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ABSTRACT OF THE DISSERTATION

Engineered nanosensors for detecting protease activity in traumatic brain injury

by

Julia A. Kudryashev

Doctor of Philosophy in Bionengineering
University of California San Diego, 2022

Professor Ester J. Kwon, Chair

Traumatic brain injury (TBI) affects over 2.8 million people annually in the United
States and leads to the hospitalization of ~300,000 patients per year. Current methods of
diagnosis for TBI are either subjective and poor at discriminating mild TBI (Glasgow Coma
Scale) or take extensive time and resources to run (computed tomography and magnetic
resonance imaging). These diagnostic modalities also do not capture information on the
biological processes driving the pathology of secondary injury, where there is a window of
opportunity to prevent further damage with treatment. As a supplement to these diagnostics,

the blood or cerebrospinal fluid can be sampled for biomarkers in the form of breakdown

XVi



products which are released during degenerative processes after TBIl. Many of these
biomarkers are produced by ectopic proteases including the calcium-dependent protease
calpain-1, which is implicated in cellular death and worsened prognosis after TBI. Thus, the
measurement of calpain-1 activity may help to diagnose injury progression and inform patient
prognosis after TBI.

To diagnose secondary injury in TBI, we developed an activity-based nanosensor for
TBI (TBI-ABN) which can detect activity from the protease calpain-1. The nanosensor is
comprised of a FRET peptide conjugated to a 40 kDa 8-arm PEG scaffold, and can produce a
fluorescent signal once it is specifically cleaved by active calpain-1. In a mouse model of TBI,
systemically administered TBI-ABNs were found to accumulate and activate in the injured
brain tissue as assessed by fluorescence in brain tissue slices. Next, we investigated whether
adding active targeting to components of the brain extracellular matrix, such as hyaluronic
acid, could improve the sensitivity of TBI-ABNs. We conjugated hyaluronic acid-targeting
peptides to TBI-ABNs and found that the activation of sensor in injured brain tissue was
increased by approximately 2.8- and 6.6-fold when targeting peptides were added at moderate
and high valencies, respectively, compared to non-targeted nanosensor within brain tissue
homogenates. Finally, we redesigned the TBI-ABN to release a synthetic biomarker into the
blood or urine after systemic administration for a minimally-invasive measurement of
protease activity after TBI. The synthetic biomarker could be quantified both via fluorescence
and immunoassays to detect calpain-1 activity in TBI. These nanosensors are the first
demonstrations of protease activity measurement in the context of TBI and have potential
both as tools to study protease activation in the injured brain and as diagnostics to identify the

biological processes taking place after injury.
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INTRODUCTION

Traumatic brain injury

Traumatic brain injury (TBI), caused by a mechanical insult to the brain, affects over 2.8
million people annually in the United States and leads to the hospitalization of ~300,000 patients
per year.! Rapid triage of patients requiring surgery is essential, as mortality decreases by 50% if
patients receive surgery within 4 hours of arrival at a hospital.? Patients with TBI experience
symptoms that affect both physical and cognitive function, including dysfunction of motor
control, loss of memory, or emotional dysregulation. In patients who experience multiple head
injuries without adequate time to recover in between, these symptoms can progress into
neurodegeneration or chronic traumatic encephalitis.® The rapid and sensitive detection of TBI
in patients is critical for decreasing mortality in severe injury and for detecting the progression of

neurodegeneration with repeated injury.

Current clinical diagnostic modalities

Current methods to diagnose and prognosticate TBI rely either on presentation of
symptoms or on imaging for structural deformations. The Glasgow Coma Scale (GCS) is one of
the most commonly used methods of diagnosis; it grades a patient’s severity of TBI based on
their visual, verbal and motor responses.* It is a useful scale for initial patient stratification;
however, the GCS score is assigned based on potentially subjective observations of the patient,
scores may be affected by outside factors such as pre-existing conditions or by sedation of the
patient, and it is less specific for patients with milder forms of TBI where differences in injury
can be more difficult to discriminate.> Computed tomography (CT) head scans are commonly

used to diagnose anatomical pathologies such as contusions and swelling in the acute stage of



injury, but are limited in their ability to detect more diffuse or microscopic injuries.® Magnetic
resonance imaging (MRI) is commonly used in the chronic stages of injury to identify diffuse
damage and progression of injury.” Both imaging modalities require dedicated facilities,
expensive equipment, and trained personnel- and are thus time- and resource-intensive to run.
There is an opportunity to supplement these diagnostic modalities with rapid and sensitive
diagnostics that provide information on the biological activity driving TBI pathology, and allow

for an objective, quantitative triage of patients.

Pathology and treatment of TBI

After the primary impact, the brain undergoes a series of biological cascades known as
secondary injury. In this secondary stage, injured tissue experiences sustained protease activity,
inflammation, excitotoxicity, and neuronal death.* These processes begin minutes after injury
and may persist for months, progressing to chronic pathologies including reactive glial scarring,
white matter degeneration, and diffuse microbleeding.® Standard treatments for TBI- such as
reducing intracranial pressure, inducing hypothermia, or removing blood clots- are palliative in
nature and do not address the underlying processes driving secondary damage.® A number of
more targeted small molecule therapies against secondary injury have been developed, but
results have been inconsistent in the transition from animal models to clinical studies.’® A
notable recent example is the application of progesterone in acute TBI as a part of two large-
scale phase 3 trials: SYNAPSE and PROTECT I1l. Despite promising results in earlier trials, no
notable improvement in outcome was seen in TBI patients when they were treated with
progesterone within 4-8 hours of injury.%*2 One factor in the difficulty of translating treatments

is the lack of a clear quantitative outcome of treatment. Many trials, including SYNAPSE and



PROTECT III, tend to measure patient outcome based on score changes in the GCS, which has a
low discriminative ability for small changes in TBI and cannot discriminate pathoanatomical
features of TBI.> A potential strategy to improve the development of TBI therapies is through the

direct, quantitative sampling of pathological activity in patients before and after treatment.

Protease activity in TBI

Soon after the initial injury, imbalances in cellular metabolism, neurotransmitter release,
and ionic homeostasis lead to the production of reactive oxygen species, spreading
neuroinflammation, and cell death.® These pathologies in turn contribute to the sustained
activation of endogenous proteases which further drive secondary injury. Numerous proteases
have been implicated in the progression of secondary injury, including calpain-1, calpain-2,
MMP9, MMP?2, cathepsin B, and caspase 3.1*1" These proteases generate breakdown products
which leak into the blood and cerebrospinal fluid after TBI, and which have been the focus of
recent studies into diagnostic and prognostic biomarker panels for TBI.18 Calpain-1, for example,
is a calcium-dependent cysteine protease ubiquitously expressed throughout the body including
the central nervous system. During TBI, it is responsible for generating breakdown products
from cytoskeletal proteins including: all-spectrin, tau, and neurofilaments.’® The serum levels of
these breakdown products have the potential to prognosticate a delayed recovery after a mild
TBI1,% and to diagnose patients who received a TBI.2%?2 Matrix metalloproteinase 9 (MMP9) is a
zinc-dependent protease which activates and cleaves extracellular matrix components in
pathological conditions including TBI. Its pathological activity has been associated with blood-
brain barrier (BBB) breakdown, exacerbation of cerebral edema, and progression of neuronal

death in the acute stages of TBI. MMP9 levels have been shown to increase within 6 hours of a



TBI1,% and elevated MMP9 plasma levels have been associated with increased mortality in the
first few days after severe TBI.2* Valuable information on the progression of TBI in patients
could be gained through the direct sampling of pathological activity from proteases such as

calpain-1 and MMPO.

Activity-Based Nanosensors

Protease-responsive nanosensors, more recently known as activity-based nanosensors
(ABNs), are gaining significance for their ability to be engineered in response to specific
biological stimuli, allowing for the capture of pathological processes that cannot be detected by
conventional molecular quantification methods.?> ABNs can be tuned and applied to measure
activity upstream of breakdown product accumulation, allowing the user to bypass the rate-
limited production and transport of native products and detect pathologies at earlier time
points.?82” There are notable examples of activity-based sensors in cancer: fluorescently
activated polymers can identify tumor margins during surgical resection?®2° and urinary sensors
can detect and stratify tumors.3*2 Based on these advances in cancer, measuring protease
activity with an activity-based nanosensor to diagnose TBI is a promising strategy.

The nanoscale property of ABNs is critical to their application in acute TBI; in the
uninjured brain, the presence of tight junctions and enhanced efflux of materials has made drug
delivery across the blood-brain barrier (BBB) a formidable challenge. However, the BBB is
locally dysregulated immediately after a TBI; this pathological hallmark allows for the delivery
of nanoscale materials into the injured tissue.3*** Previous studies have shown that
intravenously-injected nanoscale materials up to 500 nm in diameter may passively accumulate

in the injured tissue in the first 24 hours after a TBI1.353¢ Similar observations have been seen in



the extravasation of native blood proteins in multiple injury models and in postmortem patient
samples.3*373° This property is reminiscent of the enhanced permeation and retention (EPR)
effect seen for nanoparticles against some tumors.*° Thus, the ability of nanoscale materials to
passively accumulate into injured brain tissue makes them uniquely suited for delivering sensors

and therapeutics against TBI.
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CHAPTER 1. BIORESPONSIVE NANOMATERIALS FOR CNS DISEASE

1.1. Abstract

Diseases of the central nervous system (CNS) affect millions of people worldwide and
disease burden is increasing with an aging population. Yet, there are few medicines available to
diagnose and treat neurological disorders and progress on developing new medicines has been
limited. One major challenge is the narrow therapeutic window of payloads that act in the CNS —
significant transport barriers restrict bioavailability yet the CNS is sensitive to toxicity.
Bioresponsive nanomaterials can be engineered to activate based on context and encode
sophisticated functions. Contexts that activate bioresponsive nanomaterials can be specific to the
temporal and spatial dynamics of healthy and pathological biological processes, and thus offer
approaches to increase efficacy of payloads while mitigating off-target effects. In this chapter,
environment cues specific to CNS diseases or within subcellular compartments will be discussed
and examples of bioresponsive nanomaterials that have been engineered to respond to these cues

will be presented.

1.2. Introduction

A major challenge in the development of CNS medicines is the narrow therapeutic
window. Systemically administered therapeutics have limited bioavailability to the CNS due to
transport barriers such as the blood-brain barrier (BBB), requiring large doses that can lead to
off-target toxicity. One approach to navigate this narrow therapeutic window is through local,
controlled release of drugs. An example of this approach that has achieved clinical translation for

the treatment of malignant gliomas is the Gliadel® Wafer, a 1 mm thick, 1.45 cm diameter disc
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comprised of chemotherapeutic formulated with a mixture of synthetic polymers. Gliadel®
Wafers are designed to be implanted in the surgical cavity created by tumor resection and slowly
degrade for the controlled release of chemotherapeutic over 3 weeks. While the local
implantation of a controlled release formulation is an approach that can be effective when there
is surgical access to the brain (e.g., resection of brain cancers, removal of blood clots/control of
bleeding, or relieving pressure after brain injury caused by traumatic injury or stroke), there are
many neurological disorders where surgical intervention is not the standard of care. In addition,
surgical access to the brain is typically acute and may not be appropriate for medicines that
require chronic delivery. As an alternative strategy to local implantation to achieve desirable
pharmacokinetics, materials have been engineered to switch between inactive and active states
based on cues to control on- vs. off-target activity. This class of materials, referred to as “stimuli-
responsive” or “smart” materials, has been engineered to respond to a wide range of stimuli and
in ideal cases responses can be controlled spatially and temporally within a living organism.
Activating stimuli can be broadly separated into human-controlled, externally generated stimuli
(e.g., heat, magnetic fields, or ultrasound) and biologically-generated, endogenous stimuli (e.g.,
acidity, redox potential, or enzyme activity).1> While aspects of spatial and/or temporal control
of externally generated stimuli can be user-controlled, application requires a priori knowledge of
the disease location and timescales. In contrast, endogenous stimuli arise from specific
pathologies and/or natural biological compartments, and therefore materials that respond to these
stimuli can behave autonomously to their environment once delivered into the body. Due to the
biological nature of these endogenous stimuli, materials that are responsive in these contexts are

referred to as “bioresponsive” materials.
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Some of the earliest applications of bioresponsive materials have been for drug delivery.*
One of the first examples of a pH-responsive delivery system was a pH-degradable polymer of
vinyl acetate-maleic anhydride, which released drug with the ionization of carboxyl sidechains in
physiological solutions.®> Another notable example of a pH-responsive polymer is Carbopol®
(polyacrylic acid), which undergoes a sol-gel transition and becomes mucoadhesive when placed
in solutions above pH 5.5.% Carbopol is a component of multiple FDA-approved drug delivery
systems in applications in the eye, nose, stomach and vagina.*®’ Since initial designs, many
advances have been made in developing bioresponsive materials that are tailored to disease-
associated microenvironments such as wound beds, tumors, and atherosclerosis.?*® For example,
injectable MMP-responsive hydrogels have been developed which can release MMP-specific
inhibitors in response to elevated MMP activity within infarcted myocardial tissue.® In a porcine
model of myocardial infarction, these hydrogels were found to attenuate post-infarction tissue
remodeling with limited off-targeted effects after direct injection into the infarcted tissue. One
prominent class of bioresponsive materials that have been FDA-approved or currently in clinical
trials are antibody-drug conjugates that are protease-responsive for the treatment of cancer.
Adcetris®, which was first approved for clinical use to treat lymphoma in 2011, is an anti-CD30
antibody which releases drug intracellularly via cathepsin-B-cleavable linkages between the
antibody and the cargo.!° The protease-responsive linker was found to reduce off-target toxicity
of antibody-drug conjugates in tumor xenograft mice compared to treatment with conjugates
containing pH-sensitive hydrazone bonds.° In the Probody™ antibody system by CytomX, of
which multiple conjugates are currently undergoing clinical trials, the antibody’s binding site is
masked with a blocking domain through a protease-cleavable linker.!! The inclusion of this

protease-sensitive masking domain drastically reduced off-target toxicity of monoclonal
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antibody therapies such as EGFR-targeted cetuximab; in healthy non-human primates, the safety
factor of cetuximab was increased by 3- to 15-fold when it was modified with a masking domain
connected via a UPA- and matriptase-cleavable linker.!2 These examples show how
bioresponsive materials have been leveraged to improve the therapeutic efficacy of drugs by
tuning elements to respond to disease-associated protease activity.

Materials with dimensions on the nanometer length scale have unique and emergent
physical and biological properties that have been exploited to create tools, diagnostics, and
therapeutics in numerous disease contexts, including cancer, infections, and CNS diseases.t4
The material composition of these “nanomaterials” can be varied, and includes metals, ceramics,
synthetic polymers, biomolecules, and composites thereof. Since the FDA approval of Doxil in
1995, an increasing number of nanomaterial drug delivery systems have been translated into the
clinic over the past decades.'>® One reason for why nanomaterials are attractive platforms for
drug delivery is that they can widen the therapeutic window. For example, Doxil is a
lipid/polymer formulation of the chemotherapeutic doxorubicin which was designed to mitigate
off-target effects through altering drug biodistribution based on physicochemical properties.
Encapsulation of doxorubicin in the interior of the ~100 nm liposome resulted in decreased
cardiotoxicity and nephrotoxicity compared to free drug.”'® Nanomaterials can also increase the
efficacy of therapeutics. Nucleic acid drugs are charged, labile macromolecules that require
intracellular localization to be active, usually to the cytosol or nucleus. Due to the
physicochemical properties of nucleic acids, transport to intracellular compartments is negligible
without a delivery carrier. The first synthetic nanomaterial for nucleic acid delivery approved by
the FDA was patisiran, approved in 2018 for the intravenous delivery of siRNA to treat

hereditary transthyretin-mediated amyloidosis, a rare life-threatening disease caused by

13



mutations in transthyretin.*® In 2020, similar lipid nanoparticle designs were granted emergency
approval by the FDA as mRNA-based vaccines for COVID-19.2° A crucial component to these
lipid nanoparticle technologies is an ionizable lipid that can become protonated in the
endosomal-lysosomal pathway to mediate cargo release into the cytoplasm.?

This chapter will focus on the discussion of bioresponsive nanomaterials engineered for
CNS diseases. Nanomaterials are useful platforms to create bioresponsive systems because they
are often supramolecular assemblies, which allows for the design of sophisticated, multi-
component systems. Bioresponsive nanomaterials ~10-200 nm in size can be assembled from ~1-
5 nm stimuli-responsive elements that collectively lead to a state change across the greater
nanomaterial structure. At the molecular level, the stimuli-responsive elements that make up the
fundamental building blocks in the greater nanomaterial structure can be categorized to have two
types of responses: cleavage of covalent bonds or changes in physicochemical properties (Figure
1.1). Depending on the organization of these fundamental building blocks in the greater
nanomaterial structure, a large diversity of responses can be engineered. Systems can directly
respond to stimuli (Figure 1.2) or translate stimuli to nanomaterial state changes that trigger

programmable functions (Figure 1.3).

14



Bond cleavage Physicochemical change

Hydrolysis of hydrazone bond lonization of poly(acrylic acid)

N
§£N/ \%% —_—— Basic pH
H vy
o OH ACIdIC pH

T
a

LA O%

H AVAVAVAVAY]
Reduction of disulfide bond Oxidation of
poly(propylene sulghide)

x
[s)
ge]
& é\s,s\é —'?SH Hs\é L/L % — u\ 4

Cleavage of peptide bond

%ll\;_% _’%H\OMH N

Protease

Figure 1.1: Fundamental stimuli-responsive elements in bioresponsive nanomaterials.

Material Stimuli/State change Outcome
®@ @
pH, Protease @
Dequenching
@
Quantum dot, Imaging
gold, polymer © ®
Redox R (
Oxidation
Polymer ROS scavenging

Figure 1.2: Bioresponsive nanomaterials that directly respond to stimuli.

15



Nanomaterial Stimuli  State change Outcome
o Redix, w@%ﬁ > j{%
——" { — L
Protease ~¢ <)
W W
. r
Polymer, micelles Degradation
N W )
,@ - pH, Redox -3 A o o
= -y — g Y ————» 8% o
—~ ~— [+] [+
~ N\ - °
N LN TN
Polymer, micelles Dissociation §
° o ° o E
O ) o o
@]
Redox @BD 2
— _ )
Mesoporous silica Uncapping
pH, Redox
—_— [+}
Hydrogel Swelling
c
Protease 2
ro =
— @) 3
2
~
c
.©
Polymer, micelles Shrinking §
D
c
Protease g
O —— cu
g
AuNP Aggregation =

Polymer

{:} pH, Protease {% ﬁ
—) - —)

Release of cargo,
Reveal targeting

Target binding

Figure 1.3: Bioresponsive nanomaterials that translate stimuli to a state change.

16




Because of the major transport barriers to and within the brain and the narrow therapeutic
window of CNS therapeutics, numerous bioresponsive nanomaterial systems have been
developed to improve delivery by responding to environmental cues present in biological barriers
and/or in disease-specific contexts. The blood-brain barrier (BBB) is a major biological barrier
for systemically-delivered nanomaterials and is estimated to exclude >99% of all
therapeutics,?>% although disease-specific dysregulation of BBB function may be exploited for
therapeutic delivery.?* Due to the major bottleneck presented by the BBB, bioresponsive systems

have been engineered to utilize endogenous transcellular transport pathways (Figure 1.4).

Receptor mediated transcytosis

Blood Blood-brain barrier Brain

Figure 1.4: Bioresponsive nanomaterials that traverse the blood-brain barrier through transcellular
pathways.
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Bioresponsive nanomaterials designed for the CNS can also capitalize on environmental
cues that change depending on disease-associated pathological processes or subcellular
compartments. Environmental cues exploited by bioresponsive nanomaterials designed for the
CNS broadly include pH, redox potential, and enzymatic activity, and changes in these cues can
arise in CNS diseases such as brain injuries, neurodegenerative diseases, and cancer. Subcellular
compartments such as the endosome or the cytosol also have distinct chemical environments that
can be exploited by bioresponsive nanomaterials. In this chapter, the BBB and major
environmental cues that are perturbed in CNS disease (pH, redox, proteases, electrical impulses,
and hypoxia) will be discussed. For each cue or context present in the CNS, examples of

bioresponsive nanomaterials will be presented (Table 1.1).
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1.3. Blood-brain barrier targeting strategies

A significant challenge in the development of therapies for CNS pathologies has been the
effective delivery of intravenously injected agents into the brain. The blood-brain barrier (BBB)
is a physical and functional barrier that is estimated to exclude ~100% of macromolecules and
greater than 98% of small molecules from the brain. Major components of the barrier include
tight junctions between cells, low rates of transcytosis across cells, and the expression of efflux
pumps.? In recent decades, nanomaterials have emerged as a promising approach to create drug
delivery systems that cross the BBB due to their ability to be rationally designed, oftentimes
independently from their drug cargo. Numerous strategies have been devised to facilitate the
transport of nanomaterials across the BBB, including targeting BBB receptors for receptor-
mediated endocytosis, activating transporters for carrier-mediated transport, and changing
nanomaterial surface charge or lipophilicity to target adsorptive-mediated endocytosis (Figure
1.4).55°" These delivery strategies help widen the therapeutic window by increasing the
bioavailability of cargo in the brain, thereby reducing the administered dosage necessary to
achieve therapeutic efficacy.

In order to exploit receptor-mediated transcytosis, nanomaterials are typically modified
with ligands that specifically target endocytotic receptors present on the BBB. Ligands presented
on nanomaterial structures are typically multi-valent, leading to an increase in the overall binding
strength of the nanomaterial, termed avidity. The functionalized nanomaterial is endocytosed
after binding to receptors on the luminal side of the BBB, after which it can then be released into
the brain parenchyma on the abluminal side or trafficked into a lysosome for degradation (Figure
1.4A).5" Transferrin receptor-mediated endocytosis has been one of the most well-studied

pathways for exploitation by drug delivery, however, the binding avidity of materials must be
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finely tuned to optimize transport. As an example of this challenge, in a study of systemically
administered transferrin antibodies, antibodies with a high affinity for the transferrin receptor
were found to have limited transport into the brain parenchyma despite a high level of uptake
into the BBB. The high-affinity interaction of these antibodies with their receptor leads to a high
fraction of antibodies remaining bound to transferrin receptors within the endosome and minimal
release into the brain parenchyma. Simultaneously, tightly bound antibodies also reduce the
number of available transferrin receptors for additional antibody binding.®® This delivery traffic
jam was resolved by engineering antibodies with moderate binding affinity for the transferrin
receptor, which promoted release into the parenchyma at the cost of lower initial receptor
binding in the lumen.

As an alternate strategy to the precise balancing of receptor binding affinity, a
nanomaterial can undergo a stimulus-triggered state change between high avidity and low avidity
binding to membrane receptors to maintain both a high rate of uptake into the BBB and a high
rate of release into the brain. This strategy was first demonstrated with gold nanoparticles
(AuNPs) which were functionalized with transferrin via pH-cleavable linkages to improve
receptor-mediated transcytosis across the BBB in mice.*® During endocytosis, the acidic
environment within the endosome cleaves the diamino ketal linkers between the AuNP and
transferrin, triggering a release of the AUNP from the transferrin/transferrin receptor complex.
Thus, the AuNPs have a high avidity for the transferrin receptor on the luminal side to promote
entry into the BBB, then undergo a pH-induced dissociation on the abluminal side to promote
release from the BBB. In another technology which built upon the pH-triggered change for
transferrin receptor avidity, a glucose analog which acted as an additional targeting ligand

against glucose transporter 1 (GLUT1) was incorporated to increase the rate of nanomaterial
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exocytosis into the brain parenchyma.®! After internalization via the transferrin receptor, pH-
mediated cleavage of the transferrin ligand in the endosome allowed dissociation from the
transferrin receptor complex and an increased rate of exocytosis. The glucose analog could then
promote subsequent uptake by GLUT1-expressing glioma cells. In a C6 glioma mouse model,
nanoparticles modified with glucose analog, pH-cleavable transferrin, and pH-triggered
doxorubicin release increased doxorubicin delivery to the glioma, increased the specificity of
delivery to glioma over healthy brain tissue, and led to prolonged survival times in mice
compared to nanoparticles modified with glucose analog and non-cleavable transferrin and
nanoparticles modified with only pH-cleavable transferrin.

