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ABSTRACT
MENGIJIE CAO

NANO-BASED DRUG DELIVERY SYSTEMS: TARGETING TO CORTICOSPINAL
TRACT NEURONS FOR CONTROLLED RELEASE OF THERAPEUTICS

MAY 2023

Central nervous system (CNS) damage leads to persistent loss of cognition, sensation,
and motor control, and affecting approximately millions of patients. Retention or regain of
function could be improved by therapies encouraging axon regeneration. However, therapeutic
effectiveness is challenged by limited CNS axon regeneration, limited CNS accessibility due to
the blood-brain barrier (BBB), and inefficient targeting to specific neurons due to CNS cellular
diversity. We suggest using surface functionalized nanoparticles (SFNPs) to specifically target
particular neurons and deliver regeneration-encouraging drugs in a remotely actuation-able and
controlled manner. We have developed fluorescently labeled polyethylene glycol (PEG)
copolymer nanoparticles surface functionalized with amino (N150, 150 nm diameter) or carboxyl
(C150 and C750, 150 nm and 750 nm diameters, respectively) functional groups. Here, we
attached brain-derived neurotrophic factor (BDNF) using peptide bonding to the surface
functional groups and assessed the amount and stability of BDNF derivatization, targeting to
corticospinal tract (CST) upper motor neurons, and promotion of outgrowth of neuronal
processes from release of the outgrowth promoting therapeutic, C3 transferase. Each SFNP
construct stably bound between 68.2 and 74.7% of the initial amount of BDNF. About 40.7% of
the N150 and 42% of C150 SFNPs either not derivatized or derivatized with BDNF traversed a
continuous monolayer of brain microvascular endothelial cells (BBMVECs, an in-vitro BBB
model) within 4 hours, while fewer C750 (24%) crossed the barrier in the same time frame. Cell

type specific immunolabeling showed that N150 and C150, and to a lesser extent C750, BDNF-



SFNPs were preferentially internalized into CST neurons compared to astrocytes,
oligodendrocytes, or microglia. BDNF-SFNP released C3 transferase increased several measures
of neurite outgrowth in CST neurons compared to SFNPs without BDNF derivatization. We
conclude that the N150 and C150 BDNF-SFNPs efficiently cross a BBB model, are
preferentially endocytosed by CST neurons, and release imbibed C3 transferase to increase
process outgrowth. The C750 construct less efficiently crossed the in-vitro BBB, but their greater
BDNF binding and C3 transferase carrying capacity may support comparable axon regeneration
compared to the smaller constructs. Thus, collectively, all three BDNF-SFNP constructs hold

promise for clinical use in treating neurotraumatic and neurodegenerative conditions.
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CHAPTER I
INTRODUCTION

Some of the most devastating human disorders come from dysfunction of the central
nervous system (CNS), a site that is largely inaccessible to traditional water-soluble drugs and is
composed of a multitude of cell types.>? The CNS is protected by the blood—brain barrier (BBB),
a series of tissue layers that protect the brain parenchyma from potentially harmful substances
traveling through blood vessels and facilitate the transfer of oxygen and nutrients to brain and
spinal cord neurons.®#. Therapeutics effective for treating CNS disorders, particularly neuronal
dysfunction, need to be able to cross the BBB and selectively affect specific cell species.>”’
Nanomaterial-based drug delivery systems hold great promise for addressing these challenges as
they can be formulated to cross biological barriers, derivatized to target specific cell types, and
induced to release therapeutics on demand once they have been endocytosed into the targeted
cells. 89 In the introduction to this dissertation, we summarize the significant burden of CNS
disorders, identify a potential target strategy to encourage CNS regeneration, and provide the
rationale leading to our overall hypothesis and the specific aims we designed to address it.
CNS DISORDERS ARE A LARGELY UNTREATED SIGNIFICANT HEALTH ISSUE

Traumatic or degenerative damage to the brain or spinal cord often leads to permanent
loss of cognition, sensation, or control over movement. !%!! Furthermore, neurotraumatic and
neurodegenerative conditions constitute a significant health burden. ' Degeneration and damage
to the brain or spinal cord are regarded as the highly lethal diseases having the fourth highest
mortality, following tumors, stroke, and cardiovascular and cerebrovascular diseases making the
prevention and therapy crucial and urgent. 3 In fact, the leading causes of mortality (tumors,

stroke, and cardiovascular/cerebrovascular disease) also significantly impact the CNS. '* Thus,



addressing CNS disorders in general, and targeting neurotraumatic and neurodegenerative
conditions that might be mitigated with therapies encouraging axon regeneration. !>

