accumulation in the injured brain
comparedto untargeted nanomaterials when administered immediately after injury, and treatment
led to reduced lesion volumes and improvements in behavioral testing, indicating this peptide
ligand could be applied across nanopatrticle platformsand to both penetrating and non-penetrating
TBI. Future work remains to fully delineate the unique composition of brain ECM in health and
disease, including its spatial localization near the injury and vasculature in order to fully harness
its potential as a target for nanomaterials.
1.5.2: Bioresponsive Nanomaterials

Bioresponsive or ‘smart’ nanomaterials are designed to autonomously react to stimuli
without external triggers. Bioresponsive nanomaterials have been engineered to respond to
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stimuli in the tumor microenvironment, including acidic pH, increased reactive oxygen species
(ROS), hypoxia, or increased proteolytic activity, as reviewed elsewhere.’*5137 These stimuli can
lead to physical changes in the nanomaterials such as swelling, disassembly, degradation, or
precipitation that actuate a response, such as the release of therapeutic molecules or generation
of a diagnostic signal. Because the presence of the stimuli is typically restricted spatially to the
microenvironment of the diseased tissue and manifests temporally with disease progression,
therapeutics designed as bioresponsive nanomaterials can have increased specificity. In a
diagnostic technology, Lumicell Inc. has developed a nanoscale polymer-peptide fluorescent
imaging agent that is cathepsin-activated, LUMO15 (clinicaltrials.gov NCT01626066), to aid
resection of residual breast cancer during lumpectomy that has completed Phase 2 clinical
trials.1381%9 |n acute brain injuries, there are changes in the microenvironment that could be used
to activate bioresponsive materials; we will focus our discussion on materials that respond to ROS
and enzymes as technologies that have been the furthest developed at this point in time.

In acute brain injuries, cell death, neurovascular inflammation, and mitochondrial
dysfunction initiated by the primary injury cause an increase in the concentration of ROS,
including superoxide anion, hydrogen peroxide and nitric oxide.'*° Excessive ROS levels quickly
deplete endogenous antioxidants within the brain microenvironment, increasing the peroxidation
of lipid membranes and the oxidation of proteins that initiate apoptotic pathways in surrounding
cells through inhibition of the electron transport system in mitochondria.'#* This identifies ROS as
a potential therapeutic target to mitigate further damage in brain injuries and also a
microenvironmental stimulus for bioresponsive nanomaterials. Core-cross-linked nanoparticles
made from polysorbate 80 created a thioether core that scavenges excess ROS in the injury
microenvironment.*® These materials accumulated in the damaged brain in a CCI model of brain
injury after systemic administration immediately after injury, reduced neuroinflammation in the
hippocampus, and improved behavioral outcomes. Another ROS scavenging nanomaterial was
created with poly(propylene sulfide) nanoparticles. These materials decreased neuroinflammation
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in 17-minute tMCAO mice when administered 3 hours after reperfusion, including decreased
microglial activation and reduced neutrophil infiltration, and led to reduced infarct volume
compared to vehicle controls.*® Hydrophilic ~50 nm carbon clusters have been developed as a
ROS scavenging nanomaterial after acute brain injury.>* The graphitic domains of the carbon
cluster sequester ROS through covalent bonding. When carbon clusters were administered 80
minutes after injury, cerebral blood flow was restored to baseline pre-injury measurements in a
rat CCl model. On a molecular level, carbon clusters were found to reduce vascular superoxide
levels and normalize nitric oxide levels when measured 6 hours after treatment. These ROS-
scavenging technologies have also been applied to cancer.'*? Lastly, nanomaterials can be
engineered to release therapeutic in response to elevated ROS in injury. Lv et al. created a
nanomaterial with a polymeric core modified with ROS-responsive boronic ester that
encapsulated the neuroprotective peptide NR2B9C.%° These cores were wrapped with a red
blood cell shell modified with the stroke homing peptide SHp to form ~200 nm nanom aterials. In
response to high concentration of ROS, such as found intracellularly in ischemic neurons, the
boronic acid core hydrolyzes to release therapeutic cargo with an in vitro half-life of >4 hours.
Application of this ROS-responsive nanomaterial immediately after reperfusion in a rat model of
two-hour tMCAO model led to a significant decrease in infarct area and improvement in
neurological score compared to free drug.

Proteases are important regulators of the microenvironment, and have important roles in
the progression of cancer and during the immediate and chronic response after brain injuries. 3=
145 In brain injuries, thrombin and the family of matrix metalloproteases (MMPSs) in particular are
important for regulating neuroinflammation, degradation of ECM components, and function of the
BBB.1%147 The disease-specific expression of proteases can be used to mitigate the toxic side
effects common for drugs. For example, glyburide is an FDA-approved diabetes medication that
blocks SUR1-TRMP4, an ion channel that is upregulated in the neurovascular unit after stroke
implicated in edema and hemorrhage, but is dose restricted due to the risk of hypoglycemia.'#® In
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order to increase disease-specific release in stroke, glyburide was encapsulated in micelles
formed from poly-(e-caprolactone) and PEG block copolymers; the polymer blocks were linked
with either a thrombin- or MMP-9-cleavable peptide.>> The design was such that cleavage by
proteases released PEG from the outer shell of the micelle, leading to a smaller diameter
nanoparticle that could distribute further into the brain parenchyma. Nanomaterials made with
thrombin-sensitive polymers had a 5.5-fold higher accumulation into the infarct of a 90-minute
tMCAO mouse model compared to nonresponsive nanomaterials, and the delivery of glyburide
using this bioresponsive shrinking nanoparticle decreased infarct size and improved neurological
scores compared to the vehicle and free glyburide controls with multiple administrations of 0, 24,
and 48 hours after surgery. Thrombin-reactive nanoparticles can also be used for site-specific
dissociation of clots in order to prevent vessel occlusion. A sequential biomimetic approach for
the dual delivery of neuroprotective and thrombolytic drugs was engineered by coating a
polymeric core carrying the small molecule neuroprotective drug ZLO06e with a platelet
membrane that naturally accumulates at the site of clots.>® The surface of the platelet was
modified with the cell penetrating peptide Tat sterically shielded by the recombinant tissue
plasminogen activator (rtPA) linked to the membrane with a thrombin-sensitive linker. In the
presence of thrombin activity, the thrombolytic rtPA was released to dissociate the clot and also
revealed Tat peptide on the nanomaterial surface to increase transport into the brain. When
intravenously administered in a two-hour tMCAO model, this dual delivery, protease-sensitive
nanomaterial decreased the ischemic area an impressive ~60% compared to no treatment and
~40% compared to animals treated with free drug or nanomaterial with linker insensitive to
thrombin cleavage. Protease activity can also be used in diagnostic nanomedicines for acute brain
injuries. Similar to the fluorescent cancer diagnostic material LUMO15 developed by Lumicell
Inc.,13813% 3 diagnostic nanomaterial responsive to TBIl-associated proteases was engineered.>*
In this work, a fluorogenic substrate sensitive to calpain-1 cleavage was attached to a polymeric
nanomaterial carrier in order to increase its passive accumulation into injured tissue. When
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applied to a CCl model of TBI, fluorescence signal from this nanosensor was detected in the
injured tissue compared to uninjured brains, indicating an increase in calpain-1 activity. Future
work in bioresponsive materials for acute brain injuries can couple disease stimuli, such as ROS
or protease activity, and bioresponsive therapeutic delivery for more precise treatments.
1.5.3: Nanomaterial penetration in the brain microenvironment

The abnormal vasculature, poorly developed lymphatics, high interstitial fluid pressure,
dense ECM, and necrotic regions in the tumor core are obstacles to nanomaterial access
throughout the entire tumor.*® For example, liposomes 90 nm in diameter are observed to
predominately accumulate in the tumor periphery near vasculature.**° While nanomedicines such
as Doxil® and Abraxane® have longer blood half-lives and reduced off-target effects, they do not
exhibit significant improvements in therapeutic efficacy over free drug due to poor penetration into
the tumor microenvironment.'*%1%1 Similarly in acute brain injury, there is a necrotic injury core
surrounded by tissue that is damaged but not yet dead, called the traumatic or ischemic
penumbra. Attenuating, halting, or ameliorating the secondary injury in the penumbra is the goal
of many therapeutics in order to mitigate widespread tissue damage after acute brain injury. Due
to BBB dysfunction that is common in secondary injury, the vasculature in the penumbra has
increased permeability, 152153 presenting a possible entry point for nanomaterials into the injured
tissue. Although there have been observations that systemically delivered nanomaterials can
reach the core of the injury in stroke models,'** tissue access is likely influenced by multiple
factors, including severity of injury, size of nanomaterials, and also the time delay between the
injury and nanomaterial administration.3*36:44101 Based on the context of the injury and when
materials are administered, the penetration of nanomaterials throughout the injured brain tissue
is one potential obstacle to effective nanomedicines for acute brain injury.

One approach to increase distribution of nanomaterials throughout the tissue
microenvironment is through engineering their physicochemical properties and surface
chemistries. In our discussion of passive delivery above, we have already discussed how

24



nanomaterial infiltration can be size-dependent. Nance et. al. reported that nanoparticles modified
with a dense PEG surface 100 nanometers and smaller can distribute widely when applied ex
vivo to healthy rat and human brain samples and in vivo through direct brain injection. Through
analysis of nanoparticle diffusion ex vivo, they estimated that pore sizes in the brain extracellular
space are as large as 200 nm and that more than one-quarter of pores are at least 100 nm in
size.’® |n this study, surface properties also affected nanoparticle diffusion within the brain;
nanoparticles with a dense PEG surface exhibited significantly increased diffusion compared to
the same nanoparticle cores with carboxylsurfaces. The Saltzman group observed that poly(lactic
acid) nanoparticles modified with PEG or hyperbranched glycerol surfaces have decreased
cellular uptake compared to nanoparticles modified with ‘bio-adhesive’ aldehyde surfaces when
administered via convection enhanced delivery (CED) to healthy brains or glioblastoma tumors.**®
These papers establish groundwork for an early understanding of how nanomaterial properties
may affect distribution and cellular interactions within the brain microenvironment, however more
studies are warranted to establish systematic design rules.

Tumor-penetrating peptides are a biological approach to increase distribution of
nanomaterials throughout tumors. The Ruoslahti group identified a tumor penetrating C-end-rule
(CendR) sequence, consisting of a C-terminal R/IKXXR/K motif, through in vivo phage display, a
method for screening a large diversity of peptides in a living organism.7:1% One tumor-
penetrating CendR peptide, iIRGD, combines the RGD integrin binding motif with the CendR
motif.1%8 After RGD binding with the primary integrin receptor, proteolytic cleavage exposes the
CendR motif that can bind to the secondary receptor neuropilin-1, which mediates transcellular
transport and penetration into the tissue.'® Importantly, iRGD peptide could increase the
penetration of nanomaterial both when covalently modified to the surface of nanomaterials, or
when co-delivered with nanomaterials. In a model of prostate cancer that develops a thick tumor
stroma, co-injection of IRGD with liposomal chemotherapeutics led to ~40% tumor shrinkage
compared to co-injection with non-penetrating RGD control.® These penetrating peptides have
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yet to be explored for nanomaterial delivery to acute brain injuries, although we note that one
primary receptor for iRGD, avBs integrin, is known to be expressed in wound beds and the
secondary receptor, neuropilin-1, is known to be upregulated in hypoxic tissues.¢°
1.6: IMMUNOMODULATORY NANOMATERIALS IN BRAIN INJURY

Engineered nanomaterials are attractive technologies to interface with the immune system
and there has been rapid development of these materials for applications in cancer.
Nanomaterials are supramolecular assemblies and therefore they can deliver antigens and
adjuvants (e.g., CpG oligonucleotides, imidazoquinoline, monophosphoryl lipid A, or plant virus
proteins) to the same cell for the purpose of vaccination.?* In addition, nanometer scale materials
carrying diagnostic or therapeutic payloads are naturally phagocytosed by antigen presenting
cells (e.g., dendritic cells and tumor-associated macrophages (TAMs). For example, maleimide-
modified PEG nanoparticles have been used to capture circulating tumor antigens released after
radiotherapy and subsequently be phagocytosed by dendritic cells to enhance the abscopal effect
of anti-tumor immunity.¢* Nanoparticles can also mimic immune cell behavior, such as target
binding, T cell activation, and tissue infiltration. Polymeric PLGA nanoparticles wrapped with
neutrophil membranes used the endogenous affinity of neutrophils to bind circulating cancer cells
to deliver the proteasome inhibitor carfilzomib after intravenous delivery.®2 Metal-organic
framework nanoparticles, utilized for in vivo fluorescence imaging, were coated with a fusion of
dendritic and cancer cell membranes to simultaneously mimic a dendritic antigen presenting cell
and present tumor antigens to provide efficient T cell co-stimulation as a single nanomaterial.%
In addition to direct stimulation of T cells, this material could also be phagocytosed by dendritic
cells forindirect stimulation of T cells. This nanomaterial, termed a cytomembrane nanovaccine,
homed to the lymph node in vivo after subcutaneous injection and successfully immunized 60%
of mice against a tumor challenge. Lastly, immune cells can be used to increase the delivery of
nanomaterials into solid tumors. Nanoparticles carrying chemotherapeutics have been attached
ex vivo to T cells to exploit the innate infiltration of T cells for delivery of adjuvant (IL-15 super-
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agonist) and chemotherapy (topoisomerase | poison SN-35) in several tumor models.164-16¢
Advantages of cell-mediated therapeutic delivery include improvement in the therapeutic window
due to increased biodistribution to the tumor.

The immune system in acute brain injury after TBI and stroke plays an integral role in
disease progression and resolution.”>17 Like TAMs, resident microglia and macrophages are
aberrantly activated after injury. The therapeutic goal in the brain is regeneration, as opposed to
cancer killing, and therefore the polarization of macrophages and microglia between pro- to anti-
inflammatory states requires precise regulation during the multiple phases of injury resolution. For
a detailed discussion of the immune response in stroke and TBI, see excellent reviews by Loane
and Kumar,'®® Gyonevaand Ransohoff,'®®and Kawabori and Yenari.’®” In summary, the elevation
of danger associated molecular patterns (DAMPS) released by apoptotic neurons bind to toll-like
Receptors (TLRs) on microglia and tissue-resident macrophages.'® TLR activation leads to
transcriptional upregulation of inflammatory genes, such as interleukins and TNF-a’>%7 to
polarize immune cells to an inflammatory “M1” phenotype. Inflammatory immune cells generate
arachidonic acid metabolites, nitric oxide (NO), ROS, and MMPsthat perpetuate the inflammatory
response.®”168  Simultaneously, astrocytes, microglia, and oligodendrocyte progenitor cells
become reactive, leading to gliosis as a hypothesized mechanism to sequester tissue damage
from healthy tissue.’® Adhesion molecules, including selectins, 1G, and integrins, upregulated on
damaged endothelium leads to the recruitment of leukocytes from the blood.%” The infiltrating
leukocytes, mainly neutrophils and monocytes, release cytokines, ROS, and MMPs that
perpetuate the inflammatory microenvironment leading to tissue damage and cell death.

Based on the destruction a sustained proinflammatory response can cause after acute
injury, there has been significant effort to improve the delivery of anti-inflammatories, such as
glucocorticoids, NSAIDs, TNF-a inhibitors, IL-1B inhibitors, and drugs with pleiotropic
mechanisms such as statins.'’* Due to the endogenous phagocytic activity of microglia, a
common goal for nanomedicines is to deliver immunomodulatory molecules to polarize microglia
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to an anti-inflammatory state. The ability for nanomaterials to accumulate in microglia has been
demonstrated with poly(amidoamine) (PAMAM) dendrimers after intravenous delivery in several
models of brain inflammation.?’217® In a pediatric rabbit CCl model of TBI, PAMAM dendrimer
modified with a triphenylphosphonium (TPP) mitochondrial targeting moiety demonstrated
accumulation in the mitochondria of microglia when delivered 6 hours post-TBI.%®

In a different approach, nanoparticles can be used to deliver cytotoxic agents to deplete
infiltrating neutrophils and monocytes in order to reduce the tissue damage, since these cells are
known to exacerbate the destructive injury response.’* In one example, albumin nanoparticles
linked with cytotoxic doxorubicin through an acid-labile hydrazine bond accumulated in activated
phagocytic neutrophils in the blood to induce apoptosis and prevent their infiltration into inflamed
tissue.>® The hydrazine bond was designed to be stable in circulation but degrade in the acidic
endosome of neutrophils after phagocytosis. Systemic administration of these nanopatrticles one
hour after reperfusion in a tMCAO model depleted blood neutrophils and reduced
neuroinflammation, as measured by brain levels of TNF-a, IL18 and IL-6. Depletion of monocyte
infiltration into brain tissue represents another immunomodulation strategy. Highly anionic 500nm
polymeric nanoparticles injected 2, 24, and 48 hours post-CCI bound to blood monocytes in situ
via the macrophage receptor with collagenous structure (MARCO), leading to a 84.5% decrease
in monocyte infiltration into the brain 3 days post-injury compared to vehicle control.>® This
decrease was concomitant with decreased lesion volume and ventricular volume, and
improvements in functional behavior up to 6 months post-treatment. A similar functional outcome
was reproduced when these same nanoparticles were applied to a closed head injury (CHI)
model. In another study, prophylactic delivery of clondronate liposomes in a CCI model showed
both beneficial (reduced ventricle enlargement) and detrimental (increased BBB permeability)
outcomes with no effect on lesion volume and edema, illustrating the complicated role immune
cells may have in acute injury.5":58 Although prophylactic treatment of TBI is a clinically unrealistic
treatment strategy, these preclinical data may provide clues for future research. While using
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nanomaterials to deplete phagocytic immune cells is a promising strategy, further research is
needed to illuminate the role of these cells in brain injury pathophysiology.