Adsorptive-mediated endocytosis is receptor-independent, and is instead based on
physicochemical properties. In order to exploit adsorptive-mediated endocytosis, nanomaterials
have been functionalized with positive charges to promote electrostatic interactions with
negatively charged proteoglycans on the luminal side of the BBB (Figure 1.4B).>’ Cationic,
amphipathic cell-penetrating peptides (CPPs) such as transcriptional activator (TAT) peptide are
one category of materials used to facilitate receptor-independent endocytosis of nanomaterial
across the BBB. While this strategy can improve intracellular delivery of nanomaterials, the
charge-based interactions mediated by CPPs can also lead to non-specific targeting to multiple
cell types, increased clearance from the liver, and increased systemic toxicity with intravenous
administration.® In responsive materials, these drawbacks can be tempered with the
incorporation of a domain which masks CPP activity with a neutralizing negative charge or steric
hindrance.®® Masking domains are linked to the CPP via a cleavable moiety so that the CPP is
inert in circulation until the mask is removed by local tissue- and/or disease-specific cues,

revealing CPPs and triggering electrostatic interaction with the cell membrane. This strategy was
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used to improve drug delivery to ischemic brain tissue in stroke with a CPP-functionalized
nanoplatelet which could activate CPP in the proximity of a blood clot.** A ~167 nm
nanoplatelet was engineered from a dextran core, a platelet membrane shell, and surface coating
of a CPP which was masked by thrombolytic recombinant tissue plasminogen activator (rtPA)
via a thrombin-cleavable linker. After systemic administration in a rat stroke model, the
nanoplatelet could first localize to the thrombus, where active thrombin was available to cleave
peptide linkers on the surface. Cleavage triggered both release of therapeutic rtPA to induce
proteolytic degradation of the blood clot and exposure of the CPP on the nanoplatelet surface for
entry into the BBB. With the exposed CPP, the nanoplatelet could transcytose across the BBB
into the ischemic penumbra, where the acidic microenvironment then degraded the dextran core
to prompt the release of a second payload of neuroprotectant ZL00G6e into the parenchyma.
Compared to nanoplatelets with non-cleavable peptides and free drug, systemically administered
activatable nanoplatelets were able to cross the BBB more efficiently in rats with stroke and led
to a >2-fold decrease in brain infarct volume, greater decrease in brain ROS levels, and
improvement in neurological scores with minimal off-target toxicity. Thus, receptor-independent
adsorptive-mediated transcytosis could be exploited by the thrombin-mediated unveiling of CPP

in proximity to disease-associated BBB.

1.4. pH
1.4.1. pH in CNS Pathology

pH gradients occur within the body at the tissue and cellular level in both healthy and
disease conditions. While the normal pH of blood is slightly alkaline at ~7.4, the pH in other

tissues can be more acidic or basic depending on the specific needs for biological function. At
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the cellular level, in comparison to the slightly alkaline extracellular pH (7.3-7.4), cytosolic pH is
more acidic (pH 7.2) due to cellular metabolism, often leading to local acidosis in disease states
where cellular metabolism is dysregulated.®%2 In the brain, extracellular pH is measured to be
7.1-7.3 in microelectrode recordings in animal models.®®% In CNS pathologies such as gliomas
and ischemic stroke, hypoxia and acidosis in the tissue microenvironment can lead to abnormal
pH gradients that can be exploited by engineered nanomaterials. Cancer cells have a unique
‘reversed’ pH gradient where their intracellular pH is above normal (>7.2) and extracellular pH
is lower (~6.7-7.1).% High intracellular pH aids in tumor cell proliferation and evasion of
apoptosis, while low extracellular pH promotes cell-matrix remodeling and increases the activity
of acid-activated proteases. This pH gradient is a result of the increased expression and activity
of passive and active plasma membrane transporters that release lactate and H* ions in the tumor
microenvironment.®® The extracellular accumulation of protons in the tumor microenvironment
can be further exacerbated by dysregulated tumor vasculature and poor lymphatic drainage.
Extracellular pH can be heterogeneous throughout the tumor,®” and differential pH is
hypothesized to decrease over time as the tumors progress.®® An acidic extracellular environment
can also occur in ischemic stroke and in TBI. After vessel blockage in the brain, the lack of
effective perfusion directly causes local tissue acidosis. Hypoperfused tissue rapidly becomes
hypoxic and the resulting anaerobic metabolism leads to the accumulation of lactic acid.®® In this
process, both intracellular and extracellular H* concentrations increase; local pH in the peri-
infarct penumbra ranges from 6.5-6.9 and can be as low as 6.0 in the ischemic core.’ Ischemic
tissue acidosis leads to increased risk of cell dysfunction and cell death due to activation of pH-
sensitive ion channels linked to intracellular Ca?* accumulation and cytotoxic edema.’® Within

TBI, acidic extracellular pH (pH < 7.1) tends to reverse or normalize in the subsequent days
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following injury.”*™ In some cases, however, the acidic extracellular space may be sustained
due to metabolic dysfunction, which has correlated with worse outcomes and increased
mortality.”"?

Intracellularly, vesicles of the endolysosomal pathway acidify to pH 4.5-6.5 as they
mature, providing an opportunity for pH-responsive nanomaterials to facilitate endolysosomal
escape into the cytosol where many payloads are active. Nanoparticles in circulation that interact
with the endothelial membrane of the BBB are often taken up into endocytic vesicles termed
early endosomes. These vesicles are sorted and can either be recycled to the membrane for
exocytosis of its contents back into the blood or mature into late endosomes for further
processing to lysosomes for degradation. During maturation of the endosome to lysosomes, the
pH decreases creating the acidic environment required for optimal activity of degradative
lysosomal enzymes.” In the context of therapeutic nanomaterials, entrapment in the
endolysosomal pathway leads to loss of efficacy for cargo that are active in the cytoplasm or
require transcytosis across the endothelium into the brain parenchyma. In particular,
endolysosomal escape is a critical aspect for drug delivery systems for nucleic acids that are
labile and require translocation to the cytosol or nucleus. In the context of CNS pathology, pH-
sensitive molecules  have been incorporated in nanomaterials to deliver nucleic acid

therapeutics targeting gliomas.”

1.4.2. pH-Responsive Technologies
Two common building blocks used to engineer pH-responsive nanomaterials are
ionizable side groups and acid-cleavable bonds. The pKa values of ionizable side groups in pH-

sensitive nanomaterials are in physiological pH ranges and can reversibly change charge state
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based on the pH of the local environment. This charge state change can lead to nanomaterial
swelling with increased ionization or shrinking with decreased ionization due to the osmotic
pressure created by counter ions.”” Acid-sensitive bonds have increased degradation rates in
lower pH environments and cleavage can lead to irreversible nanomaterial dissociation or cargo
release. To date, pH-responsive nanomaterial technologies in the brain have been largely applied
to cancer due to the acidic extracellular environment and to achieve intracellular release in the

acidic lysosome.

Nanomaterials responsive to extracellular pH

The local acidic environments present in pathophysiological conditions provide an
opportunity for the design of pH-sensitive nanomaterials that selectively activate in sites of
disease while remaining inert in healthy, off-target contexts. Block copolymers with hydrophobic
and hydrophilic domains can form micelles in aqueous conditions with hydrophobic domains
oriented in the center of the micelle and hydrophilic domains oriented to the aqueous
environment. In order to achieve pH-responsive drug release from polymeric micelles for the
treatment of glioblastoma, acid-labile hydrazone bonds have been used to link chemotherapeutic
drug to the carrier.2> Hydrazone bonds undergo hydrolysis at pH levels lower than 6.8, however,
the rate of hydrolysis can change based on how acyl hydrazones are prepared; acyl hydrazones
prepared from aliphatic ketones are much more sensitive to hydrolysis compared to those
prepared from aromatic aldehydes. pH-sensitive drug release was compared between two
different polymer micelles tuned to be sensitive to either mildly acidic conditions in the tumor
extracellular environment (~pH 6.9) or more acidic conditions in the endolysosomal environment

(pH <6.5) depending on if acyl hydrazones were prepared from an aliphatic ketone or aromatic
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aldehyde, respectively. Drug was conjugated to the hydrophobic segment of the block co-
polymer so that it would be sequestered in the hydrophobic center of the micelle until acid-labile
hydrolysis and subsequent disassembly of the micelle released the drug. In both orthotopic
glioblastoma xenograft and syngeneic mouse models, treatment of mice with micelles that were
sensitive to extracellular pH extended median survival time compared to treatment of mice with
micelles that were sensitive to intracellular pH, non-responsive drug-loaded micelles, or free
drug.

Using pH as a trigger to “reveal” ligands can be one approach to satisfy different design
criteria of sequential delivery barriers encountered by intravenously delivered nanomaterials. In
one example of this strategy, nanomaterials were designed to first overcome the BBB and then
target brain tumor cells in technology described as sequential targeting in crosslinking
(STICK).? These nanomaterials were functionalized with two different targeting ligands: the
first targeting ligand, maltobionic acid, targeted GLUT1 receptors on the BBB, while the second
targeting ligand, carboxyphenylboronic acid, targeted sialic acid on brain tumor cells. A ~140
nm nanomaterial structure was assembled from crosslinking polymer micelles displaying the two
targeting ligands via pH-sensitive boronate ester bonds. The nanomaterial was designed to
transcytose across the BBB into the tumor via maltobionic acid on the nanomaterial surface and
dissociate into individual micelles in the acidic extracellular pH in the tumor microenvironment.
Micelles then could penetrate into the tumor due to their reduced size and bind to tumor cells
through the carboxyphenylboronic acid groups previously sequestered in the interior of the
greater nanomaterial structure. When applied to an orthotopic glioma mouse model, STICK
nanomaterials transported in greater amounts into gliomas after intravenous delivery compared

to nanomaterials with only a single targeting group. STICK nanoparticles loaded with
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chemotherapeutic drug extended the median survival time of mice compared to saline control,
liposomal carriers, and single targeted carriers without pH-sensitive crosslinks. These results
demonstrate that using pH as a trigger to reveal secondary moieties for sequential targeting can
be an effective strategy for delivery of therapeutics across the multiple delivery barriers present
in the CNS.

pH activation can also lead to a physical state change such as swelling or shrinking.
Changes in nanomaterial size can affect retention and diffusion within target tissues — applicable
to both diagnostic and therapeutic payloads. In order to achieve size changes that could improve
pharmacokinetic profiles of an MRI contrast agent, a nanomaterial was created from a thermo-
and pH-sensitive polymer which could swell in acidic conditions.?” Iron oxide nanoparticles
were loaded into nanogels comprised of thermosensitive poly(N-isopropylacrylamide) which was
co-polymerized with pH-sensitive acrylic acid to form poly(N-isopropylacrylamide-co-acrylic
acid) (MPNA) nanogels. Acrylic acid takes on different degrees of ionization and hydrophilicity
based on pH; in circulation at a physiological pH of 7.4, the nanogels were hydrophilic and
swollen (~95.5 nm) while in the acidic tumor environment became hydrophobic and shrunken
(~85 nm), promoting uptake by tumor cells. In a rat model of glioma, the swelling response of
systemically administered lactoferrin-targeted MPNA nanogels led to a longer circulation half-
life and extended the MRI time window in the tumor from 2 hours to 6 hours compared to
lactoferrin-targeted iron oxide nanoparticles alone.

Nanomaterials responsive to pH have also been used to improve contrast agents for
positron emission tomography (PET). While PET can be used to image through the skull, the
conventional PET metabolic tracer *8F-fluorodeoxyglucose (FDG) is unable to be used for

gliomas due to the background signal caused by naturally high uptake of glucose in healthy brain
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tissue. To address this loss of contrast-to-noise ratio needed for imaging, pH-sensitive micelles
were modified to chelate the positron-emitting radionuclide ®4Cu.?® Micelles that are neutrally
charged in normal physiologic pH ~7.4 were engineered to convert into polycationic unimers at
pH <6.9, which can subsequently be internalized by cancer cells through electrostatic interaction.
Due to internalization of the contrast agent by tumor cells, the signal could be retained and
detected for up to 24 hours compared to contrast agents that remain extracellular. This
nanomaterial was able to detect tumor volumes of 10-20 mm? in the brain and outperformed non-

responsive nanomaterial as well as FDG by over an order of magnitude.

Nanomaterials responsive to intracellular pH

Numerous drugs have therapeutic targets within the cell and therefore trafficking drugs to
the correct intracellular compartment is crucial for efficacy. In chronic pain, the G protein-
coupled receptor neurokinin 1 receptor (NK1R) localizes from the plasma membrane to
endosomes, resulting in signaling that maintains pain. In order to inhibit NK:R signaling specific
to chronic pain, the NK1R antagonist aprepitant was formulated into micelles made with pH-
sensitive block co-polymers for specific release of drug in the acidified endosome.?® At neutral
pH, the 2-[N,N-(diisopropylamino)ethyl] methacrylate—co—di(ethylene glycol) methylether
methacrylate (DIPMA-co-DEMGA) core is hydrophobic and can sequester hydrophobic cargo
aprepitant, whereas at pH <6.1, the tertiary amine of DIPMA protonates, leading to electrostatic
repulsion and disassembly of the micelle and subsequent release of drug. Intrathecal
administration of aprepitant formulated in pH-sensitive micelles elicited similar levels of
nociception relief at one third the dose compared to pH-insensitive micelles or free aprepitant in

a sural nerve spared rat model. In addition, pH-sensitive micelles achieved a ~2-fold longer
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duration of chronic pain relief when compared to aprepitant administered as free drug or in pH-
insensitive micelles, demonstrating that bioresponsive nanomaterials can increase the efficacy of
drug.

Chemotherapeutic drugs targeting gliomas are highly cytotoxic, necessitating carriers that
are stable in circulation to limit off target toxicity in the bloodstream. Additionally, the large
majority of nanoparticles become trapped in endolysosomal compartments in endothelial cells of
the BBB and are degraded before reaching the tumor microenvironment. The endosomal-
lysosomal lumen is maintained to pH ~4.5-6.5, and this drastic pH gradient provides an
opportunity to leverage pH-sensitive nanomaterials for the selective release of cargo within the
endolysosome. In order to achieve intracellular specific release of the chemotherapeutic
doxorubicin, Ruan et al. used hydrazone bonds to anchor doxorubicin onto gold nanoparticles
(AuNPs).% The AuNP surface was also modified with polyethylene glycol (PEG) to improve
blood circulation and low density lipoprotein receptor related protein 1 (LRP-1) ligand angiopep-
2 to increase BBB targeting and tumor penetration. Doxorubicin release kinetics were much
faster at pH <6 compared to pH 6.8 or 7.4 and treatment of a mouse model of glioma with pH-
sensitive targeting AuNPs demonstrated improved survival times and tumor penetration

compared to free drug.

1.5. Redox
1.5.1. Redox in CNS Pathology

Natural redox states in the body are a balance of reducing molecules such as glutathione
(GSH) and free radicals such as reactive oxygen species (ROS). These molecules help mediate

oxidation and reduction reactions for normal cellular function, such as the reduction of disulfides
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during protein folding.”® Intracellular glutathione levels in most cells range from 1-2 mM.”® ROS
levels in healthy brain tissue are not well-defined due to limitations in real-time measurement but
are estimated to be between 25-50 uM for H,0,® Dysregulation of cellular metabolism in
disease states can lead to the decrease or accumulation of these molecules and thus perturbation
of redox states at both the tissue and cellular level. Inflammation and hypoxia, associated with
pathophysiological conditions such as traumatic brain injury (TBI), ischemic stroke, and
Alzheimer’s disease,®! are common causes for imbalances in reducing molecules and free
radicals. The brain is particularly vulnerable to excess ROS because it is rich in lipids that can
undergo ROS-mediated lipid peroxidation,® and there are low endogenous levels of antioxidant
molecules and enzymes available to buffer elevated ROS in pathological conditions.®®
Neuroinflammation is present across numerous CNS diseases, including injuries, stroke,
and neurodegenerative disease. During neuroinflammation, ROS such as superoxide (O2),
hydrogen peroxide (H20>), and nitric oxide (NO) are produced by reactive astrocytes and
microglia, creating local increases in ROS levels.2+8> Additional major sources implicated in
excess ROS generation are the electron transport chain in mitochondria and the cell membrane
enzyme complex NADPH oxidase (NOX).82 At acute time points after ischemic stroke, hypoxia
created by obstructed cerebral blood flow leads to an initial increase in ROS levels due to a
decrease in the electron-transport rate in mitochondria, and cerebral reperfusion leads to a
secondary burst of elevated ROS levels connected to upregulation of NOX expression.® The
increase in ROS levels after ischemic stroke occurs rapidly within the first 24 hours of injury,
followed by a gradual decrease to baseline levels over a number of days.8”8° Traumatic injury to
the CNS has been shown to activate glutamate receptors and increase intracellular accumulation

of Ca?* in neurons.®® These are implicated in the mitochondrial dysfunction of the electron
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transport chain that produces excess ROS following TBI.9! Additionally, the activation of NOX
produces ROS that contributes to neuronal death.?? ROS levels have also been found to increase
rapidly in injured brain tissue after TBI followed by a gradual return to baseline levels.% In
Alzheimer’s disease, the aggregation of amyloid beta (AB) protein can induce oxidative stress in
the brain and has been tied to elevated lipid peroxidation and low levels of endogenous
antioxidants.®®

At the cellular level, an abundance of reducing molecules such as GSH can change redox
potential; GSH levels are two or three orders of magnitude higher in the cytosol of healthy cells
than in the extracellular fluid.”®* In tumor tissues such as gliomas, GSH concentrations in the
cytosol can be elevated even higher to meet the demands of malignant cell
proliferation.®°® Nanomaterial therapeutics can be designed to take advantage of these

intracellular reducing environments for cytosolic delivery of cargo.

1.5.2. Redox-Responsive Technologies

Building blocks used to engineer redox-responsive nanomaterials are
reducible/oxidizable functional groups and redox-cleavable linkers. Functional groups containing
sulfides, thioethers, or phenylboronic groups can be oxidized, and lead to consumption of the
ROS and/or changes in the hydrophobicity of the nanomaterial. Redox-sensitive linkers, for
example, disulfide bonds, boronate esters, and hyaluronic acid, have accelerated degradation in
reducing or oxidizing environments. Similar to acid-sensitive linkers, redox-sensitive linkers can
lead to irreversible nanomaterial dissociation or cargo release. These state changes can be
capitalized on for drug delivery based on change in redox potential of the extracellular

environment in CNS diseases or within subcellular compartments. Due to the redox potential
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created by inflammation, many redox-responsive nanomaterial technologies have been applied to

acute brain injuries.

ROS scavenging

Elevated ROS levels are particularly harmful in the lipid-rich environment of the CNS
due to ROS-mediated lipid peroxidation, and therefore scavenging of ROS is a therapeutic
approach in CNS disease. ROS-responsive nanomaterials can directly scavenge ROS through the
incorporation of sulfides or thioethers. Upon exposure to ROS, these functional groups are
oxidized into more polar groups such as sulfoxides and sulfones, consuming the ROS in the
process. To mitigate increased ROS levels following ischemic stroke, Rajkovic et al. synthesized
ROS scavenging PEGylated poly(propylene sulfide) (PPS) nanoparticles that swell and shed
their PEG surface layer when exposed to ROS due to their high density of sulfide groups.®2
These nanoparticles were responsive to multiple types of ROS, including hydrogen peroxide
(H20), superoxide (O2-), and nitric oxide (NO). Intravenous administration in a mouse model of
ischemic stroke 30 minutes after reperfusion demonstrated that PPS nanoparticles accumulate in
the ischemic brain region, and decrease infarct volume, neuronal loss, and the number of
activated microglia compared to saline control. In an application of thioether-mediated ROS
scavenging in TBI, core-crosslinked nanoparticles were synthesized with polysorbate 80 and a
high proportion of thioether groups.®® Core-crosslinked thioether polysorbate 80 nanoparticles
accumulated in the injured brain of a mouse model of TBI, decreased tissue levels of ROS, and
decreased neuroinflammation compared to the clinically-tested antioxidant therapy, PEG-super
oxide dismutase. Thioether-based ROS scavenging can also be applied in spinal cord injury.

Nanoparticles made from polymer with a high density of thioether groups were encapsulated in a
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PEG-lipid shell to create a ROS-scavenging nanoparticle.®* Intravenous administration of these
nanoparticles to rats with spinal cord injury improved locomotor activity at lower doses
compared to treatment with the corticosteroid methylprednisolone. Analysis of tissue
demonstrated that ROS-scavenging nanoparticles could decrease ROS and inflammatory

cytokine levels and mitigate demyelination in the injury.

Redox-mediated nanomaterial degradation

AP aggregation is hypothesized to be an important hallmark in the progression of
Alzheimer’s disease. Treatments for Alzheimer’s disease under investigation include metal
chelators to mitigate metal ion-induced AP aggregation. However, because metal ions are
important in normal function in healthy tissues throughout the body, non-specific delivery of
metal chelators can have significant off-target effects. In order to selectively chelate metal ions
in the brain to prevent metal-induced Ap aggregation in Alzheimer’s disease, nanomaterials that
are H>O»-responsive for controlled release of the metal chelator clioquinol (CQ) were
engineered.® Metal chelators were loaded into the 2.57 nm sized pores of mesoporous silica
nanoparticles (MSN) and pores were capped with 10 nm AuNPs via redox-sensitive boronate
ester bonds to create a MSN-CQ-AuNP construct that released chelator in response to redox
potential. In an in vitro model of Alzheimer’s disease created by co-incubation of PC12 cells
with AB-Cu?* complexes, treatment with MSN-CQ-AUNPs led to a decrease in cell DNA
fragmentation and a restoration of ROS to physiological levels. Redox-responsive nanoparticles
were less cytotoxic in vitro and in vivo when compared to non-responsive nanoparticles or free
chelator drug. A similar system was designed where pores were capped with 1gG via H20,-

sensitive arylboronic esters.*® These examples demonstrate the ability of MSN pore drug loading
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to protect against off-target cytotoxicity of metal chelators and provide anti-Ap aggregation
therapeutic effect through redox-sensitive uncapping of MSNs.