Neurotraumatic disorders constitute a significant disease burden. In the United States,
approximately 5.3 million and 285,000 patients suffer from pathology related to brain injury or
spinal cord injury, respectively. 1° A recent report from the National Spinal Cord Injury
Statistical Center reported that the annual incidence of spinal cord injury (SCI) is approximately
17,810 new cases each year in the United States. 1® SCI induced alterations in structure and
function of motor and sensory tracts lead to somatosensory, motor, and autonomic dysfunction
including cardiovascular conditions and lack of control of bowel, bladder, and sexual function. 14
Patients with traumatic SCI have a higher lethality than uninjured persons. ” Moreover, SCI leads
to substantial individual and societal costs. The annual cost of treatment and care for SCI will
exceed $200 billion/year in the US.1” Currently, there is no effective way to cure or control the
disease progression.* SCI is a major concern since it impacts a patient's physical and mental
health, as well as that of their family, the larger community, and the economy.*®
RHO GTPASES AND CONTROL OF AXON REGENERATION

There are several mechanisms known to encourage the regeneration of axons and
reconnection to appropriate targets.*?'%® Small guanosine triphosphatases (GTPases) of the Rho
subfamily regulate many essential cellular functions such as apoptosis, proliferation, dendritic
spine maintenance, and neuronal growth cone navigation.? Importantly, Rho GTPases are major
regulators of the molecular events mediating the cytoskeletal rearrangements that lead to axon
extension/retraction and synaptic plasticity.?!- 22 The superfamily of small GTPases function as
molecular switches that cycle between an inactive guanosine diphosphate (GDP)-bound and an

active guanosine triphosphate (GTP)-bound conformation.?® In the GTP-bound state, the proteins



interact with their downstream effectors and transmit cellular signals.??425 Activation of small
GTPases is regulated by guanine nucleotide exchange factors (GEFs) that facilitate the exchange
of GTP for GDP, GTPase-activating proteins (GAPS) that stimulate the hydrolysis of GTP, and
guanosine dissociation inhibitors (GDIs) that sequester GDP-bound GTPases and prevent their
activation.2®

The biochemical mechanisms through which Rho GTPase subfamily members regulate
actin cytoskeletal dynamics and control axon growth and synaptic plasticity are well defined.2’
Ras homolog family member A (RhoA), Ras-related C3 botulinum toxin substrate 1 (Racl), and
Cell division cycle 42 (Cdc42) are the Rho GTPases that have drawn the most attention and have
well-defined roles in axon growth.? Actin polymerization at axonal growth cones is required for
axon extension.?® RhoA activation leads to growth cone collapse and process retraction, whereas
Racl or Cdc42 activation results in enhanced process extension.?*2°% Specifically, activation of
Racl promotes advance of sheet-like membranous lamellipodial extensions, while Cdc42
activity increases growth of finger-like filopodia that sample the environment and directs the
trajectory of extending growth cones.3'-3 Therapeutic strategies that inhibit RhoA and/or
promote Rac1/Cdc42 activation are theorized to promote axon extension.?

Treatments that inhibit RhoA signaling are attractive therapeutic strategies as they would
both decrease growth cone retraction and increase the activity of Racl and Cdc42 relative to the
activity of RhoA.%° There is abundant evidence that RhoA activation is involved in the inhibition
of axon growth.®® Many outgrowth inhibitors, including chondroitin sulfate proteoglycans
(CSPGs), myelin-associated glycoprotein (MAG), oligodendrocyte myelin glycoprotein (OMgp),
and Nogo activate receptors that lead to activation of RhoA.3* RhoA effectors include Rho-

associated kinase, or Rho kinase (ROCK), and LIN-11, Isl-1, and MEC-3 protein kinase (LIMK).