Based on the natural infiltration of innate immune cells into the brain after injury, mimicry
of these cells can increase nanomaterial accumulation into the brain, where the BBB is a
formidable barrier to access. In one approach, ~190 nm nanovesicles were made from a
neutrophil cell line HL-60 to mimic neutrophil infiltration into the injured brain.®® Nanovesicles
loaded with the therapeutic molecule resolvin D2 maintained major surface proteins found on
neutrophils (integrin B2, PECAM-1, PSGL-1, and VLA-4) and trafficked to the injured brain
endothelium after intravenous injection one hour post-reperfusion in a tMCAO mouse model. The
therapeutic mechanism of resolvin D2 is to reduce leukocyte-endothelium interactions, and
treatment of the tMCAO model with resolvin D2 loaded neutrophil nanovesicles led to decreased
neutrophil infiltration and reduced levels of inflammatory cytokines TNF-a, IL13 and IL-6 in the
injured brain compared to no treatment controls.

Nanomaterials have also been used to “hitchhike” onto infiltrating immune cells, wherein
nanomaterials can modify leukocytes in the blood and translocate into the brain based on the
endogenous chemotaxis of these cells. For example, liposomes modified with circularized RGD
targeting peptide targeted overexpressed av3 integrin receptors on activated blood monocytes
and neutrophils after tMCAO and become phagocytosed.®* Liposomes labeled with dye
accumulated in neutrophils and monocytes in the bloodstream, co-migrated across the BBB into
the injured lesion, and transferred to neurons and microglia in the microenvironment. In related
studies in models of lipopolysaccharide (LPS) induced brain inflammation, 30 nm
superparamagnetic iron oxide nanoparticles with oleic acid and amphiliphilic polymer coating
(SHP-30, Ocean NanoTech) were attached ex vivo to bone marrow-derived monocytes and
intravenously injected.®? These adoptively transferred cells carrying nanoparticles could be
detected by flow cytometry in the inflamed brain 14 hours after injection. Additionally,
macrophages modified with a layer-by-layer disc-shaped polymer patches 7 ym in diameter and
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600 nm in height via an anti-CD11b antibody were able to infiltrate into brains with LPS-induced
inflammation.®® These studies demonstrate nanomaterials can modulate the natural activity of the
immune system or exploit the natural trafficking of immune cells for therapeutic benefit in acute
brain injuries.

1.7: PATHTO CLINICAL TRANSLATION

We have discussed preclinical research on nanomaterial designs that can intelligently
interact with host biology for application to acute brain injuries. Before successful translation of
these nanomaterials from preclinical studies into humans, there remain several obstacles. Many
of the obstacles are attributed to the translation of therapeutics for acute brain injuries in general,
for example inadequate understanding and control of the pharmacokinetics and
pharmacodynamics of therapeutics (biodistribution, half-life, dose-response curve, etc.),
limitations in preclinical models to represent the heterogeneity of disease phenotype,
understudied biological variables such as age and sex, and lack of specific biomarkers that can
predict long-term outcomes. While nanomaterials are a potential solution to these hurdles, such
as improvements in the pharmacokinetic and pharmacodynamics, they also pose their own
complications. For example, there are challenges associated with the scale-up and manufacture
of nanomaterials and their path for FDA-approval is complicated due to their multiple components.
We will focus our discussion on the obstacles to translation as they relate to nanomaterials. For
a comprehensive discussion of clinical translation of therapeutics for brain injuries please see the
excellent reviews by Stein,?? Loane and Faden,® and Bosetti.!”> The translation of nanomaterials
are discussed in reviews by Hua and Storm'’¢ and Anselmo and Mitragotri.t””

One major hurdle to clinical translation of therapeutics for brain injuries is to achieve
desirable pharmacokinetic profiles, most notably increased accumulation and retention in the
brain and reduced accumulation in off-target organs. Formulation of drugs as nanomaterials offer
potential solutions. For example, Doxil ® is chemotherapeutic formulated in PEG-modified ~100
nm liposomes; the large size reduces off-target organ accumulation to mitigate toxicity and the
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PEG reduces interaction with phagocytes to increase circulation times.'’” Besides passive
targeting, active targeting via surface modification with peptides (RGD, RVG, CAQK) or antibodies
is one avenue to increase nanomaterial selectivity to cell types and retention in brain tissue,
although active targeting has yet to be implemented in clinically-approved nanomaterials.®’" In
addition to regulating organ-level biodistribution, increasing nanoparticle penetration through
biological barriers, such as the BBB and brain tissue, is another delivery challenge.’” Further
investigation is needed into the effects of nanoparticle size, charge, and other physiochemical
properties on pharmacokinetics.%1%

Accurate quantification of therapeutic bioavailability in target organs and scaling
preclinical dosage levels to humans is necessary for translation; ambiguity in effectve
progesterone dose and schedule has been speculated to be one reason for lack of efficacy
observed in the ProTECT IlIl and SyNAPSe Il clinical trials.?> The accurate quantification of
nanomaterials which do not have intrinsic imaging properties in vivo is one difficulty because
traditional organ collection and histology is not applicable in a clinical setting.?’” Bioresponsive
nanomaterials that only release drug in the presence of stimuli are one potential solution that
would alleviate the need for precise dosing, since therapeutics could be engineered to release
only in the presence of disease and could therefore increase the therapeutic window. For
example, self-titrating hemostatic nanoparticles are engineered to release heparin only in the
presence of thrombin activity.1’8

Testing promising therapeutic candidates in preclinical animal models of brain injury is a
mainstay of research and is a requirement for the FDAto support clinical trial feasibility. The utility
of animal modeling is indisputable given the scientific precedence, availability, low cost, and ability
to screen a multitude of therapeutic agents.®? Using Bayesian analysis, Goodman et al. estimated
that preclinical testing increases the likelihood of clinical success by several orders of
magnitude.'”® Despite the value of preclinical testing for therapeutic translation and the availability
of different types of injury models as discussed above, the limitation of animal models to
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recapitulate human biology in response to an acute brain injury must be considered.8%.8284385.175
For one, rodents have a different brain geometry and white-to-gray matter ratio, among other
anatomical differences.®8! Several variations in innate and adaptive immune response also exist,
including percentage of neutrophil populations in blood and chemokine receptor expression.*&
These biological discrepancies can result in differencesin acute brain injury sequelae between
humans and rodents. For example, gene expression patterns can differ in mice and humans after
ischemic stroke.8>181-18¢ Additional factors including the use of anesthesia and post-operative
analgesia during induction of injury in animal models in compliance with animal welfare
guidelines.’®” Finally, the patient population enrolled in clinical trials is typically heterogeneous
and represent different ages, genders, pre-morbid conditions, injury origins and disease severity.
Preclinical studies often fail to match the heterogeneous nature of the clinical patient population
because the majority of experiments employ generally one optimized injury model in healthy adult
rodents of the same strain and gender; rarely are geriatric, pediatric, or female mice represented
in studies. More research is needed to delineate the role age plays in both TBI pathology and
therapeutic response'®® given the risk of TBI is higher among children, young adults, and those
over 75 years of age.'® Variations in rodent strain,!*® age,°:1% and sex!®®* may influence
measured outcomes and potentially confound results. For example, the sex hormones estrogen
and progesterone may be neuroprotective after TBI in female mice compared to their male
counterparts.1®31% While biological differences between rodents and humans are intrinsic to
preclinical testing, increasing awareness of the factors that are within experimental control and
rigorously defining aspects of models that accurately predict disease phenotype in humans is
important in future design of clinical trials based on preclinical research.®?

A final hurdle for clinical translation stems from the complexity of acute brain injury
pathology in the clinic. The most commonly utilized injury assessment metrics in the clinic,
Glasgow Coma Scale (GSC) or Glasgow Outcome Scale-Extended (GOS-E) for TBI and modified
Ranking Scale (mRS) for stroke, involve a series of questions to qualitatively assess neurological
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deficits and quality of life in patients.>*> However, analysis of neurological surveys like GSC often
lack sensitivity in distinguishing injury severity and stage which make monitoring patient outcomes
difficult.’®> The questionnaire format of GSC, described as a “blunt instrument”, can potentially
miss small improvements in patient outcome.?>’> The subjective nature of GSC, GOS-E and
MRS contrast with preclinical testing which typically uses multiple quantitative and functional
endpoints to assess therapeutic efficacy.?? In addition to selection of appropriate endpoints, the
complex continuum of acute and chronic secondary injury clouds determination of appropriate
timelines for therapeutic intervention.’® Matching therapeutic dose schedules gleamed from
preclinical studies to timepoints in the clinic can be difficult or unrealistic.'°® For example, a
significant number of preclinical studies employ prophylactic or short timepoints post-injury for
therapeutic delivery, whereas it can take up to 6 hours for patients to present with TBI, provide
informed consent, enroll in a clinical trial, and receive therapy.® In the ProTECT Ill and SyNAPSe
[l clinical trials, treatment was administered within 4 hours and 8 hours of injury, respectively.??
Whereas preclinical studies have provided the biological and mechanistic basis for past
clinical trials, future efforts to improve the predictive accuracy of preclinical studies is a critical
step to achieve success in clinical trials. Health experts aim to develop research guidelines like
Stroke Therapy Academic Industry Roundtable (STAIR) recommendations to improve clinical
translation.?’>'% The Federal Interagency Traumatic Brain Injury Research (FITBIR) is an
informatics system built to share TBI related research across the research field. For the
development of nanomaterials to treat acute brain injuries, future efforts include accurate
measurement of nanomaterial pharmacokinetics in living organisms, careful selection of animal
models that recapitulate specific human pathology relevant to nanomaterial design and payload,
designing experiments that consider multiple biological variables, and development of technology
to quantitatively measure biomarkers that can accurately predict outcomes in humans.75198
PAMAM dendrimers are one example of nanomaterials that were tested across species and in
multiple models of brain injury.”® Based on comprehensive preclinical studies, PAMAM dendrimer
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nanomaterial drug OP-101 manufactured by Orpheris is currently undergoing Phase I clinical trials
of safety, tolerability, and pharmacokinetics (clinicaltrials.gov NCT03500627).
1.8: CONCLUSION

There is an urgent need for new therapeutics to treat acute brain injuries, and engineering
novel nanomedicine is one potential avenue for innovation. We drew from two decades of cancer
nanomedicine in order to gain insight and inspiration to apply to the burgeoning field of
nanomedicine for acute brain injuries. In particular, we focused on nanomaterials that are
engineered based on disease-specific changes that occur in the vasculature, microenvironment,
and the immune system. Within the current field of nanomaterials for acute brain injuries, there
remain significant opportunities to innovate within the topics discussed, as well as opportunities
in directions that have been largely unexplored as of yet. For example, the secondary injury after
an acute brain injury is multi-factorial and the failure of single drug therapies have initiated
investigations into combination therapies. While there are promising ongoing studies of
combination therapies,'®® maintaining multiple drug molecules with disparate pharmacokinetics in
their therapeutic windows may be a challenge. As supramolecular structures, nanomaterials can
package multiple drugs for simultaneous delivery to the same tissue region or cell. In addition,
nanomaterials can deliver challenging cargoes such as nucleic acids and proteins; the first FDA-
approved siRNA therapy, ONPATTRO®, is a lipid nanoparticle that gained approval in 2018.
Nanomaterial-mediated delivery of proteins and nucleic acids has the potential to directly translate
basic biological findings from research labs into the clinic without the time-consuming
development of small molecules. Lastly, many drugs, especially those designed for the brain,
have poorly tolerated side effects. Future nanomaterials can be implemented as a precision
medicine approach; for example, a system composed of a nanomaterial sensor that measures
disease-causative protease activity paired with a homeostatic nanomaterial therapeutic that
releases protease inhibitors only in response to that protease’s activity.
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CHAPTER 2: Analysis of Lipid Nanoparticle Pharmacokinetics and Activity in a Mouse Model of

Traumatic Brain Injury

2.1: ABSTRACT

Traumatic brain injury (TBI) affectsmillions of people worldwide, yet there are currently no
therapeutics that address the long-term impairments that develop in a large portion of survivors.
Lipid nanoparticles (LNPs) are a promising and minimally invasive therapeutic strategy that may
address the molecular basis of TBI pathophysiology. LNPs are the only non-viral gene delivery
platform to achieve clinical success, but systemically administered formulations have only been
established for targets in the liver. In this work, we evaluated the pharmacokinetics and activity of
LNPs when systemically administered to a mouse model of TBI. We observed an increase in LNP
accumulation and activity in the injured brain hemisphere compared to the uninjured contralateral
brain hemisphere. Interestingly, transgene expression mediated by LNPs was more durable in
injured brain tissue compared to off-target organs when compared between 4 and 24 hours. The
polyethylene glycol (PEG)-lipid is an important component of LNP formulation necessary for the
stable formation and storage of LNPs, but the PEG-lipid structure and content also has an impact
on LNP function. LNP formulations containing various ratios of PEG-lipid with C18 (DSPE-PEG)
and C14 (DMG-PEG) anchors displayed similar physicochemical properties, independent of the
PEG-lipid compositions. As the proportion of DSPE-PEG was increased in formulations, blood
circulation times of LNPs increased and the duration of expression increased. We also evaluated
diffusion of LNPs after convection enhanced delivery in healthy brains and found LNPs distributed
>1 mm away from the injection site, with increased spread with greater DSPE-PEG content.
Understanding LNP pharmacokinetics and activity in TBI models and the impact of PEG-lipid
anchor length informsthe design of LNP-based therapies for TBI and is broadly applicable to LNP
design for extra-hepatic targets after systemic administration.

2.2: INTRODUCTION
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Traumatic brain injury (TBI) impacts millions per year globally and there are currently no
clinically approved therapeutics that address long-term patient brain health,2°0-2%2 with 43% of
hospitalized TBI survivors developing long-term disabilities.?®® The primary injury initiates a
number of biochemical and physiological responses that trigger progressive neurodegeneration
and eventual functional impairments during the secondary injury. Gene therapy mediated by lipid
nanoparticles (LNPs) is one potential therapy for TBI that could address disease pathways during
the secondary injury. LNPs are the currently the most clinically advanced non-viral gene delivery
vehicle, and multiple formulations have been approved by the FDA.2%42%¢ Patisiran, an LNP
treatment for transthyretin-induced amyloidosis, was approved in 2018 and was the first LNP and
SiRNA therapeutic approved for clinical use.204297.208 |n 2020, mRNA LNPs were developed as
vaccines against SARS-CoV-2 and received emergency use authorization for the COVID-19
pandemic?°®-211 followed by full FDA approval shortly after in the subsequent 1-2 years.?%5:206
There are multiple siRNA and mRNA LNPs in the clinical pipeline as therapeutics for cancer,
infections, and genetic disorders.?*>-2* |n this work, we evaluate the potential of LNPs for non-
viral gene delivery to the injured brain in a mouse model of TBI.