ROS-responsive boronic esters have also been applied to ligand-targeted nanomaterials.
Receptor for advanced glycation end-products (RAGE) mediates the transport of plasma A into
the brain and is upregulated in the BBB, neurons, and microglia during Alzheimer’s disease
progression.3’ To exploit elevated RAGE and mitigate AR accumulation and ROS in Alzheimer’s
disease, a RAGE-targeted polymeric micelle system was engineered to dissociate in response to
ROS and release curcumin, a compound that targets AP aggregation. To target RAGE, a
targeting peptide was modified onto PEG in a polylysine-PEG co-block polymer. The ROS-
responsive element was the modification of the epsilon amines of the polylysine-PEG with
hydrophobic phenylboronic groups. In the presence of H.O., ROS-mediated oxidation initiated
self-immolation of the phenylboronic groups, revealing the primary amines and switching the
material from amphiphilic to hydrophilic. In the intact micellar structure, hydrophobic curcumin
was loaded in the core with phenylboronic-capped lysines and ROS-mediated degradation led to
disassembly of the micelle through loss of the hydrophobic phenylboronic groups and
subsequent curcumin release. Administration of these responsive micelles in a mouse model of
Alzheimer’s disease over 3 months resulted in decreased oxidative stress, AP plaques, and
microglial activation compared to non-peptide targeting micelles, non-drug loaded micelles, and
free drug. The same approach was also adapted for the treatment of ischemic stroke, where the
fibrin-binding peptide CREKA was functionalized onto phenylboronic ester-modified PEG-
polylysine micelles loaded with mTOR inhibitor rapamycin.® In a rat model of stroke, these
micelles facilitated decreases in ROS levels and M2 microglia repair, leading to decreased brain

infarct area and significantly higher neuron density compared to non-targeted, non-drug loaded,
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and free drug controls. While these systems use synthetic PEG to increase blood circulation
times, alternative systems use biological red blood cell membranes to encapsulate ROS-
responsive boronic ester-containing cores to evade the immune system and prolong blood
circulation.®® Modification of red blood cell membranes with stroke homing peptide showed
enhanced active targeting to the ischemic area in a rat model of stroke compared to non-targeting
and free drug controls, resulting in improved function in neurological testing and decreased
infarct volume after injury.

Nucleic acids such as small interfering RNA (siRNA) have the potential to drug gene
candidates in glioblastoma that have been challenging to inhibit with traditional small molecule
therapeutics. However, nucleic acids as drugs are difficult to deliver due to their high charge
density, large size, and instability in the biological milieu. This has necessitated drug delivery
carriers for the clinical translation of nucleic acid drugs, such as the lipid nanoparticle systems in
FDA-approved patisiran.®” The delivery of nucleic acid by nanomaterials requires balancing the
need to protect labile cargo extracellularly and the need for efficient release of cargo
intracellularly in order to allow interaction with the biological machinery of the cell.%
Responsive materials are one potential solution to satisfy these conflicting design criteria. One
redox-responsive carrier for SiRNA has been engineered through self-assembly of nucleic acids
with polymers functionalized with guanidinium and phenylboronic ester; assemblies are
stabilized by the electrostatic interactions and hydrogen bonding of guanidinium and
hydrophobic interactions of phenylboronic ester.*® The elevated ROS in glioblastoma cells
mediates degradation of the phenylboronic ester, and the loss of the hydrophobic interactions
destabilizes the complex to release siRNA for subsequent engagement of RISC machinery and

degradation of target mMRNA in the cytosol. Only nanocomplexes that included phenylboronic
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ester led to the release of SiRNA in the presence of H202. These nanocomplexes led to silencing
of gene targets when delivered to mice bearing orthotopic implants of glioblastoma cells.

In order to exploit the reducing environment created by elevated GSH levels in gliomas,
nanomaterials can be crosslinked with disulfide bonds for release of therapeutic cargo in the
glioma microenvironment. To create a nanomaterial that would disassemble in reducing
environments, a capsule was directly polymerized onto siRNA molecules using a disulfide
crosslinker resulting in a 25 nm construct.*! In vitro, release of siRNA from the nanocapsule was
accelerated in the presence of GSH and silencing was improved 2-fold over capsules without
disulfide crosslinking. These nanocapsules were modified with the peptide ligand angiopep-2 to
target the LRP-1 overexpressed on the BBB and glioblastoma cells. In mice bearing orthotopic
glioblastoma xenografts, disulfide crosslinked nanocapsules formed around therapeutic SIRNA
led to a significantly decreased tumor size and increased survival by ~2-fold over non-reducible
nanocapsules.

ROS-responsive nanomaterials have also been used for imaging applications for CNS
disease. Hyaluronic acid is a natural polymer that can be degraded by hyaluronidase or ROS. An
imaging construct for ischemic stroke was engineered through the immobilization of
fluorophore-conjugated hyaluronic acid onto the surface of gold nanoparticles.*>*® The
fluorophore fluorescence is quenched by gold nanoparticles when in close proximity through
nanoparticle surface energy transfer (NSET). Degradation of hyaluronic acid led to dissociation
of fluorophores from the gold surface and dequenching of fluorescence.® Ex vivo imaging of
nanoparticles directly injected into the brain in a rat stroke model revealed that maximal levels of

ROS accumulation occurs 24 hours after injury. These responsive nanoparticles could also be
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imaged in live animals and had a 3-fold increase in signal when applied to stroke models

compared to healthy controls.*2

1.6. Proteases
1.6.1. Proteases in CNS Pathology

Proteases are enzymes which can recognize and hydrolytically cleave specific sequences
within other proteins. There are currently over 800 known proteases within the human genome
which are involved in all aspects of cellular function including protein processing, transcriptional
control, and signal amplification.%%1% In pathophysiological conditions, proteases can be
ectopically expressed or activated. Proteases are often direct participants in pathological
processes; for example, caspases play essential roles in cellular apoptosis and thrombin regulates
blood coagulation, and therefore incorporation of elements responsive to disease-associated
proteases can increase nanomaterial specificity. This strategy has been explored in cancer
nanomedicine, where many protease-responsive nanomaterials have been designed to respond to
matrix metalloprotease 2 (MMP-2) and MMP-9, which are upregulated across multiple
cancers.192-1% The engineering design from these past works have been applied to technologies
designed to function in CNS pathologies, where proteases such as MMP-2, MMP-9, neutrophil
elastase, legumain, thrombin, and calpain are abnormally activated in brain cancers,
neuroinflammation, TBI, and stroke.?4105106

MMP-2 and MMP-9 are zinc-dependent proteases that break down components of

the extracellular matrix (ECM) and are upregulated in brain cancers as part of cellular
proliferation and neuroinflammation, and in acute brain injuries as part of neuroinflammation

and repair.19>107-109 MMP-2 and -9 are expressed in inactive zymogen form, pro-MMP-2 and -9,
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that become activated after proteolytic processing. In brain tumors, MMP-2 and -9 are both
produced by glial and endothelial cells, while MMP-9 is also expressed by infiltrating immune
cells.1” MMP-9 tends to be elevated at the proliferating margins of malignant gliomas, and the
increased expression of MMP-2 and MMP-9 in gliomas has been linked to increased malignancy
in human patients. 9810 |n the first 24 hours after injury or stroke, MMP-9 is upregulated in and
secreted by brain endothelial cells, neurons, astrocytes, and infiltrating leukocytes both within
the injured tissue and around the injury periphery, and this activity can be sustained through 96
hours after injury.1%®110-114 The increased expression of MMP-9 has been associated with
increased levels of edema and hemorrhage in the brain after stroke, and with higher mortality
rates in patients with severe TBL.1®> While MMP-9 has been implicated in BBB breakdown and
neuroinflammation in acute stages of injury, its sustained activation weeks after injury is also
proposed to facilitate neurovascular remodeling and repair.®

In addition to MMPs, proteases such as the serine protease neutrophil elastase and
asparagine endopeptidase legumain can be released by invading leukocytes during
neuroinflammation in cancer, injury, and stroke. Neutrophil elastase, secreted by neutrophils,
targets many components of the ECM including collagen I-1V, fibronectin, proteoglycans, and
cadherin, and its increased levels have been linked to increased malignancy in tumors®'’ and
BBB breakdown and cell death in TBI and stroke.'1® Within acute injuries, neutrophil elastase
elevation initiates from 2 hours after injury and can remain elevated through 24 hours after
injury. 18119 | egumain is secreted by macrophages, microglia, and neurons.?° Its substrates
include pro-MMP-2, cathepsins, tau, myelin basic protein, and fibronectin.'?! In cancer,
legumain has been found to have an increased expression in many solid tumors including those

in the CNS, and its overexpression has been linked to increased tumor invasiveness and
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metastasis.'?? Legumain activity and expression is also increased under acidic conditions such as
in ischemic tissue after stroke,'? and its increased activity is associated with increased
hyperphosphorylation of tau in Alzheimer’s disease.'?*

In both TBI and stroke, a combination of BBB disruption, excitotoxicity, cell
death, and neuroinflammation during secondary injury lead to the sustained activation of injury-
associated proteases including thrombin and calpain.1®1%-128 Thrombin is a serine protease
which plays a central part in the coagulation cascade. When the BBB is dysregulated during TBI
and stroke, thrombin can extravasate from the blood into the brain parenchyma and can
contribute to further BBB disruption, neuronal cell death, and inflammation.*?"129130 Calpains
are calcium-dependent cysteine proteases which activate within hours of injury through an
excitotoxicity-triggered influx of calcium ions into neurons, and which can remain active for
days post-injury.128131132 Calpains are produced by neurons, astrocytes, and endothelial cells in
the brain, cleave a variety of cytoskeletal proteins, and contribute to both apoptotic and necrotic
cell death.?*® While calpains are typically intracellular, ectopic release into the extracellular
microenvironment during inflammation and cell death has been observed.***

While the above proteases were discussed in the context of specific CNS diseases,
similarities in protease activation can be observed across diseases due to their association with
pathological processes shared among diseases. For example, the inflammation triggered by
cancer, neurodegeneration, and brain injury leads to the infiltration of leukocytes which become
a source for MMP-9, neutrophil elastase, and legumain, although the timescale and magnitude
may differ across diseases. There are also similarities in elevated MMP-9 expression for

neurovascular remodeling during the reparative ‘wound healing’ stages of brain injury and in
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proliferating areas of tumors.1%713 As a result, the same proteases may be used as activators for

protease-responsive technologies across CNS pathologies that share pathological hallmarks.

1.6.2. Protease-Responsive Technologies

The building blocks used to engineer protease-responsive nanomaterials are based on
peptide sequences that are protease substrates. Peptide substrates can be the endogenous
sequence found in nature or de novo sequences identified in screens, and significant efforts have
been made to tune these sequences using synthetic libraries and/or chemical modifications.100:136
Similar to acid- or redox-sensitive linkers, protease-sensitive peptide linkers can lead to
irreversible nanomaterial degradation or dissociation. These state changes lead to activated
targeting groups or diagnostic signal, changes in nanomaterial size, and released therapeutic

payloads in the extracellular environment in CNS diseases.

Activation of targeting

Protease-cleavable linkages can be introduced into nanomaterials to produce a step-wise
unveiling of targeting domains at the target tissue in a similar manner to the targeting activation
discussed for pH- and redox-responsive materials. With non-specific cell-targeting domains such
as CPPs, spatial and temporal activation of targeting in the diseased tissue can reduce off-target
accumulation and increase specificity of cargo delivery.®® In order to introduce specificity
towards glioblastoma cells, MMP-2 or -9-sensitive linkers have been used to charge shield a
cationic CPP surface.*® PEG-poly(s-caprolactone) (PEG-PCL) nanoparticles functionalized with
low molecular weight protamine CPP were masked with a polyanionic peptide via MMP-2 or

MMP-9 substrates. In the tumor microenvironment, removal of the polyanionic peptide by
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tumor-associated proteases enable entry of nanomaterials into tumor cells and subsequent
delivery of a chemotherapeutic paclitaxel payload. In a C6 glioblastoma mouse model, these
nanomaterials exhibited increased accumulation in the tumor and led to a prolonged survival
time in treated mice compared to nanomaterials with unmasked CPPs and free paclitaxel. In off-
target organs, activatable nanoparticles had a similar accumulation as nanoparticles without
CPPs due to their similar charge profiles, while the positively charged nanoparticles with
unmasked CPPs had a higher accumulation in the lung and liver and a faster blood clearance
rate. The masking agent itself can also act as a therapeutic payload once it is released, as was
demonstrated with the nanoplatelet system which was discussed in Section 2.** In proximity of a
blood clot in ischemic stroke, active thrombin cleaves a linkage between thrombolytic rtPA and a
CPP on the nanoplatelet surface. The CPP, which had been masked by rtPA, could then induce
adsorptive-mediated transcytosis of the nanoplatelet across the BBB, while the rtPA remained in
the proximity of the blood clot to proteolytically activate plasmin for dissolution of the clot. In
both of these examples, protease-mediated unveiling of CPP allowed for selective entry of

nanomaterials into target cells while minimizing CPP-mediated nonspecific accumulation.

Protease-mediated nanomaterial aggregation
Protease-cleavable domains can also be introduced to induce nanomaterial aggregation by
activating reactive groups for crosslinking between adjacent nanomaterials or by changing the
arrangement of hydrophobic and hydrophilic polymer blocks for destabilization of micellar
structures. Once a nanomaterial has entered the brain parenchyma, an increase in effective
nanomaterial size achieved by swelling or aggregation can increase tissue retention. Conversely,

a decrease in nanomaterial size may be desirable to promote diffusive transport of the material
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deeper into the brain parenchyma due to known size-dependent penetration through the brain
extracellular space.*®’

In an example of protease-mediated nanomaterial aggregation, two complementary sets
of AuNPs were designed to aggregate after cleavage by legumain in the glioma
microenvironment.*® One set of AUNPs was functionalized with a peptide that would expose a
functional cysteine once it was cleaved by legumain. The other set of AUNPs was functionalized
with 2-cyano-6-aminobenzothiazole (CABT), a group which reacts with the 1,2-thiolamino
groups on the exposed cysteine to form a covalent bond through click cycloaddition. With this
system, legumain cleavage led to nanomaterial aggregation with effective nanomaterial size
increasing an order of magnitude from ~35.6 to 309.6 nm. These AuNPs were modified with
doxorubicin through pH-dependent linkages and administered to mice carrying an orthotopic C6
glioma, where there was an increased accumulation of AuNPs in the tumor site, higher
specificity of targeting to the tumor over healthy brain tissue, and a greatly prolonged survival
time in mice treated with activatable AuUNPs over non-activatable AuNPs. This increased
accumulation was attributed to a reduced efflux of aggregated AuNPs from the brain, and this
same peptide-CABT chemistry was later applied to enhance the brain retention of legumain-
activated micelles in Alzheimer’s Disease.*®

To improve the delivery efficiency of therapeutics to ischemic brain tissue in stroke, a
nanomaterial system composed of hydrophobic PCL and hydrophilic PEG block co-polymers
modified with peptide substrates was designed to shrink or expand in size upon cleavage of a
thrombin or MMP-9 peptide.*” Nanomaterials could either undergo micellar collapse and

aggregation to expand from ~100 nm to ~1100 nm in size, or restructure and shrink from ~218

nm to 79 nm in size based on placement of the protease substrate linker within the competing
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hydrophobic and hydrophilic domains of the block co-polymers. Ultimately, thrombin-
responsive shrinking nanoparticles were used to enhance the delivery of therapeutic glyburide
payloads to the ischemic brain tissue of mice with stroke by 9-fold and 4.5-fold compared to
non-responsive and expandable nanoparticles, respectively. This same approach was applied to
create nanoparticles which shrink in response to upregulated neutrophil elastase in metastatic

brain cancer.*®

Release or activation of cargo

Locally activated proteases in cancer and stroke have been used to selectively degrade
nanocarriers and release or activate cargo in target brain tissue. This strategy can help to avoid
off-target toxicity by delivering an inert “prodrug” form of therapeutic that can be activated at
the target tissue of interest. Selective activation is especially important for highly cytotoxic
anticancer molecules such as melittin, which can induce widespread systemic toxicity if
administered directly into the bloodstream. To promote delivery of melittin into metastatic brain
tumors while limiting off-target toxicity, a genetically encoded prodrug form of melittin was
designed to be activated by MMP-2.%° Polymeric poly(lactone-co-B-amino ester) nanomaterials
were designed to carry a gene payload that encoded for secretory promelittin, which is nontoxic
until it is cleaved by tumor-associated MMP-2 to form cytolytic melittin. When applied to in
vitro cell cultures, the promelittin was activated and cytotoxic against 231BR cells which
expressed MMP-2, but inactive and nontoxic towards normal human astrocyte cells which did
not express MMP-2. This specific cargo activation combined with selective targeting of the

nanomaterials against tumors led to a reduction in tumor size without significant off-target
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toxicity and enhanced the survival of mice with metastatic brain cancer compared to saline and
nanoparticle-only controls.

Protease-mediated activation has also been used to add stepwise functionality in
nanomaterials to restore the function of cargo which requires targeting or protective components
for delivery. To enhance the delivery of a large protein cargo into gliomas, cargo was ensheathed
in an MMP-2-responsive nanocapsule comprised of choline and acetylcholine analogs that could
facilitate active transport across the BBB.*® Once the ~25 nm nanocapsule crossed into tumor
tissue, upregulated MMP-2 could cleave the peptide linkers holding the nanocapsule together
and release an antibody drug payload. In vitro, this antibody payload was unable to bind to its
target cells until it was released from its nanocapsule by MMP-2, necessitating the degradation
of the capsule for function. In an orthotopic xenograft glioma mouse model, repeated treatment
with nanocapsule-mediated delivery of nimotuzumab and trastuzumab antibodies led to a larger
reduction in tumor size and lengthened survival in mice compared to free antibody, indicating
that the responsive nanocapsule could successfully deliver its cargo into the tumor without

compromising its function.

Activity-based nanosensors as diagnostics
The measurement of abnormal protease activity is useful to understand the spatial and
temporal progression of pathological processes due to the integral role proteases play in disease
progression. Since proteases function by cleaving peptide substrates, changes in disease-
associated protease activity can be directly sampled with probes which produce a measurable
signal upon cleavage by the target protease. Fluorescence-based Forster Resonance Energy

Transfer (FRET) sensors are the most utilized modality and involve an energy transfer between a
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donor and acceptor molecule when they are separated by a distance of 20-60 A.**® When the
acceptor group is a quencher, the emitted fluorescence from the donor fluorophore is not visible until the

quencher is separated in physical distance. One such system was based on quantum dots modified
with negatively-charged heparin used to electrostatically self-assemble positively-charged
protamine modified with quencher via a MMP-2-cleavable substrate.>* The resulting
nanomaterial was 204 nm and in the presence of MMP-2, quencher could be cleaved from
protamine, leading to physical separation from the quantum dot core and dequenching of
fluorescent signal. This system was used in combination with brain-specific ligand targeting and
was used to visualize orthotopic U87 glioma xenografts in mice after intravenous administration.
Activity-based nanosensors can also help to diagnose pathological activity in the brain and
further understand proteolytic contributions to CNS pathology. To measure the activity of
calpain-1, a protease implicated in neuronal breakdown in TBI, a FRET-substrate for calpain-1
was attached to a ~10 nm polymeric PEG core.>? After intravenous delivery in a controlled
cortical impact mouse model of TBI, this nanosensor could accumulate into injured brain tissue
after passing through the damaged BBB. Once in the injured tissue, nanosensor signal could be
detected in response to locally activated calpain-1 in the injured tissue. This signal revealed
changes in calpain activity that were otherwise difficult to capture by measuring changes in

calpain-1 expression alone.

1.7. Other cues
1.7.1. Electrical Impulses

Seizure-induced abnormalities in the electrical impulses between neurons provide an
opportunity for the endogenous stimulation of electro-responsive nanomaterials. Electro-

responsive materials for drug delivery are typically constructed from conducting polymers which
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can induce changes in charge or hydrophobicity throughout the material under an electric
field,**® and one form of electro-responsive drug delivery involves hydrogels which can swell
and release a payload under electro-induced osmotic pressure.*? This concept was applied to
improve drug delivery for seizures using electro-responsive hydrogel nanoparticles that can swell
and release an antiepileptic drug payload in response to endogenous electric fields during
epileptic seizures.> The hydrogel nanoparticles were functionalized with sulfonate groups which
ionize under electric fields; when tested under an external electric field in vitro, the nanoparticles
rapidly swelled from ~102 nm to 388 nm under increasing currents of 50 to 500 pA. In a
chemically-induced seizure rat model, these responsive nanoparticles released drug in the brain
upon seizure induction in a severity-dependent manner. By contrast drug concentrations did not
increase in response to seizure induction after non-responsive nanoparticles or free drug
administration, indicating that the payload release from responsive nanomaterials was induced by
the seizures. Treatment with electro-responsive nanoparticles decreased severity and frequency
of seizures and increased the latency to seizures in both electrically- and chemically-induced

seizure rat models compared to matching doses of non-responsive nanoparticles and free drug.

1.7.2. Hypoxia

Hypoxic regions, or regions with low levels of oxygen (<2%), are a hallmark of
solid tumors and ischemic stroke and thus are another possible cue that can enhance the
specificity of responsive nanomaterials. Physiological brain pO: is 33.8 + 2.6 mmHg (4.4 £
0.3%), and mean pO; decreases with brain depth.8514! To introduce responsiveness to hypoxia,
nitroaromatic compounds such as 5-nitroimidazole and its derivative metronidazole can be

introduced into nanomaterials. Under hypoxic conditions, these compounds react with
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intracellular nitroreductases and undergo a step-wise reduction of nitro (NO2) groups to amine
(NH.) groups to switch between a hydrophobic to a hydrophilic state.’*? To both increase the
specificity of anticancer drug delivery and sensitize glioma cells to radiotherapy, a hypoxia-
responsive nanoparticle was engineered with a polymerized metronidazole hydrophobic core co-
loaded with doxorubicin surrounded by an angiopep-2-functionalized lipid shell.>* The
polymerized metronidazole served a dual function in the nanoparticles: the conversion of NO>
groups to more hydrophilic NH2 groups in hypoxic environments prompts the release of
hydrophobic doxorubicin, and the radical intermediates of the metronidazole sensitize the tumor
cell to radiotherapy by inducing DNA damage. In an orthotopic C6 glioma mouse model,
hypoxia-responsive metronidazole nanoparticles more effectively delivered the doxorubicin and
sensitized tumors to radiotherapy, leading to a decrease in tumor growth by ~3.5-5-fold

compared to non-responsive doxorubicin-loaded PLGA nanoparticles.

1.8. Conclusion

In the past decade, significant advances have been made in the understanding of CNS
disease etiology and the design of engineered bioresponsive nanomaterials. While there has been
successful translation of bioresponsive nanomaterials as imaging agents for surgical cancer
resection and lipid nanoparticles for nucleic acid delivery,}41%* there have yet to be
bioresponsive nanomaterials translated for CNS disease due to similar obstacles that prevent the
clinical translation of traditional CNS-specific small molecules. One existing challenge in the
advancement of bioresponsive nanomaterials for CNS applications is the identification of
biological stimuli that are unique to disease contexts. Although one of the advantages of

bioresponsive nanomaterials is reduction of off-target delivery, certain pathological conditions
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may involve generation of stimuli in tissues other than the brain; for example, MMPs are also
elevated in the blood of patients following stroke and TBI1.14°146 Due to the redundancy of
biological stimuli, engineered nanomaterials will likely require multiple mechanisms to achieve
specificity. For example, many of the discussed bioresponsive nanomaterials incorporate tissue-
specific ligand targeting and disease-specific payloads in addition to their response to stimuli.
Self-regulating bioresponsive nanomaterial systems under the control of negative feedback loops
can further improve specificity, mimicking examples of endogenous biological homeostasis such
as the clotting cascade.