ROCK activation leads to phosphorylation and inactivation of myosin light chain phosphatase
and direct phosphorylation of the myosin light chain, both of which activate myosin and increase
actin-myosin contractility and growth cone retraction.® LIMK phosphorylates and inactivates
the actin depolymerizing factor, cofilin, thus stabilizing growth cone actin filaments.35%

Inhibiting RhoA or ROCK reverses the inhibitory effects of these molecules on axon
outgrowth and promotes axonal sprouting. Hence, targeting RhoA to inhibit its activation or
signaling is a promising strategy for axon regeneration and functional recovery.®” The
downstream effector of RhoA, ROCK, can be inhibited by the small molecule Y27632.% This
molecule is an attractive therapeutic because it can cross the BBB and is readily endocytosed into
neurons. However, Y27632 does not inhibit all the functionally of RhoA that direct inhibition
would, and delivery of effective amount of Y27632 to the CNS is difficult and cost-prohibitive.3’
Thus, targeting C3 transferase is a more attractive strategy.

RhoA is directly inhibited by C3 transferase (C3), a 24 kDa single-chain protein derived
from Clostridium botulinum.® C3 transferase belongs to the family of ADP- ribosyltransferases
and inhibits RhoA isoforms by preventing GEF-mediated Rho activation or fostering GAP-
mediated inactivation and sequestering of GDP-bound Rho.3°4% A previous study demonstrated
that the outgrowth of PC12 cells, retinal neurons, and cortical neurons is enhanced on myelin
with C3 transferase treatment.

RhoA promoted growth cone collapse and neurite inhibition in primary neurons is
attenuated by the inactivation of Rho with C3 transferase and either full length or bioactive
peptides of C3 promote axon outgrowth from primary murine hippocampal neurons, and
regeneration of axon in vitro and after experimental SC1.2"4?2 However, a specific cell entry

machinery for C3 transferase has not been identified, and there does not appear to be any



mechanism to transport C3 transferases across cell membranes.*® Modified versions (e.g.,
addition of the HIV-tat promoter) that facilitate C3 entry into neurons have been constructed and
do promote axon regeneration in experimental SC1.494445 However, a clinical trial with a
modified cell permeable C3 construct has failed, likely due to an inability of targeting effective
concentrations to specific neurons.*® Therefore, a different method of delivering C3 to target
neurons to encourage them to regenerate axons is needed. In prior work, we have used a
nanomaterial-based delivery system carrying Y27632 and found that these nanospheres can cross
a model of the BBB and increase outgrowth of neuronal processes. In this dissertation, we assess
the ability of a similar nanoparticle construct in crossing a BBB model and in delivering C3
transferase to corticospinal tract (CST) neurons.

Demonstrating the ability to transport a hydrophilic therapeutic across the BBB would be
a major advancement toward treating CNS disorders.*?> However, Rho GTPases are ubiquitous
and it is likely that therapeutic benefits to neurons would be diluted by actions on other cell types
in the CNS.#? Therefore, a delivery system would also need to direct treatment to specific
subclasses of neurons and avoid effects on glia, like astrocytes, oligodendrocytes, and
microglia.*” Developing effective treatments to encourage axon regeneration is largely
challenged by: (a) inaccessibility of the CNS to conventional water-soluble drugs due to
difficulties crossing lipid membranes like the BBB;*® (b) potential off-target therapeutic effects
since specifically targeting damaged neurons is challenging;*® (c) toxicity and poor stability of
drugs that are systemically administered;® and (d) lack of an effective modality for treatment
monitoring.>® Based on these conditions, specific delivery, enhanced uptake by the brain, and
improved neuron regeneration therapeutic efficacy with minimal toxicological side effects are

now considered to be the most challenging problem in modern medicine and research.*®



Accordingly, nanomaterial-based drug delivery systems might be an ideal way to address these
concerns.
BBB AND TRANSPORT MECHANISMS