The temporary dysregulation of the blood brain barrier (BBB) after TBI is an opportunity
for access of nanoscale materials into injured brain tissue after systemic delivery. Our group and
others have demonstrated increased transport of a variety of nanoparticle types into the injured
brain exploiting this transient dysregulation.?>-28  Appreciable passive nanoparticle accumulation
in the injured tissue has been reported for diameters ~100 nm in size after intravenous
administration up to 24 hours after TBI.4+21%-221 The principle of nanoparticle accumulation in the
injured brain is analogous to the enhanced permeation and retention (EPR) effect described in
tumors.??222 pPassive accumulation of nanoparticles in tumors and the injured brain is known to
be impacted by the physicochemical properties of nanoparticles, including size,??°2?4 charge,??>-
227 and surface chemistry.??22226 NP pharmacokinetics are also impacted by their
physicochemical properties. For example, increased lung, liver, and spleen LNP accumulation
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have been achieved by tuning LNP charge through formulation with specific organ targeting
(SORT) cationic, zwitterionic, and anionic lipids, respectively.??° Size-based differencesin organ
accumulation have also been observed, with 80 nm LNPs preferentially accumulating more in the
spleen compared to 45 nm and 30 nm LNPs.%°

One aspect of nanoparticle physicochemical property is hydrophilicity, typically tuned in
LNPs by the inclusion of polyethylene glycol (PEG)-lipids in the formulation. PEG has been
incorporated in nanomedicine for decades in order to increase blood half-life through reducing
uptake by the reticuloendothelial system (RES).?*! Generally, increased passive accumulation is
observed by nanoparticles with longer blood half-lives.??5227.231-233 Eor example, in a breast cancer
model, the addition of PEG to paclitaxel liposomes increased blood area under the curve values
~4.5-fold, and thus increasing paclitaxel tumor accumulation ~1.5- and 4-fold at 6 and 24 hours
after systemic administration.?** Similarly, PEG-lipids are included in LNP formulations to extend
their blood circulation, in addition to improving their stability during synthesis and storage. 236
However, PEG is also a steric barrier that hinders cellular interaction and endosomal escape,
crucial steps in payload delivery.?"-24° Recent research has demonstrated that PEG mole percent
(mol%),>#-24 PEG molecular weight,?** and PEG-lipid anchor length?41:245246 gffect the activity
and pharmacokinetic profiles of LNPs. Reduction in the amount of PEG-lipid in LNP formulations
mediated more transfection in hepatocytes in primary cell culture and after systemic
administration in vivo due to their increased cellular interactions.?*? In studies of LNPs formulated
with different PEG-Ilipid anchor lengths, Mui et al. demonstrated that short C14 anchor PEG-lipids
desorb quickly from LNP formulations in the blood, leading to accumulation in the liver, while LNP
formulations with long C18 anchor PEG-lipids had longer blood half-lives and subsequently
accumulated less in RES organs.?*! Previous research has also demonstrated that PEG-lipid
anchor length affects passive accumulation into tumors after systemic administration; LNPs with
longer anchor PEG-lipids demonstrate greater tumor accumulation due to their longer blood half -
lives.?*
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In this work, our goal was to investigate PEG-lipid anchor lengths as a design parameter
for passive accumulation of LNPs into the injured brain after systemic administration in a mouse
model of TBI. We formulated LNPs with various ratios of DMG-PEG, a PEG-lipid with a “short”
C14 anchor capable of quickly desorbing from the LNP once in circulation,?**24¢ and DSPE-PEG,
a PEG-lipid with a “long” C18 anchor with slower desorption kinetics.241:24524¢ \When administered
systemically in a mouse model of TBI, we observed greater accumulation and activity of all LNP
formulations in the injured brain hemisphere compared to the uninjured contralateral brain
hemisphere. In comparing how PEG-lipid composition impacts pharmacokinetics and activity, we
found LNP formulations with more DSPE-PEG had longer blood half-lives and reduced activity in
off-target organs 4 hours after administration. Interestingly, LNP activity in injured brain tissue
remained constant or increased from 4 to 24 hours, while off-target organ LNP activity decreased
~10-fold and this phenomenon was more pronounced as DSPE-PEG content increased. We next
sought to study how PEG-lipid anchor length affected LNP distribution through the brain
microenvironment and found that LNPs with higher DSPE-PEG content distributed more from the
injection site, but that all LNP formulations distributed at least 1 mm away from the injection site
and interacted with neurons and microglia. Our results suggest that PEG-lipid anchor length is an
important parameter in tuning the pharmacokinetics and activity of LNPs for application in TBI.
Understanding how PEG-lipid anchor chemistry impacts pharmacokinetics and activity of LNPs
can also broadly inform the design of LNPs for systemic delivery to other extra-hepatic targets.
2.3: RESULTS AND DISCUSSION

2.3.1: Characterization of LNPs Formulated with Various PEG-lipid Compositions
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Figure 2.1: Formulation of nucleic acid LNPs with varying PEG-lipid compositions. (a)
Schematic of LNP formulation and the PEG-lipid compositions evaluated. DLS analysis of (b) size
distributions and (c) zeta potentials (n=2) of LNP formulations. d) Percent encapsulation of mMRNA
in LNPs (n=2). (e) Average sizes and (f) zeta potentials of LNPs when incubated in serum over
time (n=3). (g) Luciferase activity in 293T cells after 24 hours of treatment with LNPs at various
MRNA doses (n=3).

Clinical formulations have so far been applied to the liver after systemic delivery or
vaccinations after intramuscular delivery and therefore LNPs were designed to desorb PEG-lipid

quickly in the biological milieu to interact with target cells and tissues. The PEG-lipids used in
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FDA-approved LNP formulations have two C14 alkyl chains, allowing fast desorption
Kinetics,?41:245246 gnd include PEG2000-C-DMG (patisiran), PEG2000-DMG (elasomeran), and ALC-
0159 (tozinameran). The only approved systemically administered LNP, patisiran, targets the liver
through the desorption of PEG2000-C-DMG,?*" allowing for the adsorption of apolipoprotein E
that interacts with hepatocytes through the low-density lipoprotein receptor.?*® In order to develop
LNPs for non-RES targets after systemic delivery, previous studies have evaluated PEG-lipids
with longer anchors to tune LNP pharmacokinetics such as extending blood half-lives and
therefore increasing their accumulation in non-RES organs or tumor tissue.24>24%-251 |n the present
study, our objective was to analyze the effects of PEG-lipid anchor length on passive
accumulation of LNPs into the injured brain after systemic administration in a model of TBI. Our
LNP formulation is based on patisiran and its composition is DLin-MC3-
DMA:DSPC:cholesterol:PEG-lipid at mole ratios of 50:10:38.5:1.5.24” With the goal to study
whether the PEG-lipid anchor length impacts brain accumulation and LNP pharmacokinetics, we
compared LNPs formulated with a fixed total mole percent of PEG-lipid but with three ratios of
DMG-PEG:DSPE-PEG (1.4:0.1, 1.0:0.5, 0.5:1.0) (Figure 2.1a). Small and uniform LNPs were
formulated through nanoprecipitation in a microfluidic mixer with staggered herringbone features,
as described previously (Figure 2.1a).2522%3 We established that the size and zeta potential of the
LNP formulations were similar regardless of their PEG-lipid composition. All formulations were
measured with dynamic light scattering (DLS) to have ~70 nm hydrodynamic diameters, low
polydispersity indices under 0.06 (Figure 2.1b, S2.1), and near-neutral surface potentials (Figure
2.1c). Size and zeta potential are physicochemical measurements known to affect LNP
pharmacokinetics.??%23° The similar size and zeta potential measured for each formulation allowed
us to compare LNP pharmacokinetic and activity differences based on their PEG-lipid
composition. The mRNA encapsulation measured was also similar for all three formulations
(Figure 2.1d), and therefore administrations matched by cargo also contained equal amounts of
lipid.
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In order to understand the impact of protein adsorption on the three formulations, we
incubated LNPs with 55% exosome-free serum in PBS at 37°C to recapitulate physiological
protein concentrations in blood,** and measured their size and zeta potential at 1, 2, 4, and 8
hours. The formation of a protein corona on PEGylated and non-PEGylated nanoparticles
exposed to serum is well-studied, with PEGylated nanoparticles typically adsorbing less proteins
due to the steric hindrance of the PEG layer.?>>-2%" Over the incubation period, we observed that
all LNP formulations increase in size, culminating in a 10-15 nm increase at 8 hours, suggesting
the formation of a protein corona (Figure 2.1e). We also observed a slight negative shift in zeta
potential forall 3 formulations at 8 hours (Figure 2.1f), consistent with the abundance of negatively
charged serum proteins.?*® Increases in size up to 30 nm and negative shifts in zeta potential
have been previously observed after protein corona formation on PEGylated liposomes after
incubation in serum.?®

Next,we measured the in vitro transfection activity of the LNP formulations. We formulated
LNPs with mRNA encoding firefly luciferase (fLuc-mRNA) and transfected 293T cells in media
supplemented with serum (Figure 2.1g). When cells were measured for luciferase activity at 24
hours, we observed that all formulations had measurable dose-dependent transfection efficiency.
LNP formulations with the least amount of DSPE-PEG content demonstrated more luciferase
expression at all tested doses, consistent with previous reports.?6-262 Prior studies have
established the fast desorption kinetics of short C14 anchor PEG-lipids in the presence of plasma
proteins, which reduces the steric barrier and allows LNPs to interact with the cell.237:239.263
2.3.2: PEG-Ilipid Anchor Length Impacts LNP Pharmacokinetics after Systemic Administration in

a Mouse Model of TBI
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Figure 2.2: Pharmacokinetics of sSiRNA LNPs in amouse model of TBlas afunction of PEG-
lipid composition. (a) Schematic of experiment. Blood half-lives of SIRNA-LNPs as measured
by fluorescently labeled (b) siRNA and (c) DSPE-PEG. Representative whole organ fluorescent
surface images and their quantification measured by labeled (d, e) sSiRNA and (f, g) DSPE-PEG.
Brains were analyzed by integrating signal from the injured vs. uninjured contralateral
hemispheres. LNP organ accumulation is compared with a one-way ANOVA with Tukey’s post-
test within each organ type (Mean + S.E.M., n=3, *p<0.05, **p<0.01).

Due to the complex interactions of nanoparticles on the whole organism level, in vivo
activity is difficult to predict with in vitro measurements.?®* Therefore, in subsequent studies
formulations were evaluated in vivo. Having confirmed that LNPs formulated with varying ratios
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of DMG-PEG:DSPE-PEG had similar physicochemical properties (Figure 2.1), we next evaluated
their pharmacokinetics after systemic administration in a mouse model of TBI. LNPs were
formulated with Dy677-labeled siRNA and Cy7-labeled DSPE-PEG to monitor the distribution of
both siRNA cargo and PEG-Ilipid. All three LNP formulations included 0.1 mol% Cy7-labeled
DSPE-PEG to minimize the influence of dye molecules on the physicochemical properties of the
LNPs. Controlled corticalimpact (CCl) is awell-studied and reproducible model of TBI that causes
transient BBB permeability due to vascular damage in the injured tissue.?'6217.265 Mice were
injured on the right hemisphere of the brain with a CCI and 0.75 mg/kg of sSiRNA LNPs were
administered via the tail-vein 1 hour post-injury (Figure 2.2a). The passive accumulation of
nanoparticles into the injured brain after systemic administration 1-6 hours post-injury has
previously be established for a variety of nanoparticle types.*#22022526¢ Blood signal over 4 hours
and organ biodistribution at 4 hours were measured by fluorescence of sSiRNA cargo and the Cy7-
labeled DSPE-PEG (Figure 2.2a).

Composition of PEG-lipid anchor lengths affected the blood half-lives of LNPs when
measured both by siRNA (Figure 2.2b) and the PEG-lipid (Figure 2.2c). LNPs formulated with
high proportions of DSPE-PEG had longer blood half-lives, consistent with previous literature that
reported that longer anchor PEG-lipids increase the circulation time of LNPs after intravenous
administration.?41.245.267.268 The blood half-lives of LNPs measured by the fluorescence of the PEG-
lipid (Figure 2.2c) are extended compared to the blood half-lives measured by the fluorescence
of the siRNA (Figure 2.2b). Mui et al. also observed longer blood half-lives of LNPs when
measured by radiolabeled PEG-lipids compared to MC3.24! The longer blood half-lives calculated
from measuring labeled PEG-lipid over cargo is likely due to the association of PEG-lipids with
lipid rich and/or hydrophobic domains on extracellular vesicles, apolipoproteins, and albumin,
leading to a perceived extended blood circulation.?3¢

Organ biodistribution of both siRNA (Figure 2.2d,e) and PEG-lipid (Figure 2.2f,g) were

evaluated by quantifying the fluorescenceintensity of the organs in surface scans. Relative signal
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between labeled siRNA and DSPE-PEG werelargely consistent across organs. We observed that
LNPs accumulate in the injured hemisphere of the brain ~10-fold over the uninjured contralateral
hemisphere (Figure 2.2e,9), similar to what has been observed with the passive accumulation of
other nanomaterials in the injured brain tissue after TBI due to the dysregulation of the BBB.*4220-
222 | NPs formulated with more DSPE-PEG demonstrate slightly greater accumulation in the
injured brain hemisphere (Figure 2.2e,9), likely due to the longer blood half-lives of these LNP
formulations (Figure 2.2b,c). Previous research has observed increased tumor??7:234269 gnd
injured brain??> passive accumulation with polymeric, metallic, and lipid-based nanomaterials that
have longer blood half-lives. We also observe greater LNP accumulation in the contralateral brain
hemisphere and heart when they are formulated with more DSPE-PEG, likely also due to their
longer blood half-lives, although these organs have the least overall accumulation compared to
other organs. Lee et al. has established that PEGylated liposomes have longer blood half-lives
and greater heart accumulation compared to conventional liposomes after intravenous
administration,?”® supporting our observation of increased accumulation in the heart when mice
were treated with LNPs with more DSPE-PEG. In line with our previous work studying the
pharmacokinetics of various nanomaterials after intravenous administration in a mouse model of
TBI,2%5271.272 the RES organs have greater overall LNP accumulation than the injured brain.
However, there are no notable differencesin accumulation between the formulations evaluated.
The similarity in LNP organ distribution when measured by labeled siRNA or DSPE-PEG is likely
due to the relatively slow desorption of DSPE-PEG from the LNP (0.2% desorbed per hour),?4
indicating that the accumulation of the labeled PEG-lipid in organs can be used as a proxy for

intact LNPs.
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Figure 2.3: Pharmacokinetics of mRNA LNPs in a mouse model of TBI as a function of
PEG-lipid composition. a) Blood half-lives and b) organ biodistribution of LNPs by Cy7-labeled
DSPE-PEG.LNP organ accumulation is comparedwith a one-way ANOVA with Tukey’s post-test
within each organ type (Mean + S.E.M., n=3, *p<0.05, ***p<0.001, ****p<0.0001).

Next, we determined how the pharmacokinetic profiles of LNPs changed when formulated
with mRNA cargo. siRNA and mRNA LNPs were formulated with N/P ratios of 3 and 5.6,
respectively, which were chosen based on the N/P ratios of the sSiRNA LNP therapeutic patisiran
(N/P 3) and the mRNA LNP COVID vaccines (N/P 5.6).247:273:274 Similar to the siRNA LNPs, the
MRNA LNPs were formulated with 0.1 mol% Cy7-labeled DSPE-PEG and LNP signal was
measured in blood and organs using fluorescence. After intravenous administration (0.5 mg/kg)
in a mouse model of TBI, we observed that mMRNA LNP circulation times were longer with higher
proportions of DSPE-PEG in the formulation (Figure 2.3a). Overall, nRNA LNPs exhibited shorter
blood half-lives than siRNA LNPs (Figure 2.2c), like due to the higher N/P ratio of mRNA LNPs.
Positively charged nanoparticles are known to have shorter blood half-lives.??”231.275 Previous
research has also demonstrated that N/P ratios impact LNP biodistribution, with lower N/P ratios
leading to greater spleen accumulation and higher N/P ratios leading to greater lung
accumulation.?’® We observed that the content of DSPE-PEG had more impact on mRNA LNP
than siRNA LNP accumulation; modest differenceswere observed in the liver, kidney, and spleen

(Figure 2.3b, S2.2). In the liver and kidney, the LNP formulations with less DSPE-PEG

demonstrate greater accumulation, consistent with previous studies that observed higher liver
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accumulation in formulations with short anchor PEG-lipids.?*24> However, LNP accumulation in
the spleen increases when formulations have more DSPE-PEG. In previous studies, PEGylation
of nanoparticles has been shown to reduce uptake by the phagocytic Kupffer cells of the liver,24?
leaving a larger blood pool of nanoparticles that are available to accumulate in the spleen.?’” We
similarly observed LNPs increased spleen accumulation concomitant with decreased liver
accumulation.

2.3.3: PEG-lipid Anchor Length Influences mRNA LNP Activity after Systemic Administration in a

Mouse Model of TBI
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Figure 2.4: Transgene expression of MRNA LNPs in amouse model of TBl as a function of
PEG-lipid composition. Luciferase activity in organ homogenates normalized by total protein
content after the injection of fLuc-mRNA LNPsat 4 (a) and 24 (b) hours post-injection. Luciferase
expression in organ homogenate is compared with a one-way ANOVA with Tukey’s post-test
within each organ type (Mean = S.E.M., n=6, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). (c)
Fold change in RFU/mg protein from 4 to 24 hours (normalized by the average of each organ at
4 hours) for 0.1%, 0.5%, and 1.0% DSPE-PEG LNPs (Mean = S.E.M., n=6).
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After determining how PEG-lipid anchor length affects mMRNA LNP pharmacokineticsin a
mouse model of TBI, we evaluated LNP activity. To do so, we used LNPs formulated with mRNA
encoding firefly luciferase. We intravenously administered LNPs at 0.5 mg/kg 1 hour post-CClI
and quantified the expression of luciferase at 4 and 24 hours post-administration by measuring
luciferase activity in homogenized organs. LNPs mediated higher transfection efficiency in the
injured brain hemisphere compared to the uninjured contralateral brain hemisphere (Figure
2.4a,b). Larger relative differencesin transfection efficiency ininjured vs. contralateral brain tissue
were observed when LNPs were formulated with lower amounts of DSPE-PEG at both time
points. In off-target organs, we observed a significant decrease in transfection efficiency in the
heart, lung, liver, and spleen at 4 hours as DSPE-PEG content increased (Figure 2.4a).
Transfection efficiency of LNPs in off-target organs differed from accumulation at 4 hours (Figure
2.3b); the heart and spleen had increased LNP accumulation as DSPE-PEG content increased,
but transfection efficiency decreased. This may be due to the decreased cellular interaction of
LNPs with more DSPE-PEG atthe cellular level, which we observed in the transfection of cultured
293T cells (Figure 2.1g). Muiet al. previously established that the in vivo desorption rates of DMG-
PEG and DSPE-PEG were 45% and 0.2% per hour respectively,?*! suggesting that the DMG-
PEG is largely desorbed from LNPs while the majority of DSPE-PEG is still associated with LNPs
4 hours post-administration.

Luciferase expression could still be detected 24 hours post-administration (Figure 2.4b).
Comparing the expression changes from 4 to 24 hours, we observe that luciferase expression
levels in the injured brain hemisphere remain constant or increase, in contrast to the rapid loss of
expression in the liver, kidney, and spleen (Figure 2.4c). Loss of expression over time in off-target
organs is the most dramatic for formulations made with the lowest proportion of DSPE-PEG.
Similar reductions in RES organ expression have previously been observed after the systemic
administration of LNPs. Pardi et al. observed a faster reduction in liver expression over 24 hours
compared to other organs and determined that the translation half-life of mMRNA was 6.8 hours
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after LNP intravenous administration, postulating that the liver turns over LNPs and/or mRNA
more rapidly than other organs.?’® In mammalian cells, luciferase is known to have a short half-
life of 2-3 hours,?7928% 5o the expression of luciferase at 4 and 24 hours is expected to be due to
active translation of mRNA from LNPs. Importantly, expression in the injured brain hemisphere
has the least signal attenuation from 4 to 24 hours, indicating that LNPs could achieve greater
expression duration in the brain compared to off-target organs. Tissue-dependent differencesin
translation half-lives after LNP administration have been demonstrated previously.?8!
Interestingly, duration of expression between 4 and 24 hours improved with increasing proportions
of DSPE-PEG in the LNP formulation (Figure 2.4c).