Disease-specific environmental cues in the brain are complex and can be spatially
heterogenous and temporally dynamic. Designing bioresponsive nanomaterials for this complex
and dynamic environment is an ongoing challenge. To create specific responses based on the
temporal and spatial dependence of environmental cues, building blocks can be combined into a
single nanomaterial to create Boolean logic gates*” that require the presence of two stimuli to
activate. Alternatively, when cues are spatially separated, nanomaterials can be designed to have
sequential activation as they encounter stimuli.**® However, this design requires knowledge of
the sequence of cues a priori. When the order or timescales of endogenous stimuli are unknown
or when the stimuli are heterogeneously distributed throughout a diseased tissue, nanomaterials
could alternatively be designed to activate in an ‘OR’ configuration either by including multiple
responses within a single nanomaterial or by delivering a mixture of different bioresponsive
nanomaterials. In addition, CNS disease physiology, and thus the environmental cues, can vary
based on a number of patient-specific biological factors, including race, age, and sex, which has
implications for bioresponsive nanomaterial design.'*>**® For example, it has been proposed that

estrogen has neuroprotective effects by reducing ROS through its antioxidant activity and
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regulation of antioxidant genes'® -1 and epidemiological studies show that premenopausal
females are less likely to suffer from neurodegeneration, whereas postmenopausal females have
increased risk on par or exceeding that of males, indicating that ROS-sensitive strategies can be
sex- and age-dependent.®*1% The interaction of nanomaterials and the injured brain has also
been found to be sex-dependent, with increased nanoparticle extravasation into the brain of
female vs. male mice after intravenous delivery 24 hours post-injury.t®® There remains a
significant gap in knowledge on the impact of biological factors on the interaction of
bioresponsive nanomaterials and the CNS.

Going forward, the design and implementation of bioresponsive nanomaterials would
benefit from a precision medicine approach. While there are general classes of responsive
materials specific to CNS diseases, such as pH-responsive nanomaterials for cancer and ROS-
responsive nanomaterials for acute brain injuries, in the clinical scenario there are limitations in
the ability to implement effective disease-directed responsive materials without knowledge of the
molecular underpinnings of the disease in specific patients at specified times. Currently,
information on the environmental cues such as pH, redox, and protease activity, is largely
unknown at the time of diagnosis and as discussed above, it is known that these cues can be
dependent on multiple factors including the severity of disease, time of treatment, age, and
sex.® Future clinical translation may therefore benefit from matching a patient’s underlying
molecular status with appropriate bioresponsive nanomaterials rather than applying a “one-size-
fits-all” approach for each disease.!®® At the same time, lessons learned from past clinical
successes support simple engineering designs that can be reproducibly manufactured at scale and

have well-defined mechanisms of actions. Nevertheless, efficacy and safety are the major hurdles
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to the successful translation of medicines into the CNS, and bioresponsive nanomaterials have

the potential to decouple the double-edged sword of potency and off-target effects.
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CHAPTER 2. AN ACTIVITY-BASED NANOSENSOR FOR TRAUMATIC BRAIN INJURY

2.1. Abstract

Currently, traumatic brain injury (TBI) is detected by medical imaging; however, medical
imaging requires expensive capital equipment, is time- and resource-intensive, and is poor at
predicting patient prognosis. To date, direct measurement of elevated protease activity has yet to
be utilized to detect TBI. In this work, we engineered an activity-based nanosensor for TBI (TBI-
ABN) that responds to increased protease activity initiated after brain injury. We establish that a
calcium-sensitive protease, calpain-1, is active in the injured brain hours within injury. We then
optimize the molecular weight of a nanoscale polymeric carrier to infiltrate into injured brain
tissue with minimal renal filtration. A calpain-1 substrate that generates a fluorescent signal upon
cleavage was attached to this nanoscale polymeric carrier to generate an engineered TBI-ABN.
When applied intravenously to a mouse model of TBI, our engineered sensor is observed to
locally activate in the injured brain tissue. This TBI-ABN is the first demonstration of a sensor

that responds to protease activity to detect TBI.

2.2. Introduction

Traumatic brain injury (TBI) affects over 2.8 million people annually in the United States
and leads to the hospitalization of ~300 000 patients per year.! Among TBI patients who require
surgical intervention, there is a 50% lower mortality rate and decreased length of stay if they
receive surgery within 4 h of hospital admission,? indicating the importance of rapid diagnosis
and triage to improve outcomes. However, current diagnosis is achieved by medical imaging,

typically computed tomography (CT) and magnetic resonance imaging (MRI), both of which are
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time- and resource-intensive and have a limited ability to predict patient prognosis.® Moreover,
while medical imaging can identify macroscopic structural deformations in the brain, it currently
does not yield information on the destructive biological activity that may unfold after injury.
This secondary injury, which may include sustained protease activity, inflammation,
excitotoxicity, and neuronal death, begins immediately after the primary injury and may lead to
chronic neurodegeneration and a poorer patient prognosis.* Thus, a diagnostic that yields
information on biological activity may inform improved clinical care.

Breakdown products shed into the blood and cerebrospinal fluid have been recently
investigated as biomarkers to detect pathological processes in TBI.> These breakdown products
originate from the degradation of nervous tissue as part of a prolonged secondary injury that
begins within minutes after TBI.® To date, there is only one TBI biomarker-based diagnostic on
the market; it is based on two separate enzyme-linked immunosorbent assays (ELISAS) to
measure serum levels of the breakdown products glial fibrillary acidic protein (GFAP) and
ubiquitin C-terminal hydrolase L1 (UCH-L1).” However, measurement of these biomarkers
relies on the generation, stability, and transport of these byproducts;® direct measurement of
degradative activity may be more representative of disease and therefore provide information
that is more actionable for intervention. Calpain-1, a calcium-dependent protease expressed in
neurons, glia, and endothelial cells within the brain, undergoes sustained activation after TBI due
to pathological elevations of intracellular calcium.®% Calpain-1 activity generates many
breakdown products that are currently under investigation as biomarkers for TBI, including
myelin basic protein, neurofilaments, and all-spectrin.®> Calpain-1 inhibition has been under
investigation as a treatment for TBI,*! and its byproducts can potentially predict patient

prognosis after mild and severe TBI,*2*2 highlighting the importance of calpain-1 in the injury
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sequelae and its prognostic potential. Thus, the detection of calpain-1 protease activity is a
promising candidate for TBI diagnosis.

To explore the potential of activity-based sensors to detect TBI, our goal was to engineer
a vascularly administered sensor that can accumulate in the injured brain tissue and produce a
signal in response to calpain-1 activity (Figure 2.1A). A similar activity-based sensor strategy
has been demonstrated for the sensitive detection of cancer and liver fibrosis in previous
works,**1° but has yet to be applied to any brain disorders. First, we established increased
calpain-1 activity that is independent of calpain-1 expression levels in the first few hours after
TBI in mice, validating the need for a sensor of enzyme activity rather than enzyme levels. To
engineer a diagnostic that can be delivered into the vasculature, we exploit the size-dependent
accumulation of nanoscale polymeric carriers into the site of injury, where the blood—brain
barrier (BBB) is compromised and allows extravasation of nanoscale materials. To detect
calpain-1 activity, we engineered a fluorescent resonance energy-transfer (FRET) peptide, which
activates in the presence of active calpain-1. Combining the peptide and carrier, we engineered a
TBI activity-based nanosensor (TBI-ABN). This TBI-ABN activates at the site of injury in a
mouse model of brain injury after intravenous administration. To our knowledge, TBI-ABN is

the first demonstration of an activity-based sensor for TBI.
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Figure 2.1: Design of a TBI activity-based nanosensor. (A) Overview of TBI-ABN design. (B) Time
course post injury (PI) of all-spectrin cleavage in controlled cortical impact (CCl)-injured cortices. (C)
Quantification of calpain-1-specific 145 and 150 kDa all-spectrin breakdown products (SBDP),
normalized to a-tubulin and untreated control (n = 3, mean + standard error (SE), *p < 0.05, ***p <
0.001, two-way analysis of variance (ANOV A), and Dunnett’s post hoc test against uninjured control).
(D) Time course and (E) quantification of 80 kDa calpain-1 denoted by the arrow, normalized to a-tubulin
and untreated control (n = 3, mean £ SE). Uninjured (U) mice received no surgery. Sham (S) mice
received a craniotomy and no injury.

2.3. Results and Discussion
2.3.1. Calpain-1 Locally Activates in a Mouse Model of TBI

We first established the levels of calpain-1 activity and protein in a mouse model of TBI.
The controlled cortical impact (CCI) model of TBI is a reproducible and well-characterized
method to create a localized injury in the brain.'®® To assess calpain-1 activity, 150 and 145

kDa breakdown products of the native calpain-1 substrate all-spectrin were measured, as
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described previously.® These spectrin breakdown products (SBDPs) were shown to increase to
greater than 10-fold in the injured hemisphere at 3 h post injury compared to that in the uninjured
brains (Figure 2.1B, C). This increase was sustained up to 96 h post injury. By contrast, the
uninjured, contralateral hemisphere did not show a significant elevation of SBDPs. A sham
control group that underwent a craniotomy but no injury exhibited similar levels of SBDPs to
uninjured mice, confirming that spectrin proteolysis was the result of a direct impact to the brain
tissue and not the surgical procedures. We thus establish that calpain-1 activity is increased after
CCl and activity is localized to the injured hemisphere, consistent with the previously reported
rodent models of CCJ.1719-21

To determine that increased spectrin cleavage was due to increased activity of calpain-1
and not increased levels of calpain-1, calpain-1 protein levels were also measured. No significant
changes were observed in the protein levels of the 80 kDa large subunit of calpain-1 between
injured and uninjured brains (Figure 2.1D, E). Furthermore, assessment of calpain-1 via
immunohistochemistry of brain slices showed only a local increase in calpain-1 detected 4 h post
injury in the immediate injury area, whereas calpain-1 levels appeared to be unchanged in the
uninjured cortex and the greater injury periphery when compared to those in the uninjured brains
(Figure 2.2). These results indicate that the observed increase in all-spectrin proteolysis (Figure
2.1B) is likely due to increased calpain-1 activity and not increased calpain-1 expression.
Previous studies have shown that calpain-1 expression can be increased after injury, but its
elevation is delayed by ~24 h.22 Therefore, a sensor to detect calpain-1 activity may be effective

in the first few hours after TBI.
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Figure 2.2: Calpain-1 distribution in coronal brain slices 4 hours post injury within injured and uninjured
brain tissues (blue, nuclei; red, calpain-1; scale bar = 200 pum).
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2.3.2. Large-Molecular-Weight Polymeric Carriers Accumulate in the Site of Injury after CCl
We next focused on a nanoscale delivery carrier for our nanosensor. Shortly after TBI,
the vasculature at the site of injury is compromised due to the mechanical damage followed by
dysregulation of the neurovascular unit.?*2?* This pathological hallmark of TBI allows for the
delivery of nanoscale cargo to the brain within the first 24 h after injury, similar to the enhanced
permeability and retention (EPR) effect described for nanoparticles in tumors.?® On their own,
small peptides have a short circulation half-life in vivo due to renal clearance and proteolytic
degradation in the bloodstream. We hypothesized that blood circulation time and subsequent

tissue retention of the peptide would increase through its conjugation to a larger, neutrally
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charged, and minimally immunogenic polymeric carrier such as poly(ethylene glycol) (PEG).%
While studies have been done on the biodistribution of rigid nanoparticles, including PEGylated
polystyrene nanoparticles and liposomes after TBI,2”28 and polystyrene nanoparticles after
microdialysis probe insertion,?® there has not yet been a study into the distribution of PEG after
TBI. To maximize the delivery of the TBI nanosensor through the compromised BBB after
injury, we evaluated how the molecular weight of 8-arm PEG affects its accumulation into the
injured tissue after CCI injury. 8-arm PEG was chosen as the carrier because it allows for the
possibility of multiplexing through the conjugation of ligands to each individual arm. PEG
carriers (10, 20, and 40 kDa) were evaluated for distribution into major organs after intravenous
injection 2 h after CCI in mice (Figure 2.3A and Figure 2.4). This timeline was chosen to be
within the initial 4 h of secondary injury after CCI when a quick diagnosis and intervention of
calpain are critical.}” The highest accumulation for 10 kDa PEG was seen in the kidneys with
little accumulation in the brain, whereas the 20 and 40 kDa PEGs had significant accumulation in
the injured brain and significantly less accumulation in the kidneys compared to the 10 kDa
PEG. In the brain, 20 and 40 kDa PEGs accumulated significantly more in the injured
hemisphere than in the contralateral hemisphere by approximately 7- and 5-fold, respectively
(Figure 2.3B). The hydrodynamic diameters of each carrier in PBS were measured to be 5.57,
7.89, and 10.25 nm for 10, 20, and 40 kDa PEGs, respectively (Figure 2.3C). The 10 kDa PEG is
near the ~5 nm limit for renal filtration,3%3! which is reflected in its significant accumulation into
the kidneys compared to the 20 and 40 kDa sizes. All three carriers are smaller than the 500 nm
size range of materials which have been observed to extravasate into the injured tissue following
TBI.2832 Thus, 8-arm PEG polymer carriers greater than 20 kDa in size can accumulate in the

injured brain.
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Figure 2.3: Large-molecular-weight PEG carriers localize to the region of injury in a mouse model of
TBI. (A) Fluorescence image of major organs after intravenous injection of fluorescently labeled PEG of
various sizes (left) was quantified and the signal was normalized to PBS-injected animals (right) (n = 4,
mean * SE, *p < 0.05, **p < 0.01, ****p < 0.001, ordinary one-way ANOVA, and Tukey’s post hoc test
compared within each organ). (B) PEG distribution in injured or contralateral brain hemispheres (n = 4,

mean + SE, ***p < 0.001, ****p < 0.0001, two-way ANOVA, and Sidak’s post hoc test within each

size). (C) Size distribution of 10, 20, and 40 kDa PEGs.
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Figure 2.4: Fluorescence images of all organs analyzed for biodistribution. Yellow outlines mark the areas

measured for mean fluorescence intensity.

2.3.3. Calpain Substrate Responds to Calpain-1 Activity

To detect calpain-1 activity, we synthesized a calpain-1-responsive peptide composed of

the FRET pair Cy5 and QSY21 separated by a calpain-1-specific cleavage sequence

(QEVYGAMP) taken from the native mouse all-spectrin sequence (Figure 2.5A).3® To measure

kinetics of cleavage by calpain-1, several concentrations of peptide were incubated with
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recombinant calpain-1 enzyme in vitro, and peptide cleavage was measured by dequenched Cy5
fluorescence (Figure 2.5B). Because blood cleavage is a major concern for a sensor administered
intravenously, nonspecific cleavage of our peptide by blood components was examined by
incubation with mouse plasma or human a-thrombin. No significant cleavage of our substrate
was observed (Figure 2.5C). This peptide was then conjugated to 40 kDa 8-arm PEG to increase
its circulation time and retention in the injured brain tissue when applied in vivo (Figure 2.3).
The 40 kDa PEG was used over 20 kDa PEG to increase solubility of the peptide, as precipitates
were observed with 20 kDa conjugates. Multiple ratios of peptide:PEG were assessed via the
same in vitro Kinetics assay to optimize for sensor signal in response to calpain-1. It was
observed that the conjugation of the peptide:PEG in a 1:1 stoichiometric ratio led to a decrease in
the fluorescent signal (Figure 2.5B) as well as maximum cleavage velocity (Figure 2.5D)
compared to that of the free peptide. For example, the maximum cleavage velocity of the peptide
at an 8 uM concentration decreased from 1677.5 to 692.1 RFU/min with conjugation. This
decrease was not observed with the peptide in the presence of free unconjugated PEG (Figure
2.6), suggesting that the direct conjugation of the peptide to PEG impacts peptide cleavage by
calpain-1. The addition of multiple peptides:PEG in 2:1 and 4:1 conjugates led to further
decreased cleavage velocities compared to that of 1:1 conjugate or free peptide (Figure 2.5D).
Conjugates of 8:1 peptide:PEG precipitated out of solution, suggesting that the increased local
concentration of peptides created by physical linkage to a polymeric carrier leads to a decrease in
solubility. Due to the benefits of brain accumulation afforded by the PEG, a 1:1 stoichiometric

ratio of the peptide and PEG carrier was further evaluated in animal models of TBI.
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Figure 2.5: Calpain substrate is cleaved by calpain-1 as free peptide and when conjugated to PEG carrier.
(A) Schematic of calpain substrate peptide, conjugated to 8-arm PEG to form TBI-ABN (Q = quencher, F
= fluorophore). (B) Cleavage of free peptide (left) and 1:1 peptide:PEG (right) with recombinant human
calpain-1 (n = 3, mean = SD). (C) Cleavage of 8 uM peptide with recombinant human calpain-1, mouse
plasma, or human a-thrombin (n = 3, mean = SD). (D) Michaelis—Menten reaction kinetics of
peptide:PEG ratios of 1:0, 1:1, 2:1, and 4:1 calpain-1 cleavages (n = 3, mean £ SD).
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Figure 2.6: Maximal cleavage velocities of peptide with recombinant human calpain-1 as a free peptide,
as a free peptide with separate PEG scaffold, and as a peptide conjugated in a 1:1 ratio with PEG scaffold
(n =3, mean £ SD, **p<0.01, ***p<0.001, ordinary one-way ANOVA and Tukey's post-hoc test).
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2.3.4. TBI-ABN Activates in Injured Brain Tissue after CCI

Finally, we tested the activation of the TBI nanosensor in a mouse model of TBI. We
have established that calpain-1 has an increased activity independent of expression after brain
injury, PEG greater than 20 kDa in molecular weight can accumulate in the injury site, and a
FRET peptide substrate is cleaved by calpain-1. Extracellular release of calpain-1 and its
substrates by necrotic neurons after injury has been observed in previous studies;>** we therefore
expect the activation of our nanosensor without the need for cell internalization. Both increased
calpain-1 activity and intravenous access to the brain occur within the same 4 h time scale post
injury, so we expect that our TBI-ABN can localize and activate in the injured brain. We note
that the diagnosis of TBI within this 4 h window has been demonstrated to be crucial to decrease
patient morbidity.?

Mice were intravenously injected with sensor 2 h after CClI injury and evaluated for
sensor activation 2 h after injection. In the first hours after CClI, focal neurodegeneration has
been previously shown to extend from the injury site down to the hippocampus;*’ based on these
observations, the top 1.5 mm of coronal brain slices was analyzed for sensor activation after
fluorescent imaging. The sensor showed significant activation in the injured brain hemisphere
with a higher activated sensor signal compared to the background signal from both injured and
uninjured brains (Figure 2.7A-C). There was minimal activation of the sensor in uninjured
brains, likely due to unchanged calpain-1 activity (Figure 2.1B) and intact BBB. Additionally,
there was little difference in signal in uninjured brains and the contralateral hemisphere of
injured brains (Figure 2.7D and Figure 2.8). These results provide evidence that the sensor

produces a signal in response to injury.
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Figure 2.7: Calpain sensor activates in the injured brain tissue after intravenous delivery. (A-C)
Representative coronal brain slices from injured and uninjured brains (blue, nuclei; red, activated
nanosensor; scale bar = 500 um). (D) Quantification of mean sensor intensity in the injured hemisphere
normalized to uninjured control brains (n = 6, mean + SE, *p = 0.0851, ordinary one-way ANOVA, and
Sidak’s post hoc test). (E) Map and (F) insets from slices adjacent to (A), showing sensor localization
relative to (i) calpain-1 and (ii) CD31 in the injury periphery (blue, nuclei; red, activated nanosensor;
green, calpain-1 (top) or CD31 (bottom); outlined arrows, overlap of sensor with CD31; scale bar = 100

pm).
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Figure 2.8: Quantification of mean sensor intensity in the contralateral hemisphere normalized to
uninjured control brains (n = 6, mean + SE).

We additionally investigated the cellular distribution of sensor activation. Since the TBI-
ABN was delivered through an intravenous injection, we assessed TBI-ABN activation in
relation to the vasculature by staining for calpain-1 and the endothelial marker, CD31. In the
injury periphery, activated TBI-ABN signal was found in proximity to calpain-1 and some signal
was also positively stained for endothelial cells (Figure 2.7E,F). Signal was also detected in the
hippocampal CAL region and dentate gyrus (Figure 2.9), regions that are identified as sites of
extravasation and neurodegeneration following CCI.182* Neurons, glia, and endothelial cells
populating these regions are known to experience calcium influxes and abnormal calpain

activation following injury®® and are therefore potential sources for TBI-ABN signal.
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Figure 2.9: Sensor activation in (A) the hippocampal CAL region and (B) the dentate gyrus in coronal
slices from a representative injured brain 4 hours post injury (blue, nuclei; red, activated sensor; green,
calpain-1 (top) or CD31 (bottom); scale bar = 100 um).
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2.4. Conclusions

We engineered a TBI activity-based nanosensor, TBI-ABN, which responds to calpain-1
activity, accumulates in the injured brain tissue, and activates in a mouse model of brain injury.
To our knowledge, our engineered TBI-ABN is the first sensor to detect enzyme activity in TBI
and is a proof-of-concept for the development of future activity-based diagnostics for TBI.
Activity-based sensors are gaining significance for their ability to be engineered in response to
specific biological stimuli, allowing for the capture of pathological processes that cannot be
detected by conventional molecular quantification methods.® There are notable examples of
activity-based sensors in cancer: fluorescently activated polymers can identify tumor margins
during surgical resection,*®3" and urinary sensors can detect and stratify tumors.!#1*>* Based on
these advances in cancer, measuring protease activity with an activity-based sensor to diagnose
TBI is a promising strategy.

Now that we have established that a vascularly delivered sensor can activate in brain
injury in response to protease activity, in future work, the TBI-ABN will be engineered to release
biomarkers for minimally invasive blood-based detection. Signal specificity can be increased by
multiplexing substrates for the detection of proteases such as MMP-9, which has local increases
in activity following TBI and contributes to BBB breakdown.*® To further enhance sensitivity
and increase tissue accumulation and retention, we can add active targeting ligands, for example,
peptides that bind extracellular matrix components exposed after injury.*%#2 In the long term,
TBI-ABN can be paired with inhibitors of protease activity, such as small molecule inhibitors of

calpain-1,'! to create nanotheranostics that can detect and treat TBI.
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2.5. Methods

Synthesis of Poly(ethylene glycol) (PEG) Conjugates. Calpain substrate peptide
(QSY21-QEVYGAMP-K(Cy5)-PEG2-GC-NH2) was synthesized by CPC Scientific Inc.
(Sunnyvale, CA). PEG2 stands for poly(ethylene glycol). 8-arm PEG amine and PEG maleimide
(tripentaerythritol) were purchased from Jenkem Technology (Beijing, China). PEG amine was
reacted with 1 mol equivalent of VivoTag-S 750 (PerkinElmer, Boston, MA). PEG maleimide
was reacted with 1, 2, and 4 mol equivalences of the peptide in the presence of 50 mM
triethylamine (TEA) and quenched with an excess of L-cysteine. All conjugates were dialyzed in
water, and the final concentrations were determined by absorbance of VivoTag or Cy5 using a
Spark multimode microplate reader (Tecan Trading AG, Switzerland). The L-cysteine PEG
maleimide control was dissolved by weight. Hydrodynamic diameters of unconjugated PEG
amine were measured via dynamic light scattering (DLS) with a Zetasizer Nano (Malvern

Panalytical).