The BBB plays a critical role in protecting and maintaining the microenvironment of the
CNS.*® The BBB is composed of capillary endothelial cells connected by tight junctions,
endothelial-derived basement membranes, and cellular layers provided by astrocyte end feet and
pericytes (see Figure 1.1).5° While the other BBB constituents likely decrease BBB permeability,
it is thought that the main deterrent is due to the tight junctions. These connections between the
endothelial cells of the BBB have high electrical resistance and low paracellular permeability. In
fact, 98% of all potent medications that could enhance treatment for CNS diseases are not in use
in clinics because they are unable to cross the BBB.*° Only lipophilic drugs with a molecular
weight of less than 400 Da at a sufficient dosage can easily cross the BBB.>! Nonspecific
transcellular trafficking across the BBB is also inhibited by intracellular and extracellular
enzymes that can inactivate therapeutic compounds, and efflux transporters actively transport
substances entering the endothelium back into the blood supply.® Therefore, a lot of research is
focused on creating new methods that can successfully cross the BBB and deliver therapeutics to
the CNS. Many investigations are being attempted to alter the drug physicochemical properties

to improve their permeability across the BBB, enabling CNS brain targeting.5?
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Figure 1.1. A Structural Illustration of the Blood—Brain Barrier. The BBB is
composed of four constituent parts, namely the pericytes, astrocytes, basement
membrane, and endothelial junctional complexes (tight junctions).

The various mechanistic routes that allow transport across the BBB include: (a) the
paracellular aqueous pathway; (b) the transcellular lipophilic pathway; (c) carrier-mediated
transport; (d) receptor-mediated transcytosis; and (e) adsorptive-mediated transcytosis.>® The
possible strategies for the reengineering of drugs to enable BBB transport include carrier-
mediated transport, receptor-mediated transport, or absorptive-mediated transport.>° Small
molecules are moved by carrier-mediated and active efflux transporters, while large molecules
are mostly moved by receptor-mediated transporters.>* Most existing and theorized drugs for
CNS conditions do not meet these requirements.>® Strategies are being studied for delivering
drugs in vivo to the CNS by direct injection into the brain.>® However, until now, these methods
failed as clinic therapy and the transport of drugs across the BBB remains a challenge. Currently,
nanoparticles are being explored for their drug delivery potential across the BBB due to their
excellent biocompatibility, functional versatility and unique surface electrostatics properties.®!

Nanomaterial-based drug delivery systems can be designed to: (a) cross biological membranes,



like those that compose the BBB; (b) target specific subsets of cells, including neurons; (c) be
minimally toxic to CNS cells and tissues; and (d) carry therapeutics designed to treat the specific
CNS condition, such as encouraging axon regeneration.>®

ADVANTAGES OF NANOMATERIAL-BASED DRUG DELIVERY

Various strategies for delivering therapeutic agents into the brain have been explored,
including viral vectors, nanoparticles, exosomes, and brain permeability enhancers.>”-° Viral
vectors have a natural ability to infect cells with nucleic acids have been developed to treat
various brain diseases. However, direct injection into the brain causes a safety concern for this
therapy.>® Exosomes, secreted by cells, deliver small molecules, proteins, and nucleic acids
across the BBB. However, the exosome donor cells, in vivo toxicity, and pharmacokinetics
become critical issues that limit the potential as a therapy in the clinic.5® Brain permeability
enhancers transiently open the BBB and allow high concentrations of drugs to be transported into
the brain. Unfortunately, a mismatch between findings in rodents and humans exists for this
therapy.%’

In recent years, nanoparticles have become more widely used in neuroscience in an
attempt to cross the BBB and reverse neurodegeneration.®® Nanoparticles are particles with a
nanometer size range, from a few nanometers to hundreds of nanometers. Nanoparticles exhibit
size-related properties that significantly differ from bulk materials, including a larger surface
area and increased persistence in system circulation, both of which have shown remarkable
potential for the use of nanomaterials as novel drug carriers.®* Nanomaterial properties like
biocompatibility, surface charge, and hydrophobicity are among the fundamental considerations
for the selection of a nanoparticle for medical applications. Nanoparticle drug delivery systems

have been developed to be therapeutically effective, safe, and to allow specific targeting and



controllable drug delivery.'86263 Nanoparticles and their smart surfaces carry excellent therapy
potential for clinical solutions since they are able to be modified for specific target cells. For
instance, nanomaterial systems could be designed to specifically target CST neurons to facilitate
regaining motor function after nervous system damage.® Although the initial use of nanoparticles
was for their physical, mechanical, electrical, and magnetic applications, current attention is
focused on pharmaceutical applications, especially drug delivery.