2.3.4: PEG-lipid Anchor Length Affects mRNA LNP Distribution after Convection Enhanced

Delivery in a Healthy Brain
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Figure 2.5: Analysis of mMRNA LNP distribution and cell uptake after convection enhanced
delivery. (a) Schematic of CED experiment and serial histological analysis. (b) Distribution of
Cy5-labeled mRNA LNPs after CED administration in brain sections 0, 0.5, and 1 mm away from
the injection site. Each hemisphere is an overlay of three injections. Scale = 1 mm. (c)
Colocalization of Cy5-labeled mRNA LNPs after CED administration with neurons (NeuN),
microglia (Ibal), and astrocytes (GFAP) in brain sections 0.5 mm away from the injection site.
Scale =50 pym.

Once systemically administered LNPs enter the brain across injured vasculature, they
must diffuse through the tissue to transfect cells relevant to injury repair. To determine how PEG-
lipid anchor length affects the diffusion and cellular interactions of LNPs in the brain
microenvironment, we injected Cy5-labeled mRNA LNP formulations to the striatum of a healthy

brain via convection enhanced delivery (CED) and imaged LNP distribution and cell association
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in coronal brain slices collected at 0, 0.5, and 1 mm away from the injection site (Figure 2.5a). In
tiled images, we detected LNPs at least 1 mm away from the injection site on the anterior-posterior
axis and 1-1.5 mm away on the lateral axis (Figure 2.5b). In higher magnificationimages of brain
slices 0.5 mm away from the injection site stained with cell type markers, we observed that all
LNP formulations appeared to associate more with neurons and microglia than astrocytes (Figure
2.5¢c, S2.3). Consistent with our observations, Rungta et al. found that sSiRNA LNPs formulated
with 1.5 mol% DMG-PEG associated robustly with neurons.?®? We also observed that LNPs
formulated with 0.5 and 1.0 mol% DSPE-PEG distributed away from the injection site more
robustly compared to 0.1% DSPE-PEG LNPs (Figure 2.5b). Consistent with our observation,
Nance et al. previously established that model polystyrene nanoparticles with a dense surface
modification of PEG can diffuse through the brain extracellular matrix more rapidly than
unmodified polystyrene nanoparticles due to their neutral and non-interactive surface.?®® Previous
work has shown that multiple properties impact nanoparticle diffusion in brain tissue, including
surface chemistry.156.225
2.4: CONCLUSION

LNPs are a promising platform for non-viral gene therapy to treat TBIl. Systemicaly
administered LNPs offer a minimally invasive administration route for gene therapy in the injured
brain tissue. Gene therapy could address pathogenic transcriptional pathways during secondary
injury, such as dampening the production of pro-inflammatory cytokines?34285 and reactive oxygen
species,?® or provide regenerative cues, such as the production of neuroprotective/neurotrophic
growth factors.?6-2% Although LNP formulations have been established for delivery to the liver
after systemic administration,?*® LNP design has yet to be explored for delivery in the context of
the injured brain. In this study, we observed that LNPs demonstrated greater accumulation and
mediated greater transgene expression in the injured brain hemisphere compared to the
contralateral uninjured brain hemisphere, indicating that LNPs can passively accumulate into
injured brain tissue by exploiting the temporary permeability of the BBB created by the injury. We
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engineered LNPs with different compositions of DSPE(C18)-PEG and DMG(C14)-PEG and
demonstrated that increasing the content of long anchor PEG-lipid extended circulation time after
intravenous administration in a mouse model of TBI. Importantly, mMRNA expression in injured
brain tissue remained constant or increased when measured between 4 and 24 hours after
administration, while off-target RES organ expression decreased ~10-fold, indicating that gene
expression mediated by LNPs have greater duration in the brain compared to off-target organs.
This effect was further pronounced with increasing content of DSPE-PEG in the formulation. Our
work suggests that PEG-lipid anchor length is an important design parameter for LNPs and can
be used to tune the pharmacokinetics and activity of LNPs in a mouse model of TBI. In future
work, we plan to evaluate the levels and duration of expression that can be achieved for
therapeutic proteins for the preservation and/or regeneration of brain tissue after injury.
2.5: MATERIALS AND METHODS
2.5.1: Lipid nanoparticle formulation and characterization
(62,92,287,31Z)-heptatriaconta-6,9,28,31-tetraen-19-yl-4-(dimethylamino) butanoate
(DLin-MC3-DMA) was purchased from BioFine International Inc. 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-
PEG-2000), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] (ammonium salt) (DSPE-PEG-2000), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[amino(polyethylene glycol)-2000]-N-(Cyanine 7) (DSPE PEG(2000)-N-Cy7) and cholesterol
were purchased from Avanti Polar Lipids. mRNA LNPs were formulated with DLin-MC3-
DMA:cholesterol:DSPC:PEG-lipid at a mole ratio of 50:38.5:10:1.5 and a lipid to RNA N/P of 5.6
(weight ratio of 20.7). sSiRNA LNPs were similarly formulated, with a lipid to RNA N/P of 3 (weight
ratio of 11). To prepare LNPs, lipids in ethanol and oligonucleotides in 25 mM acetate buffer, pH
4.0 were combined at a flow rate of 1:3 in a PDMS staggered herringbone mixer.%*% Mixer
channels were 200 by 100 ym, with herringbone structures 30 pym high and 50 ym wide.
Immediately after formulation, 3-fold volume of PBS was added and LNPs were purified in 100
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kDa MWCO centrifugal filters to less than 0.5% ethanol and sterile filtered. LNPs were stored in
PBS at 4°C for up to 2 weeks or cryoprotected in 20 mM Tris with 10% sucrose (pH 7.4) and
stored at -80°C for up to 1 month before use. Cryoprotectant bufferwas exchanged into PBS after
storage at -80 °C. LNP hydrodynamic diameter, polydispersity index, and zeta potential were
measured by dynamic light scattering (Malvern NanoZS Zetasizer) in PBS and after incubation in
55% exosome free NCS in PBS at 37°C. The RNA content and percent encapsulation were
measured with and without Triton X-100 using a Quant-it RiboGreen RNA Assay (Invitrogen)
according to the manufacturer’s protocol.
2.5.2: Lipid nanoparticle activity in 293T cell culture

203T cells (ATCC) were cultured in Dulbecco’s Modified Eagle’s Medium (Corning)
supplemented with 10% fetal bovine serum and 2 mM GlutaMAX (Thermo Fisher Scientific) and
plated at 25,000 cells/cm?in 96 well plates treated with 0.05 mg/mL poly-D-lysine overnight. Cells
were cultured to 30-50% confluency before use in experiments. LNPs formulated with fLuc-mRNA
at 1, 0.1, and 0.01 pg/mL were added to 293T cell culture through a media change and cultured
for an additional 24 hours. fLuc-mRNA LNP treated cultures were lysed in Cell Lysis Reporter
Reagent (Promega) and luciferase expression was quantified with the Luciferase Assay System
(Promega).
2.5.3: Controlled cortical impact model of TBI

All animal experiments were approved by the University of California, San Diego
Institutional Animal Care and Use Committee (IACUC). 8-week-old C57BL/6J female mice
(Jackson Labs) were used in these experiments. Micewere put in a stereotaxic frame under 2.5%
isoflurane anesthesia. A 5 mm diameter craniotomy was performed over the right cortex midway
between lambda and bregma. The right cortex was injured with a 2 mm diameter stainless steel
piston tip at a depth of 2 mm and a rate of 3 m/s using an ImpactOne (Leica Biosystems).

2.5.4: Pharmacokinetics of LNPs after systemic administration in a mouse model of TBI
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One hour post-CCl, 0.75 mg/kg sSiRNA LNPs or 0.5 mg/kg mRNA LNPs were injected via
the tail-vein and allowed to circulate for 4 hours. Blood was collected from the tail at 0, 5, 10, 15,
30, 60, 90, 120, and 240 minutes for blood half-life analysis. Four hours post-administration, mice
were perfused with fixative and organs were harvested for imaging analysis. Fluorescent signals
from Dy677-labeled siRNA and Cy7-labeled DSPE-PEG in the blood and organ samples were
imaged with a LiCor Odyssey fluorescence scanner and quantified in ImageJ. Injured and
contralateral brain signal were determined by integrating signal over the right and left brain
hemispheres, respectively.
2.5.5: Expression of LNPs after systemic administration in a mouse model of TBI

One hour post-CCl, 0.5 mg/kg fLuc-mRNA LNPs were injected via the tail-vein and
allowed to circulate for4 hours or 24 hours. Organs were harvested at each experimental endpoint
and the brain was separated into the injured hemisphere, contralateral hemisphere, and
hindbrain. Organ tissue was lysed through 3 freeze/thaw cycles and homogenized with a Tissue-
Tearor handheld homogenizer (BioSpec) in Reporter Lysis Buffer (Promega) until homogenous.
Supernatants of homogenates were measured with a Luciferase Assay System (Promega)
following manufacturer protocols. Protein content of supernatants was determined with a BCA
assay following standard protocols.
2.5.6: Diffusion of LNPs through the healthy brain after CED administration

8-week-old female C57BL/6J mice (Jackson Labs) were secured in a stereotaxic frame
under 2.5% isoflurane anesthesia. A 24-gauge needle was inserted through a 0.5 mm hole at a
depth of 3 mm, 0.5 mm rostral and 1.75 mm right of bregma, and allowed to equilibrate for 1
minute. 1 ug of Cy5-labeled MRNA LNPs in 3.5 uL of PBS was injected at 0.5 pyL/minute. The
needle was left for 1 minute after injection to reduce backflow. 24 hours after injection, mice were
perfused in 4% paraformaldehyde in PBS and brains were harvested for analysis by histology.

2.5.7: Histology
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Triplicate 10 um thick brain sections 0, 0.5, and 1 mm away from the needle tract were
counterstained with Hoechst using standard protocols. Additional sections 0.5 mm from the
needle tract were stained with mouse anti-NeuN (1:800, Millipore MAB377), rabbit anti-lbal
(1:500, Wako 019-19741), and chicken anti-GFAP (1:500, Abcam ab4674) using standard
protocols. Fluorescent images were obtained on a Nikon Eclipse Ti2 (Nikon Instruments Inc.).

2.5.8: Statistical Analysis

Statistical analysis was performed on GraphPad Prism 8 software, version 9.1.2. LNP
accumulation and activity was analyzed by a one-way ANOVA with Tukey’s post-test within each
organ p<0.05.
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Supplemental Figure 2.1: Average size and polydispersity of nucleic acid LNPs with
varying PEG-lipid compositions. DLS analysis of (a) Z-average size and (b) polydispersity
(PdI) of LNP formulations used in the studies (n=2).
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Supplemental Figure 2.2: Fluorescent surface scans of mRNA LNPs formulated with Cy7-
labeled PEG-DSPE. Surface organ scan of representative organs of mRNA LNPs formulated
with Cy7-labeled PEG-DSPE 4 hours post-administration in a mouse model of TBI. Triplicate
scans are quantified in Figure 2.3.
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Supplemental Figure 2.3: Cell colocalization of mMRNA LNPs after convection enhanced
delivery. Colocalization of 0.1% and 0.5% DSPE-PEG mRNA LNPs formulated with labeled
MRNA (red) with (a) microglia (Ibal) and (b) astrocytes (GFAP). Scale bar = 50 pm.
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CHAPTER 3: Pharmacokinetic Analysis of Peptide-Modified Nanoparticles with Engineered

Physicochemical Properties in a Mouse Model of Traumatic Brain Injury

3.1: ABSTRACT

Peptides are used to control the pharmacokinetic profiles of nanoparticles due to their
ability to influence tissue accumulation and cellular interactions. However, beyond the study of
specific peptides, there is a lack of understanding in how peptide physicochemical properties
affectnanoparticle pharmacokinetics, particularly in the context of traumatic brain injury (TBI). We
engineered nanoparticle surfaces with peptides that possess a range of physicochemical
properties and evaluated their distribution after two routes of administration; direct injection into a
healthy mouse brain and systemic delivery in a mouse model of TBI. In both administration routes,
we found that peptide-modified nanoparticle pharmacokinetics were influenced by the charge
characteristics of the peptide. When peptide-modified nanoparticles are delivered directly into the
brain, nanoparticles modified with positively charged peptides displayed restricted distribution
from the injection site compared to nanoparticles modified with neutral, zwitterionic, or negatively
charged peptides. After intravenous administration in a TBlI mouse model, positively charged
peptide-modified nanoparticles accumulated more in off-target organs, including the heart, lung,
and kidneys, than zwitterionic, neutral, or negatively charged peptide-modified nanopatrticles. The
increase in off-target organ accumulation of positively charged peptide-modified nanoparticles
was concomitant with a relative decrease in accumulation in the injured brain compared to
zwitterionic, neutral, or negatively charged peptide-modified nanoparticles. Understanding how
nanoparticle pharmacokinetics are influenced by the physicochemical properties of peptides
presented on the nanoparticle surface is relevant to the development of nanoparticle-based TBI
therapeutics and broadly applicable to nanotherapeutic design, including synthetic nanoparticles

and viruses.
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3.2: INTRODUCTION

Traumatic brain injury (TBI) affectsmore than 50 million people each year,?! yet there are
currently no treatments for TBI that support long-term brain health.2922% While the development
of intravenously-delivered therapeutics for the treatment of TBI is desirable for their ease of use,
their clinical translation has been challenged by the poor pharmacokinetic profiles of TBI drugs,
including limited bioavailability in the brain.?°0:2022%4 Nanoparticle-based therapeutic systems are
an attractive strategy for the delivery of drugs because as platform technologies, they have the
potential to display pharmacokinetic profiles independent of their drug cargos. This independence
is achieved through sequestering drug cargo in the core of the nanoparticle while controlling
surface properties. Peptides are a promising class of molecules used to control nanoparticle
surface properties and influence nanoparticle interactions with cells and tissues due to their
biological activity and relatively small molecular size. Recent improvements in their good
manufacturing practice (GMP) manufacture and chemistry to achieve long-term stability have
made them tractable candidates for clinical translation.?%>2%

In the context of TBI, peptide-mediated active targeting has been used to increase tissue-
and cell type-specific accumulation and retention. A clinical hallmark of TBI is damage to the
vasculature, allowing for nanoparticle access to the injured brain tissue through passive
accumulation across the dysregulated blood brain barrier (BBB).11%2222%7 Bharadwaj et al.
investigated size-dependent passive accumulation of PEG-modified polystyrene nanoparticles
20, 40, 100, and 500 nm in diameter after systemic administration in a controlled cortical impact
(CCI) model and observed a significant decrease in nanoparticle accumulation when diameters
were greater than 100 nm.??° Furthermore, nanoparticles can also be actively targeted to specific
cell types or structures in the brain. For example, modification of nanoparticles with the rabies
virus-derived peptide RVG?2%8:2% |eads to neuronal tropism, as has been demonstrated for siRNA
nanocomplexes and porous silicon nanoparticles delivered in mouse models of TBJ.113:300.301
Nanoparticle platforms engineered with CAQK, a targeting peptide that binds to upregulated
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extracellular matrix components in the injured brain, improve delivery efficacy of SiRNA and
neuroprotective drug cargos to the site of injury after systemic administration.?®”:32 While the
pharmacokinetics of targeted nanomaterials are often compared with control materials made with
biologically-inert, scrambled peptide sequences that share the same amino acid residues, and
thus physicochemical properties,?”2%¢ beyond the study of these pairs or small groups of
peptides, there is a gap in understanding how the physicochemical properties of peptides
influence nanopatrticle pharmacokinetics and accumulation in the injured brain after TBI.
Modifications of the engineered nanoparticle surface with polymers, proteins, and
targeting moieties canimpart different physicochemical properties onto the nanoparticle, such as
charge and hydrophobicity, which in turn changes pharmacokinetics such as biodistribution and
cell-specific interactions.®®® Recent efforts have been made to understand how the
physicochemical properties of nanoparticles dictate biological interactions in the body, including
the brain. In an evaluation of how engineered polymer surface properties changed nanoparticle
tropism in brain cancer, Song et al. observed that nanoparticle surfaces with bio-adhesive
aldehydes associated more readily with tumor cells and activated glial cells than nanoparticle
surfaces with hydroxyl groups, indicating that nanoparticle surface chemistries influence their
cellular interactions in the brain microenvironment.>** In a systematic study of the effects of
physicochemical properties in nanotherapeutic vaccine development, Yamankurt et. al. created a
large library of ~1,000 spherical nucleic acid (SNA) nanostructures and determined that lipid core
and antigen compositions with differing charges changed the efficacy of antigen release from the
core nanoparticle and subsequent immune activation, demonstrating that charged components
of nanoparticle therapeutics can affect their interactions with complex biological systems.3%
Biodistribution and passive tumor accumulation of micelles modified with anionic aspartic acid or
cationic lysine residues mediated by the enhanced permeation and retention (EPR) effect were
affected by nanoparticle charge in a mouse model of ovarian cancer.??® Passive nanoparticle
accumulation into the brain after TBI via the dysregulated BBB post-injury has been compared to
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the EPR effect in solid tumors,?%2:223.:297.3%6 gyggesting that the physicochemical properties of
peptide-modified nanoparticles may also affect nanoparticle passive accumulation in the injured
brain after TBI. To our knowledge, there has not yet been a systematic study of how the
physicochemical properties of peptides displayed on nanoparticle surfaces affect the
pharmacokinetics of nanoparticles in a mouse model of TBI.