In Vitro Reaction Kinetics Assay. Free peptide and conjugates were incubated with
26.6 nM recombinant human calpain-1 (Sigma-Aldrich) in 50 mM N-(2-
hydroxyethyl)piperazine-N'-ethanesulfonic acid (HEPES), 50 mM NaCl, 2 mM
ethylenediaminetetraacetic acid (EDTA), 5 mM CaCl2, 5 mM B-mercaptoethanol, 10% mouse
plasma in phosphate-buffered saline (PBS), or 13.5 nM human a-thrombin (Haematologic
Technologies) in TCNB buffer. Mouse plasma was prepared by centrifuging blood collected
with EDTA. Fluorescence readings were taken every 90 s at 37 °C for 1 h. Reaction curves were
normalized to controls, and their initial velocities were fitted to a Michaelis—Menten curve in

GraphPad Prism (8.1.2).
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Controlled Cortical Impact (CCI) Mouse Model of TBI. All mouse protocols were
approved by the University of California San Diego’s Institutional Animal Care and Use
Committee (IACUC). Female C57BL/6J mice of 8-12 weeks old (Jackson Labs) were used for
all experiments. Mice were anesthetized with 2.5% isoflurane, and the head was secured in a
stereotaxic frame. A midline incision was made to expose the skull, and a 4 mm diameter
craniotomy was performed over the right hemisphere between bregma and lambda. The
controlled cortical impact was applied to the exposed dura of the cortex with the ImpactOne
(Leica Biosystems) fitted with a stainless steel 2 mm diameter probe at a velocity of 3 m/s and a

2 mm depth.

Biodistribution and In Vivo Sensor Activation. Two hours after CCl, 2 nmol of
VivoTag-PEG in 100 pL PBS (n = 4 each for biodistribution) or 8 nmol of TBI-ABN in 100 pL
PBS (n = 6 for sensor activation analysis) were intravenously administered via the tail vein.
Control mice received the same volume of PBS. Two hours after administration, mice were
transcardially perfused with USP saline followed by 10% formalin. Fluorescence was measured
with an Odyssey scanner (Li-Cor Biosciences) on the same day as collection. The mean

fluorescence intensity per area was analyzed using ImageJ.

Immunohistochemistry and Sensor Quantification in Brain Tissue Slices. Organs
were fixed with 10% formalin solution at 4 °C overnight, equilibrated in 30% w/v sucrose, and
frozen in OCT (Tissue-Tek). Coronal tissue slices 10 um thick were stained using conventional
protocols. The following primary antibodies were used: 1:200 calpain-1 (Abcam, ab108400) and

1:200 CD31 (BD, 553370). Sensor activation was quantified in three tissue slices per brain up to
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1.5 mm caudal from the center of the injury. Cy5 signal in each slice extending 1.5 mm down
from the top of the cortex was averaged between slices from each brain and then normalized to
the signal from uninjured PBS controls using ImageJ. Images were captured with a Nikon

Eclipse Ti2 microscope fitted with a Hamamatsu Orca-Flash 4.0 digital camera.

Protein Analysis. At the designated time points after injury, injured and contralateral
cortices were harvested and immediately frozen. Sham injured mice received a craniotomy and
no injury, and the tissue was harvested 3 h after surgery. Western blots were performed
following conventional protocols. The following primary antibodies were used: 1:2000 all-
spectrin (Abcam, ab11755), 1:1000 calpain-1 (Abcam, ab108400), or 1:5000 a-tubulin (Cell
Signaling, 3873). Membranes were imaged on a Li-Cor Odyssey scanner, and densitometric

analysis of the Western blots was done in ImageJ.

Software and Statistics. All data were analyzed in GraphPad Prism (8.1.2). All post hoc
tests were conducted with p < 0.05 to identify statistical significance between samples. All

images were analyzed with ImageJ (1.52p).
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CHAPTER 3. TARGETING THE EXTRACELLULAR MATRIX IN TRAUMATIC BRAIN INJURY INCREASES
SIGNAL GENERATION FROM AN ACTIVITY-BASED NANOSENSOR
3.1. Abstract
Traumatic brain injury (TBI) is a critical public health concern and major contributor to

death and long-term disability. After the initial trauma, a sustained secondary injury involving a
complex continuum of pathophysiology unfolds, ultimately leading to the destruction of nervous
tissue. One disease hallmark of TBI is ectopic protease activity, which can mediate cell death,
extracellular matrix breakdown and inflammation. We previously engineered a fluorogenic
activity-based nanosensor for TBI (TBI-ABN) that passively accumulates into the injured brain
across disrupted vasculature and generates fluorescent signal in response to calpain-1 cleavage,
thus enabling in situ visualization of TBI-associated calpain-1 protease activity. In this work, we
hypothesized that active targeting to the extracellular matrix of the injured brain would improve
nanosensor accumulation in injured brain beyond passive delivery alone and lead to increased
nanosensor activation. We evaluated several peptides that bind exposed/enriched ECM
constituents in the brain and discovered that nanomaterials modified with peptides that target
hyaluronic acid (HA) displayed widespread distribution across the injury lesion, in particular
colocalizing with perilesional and hippocampal neurons. Modifying TBI-ABN with HA-
targeting peptide led to increases in activation in a ligand valency-dependent manner, up to 6.6-
fold in the injured cortex compared to non-targeted nanosensor. This robust nanosensor
activation enabled 3D visualization of injury-specific protease activity in a cleared and intact
brain. In our work, we establish that targeting brain ECM with peptide ligands can be leveraged

to improve the distribution and function of a bioresponsive imaging nanomaterial.
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3.2. Introduction

Traumatic brain injury (TBI) affects over 1.5 million Americans per year and an
estimated 3.17 million patients live with chronic neurodisability due to TBI1.12 After the primary
injury, a progressive secondary injury unfolds within the brain over the course of hours to
months caused by a complex continuum of pathophysiology characterized by hallmarks such as
neuronal apoptosis, excitotoxicity, inflammation, and blood-brain barrier (BBB) dysfunction.®
One signature of secondary injury pathophysiology is ectopic protease activity; for instance, the
calcium-dependent cysteine protease calpain-1 cleaves cytoskeletal proteins and contributes to
apoptotic and necrotic cell death,* and its activity is correlated with worsened TBI outcome.>”
Protease activity measurements have the potential to improve understanding of TBI disease
biology and can serve as clinical biomarkers for disease progression,®® but there are few
approaches to measure protease activity in the living brain. In order to measure TBI-associated
calpain-1 activity, we previously engineered a fluorogenic activity-based nanosensor for TBI
(TBI-ABN) comprised of a Forster resonance energy transfer (FRET)-based peptide substrate of
calpain-1 conjugated to a polymeric nanomaterial scaffold.'® When administered intravenously
in a TBI mouse model, we demonstrated that TBI-ABN could accumulate into injured brain
tissue and activate in the context of injury. To sample ectopic protease activity in the injured
tissue, this technology relied on size-dependent accumulation in brain tissue via transient BBB
permeability, a hallmark of TBI pathophysiology. This passive accumulation of nanomaterials
localized to diseased tissue has been called an “enhanced permeation and retention” (EPR)-like
effect,'12 and is also described in other diseases such as cancer,'** arthritis,* and myocardial
infarction.®1” However in TBI, reliance on passive targeting alone is generally limited because

unlike chronic conditions such as cancer and arthritis, BBB disruption after TBI is transient,
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restricting the time window for nanomaterial delivery to hours after injury.t%!8 Furthermore,
increased intracranial pressure from ischemia-associated edema creates a pressure gradient that
likely limits nanomaterial diffusion across the extracellular space (ECS).® Thus, strategies to
control the tissue-level distribution of activity-based nanosensors beyond passive targeting have
the potential to increase protease-specific signal generation and therefore increase the sensitivity
of nanosensors, as was previously demonstrated when the addition of tumor-targeting ligands to
an MMP-9-sensitive ABN enabled ultrasensitive detection of low tumor burdens in a urinary
readout.?

As a complementary approach in addition to passive delivery, active targeting via peptide
or protein affinity ligands (e.g., transferrin,2?2 HER2 antibodies,?** RVG,®?° Lyp-12°2") can
improve the transport and/or tissue-level distribution of payloads. The extracellular matrix
(ECM) represents an attractive biological target for nanomaterials due to its abundance and high
density of binding moieties,?® and therefore has the potential to act as a binding reservoir for
exogenously delivered nanomaterials. Active targeting to ECM has been successfully applied to
nanoparticle and protein therapeutics within the contexts of cancer?®-? and arthritis-associated
inflammation.®*3* The dysregulated vasculature associated with cancer and inflammation
exposes tissue ECM to materials in systemic circulation. In addition, aberrantly deposited ECM
constituents can serve as disease-specific “neo-antigens” to improve distribution and efficacy of
therapeutics. For example, the fusion of a collagen binding domain to chemokine CCL4
increased the accumulation of systemically administered CCL4 within collagen-rich tumors,
leading to an enhancement of intra-tumor infiltration of immune cells when used in combination
with checkpoint inhibitor immunotherapy.®? In the brain, tissue is largely inaccessible to

systemically administered synthetic nanomaterials under physiological conditions due to the
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selective and tightly regulated BBB. After TBI, transient BBB disruption initiated by the injury
enables unique access to brain parenchyma,'11835 jncluding the ECM. In addition, the
composition of ECM in the brain is unique compared to that of peripheral organs; the brain is
enriched with hyaluronic acid (HA) and sulfate proteoglycans, while fibrillar collagens and
elastin are less represented.®®3" This composition is furthermore changed in disease, with
tenascins, laminin, chondroitin sulfate proteoglycans and heparin sulfate proteoglycans focally
upregulated in the TBI lesion.*®3" Local levels of HA are also perturbed due to changes in HA
metabolism; hyaluronidases can degrade HA into bioactive fragments,®*3 and expression of
hyaluronic acid synthases are increased after experimental brain injury.3® In addition to the tissue
ECM present in the brain parenchyma, vascular injury leads to fibrin deposition during natural
clotting and transient exposure of collagen 1V in the basement membrane.®® Each of these brain
ECM components are potential targets for nanomaterials in the context of TBI. The approach of
targeting the ECM after brain injury is highlighted by the recent identification of TBI-specific
peptides via in vivo phage display.3® This unbiased screening approach against whole brain tissue
after TBI identified a peptide CAQK, whose receptors were discovered to be upregulated
tenascin and versican proteoglycans in the ECM. CAQK modification enhanced the
accumulation, acute retention, and activity of nanomaterials carrying siRNA payloads in a
penetrating brain injury model.®® Beyond this demonstration, active targeting to the ECM after
TBI has been largely unexplored.

In this manuscript, we hypothesized that actively targeting nanomaterials to the brain
ECM can increase the bioavailability and therefore activity of a diagnostic payload after
systemic delivery in a TBI mouse model. We first performed an in vivo evaluation of

nanomaterials modified with a selection of peptides that target major brain ECM constituents:
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proteoglycans, collagen IV, fibrin, and HA. In a controlled cortical impact (CCI) model of TBI
in mice, nanomaterials modified with peptides that targeted HA led to widespread distribution
across cortical and hippocampal perilesional tissue after intravenous administration, and tissue
localization was distinct from nanomaterials modified with peptides that targeted other ECM
components. To determine whether this ECM-targeting-mediated change in tissue distribution
could be harnessed into a functional outcome, we added HA-targeting to TBI-ABN, a
nanosensor that activates in response to calpain-1 protease activity. We modified TBI-ABNs
with HA-targeting peptide at various levels of substitutions, quantified calpain-1 nanosensor
activation in injured brain tissue, and observed that targeting could increase activation up to 6.6-
fold over non-targeted nanosensor, which suggests that increasing nanomaterial avidity to the
ECM translates into enhanced nanosensor sensitivity. At the tissue level, we observed that the
activation of HA-targeted TBI-ABN throughout the perilesional brain tissue colocalized with
both neuronal and endothelial cell populations. Finally, light sheet imaging of TBI-ABN in
cleared brain revealed nanosensor activation in proximity to the impact lesion in both the
hippocampus and cortex. In summary, we establish that targeting an activity-based nanosensor to
the brain ECM can significantly increase signal generation when applied to an animal model of
TBI after systemic administration, enabling tissue-level visualization of aberrant calpain-1

protease activity in the injured brain.
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3.3. Results and Discussion
3.3.1. Nanomaterials targeted to hyaluronic acid have widespread distribution in the injured
brain.

In order to generate nanomaterials that interact with the brain ECM after intravenous
delivery, we first identified peptide ligands from literature that bind to ECM constituents that are
either exposed or enriched in the injured brain.®® The selected ECM targets and ligand sequences
were proteoglycans (CAQK),* collagen IV (KLWVLPK),* fibrin (CREKA),* and hyaluronic
acid (STMMSRSHKTRSHHV).*?*3 Throughout the manuscript, these ECM-targeting peptides
are referred to as PGpep, CIVpep, FIBpep, and HApep, respectively. These peptides are low

molecular weight, linear sequences with comparable physicochemical properties (Table 3.1).

Table 3.1: Brain ECM targeting peptides and their properties.

Peptide name ECM target Peptide sequence pl? GRAVY®
PGpep proteoglycans | CAQK®® 9.13 |-0.78
CIVpep collagen IV KLWVLPK* 10.69 |0.21
FIBpep fibrin CREKA* 9.12 |-152
HApep hyaluronic Acid | STMMSRSHKTRSHHV# | 12,13 | -1.27

pl = isoelectric point
®GRAVY = grand average of hydropathy
In previous work, we have established that the physiochemical properties of peptides
influence nanoparticle pharmacokinetics in a mouse model of TBI.** Our nanomaterial scaffold
was a 40 kDa 8-arm polyethylene glycol (PEG) which was selected for several reasons. First,
each arm can participate in chemical conjugation, thus allowing for multivalent ligand
presentation. Second, we previously established that its ~10 nm hydrodynamic diameter

facilitates accumulation in the injured brain after intravenous administration'® since it is larger
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than the ~5.5 nm renal filtration limit which prevents rapid kidney excretion,* yet smaller than
the pores in the extracellular space which allows for diffusion into brain tissue.'®*® Third, PEG is
a component used to extend in vivo circulation half-life in multiple FDA-approved
formulations.*” The ECM-targeting peptides were synthesized with the fluorescent molecule
fluorescein (FAM) for quantification and a cysteine for reaction with maleimides on the 8-arm
PEG. The PEG scaffold was reacted with one mole equivalence of fluorescent molecule VivoTag
S-750 (VivoTag 750) and the remaining moieties were fully reacted with ECM-targeting
peptides. The FAM on the peptide was utilized for quantitative biodistribution and histology and
VivoTag 750 on the PEG scaffold was utilized for near-infrared surface imaging of organs. A
non-targeted nanomaterial control was synthesized by modifying PEG with cysteine (Cys)
instead of ECM-targeting peptide. In addition, the linear form of the well-studied peptide RGD*®
was included as a control due to the known elevation of integrin expression in inflammation. -5
We evaluated the biodistribution of nanomaterials modified with each ECM-targeting
peptide after intravenous delivery in a controlled cortical impact (CCI) mouse model of TBI
(Figure 3.1A). CCl is a well-established model of TBI that has reproducible molecular
phenotypes,®? including elevation of calpain-1 activity.'>*® Injuries were created by performing a
5 mm craniotomy over the right hemisphere of the brain and impacting the exposed dura with an
electromagnetically-driven probe 2 mm in diameter at a speed of 3 m/s and depth of 2 mm.
ECM-targeting peptide-modified PEG nanomaterial (25 nmoles of peptide per injection based on
FAM absorbance, corresponding to a dosage range of 1136-1389 nmol/kg) was injected
intravenously 6 hours post-CCI and mice were perfused and organs harvested 1 hour post-
injection, an experimental timeline established by previous work.3® Surface imaging of the

VivoTag 750 label in intact organs shows that nanomaterial accumulation in the brain was
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localized to the injured brain hemisphere (Figure 3.1B). This accumulation of intravenously
delivered nanomaterials into the injured hemisphere due to local, transient permeability of the
dysregulated blood-brain barrier is consistent with previous work from our group*®844 and
others.*!2 Nanomaterials modified with CIVpep had high liver accumulation over all other
materials. One potential hypothesis for this observation is the abundance of collagens I, 111, 1V,
and V in the basement membrane of the liver.>* We also observed significant nanomaterial

accumulation in the kidneys, in particular for FIBpep- and PGpep-modified nanomaterials.
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Figure 3.1: Nanomaterial modification with HA-targeting peptide leads to widespread distribution in the
injured brain after systemic administration.(A) Schematic of ECM-targeted nanomaterials and overview
of experimental design. 6 hours post-CCl, ECM-targeted nanomaterials were intravenously administered.
After 1 hour, organs were harvested for analysis of nanomaterial biodistribution and histology. (B)
Surface imaging of VivoTag 750 from major organs of one representative mouse per nanomaterial (n = 3,
white line indicates outline of organ). (C) Bulk quantification of percent injected dose nanomaterial per
gram (%I1D/g) tissue based on FAM fluorescence (n = 3, mean + SE, ****p < 0.0001, two-way ANOVA
and Tukey's multiple comparisons post-hoc test within each organ group). (D) Representative images of
the injured cortex in coronal brain slices (n = 3; blue, nuclei; green, FAM-labeled ECM-targeting peptide
on nanomaterial; scale bar = 500 pm).
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While surface imaging gives spatial distribution within an organ, it is limited by imaging
depth and we therefore performed a bulk analysis of homogenized organs to quantify
nanomaterial accumulation. Bulk quantitative biodistribution analysis was based on fluorescence
signal from the FAM label on the peptide which was used to calculate the percent injected dose
per gram tissue (%ID/qg tissue) from a standard of known peptide concentrations. We observed
that bulk quantitative analysis was largely consistent with surface imaging (Figure 3.1C).
CIVpep-modified nanomaterials significantly accumulated in the liver over all nanomaterials
modified with other ECM peptides (between 8.9-fold and 24.8-fold). Moreover, nanomaterials
modified with PGpep and FIBpep had the highest overall kidney accumulation, followed by
RGD. The ECM-targeting peptides did not appear to have significant impacts on total
accumulation in the injured brain (%ID/g between 0.80 and 1.68), consistent with previous
observations that targeting has modest effects on total tissue accumulation.?1:222426 Considering
that the targeting peptides we investigated bind to the ECM, we posit that nanomaterials must
first encounter the ECM through passive targeting and therefore ECM-targeting peptides would
be unlikely to contribute to changes in total brain accumulation. This is further corroborated by
similar blood half-lives measured for each ECM-targeted nanomaterial (Figure 3.2); previous
work has established that passive accumulation after systemic administration correlates with
blood half-life due to a maintenance of a concentration gradient of nanomaterials between the

blood and target tissue.*

107



200

_| -~ PGpep
Q 50— - ClVpep
3 -+ FIBpep
2 100 —~* HApep
3 RGD
o -
50 -~ Cys

0I I I 1 I | 1
10 20 30 40 50 60

Time (minutes)

Figure 3.2: Percent injected dose of ECM-targeted nanomaterials in the blood at 0, 5, 15, 30, and 60
minutes after intravenous administration (n = 3, mean + SE).

To investigate the spatial distribution of nanomaterials in the injured brain at greater
depth and resolution than could be achieved with surface imaging, we completed a qualitative
comparison of nanomaterial distribution in brain sections following immunostaining with an a-

FAM antibody (Figure 3.1D, Table 3.2).

Table 3.2: Immunostaining reagents and their dilutions used in this study.

Target and supplier Dilution | Product #
fluorescein/Oregon Green (ThermoFisher) 2.5 ug/mL | A-889
fluorescein/Oregon Green (alternate) (ThermoFisher) 5.0 ug/mL | A-11095
NeuN (Millipore Sigma) 0.6 pg/mL | MAB377
CD31 (BD) 2.5 pg/mL | 553370
biotinylated hyaluronic acid binding protein (bHABP) (Sigma) 5.0 pg/mL | 385911

108



We observed a marked increase in the distribution of HApep-modified nanomaterials in
the injured area of the brain compared to the other peptide-modified nanomaterials. This
observation was consistent across triplicate brains (Figure 3.3). To verify that the FAM-
immunostaining was specific, we used an alternate a-FAM antibody and observed the same
outcome (Figure 3.4). The non-targeted nanomaterial served as a negative control for non-
specific staining since no FAM was present on that nanomaterial. The widespread distribution of
HApep-modified nanomaterial in the tissue proximal to the injury was observed despite the lack
of appreciable differences measured in bulk analysis of FAM signal. This may be due to the
reduced sensitivity of measurement in the bulk analysis since antibody staining was used to
image nanomaterial in brain sections. In addition, analysis of brain sections revealed that
nanomaterial was largely restricted to the cortical and hippocampal tissue in close proximity to
the injury, whereas in bulk quantification the whole hemisphere was homogenized potentially
diluting total nanomaterial signal. Our results were also consistent with previous studies that
establish active targeting has greater impacts on intra-tissue distribution of nanoparticles over

bulk accumulation.??
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Nuclei FAM-Nanomaterial

Figure 3.3: Triplicate histology in coronal brain slices of ECM-targeting peptides used in the in vivo
screen (blue, nuclei; green, FAM-labeled ECM-targeting peptide on nanomaterial; scale bar = 500 pum).




FAM-Nanomaterial Nuclei

Figure 3.4: Coronal brain slices stained with an alternate a-FAM antibody, ThermoFisher A-11095 (blue,
nuclei; green, FAM-labeled ECM-targeting peptide on nanomaterial; scale bar = 500 um).

3.3.2. Hyaluronic acid-targeted nanomaterial accumulates within injured brain tissue and

colocalizes with hippocampal and cortical neurons.

Having demonstrated that nanomaterials modified with peptides that target HA have
improved distribution within the injured brain over peptides that target other ECM components,
we sought to further characterize the tissue-level distribution of this nanomaterial. We stained
and imaged both the uninjured contralateral and injured ipsilateral hemispheres in coronal brain
sections and observed that nanomaterial localization is specific to the injured hemisphere with
minimal signal in the uninjured hemisphere (Figure 3.5A), consistent with our previous
observation (Figure 3.1B). Nanomaterial accumulation coincided with areas of tissue trauma in
the right hemisphere, where the CCI was applied. Within the injury, there was significant
nanomaterial signal in the perilesional cortical and hippocampal regions.

Next, to identify nanomaterial localization around brain cells of interest, we performed
immunostaining for neurons — a major source of calpain-1°%°" and the cellular target for

neuroprotective therapeutics.®® HApep-modified nanomaterial was found to colocalize with
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subsets of both cortical and hippocampal neurons (Figure 3.5B). In the perilesional cortex
(Figure 3.5Bi), nanomaterial localized to neurons adjacent to tissue trauma and similarly,
nanomaterial localized to neurons in the hippocampal region (Figure 3.5Bii).

We next compared the localization of our HA-targeted nanomaterial to the spatial
distribution of endogenous HA. A biotinylated hyaluronic acid binding protein (0 HABP) was
used to visualize native HA, as described previously.*®-®2 Consistent with published literature,®°-
%2 regions with HABP binding were enriched in the hippocampus and cerebral cortex (Figure
3.5C). The staining of bHABP in both the cortex (Figure 3.5Ci) and hippocampus (Figure 3.5Cii)
was mainly diffuse, although enrichment was observed around the cell bodies of hippocampal
neurons and select neurons in the cortex. This observation is consistent with literature, as HA is a
known component of perineuronal nets (PNNs) that surround neuronal cell bodies.®® In some
instances, our HA-targeted nanomaterial colocalized with cells with HABP perineuronal staining
in both the cortex and hippocampus (Figure 3.5Ci-ii, arrows). Differences observed between the
distribution of HABP staining of brain slices and systemic administration of HApep-modified
nanomaterial are likely due to limited access of intravenously administered nanomaterial across
the damaged vasculature and extracellular space.'®*® Additionally, there are likely differences
between the specificity of HABP and the short peptide ligand HApep since the modes of

discovery and composition are divergent.*?°
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Figure 3.5: Hyaluronic acid-targeted nanomaterial distributes across perilesional brain tissue in CCI-
injured brains. (A) Coronal brain sections from mice administered i.v. HApep-modified nanomaterial 6
hours post-CCl after 1 hour of circulation (blue, nuclei; green, HApep on nanomaterial; scale bar = 500

um). (B) HApep-modified nanomaterial in the injured cortex stained for neurons (red, NeuN; scale bar =

500 pm). Insets show (i) perilesional cortex and (ii) hippocampus (scale bar = 100 pm). (C) Injured

cortex labeled with biotinylated hyaluronic acid binding protein (magenta, bHABP; scale bar = 500 pm).