In the presented work, we study how the physicochemical properties of peptide-modified
nanoparticles contribute to their biodistribution in vivo. When nanoparticle surfaces were
functionalized with PEG and reacted with peptides that display a range of physicochemical
properties, we observed that nanoparticle surfaces adopted the physicochemical properties of the
peptides. In order to evaluate the pharmacokinetics of these peptide-modified nanoparticles,
material was directly injected into the healthy brain via convection enhanced delivery (CED) or
injected intravenously in a mouse model of TBI. We observed that the biodistributions of peptide-
modified nanoparticles were influenced by peptide charge in both tested models. Nanoparticles
modified with basic peptides had restricted distributions in the brain after CED when compared
with nanoparticles modified with acidic, zwitterionic, or neutral peptides. After systemic
administration in a mouse model of TBI, nanoparticles modified with basic peptides had elevated
off-target organ accumulation and short blood half-lives leading to a relative decrease in brain
accumulation. Comparatively, nanoparticles modified with acidic, zwitterionic, or neutral peptides
demonstrated increased blood residence and increases in relative accumulation in injured vs.
uninjured brain tissue after systemic administration. Our results suggest that peptide
physicochemical properties, such as charge and hydrophobicity, should be considered when
engineering therapeutic nanoparticles with peptide modified surfaces. Peptides are promising
tools to impart biological function onto nanoparticle therapeutics (e.g. targeting ligands, antigens
for vaccines, receptor agonists) and furthering our understanding of how their physicochemical
properties contribute to their biological interactions can broadly inform the design of nanoparticle-
based therapeutics for pathologies such as TBI.
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3.3: MATERIALS AND METHODS
3.3.1: Nanoparticle Surface Engineering and Characterization

Aminated 100 nm red or magenta fluorescent polystyrene nanoparticles (Magsphere, Inc.)
were reacted with an excess of 5 kDa NHS-PEG-maleimide:NHS-PEG-methoxy (Laysan Bio,
Inc.) at molar ratios 0:1, 1:10, 1:4, 1:1, and 1:0 in PBS at ~80,000 total PEG per nanoparticle for
30 minutes. PEG-modified nanoparticles were immediately purified with a Zeba Spin Desalting
Column™ (Thermo Scientific ™) with a 40 kDa size cut-off and reacted with cysteine-containing
peptides (LifeTein, LLC) for 2-3 hours before being purified of excess peptide. FAM-labeled
peptide was used for absolute quantification of peptide modification. Nanopatrticles used in in vivo
experiments were additionally reacted with a near-infrared reporter VivoTag-750® (VT-750®)
(PerkinElmer) before PEG modification. Purified nanoparticles were stored at 4 °C until use.

Hydrodynamic diameters and zeta potentials were measured with a Zetasizer Nano ZS
(Malvern Panalytical) in phosphate buffered saline (PBS) or after a 30-minute incubation at 37°C
in 10% exosome-free newborn calf serum (NCS) in PBS. Exosomes were removed using a 100
kDa MWCO centrifugal filter (Microcon). Zeta potential was measured using the diffusion barrier
method 3. Nanoparticle and peptide concentrations were determined via
absorbance/fluorescence compared to known nanoparticle and peptide standards using a Spark
Multimode Microplate Reader (Tecan Trading AG, Switzerland).

Surface charge was also evaluated with a Rose Bengal gel shift assay. Equi-volumes of
0.25 mg/mL Rose Bengal dye and 1 mg/mL nanoparticles were incubated in PBS at room
temperature for 1 hour. For serum conditions, nanoparticles were incubated in 10% NCS in PBS
prior to the addition of dye. Samples were run on a 2.5% agarose gel to analyze free Rose Bengal
dye that did not adsorb to the nanoparticle surface. Gels were imaged on a BioRad scanner and
densitometric analysis of the gels was done in ImageJ.

3.3.2: Convection Enhanced Delivery of Peptide-modified Nanoparticles
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All animal experiments were approved by the University of California, San Diego
Institutional Animal Care and Use Committee (IACUC). 8-week-old female C57BL/6J mice
(Jackson Labs) were secured in a stereotaxic frame under 2.5% isoflurane anesthesia and a 0.5
mm hole was drilled 0.5 mmrostral and 1.75 mm right of bregma. A 24-gauge needle was inserted
through the hole at a depth of 3 mm and allowed to equilibrate for 30 seconds. Mice were
randomly assigned to 8 groups (n=3) and 0.25 mgof peptide-modified nanoparticles were injected
in 5 yL of PBS at 0.5 yL/minute and allowed to equilibrate for 30 seconds before removal of the
needle. Brains were harvested after perfusion with fixative 6 hours post-injection to allow time for
nanoparticle transport and cellular association. Cellular accumulation of polymeric nanoparticles
administered via CED has been previously shown to increase between 4 hours and 24 hours.3%
3.3.3: Immunohistochemistry and Fluorescence Imaging

Brains were equilibrated in 30% w/v sucrose overnight and frozen in OCT (Tissue-Tek).
10 ym thick frozen coronal sections were taken at the site of injection and 0.5 mm and 1 mm
rostral from the needle tract. Sections were counterstained with Hoechst and tiled images were
acquired on a Nikon Eclipse Ti2 (Nikon Instruments Inc.). Nanoparticle fluorescence was
thresholded to correct for background fluorescence with ImageJ and a map of the signal from the
three replicates was overlaid and the total area quantified for each replicate.

3.3.4: Blood Clearance and Biodistribution in a Mouse Controlled Cortical Impact Model
8-week-old female C57BL/6J mice (Jackson Labs) were secured in a stereotaxic frame
under 2.5% isoflurane anesthesia and a 5 mm diameter craniotomy was performed 2.0 mm caudal
and 2.0 mm right of bregma. Controlled cortical impact (CCI) was performed with a2 mm diameter
stainless steel piston tip at 3 m/s to a depth of 2 mm using an ImpactOne (Leica Biosystems).
Mice were randomly assigned to 8 groups (n=5 for biodistribution studies, n=3 for blood half-life
studies) and 40 mg/kg of control or peptide-modified nanoparticles were delivered via a tail-vein
injection 6 hours after injury. Control animals were injured and received PBS. Blood was collected
from the tail-vein at 0, 5, 10, 15, 30, and 60 minutes after injection in 10 yL heparinized tubes
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(Drummond™). Organs were collected after perfusion with PBS 1 hour post-injection to study
nanoparticle accumulation in organs after intravenous administration. Previous studies have
established organ accumulation of nanoparticles 1 hour after systemic administration in TBI
models.?20:308
3.3.5: Blood and Tissue Analysis

Tissues were homogenized at 150-250 mgtissue per mL of Laemmli buffer with 2700 mM
dithiothreitol (DTT) and 2 mM ethylenediaminetetraacetic acid (EDTA) with a Tissue-Tearor
handheld homogenizer (BioSpec) and heated to 90°C for 10 minutes. Peptide-modified
nanoparticle concentrations in tissue homogenate and blood samples were guantified based on
fluorescence of VT-750® comparedto known nanoparticle concentrations using a Li-Cor Odyssey
(Li-Cor Biosciences). Whole tissues were scanned for surface fluorescence before being
processed for tissue homogenization.
3.6.6: Statistical analysis

Statistical analysis was performed on GraphPad Prism 9.1.2 software. Biodistribution of
nanoparticles in each individual organ group was analyzed by one-way ANOVA with Bonferroni
post-test.
3.4. RESULTS
3.4.1: Synthesis of Peptide-modified Nanoparticles

Fluorescent polystyrene nanoparticles with aminated surfaces were used as a model
nanoparticle for peptide modification based on ease of modification and fluorescence to allow for
guantitative measurements of nanoparticle concentrations. Nanoparticles with 100 nm diameters
were chosen based on previous studies that demonstrate nanoparticle accumulation in brain
tissue after intravenous delivery in TBI animal models?19220.222 gnd the similarity in size to existing
FDA-approved therapeutics, such as Doxil® and ONPATTRO®.2°7:3%° The aminated surfaces of
the nanoparticle were fully reacted with an excess of 5 kDa NHS-PEG; PEG is a polymer used in
many nanoparticle applications, including Doxil® and ONPATTRO®.%"31° The number of
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peptides per nanoparticle was quantified by synthesizing nanoparticles with various feed ratios of
methoxy- to maleimide-terminated PEG followed by a reaction with a cysteine-bearing,
fluorescein-labeled peptide to the distal end of the maleimide-terminated PEG (Figure 3.1a).
Absolute numbers of peptide modified to the nanoparticle surface were quantified by measuring
the absorbance of fluorescein from resulting nanoparticles comparedto peptide standards (Figure
3.1b). We observed a linear correlation between increasing proportion of maleimide-terminated
PEG and number of peptides (r?=0.96). We calculated that the resulting nanoparticles had a high
PEG grafting density of 1.1 PEG/nm?and ~18,000 peptides per nanoparticle when 50% of PEG
chains were peptide-modified. In order to create peptide-modified nanoparticles that represent a
range of physicochemical properties, the following peptide sequences were conjugated to 50%
peptide-modified nanoparticles and used for subsequent studies: RRRRRRRRR (R9),
KKKKKKKKK (K9), EEEEEEEEE (E9), EKEKEKEKE (EK4E), GGSGGSGGS (GGS3), and
GGLGGLGGL (GGL3) (Figure 3.1c). Charge and hydrophobicity are physicochemical properties
that influence pharmacokinetics and interactions with cell types and can be considered as

universal design parameters when engineering therapeutic nanomaterials.
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Figure 3.1: Synthesis of peptide-modified nanoparticles. (a) Schematic of nanoparticle
synthesis. Aminated nanopatrticles were reacted with feed ratios of NHS-PEG and NHS-PEG-
maleimide to form PEG-modified nanoparticle surfaces. Linear peptides with N-terminal cysteines
were conjugated to the maleimide-terminated PEG. (b) Quantification of the number of peptides
conjugated to nanoparticle surfaces with 0-100% maleimide-terminated PEG (n=3, mean + SD).
(c) Peptides used in this study with their sequences, designed physicochemical properties,
calculated isoelectric points and GRAVY scores.
3.4.2: Physicochemical Characterization of Peptide-modified Nanoparticles

The physicochemical properties of peptide-modified nanoparticles were characterized by
dynamic light scattering (DLS) and Rose Bengal adsorption. The hydrodynamic diameter of
unmodified polystyrene nanopatrticles was 95 = 1.5 nm and surface modification with PEG and
peptide increased diameters ~20 nm (Figure 3.2a), consistent with the ~10 nm per molecule Flory
radii of 5 kDa PEG in a brush conformation and linear peptide.'* Peptide conjugation imparted
the expected characteristic charges of each peptide onto the surface of the nanoparticle;
nanoparticles modified with basic peptides R9 and K9 displayed positive zeta potentials of 3.07

and 3.52 mV respectively, and nanoparticles modified with acidic peptide E9 displayed a negative

zeta potential of -2.80 mV (Figure 3.2b). Nanoparticles modified with zwitterionic EK4E peptide
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also displayed a negative zeta potential of -2.09 mV, likely due to the additional terminal glutamic
acid residue. Nanoparticles modified with neutral peptides GGS3 and GGL3 displayed near
neutral zeta potentials of -0.44 mV and -0.99 mV, respectively. Zeta potential measurements of
peptide-modified nanoparticles compared to control nanoparticles modified with PEG and no
peptide (0.01 mV) and unmodified aminated polystyrene nanoparticles (14.6 mV) indicate
successful PEG modification and surface potentials that reflect the properties of the respective
conjugated peptides. Rose Bengal adsorption assays have been previously used to characterize
nanoparticle hydrophobicity and charge.3'2312 We developed a Rose Bengal gel shift assay as an
additional analysis of the peptide-modified nanoparticles. Nanoparticle interactions with Rose
Bengal are largely driven by electrostatic interactions, due to the negative charge of Rose Bengal
in experimental conditions.®®* R9- and K9-modified nanoparticles formed interactions with 72.0%
and 63.2% of Rose Bengal dye, compared to the control nanoparticle, which interacted with
21.7% of the dye (Figure 3.2c), further confirming the basic character of R9- and K9-modified
nanoparticles.

The adsorption of proteins onto nanoparticle surfaces or ‘protein coronas’ in biological
contexts has been an active area of research due to the impact of the protein corona on the
biological activity of nanoparticle.®'* Recentresearch has shown that the charge, hydrophobicity,
size, and morphology of nanoparticles affectsthe composition of the protein corona.3'>-31° |n order
to understand how protein adsorption modulates the physicochemical properties of the peptide-
modified nanoparticles, we repeated characterization after incubation of nanoparticles in 10%
serum for 30 minutes at 37°C. Serum adsorption caused small changes in the hydrodynamic
diameter of the nanoparticles (Figure 3.2d). After serum adsorption, the zeta potential of the
peptide-modified nanoparticles consistently shifted to become slightly more negative by 0.33-1.95
mV (Figure 3.2e). Additionally, serum adsorption decreased nanoparticle interactions with Rose

Bengal dye, consistent with our observed decreases in zeta potential measurements (Figure 3.2f).
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Figure 3.2: Characterization of peptide-modified nanoparticles. (a) Hydrodynamic diameter,
(b) zeta potential, and (c) percent Rose Bengal interaction with peptide-modified nanoparticles
measured in PBS. (d-f) Changes in hydrodynamic diameter, zeta potential, and Rose Bengal
interaction after serum adsorption to nanoparticles (n=3, mean £ SD).
3.4.3: Peptide-modified Nanoparticle Distribution in the Healthy Living Brain

We next sought to understand the distribution of peptide-modified nanoparticles in the
complex microenvironment of the healthy living brain. Peptide-modified nanoparticles were
administered via CED directly into the striatum of a healthy mouse brain, therefore bypassing the
BBB. We studied the distribution of nanoparticles away from the injection site six hours after
injection to evaluate their relative mobility in the brain microenvironment. Coronal sections were
taken at the injection site and 0.5 mm and 1 mm rostral from the injection site to ensure we were
observing nanoparticles that had distributed away from the needle tract. We observed that R9-
and K9-modified nanoparticles were not widely distributed in the analyzed brain section (Figure
3.3, S3.1), indicating that nanoparticles modified with positively charged peptides had limited

mobility from the injection site. In contrast, nanoparticles modified with neutral, negative, or

zwitterionic peptides distributed farther from the injection site after CED.
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Figure 3.3: Peptide-modified nanoparticle distributions in a healthy brain. Distributions of
peptide-modified nanoparticles after CED at 0, 0.5, and 1 mm away from the injection site (n=3,
each replicate depicted in red at 30% opacity). Distributions are overlaid on a schematic of a brain
hemisphere. Right, relative areas of detected nanoparticle signal of peptide-modified
nanoparticles as a function of distance from injection.
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3.4.4: Pharmacokinetics of Peptide-modified Nanoparticles in a Mouse Model of TBI

We next determined the effects of varying physicochemical properties of peptide-modified
nanoparticles on nanoparticle pharmacokinetics after systemic delivery in a mouse model of TBI
(Figure 3.4a). The right hemisphere of the brain was injured with a CCl and mice were
administered 40 mg/kg of nanoparticles or an equivalent volume of PBS via the tail-vein 6 hours
post-injury. In order to evaluate the blood half-life of the peptide-modified nanoparticles, blood
samples were collected at 0, 5, 10, 15, 30, and 60 minutes after administration and nanoparticles
were quantified based on their fluorescence signal (Figure 3.4b). The nanoparticles surface-
modified with the zwitterionic peptide, EK4E, had the longest blood half-life of 6.1 minutes. The
neutral nanoparticles, modified with GGL3 or GGS3, and the control nanoparticle had blood half-
lives of 5.8, 3.3, and 3.1 minutes, respectively. Nanoparticles with the largest absolute zeta
potential values (K9-, R9-, and E9-modified nanoparticles) comparatively had the shortest blood
half-lives between 2.4-2.5 minutes. K9- and R9-modified nanoparticle blood concentrations
rapidly reached near-zero after 15 minutes, while the zwitterionic, neutral, and negatively charged
nanoparticles maintained detectable concentrations in the blood up to the 60 minutes of

measurement.
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Figure 3.4: Blood half-lives of peptide-modified nanoparticles in a mouse model of TBI. (a)
Schematic and timeline of CCI, systemic peptide-modified nanoparticle administration, blood
collection, and organ collection. (b) Percent injected dose of peptide-modified nanoparticles
remaining in the blood at 0, 5, 10, 15, 30, and 60 minutes after administration with calculated
blood half-lives (n=3, mean + SEM).