Insets show (i) perilesional cortex and (ii) hippocampus (scale bar = 50 pum). Arrows note instances of

nanomaterial colocalization with HABP staining.
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3.3.3. Targeting hyaluronic acid enhances the in vivo sensitivity of an activity based nanosensor
for TBI (TBI-ABN).

We previously developed an activity based nanosensor for TBI (TBI-ABN) for detection
of calpain-1 protease activity in a mouse model of TBI.1° The TBI-ABN consists of a FRET pair
(fluorophore: Cy5, quencher: QSY21) separated by the calpain-1-cleavable peptide sequence
QEVYGAMP, which is derived from a native calpain-1 substrate, all-spectrin,®® attached to 40
kDa 8-arm PEG, the same polymeric scaffold that we used to evaluate brain ECM-targeting
peptides (Figure 3.1). When active calpain-1 protease is present, the FRET substrate on TBI-
ABN is cleaved, leading to dequenching of Cy5 fluorescence. We previously demonstrated that
TBI-ABN could passively accumulate in the injured brain and generate fluorescent signal in
response to locally activated calpain-1 after systemic administration in CCl-injured mice.’® As a
demonstration that spatial localization in the TBI microenvironment can increase the activity of
nanomaterials, we proposed that the addition of active targeting ligands would improve signal
generation from TBI-ABN. We previously established that the addition of tumor targeting
increased the sensitivity of an activity-based protease nanosensor for cancer via in silico and
experimental analyses.? In the context of TBI, we hypothesized that the incorporation of HA
targeting in our TBI-ABN design would increase nanosensor activation since HA-targeted
nanomaterial colocalized within perilesional cortical and hippocampal neurons (Figure 3.5), and
neurons are a major cellular source of calpain-1.56%7

We synthesized TBI-ABNSs with varying degrees of HA targeting in order to investigate
the relationship between ligand valency and TBI-ABN activation in vivo. This was motivated by
the phenomenon that multivalent molecular interactions confer enhanced overall binding strength

(i.e., avidity) and increase the likelihood for binding events to occur.® Previous studies have
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established the importance of tuning binding avidity for nanomaterial targeting; for example,
increasing densities of transferrin targeting ligand on gold nanoparticles led to an increase in
nanoparticle localization in tumor cells, although higher ligand density also increased off-target
uptake by hepatocytes.?? In order to create TBI-ABNs with matched amount of calpain-1 FRET
substrate peptide and varying levels of targeting for comparison studies, a 1:1 stoichiometry of
calpain FRET substrate and 8-arm PEG was reacted, split into three parts, and HApep added at
stoichiometric ratios of 0, 4, and 7 to yield non-targeted, moderate-targeted, and high-targeted
TBI-ABNSs respectively (Figure 3.6A). Absorbance measurements verified that stoichiometric
ratios of HApep to calpain FRET peptide on the TBI-ABN were 0, ~3.2, ~8.5 for non-,
moderate- and high-targeted TBI-ABNS respectively (Table 3.3). In order to verify that HApep
modification of TBI-ABN did not significantly impact nanosensor performance, non-, moderate-,
and high-targeted TBI-ABNs were incubated with human calpain-1 enzyme at various
concentrations to construct Michaelis-Menten kinetics curves. Maximum cleavage velocities for
non-, moderate-, and high-targeted TBI-ABNs were 120.0 RFU/min, 73.72 RFU/min, and 76.13
RFU/min respectively, indicating that the incorporation of HApep moderately decreased calpain-

1 cleavage kinetics of TBI-ABN (Figure 3.6B).
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Figure 3.6: Hyaluronic acid targeting improves nanosensor signal generation in a CCl mouse model of
TBI. (A) Schematic of HApep-modified nanosensors with no, moderate, and high targeting. (B)
Michaelis-Menten cleavage kinetics of nanosensors incubated with human calpain-1 (n = 3, mean £ SD).
(C) Activated nanosensor signal measured in cortical brain tissue lysate collected from the contralateral
and injured hemispheres (n = 3, mean £ SE, ***p < 0.001, two-way ANOVA with Sidak’s multiple
comparisons post-hoc test compared to non-targeted groups).
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Table 3.3: Concentration measurements of calpain substrate peptide® and HApep® on TBI-ABNSs in PBS.

TBI-ABN Ratio of HApep to calpain substrate
Non-Targeted N/A

Moderate-targeted | 3.2

High-Targeted 8.5

3Calpain substrate absorbance measured at A = 646 nm, €46 nm = 112,783.33 (M*cm)*
®HApep absorbance measured at A = 495 nm, €495 nm = 75,000 (M*cm)*
A similar decrease in cleavage kinetics was observed when non-targeted TBI-ABNs were
mixed with unconjugated HApep in molar ratios matching the moderate- and high-targeted TBI-
ABNSs, indicating that the presence of HApep independent of conjugation led to modest

decreases in calpain-1 cleavage kinetics (Figure 3.7).
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Figure 3.7: Maximal cleavage velocities of TBI-ABNSs (8 puM quantified by calpain FRET substrate
peptide) incubated with human calpain-1 and different levels of conjugated HApep (for targeting

conditions) or unconjugated HApep (for control conditions) (n = 3, mean + SD, **p < 0.01, ***p <0.001,
ordinary one-way ANOVA and Tukey's post-hoc test).
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Next, we quantified TBI-ABN activation after intravenous administration in a mouse
model of TBI. Non-, moderate-, and high-targeted nanosensors were administered via tail-vein at
matched calpain-1 FRET substrate concentrations three hours after CCI, a time point when
calpain-1 activation was measured to be locally increased in injured brain tissue.'® One hour after
nanosensor administration, fresh perilesional tissue and corresponding uninjured tissue from the
contralateral hemisphere were collected and homogenized for bulk fluorescence analysis of
dequenched FRET substrate from the TBI-ABN. Consistent with our previous observations,
nanosensor activation was significantly greater in homogenate isolated from the injured
hemisphere over the uninjured contralateral hemisphere by 6.2-fold, 8.1-fold, and 12.5-fold for
non-, moderate-, and high-targeted TBI-ABNSs respectively (Figure 3.6C). Comparing signal
generation in the injured hemisphere across degrees of targeting, moderate and high targeting
increased the levels of activated nanosensor signal by approximately 2.8-fold and 6.6-fold,
respectively, over the non-targeted control. This increase in signal generation was observed
despite the moderately decreased cleavage kinetics of HApep-modified TBI-ABNs measured in
vitro with human calpain-1 enzyme (Figure 3.6B). Furthermore, Cy5 signal from activated
nanosensor was greater than vehicle control and consistent across triplicate mice within each
group (Figure 3.8). These results demonstrate that targeting TBI-ABN to the ECM increases
activation within the injured brain in a valency-dependent manner. Although the high-targeted
TBI-ABNSs resulted in the highest overall signal in the brain, we also observed a concomitant
increase in sensor activation in off-target organs compared to moderate- and non-targeted TBI-
ABNSs (Figure 3.9), suggesting that a moderate level of targeting may be desirable to achieve

higher specificity of brain-to-off-target organ signal generation.
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Figure 3.8. Raw activated nanosensor signal for non-, moderate-, and high-targeted TBI-ABN measured
in cortical brain tissue lysate collected from contralateral and injured hemispheres, including background
tissue signal from vehicle control (n = 3, mean = SE, ****p <0.0001, two-way ANOVA with Sidak’s
multiple comparisons post-hoc test compared to non-targeted; each data point represents one mouse).
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Figure 3.9: Relative fold-change of TBI-ABN activation in brain (C = contralateral cortical tissue; | =
injured cortical tissue) and off-target organs (H = heart; LG = lungs; LV = liver; S = spleen; K = kidneys)
compared to non-targeted TBI-ABNs (n = 3, mean + SE, ***p < 0.001, ****p < 0.0001, two-way
ANOVA with Dunnett’s multiple comparisons post-hoc test compared to non-targeted groups within each
organ).
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3.3.4. Targeting hyaluronic acid enables widespread TBI-ABN activation in injured brain tissue.
Having established that HApep modification of TBI-ABNs leads to an increase in bulk
nanosensor activation in homogenized tissue lysate, we then set out to establish spatial activation
of TBI-ABN in the injured brain tissue. The same experimental paradigm was repeated in
triplicate, and coronal brain sections were imaged for activated nanosensor via dequenched Cy5
signal and nanosensor localization via the FAM label on HApep. We observed distinct
nanosensor activation in all three HApep modification levels (non-, moderate-, and high-
targeted) compared to the vehicle control (Figure 3.10), consistent with previous work.® In mice
administered TBI-ABN with moderate or high HApep valency, there was an observable increase
in both nanosensor distribution within the injured cortex and nanosensor activation. The
nanosensor tissue distribution resembled that of HApep nanomaterial (Figure 3.5) with
accumulation in both the perilesional cortex and hippocampus, indicating the FRET substrate did
not have a large impact on distribution, as expected with the low stoichiometry modification
(Figure 3.10). The pattern of nanosensor activation in the perilesional cortex and hippocampus
were consistent across triplicate brains within each group, although one brain with high-targeting
had significantly increased signal generation compared to replicates in the same group (Figure

3.11).
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Figure 3.10: Hyaluronic acid peptide targeting increases overall TBI-ABN activation and distribution
within coronal sections of the injured hemisphere. Injured hemispheres from CCl-injured mice
(representative brains from triplicate) after intravenous administration of vehicle or nanosensors with non-
, moderate-, or high-targeting modification (blue, nuclei; magenta, activated nanosensor; green, HApep
on nanosensor; scale bar = 500 pm).

121



X
)
€
O
(&
T
=
9
n
9
=
o
o

Hippocampus

Figure 3.11: Nanosensor activation in triplicate brains for vehicle, non-targeted, moderate HApep-
targeted, and high HApep-targeted TBI-ABN in the perilesional cortex and hippocampus (scale bar = 100
um for perilesional cortex, scale bar = 200 um for hippocampus; blue, nuclei; magenta, activated
nanosensor).
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We note that the pattern of nanosensor distribution was distinct from the pattern of
nanosensor activation, indicating some level of specificity of nanosensor activation. Overall, the
brain sections reflected quantitative measurements made in bulk homogenates (Figure 3.6) and
further supported our conclusion that incorporation of HA-targeting ligands increased
nanosensor activation in the brain compared to non-targeted control. Since the high-targeted
TBI-ABN vyielded the maximal fold-increase of nanosensor activation in the brain, subsequent
studies were performed with this nanomaterial.

Next, we investigated the distribution of activated TBI-ABN within the brain’s cellular
milieu because understanding the cellular localization of proteolytic activity could offer insight
into TBI pathophysiology. Neurons are a major source of calpain-1 in the brain®>" and we have
established that HA-targeted nanomaterial predominantly accumulates within cortical and
hippocampal neurons proximal to the injury (Figure 3.5). Furthermore, endothelial cells can also
contribute to abnormal calpain activation®®® and we expected nanosensor to have access to
endothelial cells due to the vascular administration route.*® We therefore investigated the
activation of HA-targeted TBI-ABN in the context of neuronal and endothelial cell staining
(Figure 3.12). In the perilesional cortex (Figure 3.12A), activated nanosensor signal colocalized
with NeuN™ neurons and CD31" endothelial cells. In the hippocampus (Figure 3.12B), activated
nanosensor colocalized mainly with neurons, consistent with HA-targeted nanomaterial
accumulation. Importantly, activation of nanosensor was distinct from the presence of
nanosensor imaged by the FAM label on HApep in both NeuN™ neurons and CD31* endothelial
cells. Interestingly, the pattern of TBI-ABN activation in perilesional hippocampal and cortical
neurons that we observed in our study was accordant with the pattern of neurodegeneration

observed in previous studies that stained for degenerating neurons up to ~1 week after injury.>¢’
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Figure 3.12: Hyaluronic acid-targeted nanosensor activates within neuronal and endothelial cells in the
perilesional cortex and hippocampus. Images from the (A) perilesional cortex and (B) hippocampus
imaged for nanosensor distribution and activated nanosensor (box in schematic indicates imaging
location). Immunostaining was performed for HApep (green, FAM), neurons (yellow, NeuN), and
endothelial cells (cyan, CD31) (blue, nuclei; magenta, activated nanosensor; scale bar = 200 um for larger
images and 25 um for insets). Colocalization of nanosensor activation with neurons or endothelial cells
are denoted with arrows or stars, respectively.
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The robust activation of HA-targeted TBI-ABN enabled the capture of macroscopic 3D
spatial heterogeneity of protease activation across the TBI lesion in intact brains. We performed
whole brain tissue clearing after TBI-ABN administration in CCl-injured mice with CUBIC
(Clear, Unobstructed Brain/Body Imaging Cocktails and Computational analysis),®® which
enabled removal of light scattering components while matching the brain refraction index to the
imaging media (Figure 3.13, Figure 3.14A). Cleared brains were imaged with light sheet
fluorescence microscopy (LSFM) for TBI-ABN localization and activation (Figure 3.14B-C).
The imaged volume was a 9.7 x 4.5 x 3.3 mm rectangular prism that encompassed the injured
and contralateral cortices. A 3D rendering was generated of both TBI-ABN localization and

activation based on the fluorescence of FAM on HApep and Cy5 on the dequenched FRET

substrate, respectively (Figure 3.14B).

t=0hr  t=3hr  t=24hr  t=7d t=9d t=10d  t=12d
1/2 R-1 R-1 R-1 PBS Wash  1/2R-2 R-2

Figure 3.13: CUBIC clearing progress for excised injured brain demonstrating progressive clearing over
12 days following sequential incubations with reagent-1 (R-1) and reagent-2 (R-2).
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Contra. | Injury Contra.| Injury Contra.

Contra. Contra.| Injury Contra.

Contra. Contra.| Injury Contra.

Figure 3.14: Light sheet fluorescence microscopy (LSFM) of cleared tissues enables 3-dimensional (3D)
reconstruction of nanosensor activation within the injured brain. (A) Image of injured brain before and
after whole brain CUBIC clearing. (B) 3D render view. (C) Sagittal, horizontal, and coronal cross
sections (magenta, activated nanosensor; green, HApep on nanosensor; scale bar = 1 mm; Contra. =
contralateral hemisphere). See Figure 3.15 for the clipping planes used to generate the cross-sections.

Robust nanosensor activation was observed in the perilesional cortex in all directions
from the injury lesion, approximately 2 mm away from the injury epicenter, and in the
hippocampal formation directly below the injury. A cylindrical pattern of nanosensor activation
around the impact epicenter was observed, as demonstrated by horizontal cross sections at three
optical sectioning depths (Figure 3.15). Furthermore, cross-sectional views of the injury (Figure

3.14C), generated using sagittal, horizontal, and coronal clipping planes (Figure 3.16),
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demonstrated that robust sensor activation was confined to the area proximal to the injury with
minimal nanosensor activation detected in the contralateral hemisphere. Our 3D imaging
corroborated the injury-specific activation observed in 2D imaging from brain sections (Figure
3.10 and Figure 3.12). Overall, volumetric optical sectioning of cleared brains enabled spatial
visualization of activated nanosensor, showing the extent of calpain-1 protease activity in

relation to the injury.

}_, j- j- Contra.| Inj. Contra.

Contra.| Inj.

~2.1mm

Contra. | Inj. Contra.| Inj. Contra.

Increasing depth from surface

~2.7mm

Figure 3.15: Light sheet fluorescence microscopy (LSFM) horizontal cross sections of cleared brain over
three imaging depths from the cortical surface (1.2 mm, 2.1 mm, 2.7 mm) (magenta, activated
nanosensor; green, HApep on nanosensor; scale bar = 1 mm:; Inj. = injured hemisphere; Contra. =
contralateral hemisphere).
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Clipping Planes: ‘J_’ ~ }_‘ 'J_'
Sagittal Horizontal
(YZ) (XY)

Figure 3.16: 3D rendering of TBI-ABN in the injured brain with clipping planes. (A) Schematic of
sagittal (red, YZ), horizontal (blue, XY), and coronal (green, XZ) planes. (B) 3D render showing the three
clipping planes with the sagittal plane located in the injured cortex. (C) 3D render showing the same
clippling planes but with the sagittal plane in the contralateral cortex. (magenta, activated nanosensor;
green, HApep on nanosensor).

3.4. Conclusions

Aberrant protease activity is linked to a worsening of TBI pathophysiology and
prognosis®~’ and tools to measure protease activity in the injured brain would allow for greater
understanding of TBI progression. In this manuscript, the addition of HA-targeting peptides to a
previously developed activity-based nanosensor for TBI led to a robust signal that enabled
visualization of protease activity in an intact brain. The HA-targeting peptide, which is reported

to have a dissociation constant between ~0.1-10 uM depending on HA length,*“® was selected
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following an in vivo screen of ECM-binding peptides.*? We observed that the addition of HA-
targeting peptide increased TBI-ABN activation in a valency-dependent manner, consistent with
observations that avidity strengthens with increasing peptide valency.5* Beyond nanosensors, our
results provide impetus to apply ECM targeting as a generalizable strategy to improve
nanomaterial distribution and function within the injured brain after systemic administration.
Activity-based nanosensors are useful tools to probe protease activity in various disease
states and can thus serve as imaging tools or biomarkers for diagnosis and prognosis.2® We have
shown that active targeting to brain ECM is a viable method to improve bioavailability of our
nanosensor in the brain post-TBI, and thus increase both protease-dependent signal generation
and sensitivity. Beyond improvements in sensitivity, the TBI-ABN design can incorporate the
measurement of multiple proteases to further specify TBIl-associated protease activity.
Multiplexed detection of several disease-specific proteases has enhanced diagnostic specificity of
urinary nano-reporters for lung®® and prostate cancer.” In TBI, MMP-9 is a possible candidate
for multiplexing as MMP-9 levels are elevated in patients post-TBI, and MMP-9 is implicated in
BBB permeability.”* Tethering substrates for multiple proteases onto a single nanomaterial
scaffold and visualization in 3D would allow for the study of spatial activation of proteases in
relation to each other; for example, calpain-1 has been shown to activate MMP9 in TBI? and
stroke.” In the future, the TBI-ABN platform could be re-designed for in vivo measurements
with quenchable quantum dots’* and tissue-penetrating near infrared optical imaging through
cranial windows, or with superparamagnetic iron oxide nanoparticles’® and magnetic resonance
imaging (MRI). Furthermore, HA-targeting has the potential to be applied to a greater range of
nanomaterials, including therapeutic nanomaterials. Our observation that HA-targeted

nanomaterial colocalized with hippocampal and perilesional neurons provides motivation for its
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use in the delivery of neuroprotective agents, since neuronal apoptosis is a hallmark of secondary

injury and hippocampal neurodegeneration is associated with memory deficits after TBI.7®

3.5. Methods

Synthesis of ECM-targeted and TBI-ABN Poly(ethylene glycol) (PEG) Conjugates.
The following targeting peptides were synthesized by Lifetein (Somerset, NJ): PGpep (X(FAM)-
CAQK), CIVpep (KLWVLPKGG-K(FAM)-GGC), FIBpep (X(FAM)-CREKA), HApep
(X(FAM)-CSTMMSRSHKTRSHHYV), and RGD (X(FAM)-CRGD). Calpain substrate FRET
peptide (QSY21-QEVYGAMP-K(Cy5)-PEG2-GC-NH2) was synthesized by CPC Scientific Inc.
(Sunnyvale, CA). X stands for 6-aminocaproic acid and PEG2 stands for poly(ethylene glycol).
The 40kDa 8-arm PEG maleimide (tripentaerythritol) was purchased from Jenkem Technology
(Beijing, China). For ECM-targeting peptide screening: PEG maleimide was batch reacted with 1
mol L-cysteine-functionalized VivoTag S-750 (PerkinElmer, Boston, MA). The reaction was
then split to ensure matched VivoTag 750 modification for each conjugate and reacted with 8.4
mol equivalencies of each ECM-targeting peptide followed by quenching with an excess of L-
cysteine. For HA-targeted TBI-ABNs: 8-arm PEG maleimide was batch reacted with 1 mol
equivalent of calpain substrate FRET peptide, split and reacted with 0 mol (non-targeted), 4 mol
(moderate targeting), or 8.4 mol (high targeting) equivalents of HApep in the presence of 50 mM
triethylamine (TEA), then quenched with an excess of L-cysteine. All conjugates were dialyzed
with water, and final concentrations were determined by absorbance of VivoTag 750, FAM, or

Cy5 using a Spark multimode microplate reader (Tecan Trading AG, Switzerland).
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Controlled Cortical Impact (CCI) TBI Mouse Model. All mouse procedures were
approved by the University of California San Diego’s Institutional Animal Care and Use
Committee (IACUC). A total of 61 8-13 week old female C57BL/6J mice (Jackson Labs)
weighing between 18-22 g were used for all in vivo studies. Following anesthetization with
2.5% isoflurane, buprenorphine analgesia was administered. A 5 mm craniotomy was performed
over the right hemisphere between bregma and lambda and controlled cortical impact was
performed using the ImpactOne (Leica Biosystems) with a 2 mm diameter stainless steel probe at
a velocity of 3 m/s, depth of 2 mm, and dwell time of 300 ms. The center of the injury impact
was centered around -2.0 mm (x 0.5 mm) lateral from the midline and -2.0 mm (£ 0.5 mm)
caudal from bregma. Group sizes were n = 3 for each experiment unless noted, based on a type |
error rate of 5% and a power of 80% with an anticipated effect size greater than 2 with a 50%

variance.

Extracellular Matrix (ECM) Peptide In Vivo Screen. Six hours after CCI, 25 nmoles
of ECM-targeting peptide-PEG nanomaterial (quantified via FAM absorbance) in 150 pL 5%
dextrose was intravenously administered via the tail-vein. Nanomaterial doses were administered
to mice in a weight range of 18-22 g, corresponding to a dosage range of 1136-1389 nmol/kg.
Control cysteine mice received a matching dose as quantified by VivoTag 750 absorbance.
Triplicate mice were obtained per ECM-targeting peptide. One hour after injection, mice were
transcardially perfused with USP saline followed by 10% formalin. Surface fluorescence of
organs (brain, heart, lung, liver, spleen, kidneys) was measured with an Odyssey scanner (Li-Cor
Biosciences) within 6 hours of collection. For generation of tissue for quantitative biodistribution

of homogenized tissue, triplicate mice were perfused with 10 mL of ice-cold PBS. For
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quantification of nanomaterial blood half-life, 5-10 pL of blood was collected into heparinized
tubes (n = 3), VivoTag 750 signal was detected on a Li-Cor scanner, and %ID of nanomaterial in
the blood was calculated based on a standard of known concentrations and estimated blood

volume.

HA-targeted TBI-ABN In Vivo Study. Three hours after CCI, 6 nmoles (concentration
based on substrate peptide) of non-targeted, moderate targeting, high targeting TBI-ABN in 150
ML 5% dextrose was injected intravenously via the tail vein. Nanomaterial doses were
administered to mice with a weight range of 18-22 g, corresponding to a dosage range of 273-
333 nmol/kg. Vehicle control received equivolume of 5% dextrose. Following a 1-hour
circulation time, mice were sacrificed by transcardial perfusion of either USP saline followed by
10% formalin (for histology) or 10 mL of ice-cold PBS (for whole organ homogenization). Each
condition was repeated in triplicate for histology. The study was independently repeated again in
triplicate for homogenization tissue generation. A third independent study was performed for

CUBIC tissue clearing in one mouse.