Nanoparticle biodistribution was measured in homogenized tissue samples for
quantification of bulk nanoparticle accumulation (Figure 3.5). Intact organs were also imaged prior
to homogenization to provide spatial information of nanoparticle distribution on the surface of
organs (Figure 3.5b, ¢, S3.2). The majority of observed signal from the accumulated nanoparticles
in the brain is localized to the injured hemisphere (Figure 3.5c-e, S3.2). Neutral, zwitterionic, and
negatively charged nanoparticles demonstrate more accumulation in the injured brain than
positively charged nanoparticles. Additionally, R9- and K9-modified nanoparticles demonstrated
increased accumulation in off-target organs such as the heart, lung, and kidneys compared to

control, neutral, zwitterionic, or negatively charged nanoparticles (Figure 3.5a). Liver

accumulation was similar for all nanoparticles.
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Figure 3.5: Biodistribution of peptide-modified nanoparticles in a mouse model of TBI. (a)
Accumulation of peptide-modified nanoparticles in dissociated organs 1 hour after administration
and (b) representative surface fluorescent images (n=5, mean + SEM; One-way ANOVA with
Bonferroni post-test compared to control nanoparticles,
Representative surface fluorescent images and (d) accumulation of peptide-modified
nanoparticles in dissociated brain tissue, separated by injured and contralateral hemispheres, 1
hour after administration. (e) Relative amounts of nanoparticle signal in the injured vs.
contralateral uninjured hemisphere (n=5, mean + SEM; two-tailed t-test between injured and
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3.5: DISCUSSION

Nanoparticle interactions with biological environments have been engineered via surface
peptide modification across multiple nanoparticle platforms, such as lipid nanoparticles,3?°-322
viruses,®*?® polymer nanoparticles,***32> and porous silicon nanoparticles.>3* While peptides
have been studied individually in these contexts, there remain gaps in understanding how the
physicochemical properties of the peptides affect nanoparticle pharmacokinetics. Furthermore, to
our knowledge, this study is the first analysis of peptide-modified nanoparticle pharmacokinetics
based on physicochemical properties in TBI models. We synthesized PEG-modified nanoparticles
displaying peptides with characteristic charge and hydrophobicity (Figure 3.1a, c). We achieved
a high density of PEG grafting on the surface of the nanoparticle (1.1 PEG/ nm?); nanoparticles
with PEG grafting densities 20.8 PEG/nm? have been reported to avoid macrophage uptake in
viro and have increased blood half-lives in vivo 326 Peptide-modified nanoparticle
physicochemical properties were confirmed to reflect the properties of the designed peptides
when characterized by DLS and a Rose Bengal gel shift assay (Figure 3.2a, b, c). After pre-
incubation with serum, peptide-modified nanoparticles had minimal increases in hydrodynamic
diameter, a slight negative shift in zeta potential, and less interaction with Rose Bengal compared
to their characterization in PBS (Figure 3.2d, e, f). PEG-modified nanoparticle surfaceshave been
shown to sterically hinder protein adsorption by repelling attachment with a hydrated shell that is
formed in contact with biological fluids, leading to the formation of a minimal protein corona 327328,
The negative shift in zeta potential after serum adsorption we observed is supported by the
majority of serum proteins being negatively charged, such as albumin, immunoglobulin,
fibrinogen, and lipoproteins 2%, Overall, peptide-modified nanoparticles displayed the expected
physicochemical properties of their respective peptide, which were minimally affected by the
adsorption of serum proteins.

Next, we studied the distribution profiles of peptide-modified nanoparticles in a healthy
brain after CED to understand how the physicochemical properties of peptide surfaces affecttheir
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interactions with brain tissue. Nance et al. previously studied the diffusion of 40-200 nm
polystyrene nanoparticles surface modified with a dense layer of PEG in the extracellular space
of murine and human brain tissues 2%. It was observed that nanoparticles with diameters up to
114 nm were able to diffuse through the brain, while diffusion was limited for particles 200 nm in
diameter. Therefore, our objective was to understand how peptide physicochemical properties
affected the transport of ~100 nm nanoparticles in the brain microenvironment. In coronal brain
sections taken at the injection site and 0.5 mm and 1 mm rostral from the injection site, we
observed that positively charged nanoparticles were less distributed through the brain tissue than
neutral, zwitterionic, or negatively charged nanoparticles (Figure 3.3, S3.1). These observations
are supported by previous findings that positive surface charge restricts liposome distribution in
the brain microenvironment administered via CED compared to liposomes with negative and
neutral surface charges *?°. The limited mobility of positively charged nanoparticles away from the
needle tractis likely due to their interactions with cells and extracellular matrix around the injection
site, as positively charged nanoparticles can interact with negatively charged cell membranes
275,330-332 . A similar phenomenon has also been described for the distribution of antibodies in a
solid tumor; in the so-called “binding-site barrier”, high affinity antibodies have limited mobility and
penetration past the immediate cell layers adjacent to vasculature due to high affinity binding 3.
This also suggests that the reduced cellular association of neutral, zwitterionic, and negatively
charged nanoparticles could contribute to increased nanoparticle distribution throughout the brain
microenvironment, as their movementis less restricted by interactions with cells.33

In particular, we studied how peptide physicochemical properties affect pharmacokinetics
of nanopatrticles in an animal model of TBI. The CCI injury model is a well-characterized mouse
model for TBI that results in tissue loss at the injury site and transient increase in BBB permeability
caused by vascular dysregulation following the injury.?*-217 Although the extent of BBB
dysregulation after injury is variable, significant nanoparticle accumulation within the brain has
been previously reported for surface modified and unmodified nanoparticles up to ~120 nm in
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hydrodynamic diameter when administered intravenously within 24 hours post-injury.29:220
Peptide-modified nanoparticles were administered via the tail-vein 6 hours after CClI injury and
blood samples were taken at time points over 1 hour after injection to measure nanoparticle blood
half-life (Figure 3.4a). Nanoparticles with zwitterionic peptide surfaces had the longest blood-half
life, followed by nanoparticles with neutral peptide surfaces and finally nanoparticles with charged
peptide surfaces (Figure 3.4b). Previous studies have established that zwitterionic nanoparticles
repel serum protein adsorption, increasing their blood half-life compared to charged
nanoparticles.??”335.33¢ Additionally, nanoparticles with greater absolute zeta potentials, E9-, K9-,
and R9-modified nanoparticles, demonstrated shorter blood half-lives in vivo compared to more
neutrally charged nanoparticles, likely due to their increased protein opsonization and subsequent
macrophage uptake.?31275.337,338

Organ biodistribution was established by measuring the fluorescence signal of
nanoparticles in dissociated tissue and the percent injected dose was calculated per gram of
tissue (Figure 3.5a, d). Peptide-modified nanoparticle accumulation in the brain was more
apparent in the injured hemisphere compared to the contralateral hemisphere (Figure 3.5c-e,
S3.2), consistent with previous studies demonstrating that passive targeting of nanoparticles into
the injured brain is localized to the site of injury.113220.222 Flyorescent imaging of the brains also
show the localized accumulation of the peptide-modified nanoparticles proximal to the injury site,
suggesting that accumulation is due to passive accumulation via the injured vasculature (Figure
3.5¢, S2). Peptide modification of nanoparticles led to modestincreases or reduced accumulation
in the injured brain compared to the PEG-modified control nanoparticles without peptide (Figure
3.5d-e). Previous studies have demonstrated that passive accumulation of nanoparticles is
dependent on reduced accumulation in off-target tissues,?*:23233° supporting the observation that
cationic peptide-modified nanoparticles have less brain accumulation. However, the use of
peptides for ligand targeting is commonly implemented in nanoparticle therapeutics to actively
target cell types and biomolecules in the brain. Therefore, it is important to understand how the
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physicochemical properties of peptides may affect nanoparticle biodistribution and brain
accumulation in models of TBI.

Positively charged peptide-modified nanopatrticles have lower brain accumulation and
elevated heart, lung, and kidney accumulation compared to neutral, zwitterionic, or negatively
charged peptide-modified nanoparticles (Figure 3.5c-e). In previous biodistribution studies
comparing charged nanoparticles, high absolute zeta potential and positive charge increased
non-specific nanoparticle tissue accumulation.?26:340:341 - Accumulation of positively charged
peptide-modified nanoparticles in off-target organs also likely contributed to their short blood half -
lives and reduced passive accumulation in the injured brain. Similar pharmacokinetic profiles were
described in a previous study of cell penetrating peptides with basic character, where authors
observed peptides localized to capillary-rich off-target organs, such as the liver, spleen, lung, and
kidneys, and had short blood half-lives.3*? Positively charged R9- and K9-modified nanoparticles
have higher non-specific accumulation in cells and tissues, and previous studies have
demonstrated that positively charged nanoparticles are more cytotoxic than neutral or negatively
charged nanoparticles,**3-345 indicating that nanoparticle toxicity should be carefully considered
when designing nanoparticles with positively charged peptides. Although the extent of
nanoparticle accumulation in injured brains exhibited a wide range due to the known variability of
TBI animal models,** nanoparticles modified with zwitterionic, neutral, or negatively charged
peptides had modest increases in injured brain accumulation comparedto nanoparticles modified
with cationic peptides (Figure 3.5c-e). This effect may be due to the reduced accumulation of
neutral, negative, and zwitterionic peptide modified-nanoparticles in off-target organs (Figure
3.5a) and improved blood retention when compared to R9- and K9-modified nanoparticles (Figure
3.4b). Previous research supports increased nanomaterial blood half-life with increased passive
injury accumulation in TBI models due to the EPR-like effect in the injured tissue.?19:222.:347

Nanomaterials engineered to have long blood half-lives, such as PEG-modified materials, are
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also well-established nanomedicine platforms in cancer research due to their greater passive
accumulation in solid tumors.231:232

Interestingly, although the E9-modified nanoparticles have a shorter blood half-life
comparable to the R9- and K9-modified nanoparticles, their brain and organ accumulation is
similar to the accumulation of nanoparticles modified with zwitterionic and neutral peptides (Figure
3.4b, 3.5a, b). We observed a rapid decline in blood concentration of E9-modified nanopatrticles
within 10 minutes of circulation, followed by a residual blood retention that was elevated compared
to R9- and K9-modified nanoparticles. At the 60-minute timepoint, E9-modified nanoparticles were
comparatively 8-times more concentrated in the blood compared to basic peptide-modified
nanoparticles, with 8.8% of the injected dose remaining in circulation. Interpretation of this data
through a nonlinear clearance model, in which nanoparticles are sequestered from the blood by
a limited number of available clearing sites, suggests that E9-modified nanoparticles may be
saturating their binding sites in the reticuloendothelial system (RES) within 10 minutes, reducing
nanoparticle elimination for the remaining circulation time. Similar effects have been observed in
cancer research using RES blockades, in which decoy nanoparticles are injected prior to
nanoparticle treatment to sequester plasma opsonins and saturate binding sites in off-target
organs.®® RES blockades have successfully increased nanoparticle blood retention and tumor
accumulation for nanoparticles using active and passive targeting techniques.#&-3%° Liver
blockades have also been achieved by administering extremely large nanoparticle doses to
saturate available binding sites while the nanoparticles are in circulation; Ouyang et al. delivered
high doses of PEG-modified gold nanoparticles intravenously to elevate passive tumor
accumulation and blood retention.®*! Despite rapid initial depletion of E9-modified nanoparticles
from the blood, they appear to have less binding site reservoirs in the heart, lung, and kidney
compared to basic peptide-modified nanoparticles (Figure 3.5a), likely leading to increased
passive accumulation observed in the injured brain (Figure 3.4b).
3.6: CONCLUSION
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Engineering nanotherapeutics is a promising approach for the development of TBI
treatments with improved pharmacokinetics. Recent research has demonstrated that
nanoparticles modified with targeting peptides, such as RVG and CAQK, improve accumulation
in the injured brain after systemic delivery through a combination of active and passive
targeting.113297.:300-302 |n the current study, we demonstrate that peptide charge characteristics
affect peptide-modified nanoparticle pharmacokinetics after direct application to the brain with
CED and intravenous administration in a TBI animal model. Our observations suggest that
nanoparticles surface-modified with neutral, zwitterionic, or negatively charged peptides may
have more selective delivery of therapeutic cargos in TBI, due to their reduced accumulation in
off-target organs and more specific accumulation in the injured brain after systemic delivery and
enhanced distribution in the brain after direct injection. Our work suggests peptide charge should
be considered as a design parameter when engineering nanoparticle platforms with targeting
peptides for systemic delivery of TBI therapeutics. A greater understanding of how peptide
physicochemical properties on the surface of nanoparticles dictate their pharmacokinetic profiles
is valuable for the engineering design of many types of therapeutic nanomaterials, including
peptide-targeted synthetic materials and natural nanoparticles such as bacteriophage and
viruses.

3.7: SUPPORTING INFORMATION
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Supplemental Figure 3.1: Representative fluorescent images of peptide-modified
nanoparticle distribution in a healthy brain. Representative fluorescent images of brain
sections taken at the injection site, 0.5 mm, and 1 mm rostral from the injection site 6 hours post-
administration into a healthy mouse brain by convection enhanced delivery (CED) for each
peptide-modified nanoparticle group (n=3). Injured brain hemisphere was imaged for
nanoparticles (red) and Hoechst (blue; scale bar = 1 mm).
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Supplemental Figure 3.2: Surface fluorescent images of peptide-modified nanoparticle
brain accumulation after intravenous delivery in a mouse model of TBI. Surface fluorescent
imaging of intact brains, with injured hemisphere on the right side. Peptide-modified nanoparticles
were administered intravenously 6 hours after controlled cortical impact (CCI) injury and brains
collected 1 hour after administration.
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CHAPTER 4: Porous Silicon Nanoparticles Targeted to the Extracellular Matrix for Therapeutic

Protein Delivery in Traumatic Brain Injury

4.1 ABSTRACT

Traumatic brain injury (TBI) is a major cause of disability and death among children and
young adults in the United States, yet there are currently no treatments that improve the long-
term brain health of patients. One promising therapeutic for TBI is brain-derived neurotrophic
factor (BDNF), a protein that promotes neurogenesis and neuron survival. However, outstanding
challenges to the systemic delivery of BDNF are its instability in blood, poor transport into the
brain, and short half-life in circulation and brain tissue. Here, BDNF is encapsulated into an
engineered, biodegradable porous silicon nanoparticle (pSiNP) in order to deliver bioactive BDNF
to injured brain tissue after TBI. The pSIiNP carrier is modified with the targeting ligand CAQK, a
peptide that binds to extracellular matrix components upregulated after TBI. The protein cargo
retains bioactivity after release from the pSiNP carrier, and systemic administration of the CAQK-
modified pSiNPs results in effective delivery of the protein cargo to injured brain regions in a
mouse model of TBI. When administered after injury, the CAQK-targeted pSiNP delivery system
for BDNF reduces lesion volumes comparedto free BDNF, supporting the hypothesis that pSiNPs
mediate therapeutic protein delivery after systemic administration to improve outcomes in TBI.
4.2: INTRODUCTION

Traumatic brain injury (TBI) results in up to 2.8 million injury-related hospitalizations and
deaths in the United States annually.®*? Currently available treatments for TBI are palliative and
do not address the underlying cause of disease, leading to long-term physical, behavioral, and/or
psychosocial impairments in the majority of survivors.?22% After the initial injury, a secondary
injury progresses over a course of days to weeks and the pathophysiology involves a series of
biochemical and cellular cascades, including reactive oxygen species (ROS) generation,
inflammatory response, neurodegeneration, blood-brain barrier (BBB) breakdown, and cell
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death.®>®* While the primary injury can only be prevented, the secondary injury is an opportunity
for therapeutic intervention in order to preserve brain tissue proximal to the primary injury.

Brain-derived neurotrophic factor (BDNF) is a promising neuroprotective therapeutic to
mitigate the progressive deterioration of brain tissue that occurs during the secondary injury after
TBI.3% BDNF is a protein secreted from neurons and glia that promotes neuronal survival, neural
plasticity, and neurogenesis®*>3% and its cognate receptor is tropomyosin receptor kinase B
(TrkB).**" TrkB activation initiates signaling cascades that regulate apoptosis, neuronal plasticity,
and neurogenesis.®*® The binding of BDNFto TrkB activates pro-survival pathways and enhances
expression of anti-apoptotic proteins through the phosphoinositide 3-kinase and Akt signaling
pathway in neurons.®**3*° Previous studies have demonstrated that sustained BDNF levels in the
brain achieved through stem cells,3°361 genetically engineered cells,*2-37 viral gene therapy,
and direct brain infusions®® can protect brain tissue in the context of nervous system injury,
neurodegenerative disease, and psychiatric disorders.®** In a meta-analysis of available clinical
data, including cohort studies and randomized controlled trials, treatment of TBI patients with
cerebrolysin, a porcine-derived peptide mixture that includes BDNF,%¢° led to improved outcomes
in functional tests such as the Glasgow Outcome Scale and modified Rankin Scale.*”® The
promise of BDNF as a potential therapeutic for neurodegenerative diseases is highlighted by the
initiation of a first-in-human clinical trial to evaluate adeno-associated virus vector (AAV2)-based
gene therapy of BDNF in Alzheimer’s Disease patients (NCT05040217).3

While elevated BDNF expression, along with other neurotrophic factors, contributes to the
functional preservation of injured tissue, a major barrier to the development of BDNF as a clinical
therapeutic for TBI is successful delivery to the injured brain after systemic administration.
Challenges to intravenous delivery of BDNF include short circulation half-life and restricted
transport into the brain.%*37237 Nanoscale drug delivery vehicles are platform technologies with
the potential to increase the bioavailability and stability of protein therapeutics; for example,
vehicles can be engineered to target specific tissues to increase retention and labile cargos can
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be encapsulated within the interior of vehicles to protect against degradation in the biological
milieu.3*374 |n addition, the pharmacokinetic profiles of nanoscale drug delivery vehicles can be
tuned independent of their therapeutic cargo, allowing for more facile formulation of a variety of
cargos. However, previous efforts to encapsulate BDNF into nanoparticles have resulted in low
mass loading of less than 1%0.375-377

Porous silicon nanoparticles (pSiNPs) are an attractive candidate nano-carrier for
therapeutics due to their tunable pore sizes and versatile loading chemistries, which allow for the
accommodation of therapeutic cargo with a wide range of sizes and chemical properties, including
small molecule drugs,®®%® nucleic acids,*380381 and peptides/proteins.®2383 |n particular,
sequestration of protein-based biologics within the porous nanostructure of pSiNPs has been
shown to protect them from degradation in the blood, leading to extended in vivo half-life and
bioactivity.378:380.382-392 |n addition, pSiNPs have the advantage of linear degradation profiles, and
thus can achieve linear drug release profiles, due to their anisotropic degradation mechanism.3*
This strategy has been successfully employed to encapsulate nerve growth factor (NGF) into
pSiNPs, demonstrating the local release of growth factors from a polymeric scaffold.32:38 |n
addition, Segal and Shefi et al. demonstrated neurotrophic factor release from nanoporous silicon
microparticles after local delivery to the brain, achieved through the implantation of chips or
biolistic bombardment using a pneumatic gene gun through an opening in the skull.*% However,
so far, protein delivery from pSiNPs after systemic delivery has yetto be demonstrated.

While a subset of TBI patients may undergo surgical intervention to remove blood clots
and relieve intracranial pressure,®* the brain is generally not readily accessible to therapeutics.
Although intravenously delivered materials can accumulate in the injured brain through the
damaged BBB that is a hallmark of TBI,*4220.222.272.3% gccess to the brain is transient, with a
majority of materials excluded from the brain 6 hours after injury as the BBB rapidly re-
establishes.*+222381 This highlights the need for active targeting strategies, in order to increase
penetration and retention of potential therapeutics. We recently identified a peptide ligand, CAQK,
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that binds to extracellular matrix (ECM) components upregulated after brain injury.®¥! CAQK-
modified pSINPs were able to deliver siRNA to brains in a penetrating TBI model after intravenous
administration and mediated significant silencing of a reporter protein compared to control
targeted pSiNPs.?8! This approach exploited the transient damage to the BBB caused by the injury
to allow passive accumulation of the nanoparticles into brain tissue where they selectively bound
to, and were retained by, accessible brain ECM.

This work combines the above two approaches for protein loading and peptide-mediated
targeting of ECM in the injured brain. Here we load BDNF into pSiNPs with a loading efficiency of
13% by mass of the pSiNP-protein construct, a substantial improvement in mass loading
compared to encapsulation of BDNF by other systems (<1%),3>=3"" and then modify the exterior
of the nanoparticles with polyethylene glycol (PEG) and the brain injury-targeting peptide CAQK.
We confirm that the BDNF retains its bioactivity after loading, we track the CAQK-modified pSiNPs
into injured brain tissue after systemic administration in a mouse model of TBI, and we
demonstrate a substantial reduction of brain lesion volumes relative to free BDNF or PBS controls.
This work therefore represents the first time chemically-targeted nanoporous silicon has achieved
the delivery of protein payloads after systemic administration and improved outcomes in an animal
model of TBI.

4.3: RESULTS AND DISCUSSION
4.3.1: Loading of pSiNPs with Protein Cargo and Surface Modification with Targeting Peptide

The pSiINPs used in this study were synthesized by electrochemical etching of mesopores
into single crystalline silicon wafers, followed by ultrasonic fragmentation to form mesoporous
nanoparticles. The electrochemical etch parameters (48% hydrofluoric acid, 46 mA/cm?) were set
to achieve a nominal pore size in the range of 10-20 nm in diameter and an average size of ~130
nm in hydrodynamic diameter (Figure 4.1).3%® The pore diameter was chosen based on previous
studies to be sufficientto accommodate protein cargos.3*® The proteins were loaded into the pores
of pSiINPs using an oxidative trapping method (Figure 4.1a,S4.1),3%238 which involves partial
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conversion of the Si skeleton in pSINPs to SiO2 by mild oxidation in deionized water. The SiO2
shell then re-structures in the presence of the aqueous protein solution. This combination of
conversion of Si to SiOz2 and aqueous restructuring of SiOz results in a volume expansion of the
skeleton and sealing of the protein within a hydrated silicate framework, effectively trapping the
protein and protecting it from degradation in the blood upon systemic delivery. We studied two
protein cargoes in this work: the therapeutic protein BDNF, and the model protein lysozyme, which
was labeled with Rhodamine B. Lysozyme has a molecular weight of 14.5 kDa and an isoelectric
point of 11.35%¢ and BDNF has a molecular weight of 13.5 kDa and an isoelectric point between
9 and 10,**” making their size and charge properties similar at physiologic pH, which are important
parameters to consider for pSINP protein loading. Rhodamine B-labeled lysozyme provides an
established functional readout of protein activity in release assays and allows tracking of the
payload by image analysis in the biodistribution studies. BDNF was used in efficacy studies in
SH-SY5Y cultures and the animal model of TBI. The SiO:z shell in the pSiNPs is negatively
charged at physiologic pH, with a zeta potential ranging from -24 to -28 mV,3° which enhanced
the loading of the positively charged protein cargoes via electrostatic interactions (pl of lysozyme
= 11.35°% and pl of BDNF ~ 9-10%7).

In order to verify surface modification and protein loading, we analyzed the pSiNPs by
Fourier-transform infrared spectroscopy (FTIR), dynamic light scattering (DLS), and transmission
electron microscopy (TEM) at each stage of synthesis. After oxidation and protein loading, the
FTIR spectrum revealed characteristic amide | and Il bands (at 1650 cm™ and 1530 cm,
respectively), denoting the presence of protein (Figure 4.1b).3% Size measurements of unloaded
pSiNPs and protein-loaded pSiNPs taken by DLS and TEM indicated that the loading process
resulted in a diameter increase of ~5-10 nm, likely due to protein adsorption onto the pSiNP
surface (Figure 4.1c,d,S4.2). Toincrease in vivo half-life and stability in systemic circulation,39%:4%
the pSiNP surface was then aminated and modified with polyethylene glycolusing NHS chemistry.
PEG modification stabilized the nanoparticles, allowing them to be administered intravenously.
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To increase the retention of nanoparticles in the injured brain tissue, the pendant PEG groups
were then conjugated to CAQK, a peptide previously discovered to bind upregulated proteoglycan
complexes in injured brain tissue.*®' CAQK was attached to the distal end of PEG by reacting the
free thiol of CAQK with a maleimide on the PEG. For some of the fluorescence imaging
experiments, a FAM-labeled CAQK peptide was used. The surface chemistry was confirmed by
FTIR; in particular, the appearance of a C-H stretching peak (2869 cm) confirmed successful
PEG conjugation.*®* The absolute diameter of the nanoparticles increased by ~10-20 nm after
PEG and CAQK surface maodification, while hydrodynamic diameter measurements increased by
~20-30 nm, likely due to the size increase in the hydrated shell around the nanoparticle after PEG
modification (Figure 4.1c,d,S4.2). This size increase is consistent with the ~10 nm Flory radius of
5 kDa PEG and peptide.®!' Approximate number of peptides conjugated per pSiNP was found to
be ~40,000-50,000 peptides per nanoparticle, as evaluated by quantifying the amount of FAM-
labeled CAQK by absorbance and estimation of nanoparticle number by Nanoparticle Tracking
Analysis. The zeta potential after surface modification of the protein-loaded pSiNPs containing

the pendant PEG and CAQK groups was -1 + 1.5 mVin PBS.
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Figure 4.1: Synthesis and characterization of CAQK-targeted pSiNPs encapsulating a
protein cargo. (a) Schematic of protein loading, surface modification, and CAQK-
functionalization of pSiNPs. (b) FTIR analysis of pSiINPs during synthesis steps.
Nanoparticle diameters as measured by (c) DLS and (d) TEM (scale bar in inset = 100 nm).

4.3.2: Model Protein Cargo is Released Linearly from pSiNPs and Retains Activity

Due to the high cost of BDNF, protein loading and performance parameters of the

nanoparticle system were initially optimized using lysozyme as a model protein cargo. The

degradation of pSiNPs is anisotropic due to the vertical pore orientation created by

electrochemical etching that results in an increased surface area in the horizontal plane.3* Silicon

dioxide hydrolyses and dissolves in aqueous conditions to form biocompatible orthosilicic acid,
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releasing the protein payload during this process.®* pSiNP-Lysozyme-PEG-CAQK were
degraded in PBS and imaged with TEM over 48 hours, revealing a reduction in total nanoparticle
size over time (Figure 4.2a). Lysozyme loading was quantified to be 14.5% by mass relative to
the pSiNP-protein construct, measured by fully degrading pSiNPs in PBS at 37°C and measuring
protein content with a BCA assay (Figure 4.2b). Next, we quantified the activity of the protein
released from degraded pSiNPs. Lysozyme activity after release from pSiNPs was assayed in a
Micrococcus lysodeikticus cell assay (Figure 4.2c). Lysozyme hydrolyzes the cell wall of M.
lysodeikticus, which can be monitored by decreased absorbance measured at 450 nm.*%2 The
combination of total protein measurements (Figure 4.2b) and protein activity (Figure 4.2c)

confirmed that >95% of the protein released maintained its activity.
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Figure 4.2: Loading and biodistribution of model protein in pSiNPs. (a) Analysis of pSINP-
Lysozyme-PEG-CAQK size by TEM image analysis after degradation in PBS at 37 °C after 0, 12,
24, and 48 hours (scale bar = 100 nm). (b) Time-dependent release of model protein lysozyme
from pSiINPs in PBS at 37 °C, measured by BCA assay. The mass percentage loading of
lysozyme in the pSIiNP constructs was 14.5% by mass relative to the pSINP-protein construct. (c)
Activity of lysozyme after release from pSiNPs. Lysozyme activity was assayed through the
hydrolysis of Micrococcus lysodeikticus, measured by loss of absorbance at 450 nm. (d)
Schematic depiction of the protocol followed in the biodistribution study. The right hemisphere
was injured, followed by intravenous administration of pSiNP-Lysozyme-PEG-CAQK 2 hours
post-CCl, and brains collection for downstream imaging and analysis 2 hours post-injection. (e)
Time-gated image of pSiNPs in whole brains and (f) confocal image of lysozyme model protein
(red), CAQK (green), and nuclei (blue) from injured brain sections (scale bar = 200 pum).
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4.3.3: CAQK Peptide-Targeted pSiNPs Mediate Protein Delivery into the Injured Brain after
Systemic Administration

In this work we employed the peptide CAQK as a targeting ligand for the nanoparticles.
CAQK has been shown to bind to the ECM upregulated in injured brain tissue, and to selectively
enhance nanoparticle accumulation in the damaged regions of the mouse brain.*¥! We and others
have demonstrated that intravenous delivery of targeted pSiNPs successfully led to accumulation
and retention of cargo in target tissues, such as siRNA against STAT3 in breast cancer tumors*®
and siRNA against peptidylprolyl isomerase B3 or green fluorescence protein in the injured
brain.3®! Concerning biodegradation of the material, prior work has demonstrated that pSiNPs
accumulate mostly within the liver and spleen after intravenous administration and degrade into
orthosilicic acid in organs within 1-4 weeks.?”® Orthosilicic acid is naturally found in many tissues
and excreted renally.“* Previous studies of in vivo degradation of pSiNPs after intravenous
administration found that degradation profiles approximate zero-order release,*>4% similar to the
linear release profile we observe (Figure 4.2b). Intravenously delivered pSiNPs are well-tolerated
in mice up to 20 mg/kg.>"® In the present studies, the protein-loaded pSiNP formulations were
administered at 5 mg/kg of pSiNP.

Controlled cortical impact (CCl) is a well-studied model of TBI in mice and the injury is
created by performing a craniotomy and impacting the exposed dura with an electromagnetically -
driven piston.?%® To determine if the targeted pSiNPs could deliver a protein cargo to the injured
brain tissue after CCl, pSiNPs were synthesized with the model protein, Rhodamine B-labeled
lysozyme. CAQK-targeted pSiNPs carrying this payload were administered intravenously 2 hours
post-injury in mice given a CClI on the right hemisphere and brains were harvested 2 hours after
injection (Figure 4.2d). The intrinsic luminescence from the quantum-confined silicon domains in
the pSINPs was imaged with time-gated imaging, which highlights the long-lived (microseconds)
excited state of silicon quantum dots while suppressing short-lived (nanoseconds) tissue
autofluorescence.*®” The time-gated images revealed the presence of intact pSiNPs in the injured
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hemisphere of the brain after systemic administration (Figure 4.2e). Brains were then sectioned
and imaged by confocal microscopy to determine distribution of injected materials within the tissue
(Figure 4.2f). We observe co-localization of fluorescent signal from Rhodamine B-labeled
lysozyme and FAM-CAQKin the injured brain, surrounded by fluorescent signal from FAM-CAQK
in adjacent areas. We believe that the FAM-CAQK fluorescent signal not co-localized with
Rhodamine B-labeled lysozyme is due to surface degradation of pSiNPs, thus liberating FAM-
CAQK that can subsequently diffuse into the surrounding tissue. These results support the
hypothesis that CAQK-targeted pSiNPs can accumulate in the injured brain and deliver protein
cargos after systemic administration. This result is consistent with previous studies of CAQK-
targeted pSiNPs carrying siRNA cargo in a penetrating brain injury model, where CAQK- but not
CGGK control-modified pSiNPs mediated gene silencing in the injured brain tissue.38!

4.3.4. BDNF is Released Linearly from pSiNPs over 72 Hours and Maintains Activity
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Figure 4.3: BDNF loading and activity in differentiated SH-SY5Y cultures. (a) Time-
dependent release of BDNF from pSiNPsin PBS bufferat 37 °C, quantified by ELISA. The loading
of BDNF in the pSiNPs was 13.3% by mass relative to the pSiNP-protein construct. (b) Cell
viability in retinoic acid-differentiated SH-SY5Y cultures treated with BDNF, pSiNP, and pSiNP-
BDNF. The “pSiNP" control trace corresponds to a concentration of pSiNPs that is the same
amount of Si by mass as was used in the pSiINP-BDNF formulation; i.e., each point in the pSiNP
control trace corresponds to a mass/volume of empty pSINPs that is ~7.5x the ng/mL value
indicated on the x-axis. (Gray line represents untreated cells; n=6, mean £ SD, **** p < 0.0001
Two-way ANOVA with Dunnett's post-test comparedto pSiNP control). (c) Representative images
of SH-SY5Y cells treated for 72 hours with matched concentrations of 300 ng/mL BDNF and
stained with NF200 (red), phalloidin (green), and Hoechst (blue) (scale bar =100 ym).

BDNF loading was determined by ELISA to be 13.3 £ 0.7% by mass relative to the total
construct and complete degradation of the pSINP-BDNF constructoccurred over 72 hours in PBS

at 37 °C (Figure 4.3a). To confirm that BDNF released from pSiNPs maintained activity, we
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performed a functional assay of the pSINP-BDNF constructs in SH-SY5Y cultures, a human
neuroblastoma cell line, which were differentiated with retinoic acid to induce the expression of
TrkB, the receptor for BDNF.4%%4%° |mproved cell viability and neurite extension are well-
established responses to BDNF treatment in SH-SY5Y cultures expressing TrkB.4%-#1 The
pSiNP-BDNF and free BDNF-treated cultures exhibited significantly increased cell viability with
treatment in a dose-dependent manner compared to untreated and empty pSiNP-treated cultures,
which had no effect on cell viability even at their highest dose (Figure 4.3b). Free BDNF-treated
cultures displayed higher cell viability at most doses compared to pSiNP-BDNF-treated cultures,
likely due to the immediate availability of free BDNF in in vitro conditions (Figure 4.3a,b). Imaging
of cultures for morphological changes revealed that free BDNF and pSiNP-BDNF treatments
increased presence of fine and complex neurites, with multiple crossing points, and a lower
density of cytoskeletal actin surrounding the nucleus compared to control and pSiNP treatments
(Figure 4.3c). The similar release profiles of lysozyme and BDNF (Figure 4.2b, 4.3a) and the
preservation of activity observed with the released lysozyme (Figure 4.2c) and the released BDNF
(Figure 4.3b,c) support the hypothesis that the protein cargos retain their biological activity in the
pSINP formulations.

BDNF is a growth factor with pleiotropic functions known to improve neuron survival,
synaptic function, and cell signaling in animal models of injury and neurodegeneration.®* Previous
studies have demonstrated that elevated BDNF concentrations in the brain achieved through
stem cell engraftment increased the expression of synaptic proteins and improved neurological
scores in murine models of TBI.290:3¢0412413 Dye to the numerous challenges with cell therapy,
alternative approaches that enable the systemic delivery of recombinant BDNF protein are
desired.