Quantitative Biodistribution of Homogenized Tissue. Organ tissue was flash frozen at
-80 °C, tissue was minced, and lysis buffer (6% w/v sodium dodecyl sulfate (SDS), 150 mM
Tris-HCI pH 7.4, 100 mM dithiothreitol (DTT), and 2 mM ethylenediaminetetraacetic acid
(EDTA)) was added to achieve a concentration of 250 mg tissue/mL. Tissue was further
processed with a Tissue-Tearor with 4.5 mm probe (Fisher) at medium-high speed for 20-30
seconds until lysate was homogenized. Samples were heated at 90 °C for 10 minutes with

agitation at 800 RPM, vortexed to mix, and homogenate measured for FAM fluorescence (ECM-
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targeting peptide screen) or Cy5 fluorescence (TBI-ABN activation). Percent injected dose (%

ID) per gram of tissue was calculated based on a known nanomaterial concentration standard.

Immunostaining of Brain Tissue Slices. Following transcardial perfusion with 10%
formalin, necropsied organs were further fixed in 10% formalin at 4 °C overnight. Organs were
washed in PBS, transferred to 30% w/v sucrose-PBS overnight, then frozen in OCT (Tissue-
Tek). Coronal tissue slices 10 um thick were obtained within the 2 mm diameter injury region,
then stained using conventional protocols. See Table 3.2 for a list of antibodies and staining
reagents. Briefly, tissues were blocked for 1 hour in 2% bovine serum albumin, 5% serum of
secondary antibody, and 0.1% Triton X-100. For NeuN staining, blocking buffer included
2ug/mL of donkey anti-mouse Fab. Primary antibody incubations were done in blocking buffer
overnight at 4 °C. Secondary antibodies were applied for 1 hour at room temperature, washed in
PBS, and mounted with Fluoromount-G (Southern Biotech). To probe for endogenous
hyaluronic acid, tissues were blocked for 1 hour, incubated overnight with biotinylated
hyaluronic acid binding protein (0 HABP), incubated for 1 hour with streptavidin AF647
conjugate, washed and mounted. Images were collected on a Nikon Eclipse Ti2 microscope
fitted with a Hamamatsu Orca-Flash 4.0 digital camera. Activated TBI-ABN was visualized with
imaging settings for Cy5. Images for direct comparison were collected using the same exposure

and LED intensity settings.

In Vitro Reaction Kinetics Assay. The calpain-1 reaction Kinetics assay was run as

previously described.'? Briefly, conjugates were incubated with 26.6 nM human calpain-1

(Sigma-Aldrich, C6108) in 50 mM N-(2-hydroxyethyl)piperazine-N’-ethanesulfonic acid
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(HEPES), 50 mM NaCl, 2 mM EDTA, 5 mM CacCl,, and 5 mM [-mercaptoethanol.
Fluorescence readings were taken every 90 s at 37 °C for 1 h. Reaction curves were normalized
to controls, and their initial velocities were fitted to a Michaelis—Menten curve in GraphPad

Prism (9.2.0).

CUBIC tissue clearing. Brains were cleared following published protocol (Clear,
Unobstructed Brain/Body Imaging Cocktails and Computational Analysis or CUBIC).8
Following transcardial perfusion with 10% formalin, the simple immersion protocol for dissected
whole brain tissue was followed without modifications. Tissues were kept static in fresh reagent-
2 at room temperature between clearing and imaging, with no longer than 1-1.5 weeks between

the last day of clearing and imaging.

3D light sheet fluorescence microscopy (LSFM). Light Sheet Fluorescence Microscopy
(LSFM) was accomplished using a Zeiss Lightsheet Z.1. The microscope was fitted with a 2.5x
objective, solid-state lasers (excitation wavelengths 488 nm for FAM and 640 nm for sensor) and
a PCO.edge 16 bit SCMOS camera for detection. The cleared brain was embedded in low melt
2% agarose (ThermoFisher) then submerged in CUBIC reagent-2 overnight. The next day,
magnetic staples were superglued to the agarose-embedded tissue and the sample was hung
vertically in front of the LSFM objective (2.5x) using a custom magnetic fixture. The brain was
slowly lowered into the imaging chamber filled with reagent-2 for at least 20 minutes prior to
image collection. A z-stack (range of 3.258 mm with a 3 um step size) was obtained. The 3D

area, encompassing the injured and contralateral hemispheres, was approximately 9.7 mm (x-
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axis) by 4.5 mm (y-axis) by 3.3 mm (z-axis). 3D images and clipping planes were generated in

Arivis Vision4D®.

Software and Statistics. GraphPad Prism® (9.2.0) was used to perform statistics. All

images were processed in ImageJ (1.53g).
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CHAPTER 4. BLOOD- AND URINE-BASED MEASUREMENT OF A TARGETED ACTIVITY-BASED
NANOSENSOR FOR TRAUMATIC BRAIN INJURY

4.1. Abstract

Traumatic brain injury (TBI) affects millions of people annually in the United States.
Current treatments for TBI are palliative and do not address the secondary injury which can lead
to long-term side effects in physical and cognitive function. Part of the challenge in addressing
secondary injury is that current diagnostic tools such as the Glasgow Coma Scale and medical
imaging (e.g. computed tomography, magnetic resonance imaging) are limited to patient
response and structural imaging and cannot detect the biological processes that unfold in the
damaged brain. Breakdown products released into the blood as biomarkers are one potential
strategy to measure the progression of secondary injury, and many of these biomarkers are
produced by proteases. Aberrant protease activity is one of the hallmarks of secondary injury
after TBI and a driver of disease progression, therefore technologies that measure protease
activity have the potential to complement current diagnostics by supplying readouts on the active
progression of injury. In this study, we developed an activity-based nanosensor for TBI (TBI-
ABN) which can release a synthetic biomarker into the blood or urine for minimally-invasive
measurement after cleavage by the TBI-associated protease calpain-1, which is a target of
therapeutics for TBI. We established that the synthetic biomarker can be detected from the blood
and urine via fluorescence and immunoassays after systemic administration in a mouse model of
TBI. The sensitivity of the TBI-ABN in both blood and urine was improved by targeting the
nanosensor to the extracellular matrix component hyaluronic acid with a peptide ligand, and this
improvement was dependent on ligand valency. In a diagnostic evaluation within female and

male mice, we observed sex-specific differences in urine signal but not in blood signal or organ
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signal; in the urine of female mice, the TBI-ABN was able to identify severe TBI with a strong
performance that was not observed in male mice. Blood- and urine-based detection of protease
activity has the potential to provide tools to understand protease activity in TBI and supplement

TBI diagnosis by providing readouts of potential therapeutic targets.

4.2. Introduction

TBI affects approximately 2.8 million people annually in the United States and leads to
the hospitalization of over 200,000 patients per year.* Current diagnostics for TBI rely on the
Glasgow Coma Scale which can be subjective, or on medical imaging (e.g. MRI, CT) which can
be time- and resource-intensive.2* More recently, there has been the identification of biomarkers
that can be detected in the blood or cerebrospinal fluid. These biomarkers are breakdown
products which are released during degenerative processes after TBI.> Measurement of these
biomarkers can help identify processes that otherwise could not be captured by medical imaging,
and provide additional information for the triage, treatment, and prognostication of TBI patients.
Moreover, they can be sampled through minimally-invasive collection of biofluids and can be
quantified relatively quickly compared to imaging. However, there are some limitations to the
measurement of endogenous biomarkers. The levels of most blood-based biomarkers for TBI are
so low that their measurement requires extremely sensitive assays; until the recent developments
of more sensitive instruments such as the Abbot i-Stat device,®’ this had limited the development
of rapid point-of-care diagnostics.2 Moreover, it has been difficult to identify biomarkers that are
unique to the brain, as some levels of TBI biomarkers can change in response to poly-trauma or

other stressors.
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As an alternative to the measurement of endogenous biomarkers, synthetic sensors have
been developed which can directly sample the activity of the proteases producing these
biomarkers.>1° Proteases, enzymes which can selectively identify and cleave sequences in other
proteins, are involved in critical cellular processes such as signal transduction, protein
processing, and transcriptional control.* In disease, these proteases can be ectopically expressed
or activated, which can then drive central hallmarks of disease such as inflammation and
extracellular matrix remodeling. Direct readouts of these pathological processes can aid in
diagnosis and identify direct targets for therapeutic intervention.® In addition, activity-based
sensors are engineered from the ground up and therefore can be selectively tuned to optimize the
sensitivity and specificity of measurement.'?1® Many of the endogenous biomarkers currently
being investigated for TBI diagnosis (e.g. SNTF) are produced by ectopic protease activity
including the calcium-dependent protease calpain-1.°> Calpain-1 is expressed within neurons,
astrocytes, and endothelial cells in the brain, and is locally activated within injured brain tissue
after TBI as part of secondary injury.}*° Calpain-1 activity is implicated in cellular death and
worsened prognosis after TBI,2°2? and it is a target of therapeutics for TBI.% Thus, tools to
measure calpain-1 activity may useful in diagnostic measurement of injury progression,
predicting patient prognosis, and informing precision treatments after TBI.

In previous work, we developed an imaging-based nanosensor for calpain-1 activity
which could accumulate within the injured brain tissue and produce a fluorescent signal after
systemic administration in a mouse model of TBI.Y® The sensitivity of this calpain-1 nanosensor
was improved by incorporating targeting to the brain extracellular matrix component hyaluronic
acid (HA).2* In this study, we designed an activity-based nanosensor for TBI (TBI-ABN) which

instead of generating fluorescent signal in situ, releases a synthetic biomarker into the blood and
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urine for a minimally-invasive measurement of calpain-1 activity after TBIl. We demonstrate that
this nanosensor can produce signals in the blood and urine in a mouse model of TBI and that
activated sensor can be quantified both via fluorescence and immunoassays. The addition of
targeting ligands to HA improved the sensitivity of both blood and urine measurement in a
ligand valency-dependent manner. Finally, a targeted form of the TBI-ABN was assessed for
diagnostic efficacy in both female and male mice, where sex-based differences were observed in
urine signal but not in blood or organ signal. This minimally-invasive measurement of protease
activity after TBI has the potential to supplement current diagnostics by providing directly-

actionable readouts which can inform patient treatment.

4.3. Results and Discussion
4.3.1. TBI-ABN allows for two detection modalities.

We designed a calpain-1 nanosensor that allows for measurement by both direct
fluorescence and immunoassay quantification in the blood or urine (Figure 4.1 and Figure 4.2).
Direct fluorescence measurement was desirable as a simple method to validate the engineering
design of the nanosensor, while immunoassay quantification was desirable both for an increased
dynamic range and sensitivity and as a format more relevant to clinical diagnostics. This
nanosensor contains a calpain substrate peptide from native substrate all-spectrin® flanked by a
fluorescein (FAM) fluorophore and CPQ2 quencher FRET pair (Biotin-GGSGG-K(5FAM)-
QEVYGAMP-K(CPQ2)-C-NH2). To prolong circulation time in the blood and improve passive
accumulation into the injured brain, the calpain substrate peptide was conjugated via a C-
terminal cysteine to an 8-arm 40 kDa poly(ethylene glycol) (PEG) scaffold.'® The multi-arm

PEG scaffold was chosen because a single scaffold can carry multiple functional moieties, and
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because PEG is biocompatible and a component of many FDA-approved materials;?® moreover,
it has a hydrodynamic diameter of ~10 nm*® which is both above the renal filtration limit of ~5.5
nm?’ and below the estimated pore size of the brain extracellular matrix.?®?° Nanoscale
materials are able to passively accumulate within injured brain tissue in the first 24 hours after
TBI due to an enhanced permeation and retention-like effect.1%2430-33 The peptide was designed
such that upon calpain-1 cleavage, the quencher remains attached to the PEG scaffold while the
FAM-labeled cleaved peptide (c-Peptide) is released (Figure 4.2A). The c-Peptide also contains
an N-terminal biotin connected to the FAM via a short peptide linker to create a
heterobifunctional synthetic biomarker for downstream analysis.3* This biomarker can be

quantified with sandwich immunoassays using a-FAM antibodies to capture the FAM end of the

peptide and labeled streptavidin to detect the biotin end of the peptide.
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Figure 4.1: Overview of redesigned TBI-ABN. After systemic administration, the ABN accumulates in
injured brain tissue where it is cleaved by calpain-1. The cleaved peptide (c-Peptide) can then shed back
into the blood and urine for minimally-invasive measurement of protease activity via fluorescence or
ELISA.
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Figure 4.2: (A) TBI-ABN contains a calpain-1 FRET substrate peptide that can be quantified via
fluorescence and ELISA. (B) In vitro cleavage kinetics of free peptide (left) and peptide conjugated to
PEG to form TBI-ABN (right), incubated with human calpain-1 (n = 3, mean + SD). (C) Michaelis-
Menten curves derived from the maximal velocities of cleavage (n = 3, mean £ SD). (D) Dynamic range
of free peptide and TBI-ABN on a sandwich ELISA, with a-FAM as the capture antibody and
streptavidin-HRP as the detection molecule. (n = 3, mean + SD, dashed line denotes the limit of detection
(LOD)).
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For initial kinetics and pharmacokinetics tests, TBI-ABN was synthesized by reacting 40
kDa 8-arm PEG maleimide with 1 mol equivalence of calpain substrate peptide and 1 mol
equivalence of cysteine-functionalized fluorescent tag VivoTag S-750 (VT750). We verified that
the calpain substrate peptide undergoes FAM dequenching after cleavage by human calpain-1 in
vitro, and that conjugation of the peptide to the PEG scaffold minimally impacted cleavage
kinetics (Figure 4.2B). At 8 uM peptide, the maximal velocity of cleavage decreased from ~850
RFU/min to ~445 RFU/min with conjugation. However, at lower concentrations of peptide the
difference in cleavage rates was less pronounced between free peptide and conjugate (Figure
4.2C). We investigated whether the decrease in maximal velocity was due to the presence of
PEG, or due to the conjugation of peptide to PEG, and found that the conjugation of peptide to

PEG led to the decrease in kinetics (Figure 4.3).
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Figure 4.3: (A) Kinetic curves and (B) Vmax at 8 uM peptide for calpain substrate peptide, TBI-ABN
conjugate, and TBI-ABN conjugate components (n = 3, mean + SD, Ordinary one-way ANOVA with
Dunnett’s multiple comparisons post-hoc test against peptide, **p<0.005).
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Previous studies have shown that the attachment of peptide substrates to PEG change
cleavage specificity and kinetics.!® The specificity of calpain substrate was assessed by
incubating free peptide with two off-target proteases: a-thrombin, an abundant blood protease
that is involved in the clotting cascade and can extravasate from the blood into the brain
parenchyma in brain injury,®-3" and MMP9, a protease that has also been found to activate
within injured brain tissue after TB1.384! The calpain substrate peptide did not activate after
incubation with either a-thrombin or MMP9 at the concentrations tested (Figure 4.4). Lastly, in
order to validate that the designed peptide could be sensitively measured in immunoassays, we
developed a sandwich ELISA immunoassay. The ELISA uses a-FAM antibodies to capture the
FAM end of the peptide and streptavidin-HRP to detect the biotin end of the peptide. This allows
for a more sensitive measurement of calpain substrate peptide with a limit of detection down to
~1 pM peptide (Figure 4.2D). The a-FAM antibody binds with equal affinity to both free peptide
and conjugate, thus the accurate measurement of biological samples would require the removal

of conjugate carrying uncleaved peptide prior to measurement.
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Figure 4.4: Specificity assay of 8 uM calpain substrate peptide after incubation with calpain-1, MMP9, or
a-thrombin (n = 3, mean + SD).
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4.3.2. TBI-ABN produces fluorescent signal in the blood and urine in a TBI mouse model.

The pharmacokinetics and activation of calpain substrate peptide and TBI-ABN were
then evaluated in vivo in a mouse model of TBI (Figure 4.5A). First, the blood circulation time
and urine clearance were investigated to determine the time-dependent boundaries for sampling
TBI-ABN activity. In uninjured mice, free peptide was intravenously administered followed by
blood collection from the tail-vein at 1, 3, 7, 15, 30, 60, and 120 minutes post-injection or urine
collection at 1 hour post-injection. Peptide was quantified via ELISA and compared to a standard
to obtain the percent injected dose (%ID) for each sample. Free calpain substrate peptide was
found to have a distribution half-life of 1.49 minutes, and a clearance half-life of 18.8 minutes
(Figure 4.5B). At 1 hour post-injection, ~5% of the peptide remained in blood circulation, while
the greater majority of peptide was recovered from the urine (Figure 4.5B-C). This suggests that
the peptide can clear into the urine after 1 hour of circulation. This was expected based on the
small molecular weight of the peptide, which is ~2.6 kDa when uncleaved and ~1.5 kDa when
cleaved.

To track the circulation of the larger TBI-ABN construct, the PEG scaffold was
conjugated with the fluorophore VT750. Uninjured mice were intravenously given TBI-ABNs
followed by blood collection at 0, 1, 2, 4, 8, and 24 hours post-injection and urine collection at 1
hour post-injection. Blood and urine samples were both measured for the fluorophore and
compared to a standard to determine %ID. TBI-ABNs were found to have a much longer
circulation time in the blood compared to free peptide, with a distribution half-life of 16.8
minutes and a clearance half-life of 29.6 hours (Figure 4.5D). At 1 hour post-injection, ~1.8% of
PEG was recovered from urine (Figure 4.5E). The observed clearance was comparable to

previous observations on renal clearance of 40 kDa 8-arm PEG in mice,'? and is over an order of
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magnitude lower than the observed clearance of free peptide. The 40 kDa 8-arm PEG scaffold
has a hydrodynamic diameter of ~10.3 nm,*° which is above the renal filtration limit of ~5.5
nm.2’ Thus, the kidney acts as a natural size filter to allow c-Peptide to accumulate in the urine
while excluding uncleaved, intact TBI-ABNs. This property allows for quantification of c-
Peptide in the urine using both fluorescence and ELISA without the need to separate uncleaved
from cleaved TBI-ABN. Due to the inability to separate uncleaved and cleaved TBI-ABN in
blood, TBI-ABN activation in the blood was only measured through fluorescence of activation.
The combined rates of TBI-ABN extravasation into the injured brain, calpain-1 cleavage of the
substrate, and shedding of c-Peptide back into the bloodstream will likely be similar to the
clearance rate of c-Peptide from the blood. Thus, the accumulation of signal with injury is
expected to take more time to be apparent in blood, which provides a snapshot of activity,

compared to urine, which can integrate the accumulation of signal over time.*2
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Figure 4.5: Pharmacokinetics of TBI-ABN in mice. (A) Nanosensor was intravenously administered at 3
hours post-injury, and blood and urine samples were collected at multiple time-points after injection. (B)
Blood circulation half-life of free calpain substrate in the blood of uninjured mice, as measured by ELISA
(n = 2-4, mean * SE, two-phase decay). (C) Estimated accumulation of free calpain substrate in the urine
of uninjured mice at 1 hour post-injection, as measured by ELISA (n =4, mean £ SE). (D) Blood
circulation half-life of TBI-ABN tagged with VT750 in injured and uninjured mice, as measured by
fluorescence of VT750 (n =5, mean + SE). (E) Accumulation of TBI-ABN tagged with VT750 in urine at
1 hour post-injection, as measured by fluorescence of VT750 (n =5, mean + SE).

156



4.3.3. Targeting the TBI-ABN to hyaluronic acid improves sensitivity of TBI-ABN.

Next, we sought to improve on the sensitivity of blood and urine measurement by
incorporating active targeting ligands to the extracellular matrix component, hyaluronic acid
(HA). The brain parenchyma is highly abundant in HA, which can be accessed via passive
accumulation after disruption of the BBB in TBI.24%42 Thus, targeting to HA could improve the
accumulation of systemically administered material in the injured brain tissue and therefore
improve sampling of TBI-associated proteases. The addition of targeting ligands has previously
shown to improve sensitivity of a cancer nanosensor, as supported by predictions of a
mathematical framework.'® In previous work, we employed an HA-targeting peptide (HApep)*?
on our imaging nanosensor and were able to increase signal generation in the injured tissue by
6.6-fold over untargeted nanosensor.2* We hypothesized that this increased signal generation
observed in the injured brain tissue with our imaging nanosensor would translate to increased
signal in the blood and urine from our redesigned diagnostic TBI-ABN.

We investigated how the valency of targeting ligand impacted blood and urine signal
generated from our diagnostic TBI-ABN. In order to create conjugates with matched levels of
sensor peptide, 40 kDa 8-arm PEG-maleimide and calpain substrate peptide were first reacted in
equimolar concentrations then split into 3 reactions with different inputs of HApep with an N-
terminal cysteine (CWSTMMSRSHKTRSHHYV). The resulting conjugates for non-targeted,
moderate targeted, and high targeted TBI-ABNs had molar ratios of 0, ~2.5, and ~3.9 HApep per
calpain substrate, respectively, as measured by absorbance (Table 4.1, Figure 4.6). The addition
of HApep on the TBI-ABNs did not significantly affect cleavage kinetics of the calpain substrate

peptide between conjugates (Figure 4.7 and Figure 4.8).

157



Table 4.1: Concentration measurements of calpain substrate peptide* and HApep® on TBI-ABNSs in PBS.