The half-life of BDNF is reported to be <10 minutes in plasma*44%> and ~3 hours in brain
tissue.*® This very short time window illustrates the challenge of developing BDNF, and protein-
based biologics in general, as systemically administered therapeutics. The use of a nanopatrticle
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carrier in order to protect and increase bioavailability of BDNF in the brain after systemic
administration has therefore been considered by several researchers as a potential solution to
this problem. Of particular relevance to the present work, a previous report of nanoparticle-
mediated delivery of BDNF employed poly(lactic-co-glycolic acid) (PLGA) nanoparticles.*! This
PLGA nanoparticle formulation of BDNF improved neurological behavior scores over free BDNF,
supporting the potential benefit of BDNF delivered by nanoparticles.** In this prior work, BDNF
was adsorbed onto the surface of the PLGA nanoparticles, likely due to the known challenge of
maintaining protein activity when encapsulating protein drugs into the core of PLGA nanopatrticles.
In addition to the denaturing property of polymers and polymer surfaces, surface adsorption has
a limited loading capacity, it usually displays burst release kinetics, and it leaves the biologic
exposed to potential degradation by proteolytic enzymes. By comparison, the present approach
preserves protein activity (Figures 4.2c, 4.3b,c), can achieve high mass loading (~13 wt%) to
enhance potency, and it yields zero-order release kinetics (Figures 4.2b, 4.3a).
4.3.5: Treatment with pSiINP-BDNF Reduces Lesion Volumes in a Mouse Model of TBI

After CClI, there is progressive loss of tissue due to secondary injury mechanisms that
results in a lesion,**=*1° including neuronal cell death which peaks 24-72 hours after the primary
injury.#20421 The volume of this lesion correlates with functional deficits such as motor activity and
memory.#?2423 |n order to evaluate the therapeutic potential of pSINP-BDNF after systemic
delivery, we administered pSiNPs via the tail-vein in a mouse CCI model of TBI and measured
lesion volume three days post-injury (Figure 4.4a). Mice were injured on the right hemisphere of
the brain with a CCl, and CAQK-targeted pSiNPs carrying BDNF were administered through the
tail-vein 2 hours post-injury (5 mg/kg pSiNP and 0.65 mg/kg BDNF). Controls included animals
that received PBS, empty pSiNPs with PEG-CAQK (5 mg/kg), or free BDNF (1 mg/kg). While our
previous work demonstrated the improved accumulation of CAQK-targeted pSiNPs compared to
control-targeted pSiNPs,38! a limitation of the current study is that we do not evaluate the impact
of CAQK-targeting on pSiINP-BDNF accumulation. Three days after injury, brains were harvested
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and serial coronal sections were collected every 0.5 mm across the injury lesion (11-12 sections
per brain). Lesion area was measured from each section and the lesion volume calculated by the
trapezoidal rule, as described previously.#1424.425 Njss| staining of neuronal cell bodies supported
the presence of neurons in the area surrounding the injury in all groups (Figure S4.3), suggesting
that any neurons that died during primary or secondary injury were included in the lesion area.
We observed a 24.0% reduction in lesion volume in pSINP-BDNF treated mice compared to the
PBS treated control group (Figure 4.4b,c). In comparison, lesion volumes in free BDNF treated
mice were equivalent to lesion volumes in the PBS control. We hypothesize that the reduction in
lesion volume in pSINP-BDNF treated mice is due to the ability of pSiNPs to localize to injured
brain tissue (Figure 4.2e,f) and release active BDNF over a period of time (Figure 4.3) that is

consistent with peak neuronal apoptosis.®2:83
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Figure 4.4: Lesion volume decreases after pSiNP-BDNF treatment. (a) Schematic and
timeline of injury, treatment, and lesion volume analysis. (b) Changes in lesion volumes relative
to PBS-treated controls. (n = 7 per group, mean = SEM, # p = 0.13 One-way ANOVA with
Dunnett's post-test compared to PBS control). Both pSINP and pSiNP-BDNF formulations
contained PEG-CAQK surface chemistry as described in the text. (c) Representative images of
H&E-stained coronal brain sections at 1.5 mm caudal from bregma for each treatment group with
measured lesion area filled in gray (scale bar = 1 mm).

Lesion volumesin mice treated with empty pSINPs (CAQK-targeted without BDNF) were
reduced by 12.8% compared to the control PBS treatment (p = 0.58). pSiNPs and their
degradation product silicic acid are knownto interact with calciumions, forming calcium silicate, 3
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and ROS, which catalyzes the oxidation of porous silicon during its degradation process.%®
Calcium and ROS levels are elevated in the brain microenvironment after TBI as part of the
damaging biochemical pathways that make up secondary injury.*?%-42¢ However, more extensive
studies on the interaction of pSiNPs with the injured brain microenvironment are needed to be
able to draw conclusions about the extent or nature of the effectobserved in animals administered
empty pSiNPs.

4.4: CONCLUSIONS

While therapeutic proteins are attractive candidates to address the complicated disease
biology of TBI, the systemic delivery of proteins for treatment of TBI is challenging due to the
instability of proteins in the blood and limited transport into the brain.354372373.429 This work
demonstrated a peptide-targeted pSiNP platform that addressed these challenges. We found that
up to 13% by mass of the BDNF protein could be loaded into the pores of pSiNPs, and
measurement of cell viability in retinoic acid differentiated SH-SY5Y cultures confirmedthat BDNF
subsequently released from this carrier retained its bioactivity. Accumulation of intravenously
administered CAQK-targeted pSiNPs and their protein cargo in injured brain tissue was confirmed
using a fluorescently tagged model protein in a CCl mouse model of TBI. When formulated with
BDNF and administered systemically 2 hours post-injury, the CAQK-modified BDNF-loaded
pSINPs reduced brain lesion volumes by ~24% compared to treatment with PBS or free BDNF.
This work demonstrates that ligand-targeted pSiNPs can be used to deliver a therapeutic protein
cargo to injured brains after systemic administration, and that this treatment leads to phenotypic
improvements in a TBI animal model.

The positive results seen in this study for treatment of TBI suggest that systemic and
targeted delivery of BDNF using nanoparticles may also have potential in other central nervous
system injuries. For example, BDNF is a promising therapeutic for stroke*°3* and spinal cord
injury .366:367.434.435 Additionally, the progressive deterioration that occurs after TBI is caused by
multiple disease pathways, such as ROS generation, inflammation, and vascular dysfunction.3%3

99



It has been hypothesized that monotherapies are insufficient to address the multi-factor disease
pathology of TBI and combination therapy may be a key to overcome the decades of failed TBI
clinical trials.**® Due to their versatile chemistry and tunable pore size, pSiNPs provide a promising
platform technology for multiple therapeutic cargos in combination therapies that might better
address the multi-factorial causes of TBI disease pathology.
4.5: MATERIALS AND METHODS
4.5.1: Materials

CAQK peptide and fluorescein-conjugated peptide FAM-CAQK were purchased from CPC
Scientific, Inc. (San Jose, CA). Highly boron-doped p-type silicon wafers, 1.2 mQ-cm resistivity,
single-side polished on the (100) face, were obtained from Virginia Semiconductor (USA).
Concentrated hydrofluoric acid (HF, 48% aqueous, ACS grade) was obtained from Fisher
Scientific (USA). Succinimidyl valerate-polyethylene glycol-maleimide (SVA-PEG-MAL, MW 5
kDa) was purchased from Laysan Bio (Arab, AL). Absolute ethanol, methanol, and 3-
(Ethoxydimethylsilyl)propyl-amine (APDMES) were obtained from Sigma-Aldrich (St. Louis, MO).
BDNF was obtained from R&D Systems (USA).
4.5.2: Synthesis of pSINPs

The preparation followed a published "perforated etch" procedure.**” Single-crystalline
highly doped p-type silicon wafers were anodically etched in an electrolyte consisting of
hydrofluoric acid (48%) and ethanol in a 3:1 ratio by volume. CAUTION: HF is highly toxic and
corrosive and contact with skin should be avoided. Procedures involving HF should always be
carried out in a fume hood configured to handle HF and the operator should wear appropriate
protective gloves, gown, and face shield. Etching was carried out in a Teflon etch cell using a
platinum coil counter electrode. Prior to preparation of the porous silicon layers, the wafer surface
was cleaned using a sacrificial etch consisting of electrochemical anodization (60 sec, 46 mA/cm?)
in the HF electrolyte, followed by ethanol rinse, then dissolution of the resulting porous film with
aqueous KOH (1 M). The wafer was then rinsed with water (1x) and ethanol (2x). An etching
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waveform consisting of a square wave of 200 cycles, in which a lower value of current density of
46 mA/cm? was applied for 1.2 s, followed by an upper value of current density of 365 mA/cm?
applied for 0.363 s (Keithley 2651A Sourcemeter power supply). The multilayered porous
nanostructure was removed from the crystalline silicon substrate by application of current pulse
of 3.7 mA/cm?for 250 s in an electrolyte consisting of 1:29 (v:v) of 48% aqueous HF:absolute
ethanol. The freestanding porous silicon sheets were placed in a sealed vial containing 1 mL of
deionized water per mg of porous silicon and subjected to ultrasonic fracture in an ultrasonic bath
(model 97043-960, VWR International) operating at a frequency of 35KHz and power of 48 Watts
with a 1.9 L capacity overnight. The resulting ~130 nm-diameter nanopatrticles were collected
using centrifugation (15,000 rpm, 10 min, Eppendorf Centrifuge Model 5424R) and washed 3
times with ethanol and then isolated by centrifugation. Nanoparticles prepared in this manner are
mesoporous, consisting of a crystalline silicon core skeleton coated with a surface layer of silicon
dioxide.

1 mg of the pSiNPs resulting from the above procedure were washed once with DI water
and then suspended in 1 mL of a solution consisting of recombinant human BDNF (200 pg/mL)
dissolved in DI water. The nanoparticles were incubated under constant agitation at room
temperature for ~18 hours. For the experiments involving the model protein lysozyme with
conjugated Rhodamine B, the protein was loaded in a similar fashion. Protein mass loading was
determined by measuring protein concentrations remaining in the supernatant after centrifugation
by either BCA (lysozyme) or ELISA (BDNF; BDNF DuoSet ELISA, R&D Systems). The
nanoparticles were washed once in DI water (via centrifugation/resuspension) to remove any
unloaded protein from the solution, and then subsequently with 70% ethanol and finally with 100%
ethanol. The loaded nanoparticles were aminated by incubation in an ethanol solution containing
12 uL/mL of APDMES for 3 hours under constant agitation. The nanoparticles were washed 3
times in 100% ethanol to remove any additional APDMES and incubated for 1 hour with 5 kDa
SVA-PEG-MAL (500 ug in 1 mL ethanol) with constant agitation to achieve a PEGylated surface.
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After 3 more washes with 100% ethanol to remove any additional PEG, the nanoparticles were
incubated with CAQK (100 pg/1 mg pSiNPs) overnight at room temperature. The nanoparticles
were washed with 100% ethanol, 70% ethanol, and water and resuspended in water for
characterization and use.

4.5.3: Characterization of pSINPs

A Malvern Zetasizer Nano (Malvern Panalytical Ltd.) was used to determine the
hydrodynamic diameter and zeta potential of the nanoparticles. A Thermo Scientific Nicolet 6700
FTIR instrument fitted with a Smart iTR diamond ATR fixture was used to determine the FTIR
spectra of the nanoparticles. A Genesys 150 UV/VIS Spectrophotometer (Thermo Fisher
Scientific, Inc.) was used to evaluate the absorbance of FAM-peptide and a NanoSight LM10-
HSB/GFT14 (Malvern Panalytical Ltd.) was used to determine the concentration of pSiNPs to
calculate the number of peptides conjugated per pSiNP. For degradation studies, 0.5 mg/mL of
lysozyme-loaded pSiNPs surface modified with PEG and CAQK were incubated in PBS at 37 °C.
At 0, 12, 24, and 48 hours, aliquots of degraded nanoparticles were removed from the stock,
pelleted, and resuspended into ethanol and loaded onto 42 um formvar/carbon 400 mesh copper
grids (Ted Pella, Inc.) and dried. The stock nanoparticles were similarly pelleted at each timepoint
and resuspended in fresh PBS to ensure that degradation would not be stalled by the solubility of
silicic acid in the supernatant.®’® TEM images were obtained on a JEOL 1400 plus electron
microscope (JEOL USA, Inc.) operated at 80KeV and equipped with a Gatan Oneview camera
(Gatan, Inc.).

4.5.4: Measurement of Protein Release from pSiNPs.

0.5 mg/mL of lysozyme or BDNF-loaded pSiNPs and an equivalent concentration of
control nanoparticles were incubated in PBS at 37 °C. For release assays, supernatant was
collected every 24 hours for up to 4 days and evaluated for protein concentration by BCA or
ELISA. The percent protein release was calculated from the total cumulative release over the
experiment. Cumulative released BDNF was calculated to be 51 + 1.3% of BDNF calculated
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during loading. Lysozyme activity was determined by a Microroccus lysodeikticus cell assay as
previously described with some modification.*?? Briefly, 0.5 mg/mL of lysozyme loaded pSiNP
were incubated within a solution containing M. lysodeikticus cells. Lysozyme activity was
evaluated by measuring the absorbance of the intact cells at 450 nm using a plate reader (Tecan)
over 5 minutes.

4.5.5: Bioactivity of BDNF in Retinoic Acid Differentiated SH-SY5Y Cultures.

SH-SY5Y cells (ATCC) were plated at 32,000 cells/cm? in 96 well plates or at 16,000
cells/cm? on cover glasses coated sequentially in 0.05 mg/mL poly-D-lysine overnight and 0.05
mg/mL rat tail collagen 1 for 2 hours at 37°C. Cells were cultured in Minimum Essential Medium
(MEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin for 24
hours before beginning the differentiation protocol. 10 uM retinoic acid in full media was
introduced to the cells through a media change starting 24 hours after plating and exchanged
every 48 hours. Cells were differentiated for 5 days to induce TrkB expression before beginning
BDNF bioactivity studies.*%®4%° For viability studies, doses ranging from 600 ng/mL (equivalent to
4.5 pg/mL pSiNP) to 0 ng/mL of free BDNF, pSiINP-BDNF surface modified with PEG, or pSiNP
vehicles surface modified with PEG in serum-free MEM were introduced to the retinoic acid
treated SH-SY5Y cells through a media change after washing the cells twice in serum-free MEM.
Control wells representing 100% cell viability received full media with 10 uM retinoic acid. Cells
were treated for 2 days and cell viability was evaluated with a CellTiter-Glo® Assay (Promega).
For morphology studies, cells were cultured with treatments at 300 ng/mL for 3 days before being
fixed and stained with anti-NF200 (Sigma), FITC-phalloidin (Millipore Sigma), and Hoechst with
standard protocols. Fluorescent images were obtained on a Nikon Eclipse Ti2 (Nikon Instruments
Inc.) of quadruplicate cover glasses.

4.5.6: Animal Injury Model

All animal experiments were approved by the University of California, San Diego

Institutional Animal Care and Use Committee (IACUC). A CCI model of TBI in mice was used for
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this study. 8-week-old C57BL/6J female mice (Jackson Labs) were placed in a stereotaxic frame
under 2.5% isoflurane anesthesia and a 5 mm diameter craniotomy was performed over the right
cortex, adjacent to the midline of the skull and midway between lambda and bregma. The right
cortex was injured at a 2 mm depth with a 2 mm diameter stainless steel piston tip at a rate of 3
m/s using an ImpactOne (Leica Biosystems).

4.5.7: Protein Delivery from pSiNPs Targeting the Injured Brain in vivo.

Lysozyme-loaded pSiNPs surface modified with PEG and CAQK were injected via the tail-
vein 2 hours after CCI (n=3) with control groups receiving pSiNP-Lysozyme-PEG-CAQK without
injury or receiving an injury with a control PBS injection. Mice were perfused and brains were
harvested 2 hours after injection. Time gated imaging was performed with an iISTAR 334T CCD
camera (Andor Technology Ltd.) fitted with a Nikon AF micro lens (Nikko 105 mm) with laser
excitation at 410 nm and a long-pass filter at 460 nm to quantify pSiNP localization. Brains were
equilibrated in 30% wi/v sucrose overnight and frozenin OCT (Tissue-Tek). Coronal sections were
taken from the whole brain and counterstained with Hoechst to image the presence of Rhodamine
B-tagged lysozyme being released from the pSiNPs which were tagged by FAM-labeled CAQK.

For BDNF treatments, 28 mice (n=7) were divided into 4 groups; PBS treated control,
pSINP-BDNF treatment surface modified with PEG-CAQK (13 pg BDNF equivalent, 100 pg
pSINPs), free BDNF treatment (20 ug), and a vehicle-only treatment (100 pug unloaded pSiNPs
surface modified with PEG-CAQK) (Figure 4.4a).38! 2 hours after CCI, treatments were
administered intravenously through a tail-vein injection. Brains were collected 72 hours post-injury
after perfusion with 10% formalin and frozen in OCT for tissue processing.

4.5.8: Lesion Volume Analysis and Histology

10-pm thick coronal sections were taken every 0.5 mm from coordinates -4 mm to 1 mm
from bregma for lesion analysis and processed with H&E staining to clearly visualize the lesion
area with brightfield microscopy. Images of each section were blindly analyzed for lesion size by
measuring the outlined lesion area using ImageJ software. Lesion volume was calculated with
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the trapezoidal rule. Sections taken from the center of each injury were Nissl stained using
conventional protocols. Slides were imaged automatically using a Zeiss Axio Scan.Z1and imaged
with a color camera using a Nikon Eclipse Ti2 (Nikon Instruments Inc.).
4.5.9: Statistical Analysis

Statistical analysis was performed on GraphPad Prism 8 software (9.1.2). In Figure 4.3b,
cell viability was analyzed with a two-way ANOVA and Dunnett’s post hoc test conducted with
p<0.05. In Figure 4.4b, lesion volume was analyzed with a one-way ANOVA with Dunnett’s post
hoc test conducted with p<0.05.

4.6: SUPPORTING INFORMATION
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Supplemental Figure 4.1: Schematic of pSiNP-protein-PEG-CAQK synthesis. Schematic of
protein loading, amination, PEG modification, and peptide modification of pSiNPs.
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Supplemental Figure 4.2: Representative TEM images of pSiNP during synthesis.
Representative TEM images at 25 kX and 50kX (scale bar = 200 nm) of pSiNPs, protein loaded
pSiNPs, and protein loaded pSiNPs that are surface modified with PEG and CAQK.
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Supplemental Figure 4.3: Representative images of NISSL-stained coronal brain sections.
Representative images of NISSL-stained coronal brain section at 1.5 mm caudal from bregma for
each treatment group (scale bar = 1 mm).
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