TBI-ABN Ratio of HApep to calpain substrate
Non-Targeted N/A

Moderate-targeted | 2.5

High-Targeted 3.9

aCalpain substrate absorbance measured by FAM absorbance at A = 495 nm, concentration calculated
from a standard of free peptide in PBS

YHApep absorbance measured by tryptophan content at A = 280 nm, €250 nm = 5,500 (M*cm)™* after
correcting for the contribution to absorbance from calpain substrate

0.25

280 nm 495 nm
1.25 : :

— Non-targeted
8 1.00 — Mod. Targeted
c
8 High Targeted
e 075 .
2 ==+ Calpain Substrate
< -
3 0.50 HApep, M.Od'
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(]

300 400 500 600 700
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Figure 4.6: Absorbance spectra of targeted TBI-ABNs show peaks at 280 nm for HApep and 495 nm for
calpain substrate.
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Figure 4.7: (A) Kinetic curves at 8 uM calpain substrate peptide of targeted TBI-ABNs incubated with
human calpain-1 (n = 3, mean * SD). (B) Michaelis Menten curves derived from the maximal velocities
of cleavage (n = 3, mean % SD).
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Figure 4.8: (A) Non-targeted TBI-ABN was incubated with unconjugated HApep at equal ratios to the
HApep in moderate and high targeted TBI-ABNs as controls for conjugation. (B) Deconstructed
conjugate control curves and (C) bar graph of Vimax for moderate and high targeted conjugates at 8 UM
calpain substrate peptide with human calpain-1 (n = 3, mean + SD, Ordinary one-way ANOVA with
Dunnett’s multiple comparisons post-hoc test against non-targeted).
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Conjugates were evaluated in a controlled cortical impact (CCI) model of TBI. CCl isa
well-characterized model of focal TBI** and has shown to recapitulate human-relevant features
of TBI, such as locally increased calpain-1 activity within injured brain tissue.'%° Uninjured
mice and CCl-injured mice were each intravenously administered one of the three targeted TBI-
ABNs at 3 hours post-injury, following previous observations in increased calpain activity in
injured brain tissue at that time-point.1® Blood collection was performed at 0, 1, 2, 4, and 8 hours
post-injection and urine collection was performed at 1 hour post-injection (Figure 4.9A). In
fluorescence readings of calpain substrate cleavage from blood samples, non- and moderate
targeted TBI-ABNs showed an increased activation of signal in injured mice relative to the
baseline activation seen in uninjured mice (Figure 4.9B). In contrast, the high targeted TBI-
ABNSs showed minimal differences in blood signal between injured and uninjured mice. For
further analysis, we generated receiver operating characteristic (ROC) curves for each time point
based on the ability to distinguish signal between uninjured and CCl-injured mice and calculated
the area under the curve (AUC) as a measure of diagnostic performance (Figure 4.10). Based on
ROC AUC values, the ability of each TBI-ABN to classify injury through blood samples
increased over time from 1 hour through 4 hours before plateauing (Figure 4.9C). The moderate
targeted TBI-ABN outperformed the non-targeted TBI-ABN at classifying injury through blood
samples from 1 hour post-injection, while the high targeted TBI-ABN could only classify injury

from 4 hours post-injection.
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Figure 4.9: Targeting to hyaluronic acid improves the sensitivity of TBI-ABN in both blood and urine.
(A) Schematic of HA-targeted TBI-ABNs with non-, moderate, and high targeted ABNs. (B) Activation
of sensor in the blood of injured and uninjured mice at multiple time-points post-injection as measured by
fluorescence (n = 6, mean £ SE, Two-way RM ANOV A with Sidak’s multiple comparisons post-hoc test
for each time point, *p<0.05). (C) AUCs for blood ROCs taken at each time point (n = 6). (D,F)
Accumulation of activated sensor in the urine of mice 1 hour post-injection as measured by fluorescence
and ELISA respectively (n = 6, mean + SE, Unpaired t-test). (E,G) ROC curves and calculated AUCs

from fluorescence and ELISA measurements of urine, respectively (n = 6).
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Figure 4.10: (A) Time points of blood collection and (B-F) ROC curves classifying injured from
uninjured mice using TBI-ABN fluorescence from blood samples at 0, 1, 2, 4, and 8 hours post-injection,
respectively (n = 6).

Consistent with measured blood activation, the moderate targeted TBI-ABN showed the
greatest increase in urine signal between injured and uninjured conditions compared to the non-
and high targeted TBI-ABNs (Figure 4.9D). Interestingly, while the absolute fluorescent signal
in urine increased with ligand valency in injured mice, high targeted TBI-ABN vyielded
substantially elevated signal accumulation in the urine of uninjured mice. The moderate targeted
TBI-ABNSs yielded the highest signal-to-noise ratio of 4.7, significantly outperforming the
signal-to-noise ratios of 2.4 and 1.5 for non- and high targeted TBI-ABNSs, respectively. These
observations are consistent to previous observations with targeting with the imaging TBI-ABN,?*
where the sensitivity of TBI-ABN signal within injured brain tissue was the highest for the high

targeted TBI-ABN, at the cost of high accumulation and activation in off-target organs. In that
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study, the moderate targeted TBI-ABN Yyielded the highest specificity with minimal
accumulation or activation within off-target organs. The specificity advantage of moderate levels
of targeting were recapitulated in the diagnostic TBI-ABN; moderate targeted TBI-ABN was
able to discriminate injury with an ROC AUC of 1.00, compared to non-targeted and high
targeted TBI-ABNs with ROC AUCs of 0.83 and 0.76, respectively (Figure 4.9E). Signal was
not correlated with the collected urine volume, indicating that the differences in signal were
primarily due to targeting (Figure 4.11A). In order to establish that signal from the urine could
also be measured with more clinically-relevant immunoassays, an ELISA was performed to
quantify the concentration of c-Peptide in urine samples (Figure 4.9F). The c-Peptide
concentration quantified by ELISA correlated closely with fluorescence measurements with a
Pearson correlation of r = 0.9686, confirming that an immunoassay accurately reflected peptide
cleavage as measured by the direct fluorescent measurement (Figure 4.11B). The ELISA
measurements resulted in signal-to-noise ratios of 2.1, 4.1, and 1.8 for non-, moderate, and high
targeted TBI-ABNS, respectively (Figure 4.9F). The ROC curves based on ELISA measurements
likewise were comparable to the ROC curves based on fluorescence, with ROC AUCs of 0.94,
1.00, and 0.76 for non-, moderate, and high targeted TBI-ABNSs, respectively (Figure 4.9G).

The difference in diagnostic performance between the nanosensors with various targeting
valencies highlights the importance of tuning targeting valency in nanomaterial interactions. The
overall binding strength of nanomaterials to their targets can be enhanced by increasing targeting
valency.* However, too high of an avidity can disrupt transport of materials to their desired
target,*® and changes in pharmacokinetic properties such as charge can affect cellular uptake in
off-target organs such as the liver, spleen, or kidneys.3**’ This was observed with HA-targeting

of a calpain nanosensor in our previous study, where increasing valencies of targeting led to
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increased nanosensor activation within both the target brain tissue and in off-target organs.?*
Thus, the relative contribution of off-target activation is likely increased with high targeted TBI-
ABNSs, leading to the reduced difference in both blood and urine signal between injured and
uninjured mice. From these results, the moderate targeted TBI-ABN yielded the highest
combination of sensitivity and specificity for both blood and urine measurements. One possible
reason for this enhanced sensitivity is that HA is a component of peri-neuronal nets, which
surround the cell bodies of neurons.*® Neurons are a major source of calpain-1 within the brain,
and therefore the physical localization of nanosensor to neurons may increase sampling of
ectopic calpain-1 activity after TB1.#**° The 4-hour time point was selected for blood sampling
in subsequent experiments based on statistical significance seen in the time-course of injured

signal relative to uninjured controls (Figure 4.9A).
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Figure 4.11: Measurement of peptide via ELISA yields similar results to measurement via fluorescence.
(A) Scatterplot of activated nanosensor signal in urine against collected urine volume in female mice with
different targeted TBI-ABNs (n = 36). (B) Scatterplot, fluorescence vs. ELISA concentration of cleaved
TBI-ABN in urine collected at 1 hour post-injection (n = 36, Pearson correlation analysis: r = 0.9686,
p<0.0001).
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4.3.4. Sex- and severity-dependent performance of targeted TBI-ABN.

After establishing the optimal valency of HA targeting and identifying the 1-hour urine
and 4-hour blood collection time points, we further evaluated the diagnostic efficacy of the
moderate targeted TBI-ABN in a larger cohort of both female and male mice. Our next goal was
to evaluate performance of our nanosensor based on sex and injury severity. Sex-based
differences in cellular responses and outcome after TBI have been observed in both human
patients and animal models,>? and these differences could extend to calpain-1 activity. For
example, the spatial distribution and time course of calpain-1 activation in the brain was found to
differ after diffuse head injury in female and male mice.>® Thus, we investigated whether the
TBI-ABN could detect sex-based differences in calpain-1 activation. We also investigated
whether the TBI-ABN could discriminate between different severities of injury, as the serum
levels of calpain-specific breakdown products have previously been observed to increase with
severity of injury in human patients.?? Two severities of injury were investigated based on
previously established studies® by varying the depth of impact and speed of impact to produce
mild and severe TBI. For mild injuries, impact depth was 0.5 mm and impact speed was 1 m/s
while for severe injuries, impact depth was 2 mm and impact speed as 5 m/s. TBI-ABN was
administered at 3 hours post-injury and urine was collected at 1 hour post-injection and blood

was collected at 4 hours post-injection (Figure 4.12A).
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Figure 4.12: Moderate targeted TBI-ABNs show different patterns of signal with injury in female vs.
male mice. TBI-ABN activation in (B) urine at 1 hour post-injection and (C) blood at 4 hours post-
injection in (i) female and (ii) male mice as measured by fluorescence, and corresponding ROC curves in
(iii) female and (iv) male mice (Un = uninjured; Md = mild CCI; Sv = severe CCI; F = female; M = male;
n = 5-8, mean * SE, ordinary one-way ANOVA with Dunnett’s multiple comparisons post-hoc test
against uninjured control). (D) Relative fold-change of TBI-ABN activation in the brain (I = injured
cortical tissue, C = contralateral cortical tissue, with 1+C pooled for uninjured control) and in off-target
organs (H = heart; LG = lungs; LV = liver; S = spleen; K = kidney) in (i) female and (ii) male mice with
mild or severe CCI compared to uninjured controls (n = 5-8, mean + SE, two-way ANOVA with
Dunnett’s multiple comparisons test compared to uninjured within each organ, ****p<0.0001).
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In urine samples collected at 1 hour post-injection, female mice produced strong
fluorescent signals with both mild and severe injury, with a ~9-10-fold higher signal compared to
uninjured female mice (Figure 4.12Bi). Curiously, signal measured in injured male mice was
lower in magnitude than what was measured in female mice, with a ~2-fold higher signal in
injured male mice compared to uninjured male mice despite producing similar urine volumes to

female mice within each injury group (Figure 4.12Bii and Figure 4.13).
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Figure 4.13: Scatterplot of activated nanosensor signal in urine against collected urine volume in female
and male mice and different severities of CCI (n = 43).

No differences in overall signal generation were observed between mild and severe injury
conditions within either sex, although signal generation for mild injuries were more variable. The
TBI-ABN was able to discriminate injury in female mice with higher performance in mice with
severe (ROC AUC 1.0) compared to mild (ROC AUC 0.93) injuries (Figure 4.12Biii). In male
mice, the diagnostic performance was somewhat reduced, with ROC AUCs of 0.73 for mild

injury and 0.80 for severe injury (Figure 4.12Biv). In blood samples taken 4 hours post-injection,
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the measured signal was similar in female and male mice across injury severities (Figure 4.12Ci-
i1). Accordingly, the diagnostic performances were similar between female and male mice within
each group, with ROC curve AUCs of 0.78 and 0.84 for female and male mice with mild injury,
and 0.89 and 0.77 for female and male mice with severe injury, respectively (Figure 4.12Ciii-iv).
The urine ROC curve in female mice, and the blood ROC curves in both sexes of mice are
comparable to AUCs seen for diagnosis of TBI with blood-based measurement of GFAP and
UCHL-1 in human patients.>®

To determine whether the observed sex-based differences in urine signal were due to
differences in overall sensor activation in the injured brain, cortical brain tissue and off-target
organs were collected for homogenization from each mouse at 4-5 hours post-injection. Sensor
fluorescence was measured from organ homogenates to characterize the biodistribution of
activated nanosensor. Overall nanosensor activation was comparable across organs between
female and male mice (Figure 4.12D and Figure 4.14). A severity-dependent increase in
fluorescence was observed within the ipsilateral cortical brain tissue in injured mice, with a
slight increase in mild injury and significant increase in severe injury relative to uninjured mice.
Within each sex and injury condition, there was no difference in the relative distribution of signal
across organs. This suggests that the overall activation of sensor is independent of sex, and that

the differences measured in urine signals could be due to differences in transport of c-Peptide.
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Figure 4.14: TBI-ABN activation in the brain (Ipsi. = injured cortical tissue, Contra. = contralateral
cortical tissue, with Ipsi.+Contra. pooled for uninjured control) and in off-target organs in female and
male mice with no, mild, or severe CCI (n = 5-8, mean + SE).

In the context of TBI, it has previously been shown that there are sex-dependent
differences in the extravasation of nanoparticles to the injured brain 24 hours after TBI, but not
at 3 hours after TBI.%° The lack of sex-based differences in nanosensor activation within injured
brain tissue and the shorter time-frame of this study both suggest that the observed differences in
urine signal were not due to sex-dependent changes in nanosensor extravasation. The difference
in transport could instead be due to intrinsic differences in renal function between sexes. Sex-
based differences in the renal transport of different compounds, and in the expression of peptide
transporters within the kidneys have been identified within multiple animal models and within
humans.>%° Initial characterization of the TBI-ABN was done only in female mice, so it’s likely
that a different time point could be more optimal for urine collection in male mice. These
observations bring up interesting questions on sex-dependent changes in renal physiology after

TBI, which are out of scope of the current study.
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4.4. Conclusions

In summary, we have developed a protease-responsive nanosensor which can produce
quantifiable signals in response to TBI that can measured through minimally-invasive sampling
of the blood and urine. We established that in a mouse model of TBI, systemically administered
nanosensor released a synthetic biomarker which could be quantified from biological samples via
fluorescence and immunoassay modalities. The addition of targeting ligands to hyaluronic acid
led to enhancement in detection sensitivity of the synthetic biomarker in both the blood and
urine, and this enhancement of sensitivity was dependent on the valency of targeting ligands.
Within urine samples, the signal-to-noise ratio relative to uninjured mice was increased from 2.4
with no targeting to 4.7 with moderate targeting. Finally, we evaluated the diagnostic efficacy of
this optimized TBI-ABN in female and male mice across two severities of TBI. The TBI-ABNs
were unable to discriminate between TBI severities in blood or urine, but showed differences in
activation within homogenized brain tissues. Interestingly, sex-based differences were observed
in the urine transport of c-Peptide, with injured female mice showing a ~3-fold-higher urine

signal compared to injured male mice at 1 hour post-injection.

In urine samples from female mice, the TBI-ABNSs could identify severe injury with an
AUC of 1.00. In blood samples from both female and male mice, injury could be identified with
an AUC of ~0.77-0.89 depending on sex and injury severity. The urine diagnosis with our
engineered nanosensor are comparable to the top-performing biomarker-based diagnostics that
are currently being developed for TBI.8 In one major study that led to the first FDA approval of a
blood-based diagnostic assay for TBI, the serum levels of UCHL-1 and GFAP were quantified
from TBI patients via ELISA and used to determine whether the patients would be CT positive

or negative with a sensitivity of 0.973 and negative predictive value of 0.996.%° More recently, a
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rapid point-of-care version of the assay was developed by Abbot, termed the i-Stat, which can

quantify plasma levels of GFAP and UCHL-1 in 15 minutes.®’

Further work can be done to optimize the diagnostic performance of the TBI-ABN by
tuning different transport rates for its components.*? For example, the speed of signal detection in
the blood could be increased by using substrate sequences that were optimized for maximal
cleavage rate by calpain-1.5* The rate of c-Peptide clearance into the urine could also be
increased by incorporating ligands optimized for renal clearance, such as glutamate-
fibrinopeptide B or cyclodextrin.®?2 Finally, it is known that calpain-1 activation occurs across
other diseases such Alzheimer’s and ischemia-reperfusion injury;®+- the specificity of TBI
detection can be enhanced by multiplexing for other proteases that are activated in TBI, such as
MMP9 and cathepsin B.384167.68 A[| of these parameters should be considered in the context of
different demographic groups to ensure that the sensor can work in as many patients as possible.
With these improvements, TBI-ABNSs have the potential to provide a quantitative readout of TBI
pathology specific to each patient, allowing for a greater understanding of injury progression and
for the development of more targeted therapies against TBI-associated proteases through

precision medicine.®

4.5. Methods

Synthesis of TBI-ABN Poly(ethylene glycol) (PEG) Conjugates. Calpain substrate
FRET peptide (Biotin-GGSGG-K(5FAM)-QEVYGAMP-K(CPQ2)-C-NH2) was synthesized by
CPC Scientific Inc. (Sunnyvale, CA). HApep (CWSTMMSRSHKTRSHHV) was synthesized by
Lifetein (Somerset, NJ). The 40kDa 8-arm PEG maleimide (tripentaerythritol) was purchased

from Jenkem Technology (Beijing, China). For the initial kinetics and pharmacokinetics studies:
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PEG maleimide was reacted with 1 mol equivalence of calpain substrate peptide and 1 mol
equivalence of L-cysteine-functionalized VivoTag S-750 (PerkinElmer, Boston, MA), followed
by quenching with an excess of L-cysteine. For the targeting comparison and diagnostic
evaluation: PEG maleimide was batch reacted with 1 mol equivalence of calpain substrate
peptide to ensure matched substrate peptide modification for each targeting group. The reaction
was then split and reacted with 0 mol (non-targeted), 4 mol (moderate targeted), or 7 mol (high
targeted) equivalencies of HApep followed by quenching with an excess of L-cysteine. All
conjugates were dialyzed with water, and final concentrations were determined by absorbance of
VivoTag 750, FAM, or tryptophan using a Spark multimode microplate reader (Tecan Trading

AG, Switzerland).

In Vitro Reaction Kinetics Assay. The calpain-1 reaction kinetics assay was run as
previously described.'® Briefly, conjugates were incubated with 26.6 nM human calpain-1
(Sigma-Aldrich, C6108) in 50 mM N-(2-hydroxyethyl)piperazine-N'-ethanesulfonic acid
(HEPES), 50 mM NaCl, 2 mM EDTA, 5 mM CacCl,, and 5 mM B-mercaptoethanol.
Fluorescence readings were taken every 90 s at 37 °C for 1 h. Reaction curves were normalized
to controls, and their initial velocities were fitted to a Michaelis—Menten curve in GraphPad

Prism.

Quantification of Peptide from Urine and Blood via ELISA. 96-well plates were
coated overnight with polyclonal a-FAM antibody (Invitrogen, A-11095) at 0.5 pg/mL in PBS.
Coated plates were then blocked with blocking buffer (PBS, 0.05% Tween-20, 1% BSA) for 2

hours, incubated with sample in blocking buffer for 1 hour, then incubated with 1:200
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streptavidin-HRP (R&D Systems, DY998) for 1 hour. In between each incubation, the plate was
washed with PBS + 0.05% Tween-20. TMB substrate (Thermo Scientific, 34021) was then
added to develop signal for 5-10 minutes, followed by quenching with 1 N HCI. The final plate
was quantified by absorbance at 450 nm. For the half-life study, blood and urine samples were
quantified against a dilution ladder of injected material in PBS. For the targeting study, urine

samples were quantified against a dilution ladder of free peptide in PBS.

Controlled Cortical Impact (CCI) TBI Mouse Model. All mouse procedures were
approved by the University of California San Diego’s Institutional Animal Care and Use
Committee (IACUC). Female C57BL/6J mice (Jackson Labs) at 8-12 weeks old were used for
all in vivo studies. Male C57BL/6J mice (Jackson Labs) at 8-12 weeks old were used only in the
last diagnostic evaluation. Following anesthetization with 2.5% isoflurane, buprenorphine
analgesia was administered. A 5 mm craniotomy was performed over the right hemisphere
between bregma and lambda, and controlled cortical impact was performed using the ImpactOne
(Leica Biosystems) with a 2 mm diameter stainless steel probe and a dwell time of 300 ms. For
the targeting comparison study, severe CCls were performed with a velocity of 5 m/s and impact
depth of 2 mm. In the diagnostic evaluation, an additional mild CCI condition was included with
a velocity of 1 m/s and impact depth of 0.5 mm. The center of the injury impact was centered
around -2.0 mm (£ 0.5 mm) lateral from the midline and -2.0 mm (= 0.5 mm) caudal from

bregma.

Blood Collection and TBI-ABN Measurement. At each time point, 10 pL of blood was

collected from the tail vein into EDTA-coated tubes, then diluted 1:5 in PBS with a final
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concentration of 2 uM EDTA. Blood samples were centrifuged at 2,000 x g at 4 °C for 15
minutes to pellet cells and platelets, then the plasma supernatant was collected into clean tubes.
Samples were immediately measured for fluorescence before storing at -80 °C. For blood
pharmacokinetics of free peptide, the blood was diluted by 1:12,500 in PBS and quantified via

ELISA.

Urine Collection and TBI-ABN Measurement. After TBI-ABN injection, mice were
given 200 pL subcutaneous USP saline to induce urine production, then placed in a urine
collection box for 1 hour. After 1 hour, the bladders were gently pressed to expel all available
urine and the mice were returned to their housing. Collected urine was weighed to estimate
volume, then spun down at 20,000 x g at 4 °C for 2 minutes to pellet solid particles. Clean
supernatant was transferred to a clean tube, diluted 1:25 in PBS for fluorescence measurement,

then stored at -80 °C. For ELISA measurement, urine samples were diluted 1:50,000 in PBS.

Peptide and PEG Half-Life and Urine Accumulation Studies. To assess the
pharmacokinetics of calpain substrate peptide, uninjured mice were administered peptide in
1xPBS at a dose of 50 nmol calpain substrate / kg through the tail vein. In one set of mice, blood
was collected at 1, 3, 7, 15, 30, 60, and 120 minutes post-injection for quantification via ELISA
(n =4). In a separate group of mice, urine was collected at 1 hour post-injection for
quantification via ELISA (n = 4). For the percent injected dose (%ID) of peptide, blood volume
was estimated to be of 8% / kg. Blood half-life was estimated with two-phase decay after
assuming 100 %ID at 0 minutes. Urine volume was estimated based on urine weight with a

specific gravity of 1.0058. The % accumulation of peptide into urine was estimated by
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multiplying the quantified concentration of peptide in urine by the volume to obtain the moles
recovered, then dividing that value by the injected dose. To assess PEG biodistribution,
uninjured mice were administered fluorescently-tagged TBI-ABN in 1xPBS at 50 nmol calpain
substrate / kg through the tail vein (n = 5). Urine was collected at 1 hour post-injection to assess
PEG accumulation via fluorescence of VT750. Blood was collected at 0, 1, 2, 4, 8, and 24 hours
post-injection and measured for PEG via fluorescence of VT750. The % accumulation of PEG
into urine was similar to the calculation for % accumulation of peptide, except that the

concentration of PEG was based on a fluorescence standard of TBI-ABN.

TBI-ABN In Vivo Studies. For comparison of targeted TBI-ABNs, non-, moderate, or
high targeted TBI-ABN in 1xPBS was administered through the tail vein at 50 nmol calpain
substrate / kg and at 3 hours post-injury. Uninjured mice and mice with severe CCI were
compared for each targeting group (n = 6). Urine was collected at 1 hour post-injection and
blood was collected at 0, 1, 2, 4, and 8 hours post-injection for quantification of TBI-ABN
activation via FAM fluorescence. Urine was additionally measured for concentration of c-
Peptide via a sandwich ELISA against FAM and biotin. In the final diagnostic evaluation, female
and male mice were compared with uninjured mice, mice with mild CCI, and mice with severe
CCI for each sex (n = 5-8). Moderate targeted TBI-ABNs were administered at 50 nmol calpain
substrate / kg through the tail vein at 3 hours post-injury. Urine was collected at 1 hour post-
injection and blood was collected at 4 hours post-injection for quantification of TBI-ABN
activation via FAM fluorescence. At 4-5 hours post-injection, mice were transcardially perfused
with ice cold PBS and the organs were collected for homogenization to assess biodistribution of

activated TBI-ABN.
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Quantitative Biodistribution of Sensor Activation in Homogenized Tissue.
Homogenization was performed as previously described.?* The collected organ tissue was flash
frozen at -80 °C. The heart, lungs, spleen, and kidney were minced, and homogenization buffer
(6% wi/v sodium dodecyl sulfate (SDS), 150 mM Tris-HCI pH 7.4, 100 mM dithiothreitol (DTT),
and 2 mM ethylenediaminetetraacetic acid (EDTA)) was added to all organs to a final
concentration of 250 mg tissue / mL buffer. Tissue was further processed with a Tissue-Tearor
with a 4.5 mm probe (Fisher) until lysate was fully homogenized. Samples were heated at 90 °C
for 10 minutes with agitation at 800 RPM, vortexed to mix, and homogenate measured for FAM

fluorescence to quantify relative activation of TBI-ABN.

Software and Statistics. GraphPad Prism® (9.4.1) was used to perform statistics.
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