Nanoparticles have many advantages over other drug delivery agents for targeting CNS
cells and treating neurotraumatic or neurodegenerative conditions: (a) nanoparticles may reach
well inside biomolecules, a situation not possible for larger particles;> (b) nanoparticles can
serve as an agent to deliver drugs to the target organ or tissue across the biological barriers like
the BBB, a feature of nanoparticles that can solve problems dealing with the insolubility of drug
formulations and drug delivery;®* (c) nanoparticles may recover the function of neuron cells by
enhancing neurite regeneration;® (d) some nanomaterial constructs are remotely controllable by
alternating magnetic fields (eg, constructs containing iron oxide nanocrystals) or pH and
temperature-dependent swelling and shrinking properties (eg, polyethylene glycol copolymers)
and can be used to precisely control temperature or release drugs inside intracellular
environments;®5-67 (e) nanoparticles show remarked biocompatibility with low cellular toxicity at
effective concentrations; (f) nanoparticles can be conjugated with proteins, nucleic acids, or other
cellular components to enhance therapeutic potential;®® (g) nanoparticles with amino or carboxyl
functional groups can be covalently attached to a peptide ligands to achieve the targeted delivery
to a particular cell types;51¢° and (h) nano-N2Py nanoparticles can inhibit the formation of beta-
amyloid aggregates to protect human cortical neurons from amyloid-beta-associated oxidative

damage.’”®"* Together, these qualities make nanomaterial drug or drug delivery systems highly



attractive alternatives to conventional drug administration methods for treating neurological
conditions.

A NANOMATERIAL-BASED DRUG DELIVERY SYSTEM TO ENCOURAGE AXON
REGENERATION FOLLOWING CNS DAMAGE

In addition to the complexity of brain diseases, the lack of efficient technologies to
deliver drugs across the BBB hinders CNS drug development. Besides the poor ability of the
drug to cross BBB, delivering drugs to the target cells is challenging because of the great cellular
diversity in the CNS. A nanomaterial-based drug delivery system to encourage axon regeneration
following CNS damage has been designed and is described and tested in this study.

We collaborated with Santaneel Ghosh (Southeast Missouri State University) to design a
nanomaterial system to address issues of efficient targeting, enhanced intracellular uptake, and
reduced toxicity for treating CNS disorders. To enhance axon regeneration following CNS
damage, we designed a thermoresponsive nanomaterial system surface functionalized to allow
derivatization with targeting molecules, and having the ability to be remotely actuated to release
therapeutic (see Figure 1.2). The constructed nanoscale system is fluorescently labeled to allow
tracking of the nanomaterials in neurons and neuronal cell lines and in vivo. The original system
is composed of polymer-encapsulated magnetic nanoparticles that can be guided to target regions
using an external magnetic field and the polymer coat allows a volumetric transition when
temperatures are increased or when nanoparticles are exposed to an oscillating magnetic field.
This allows release of drug molecules imbibed in the polymer matrix. The surface functionalized
nanoparticles (SFNPs) used in this system are essentially the designed system without the iron
oxide nanocrystals. These SFNPs retain thermoresponsive volumetric transitions to allow on

demand release of imbibed drug. The copolymer shell is further modified by derivatization with
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surface —.COOH or —NH2 functional groups, which is used to bind brain-derived neurotrophic

factor (BDNF) peptides to their surfaces (see Figure 1.2).
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Figure 1.2. Nano-Based Drug Delivery System. The PEG shell of the nanoparticles
imbibed with the drugs that facilitate axon growth, C3 transferase. Further, the SFNPs
(N150, C150, C750) attached on the surface of nanoparticles and derivatized with BDNF.
Attached BDNF will recognized by it high affinity receptor, TrkB, which will internalize
the nanospheres.Drug release will be initiated by increasing the temperature briefly to 37°C.
This increase in temperature will shrink the size of nanoparticles then embedded drug
released within cells.

We constructed several versions of this basic system to test specific functionality in
neurons and in vivo. In the current work, we tested three species of fluorescently labeled
polyethylene glycol (PEG) copolymer SFNPs that do not contain iron oxide nanocrystals (see
Table 1.1). The SFNPs retain the ability to be derivatized with targeting molecules and

thermoresponsive volumetric transition to allow on demand release of loaded therapeutic. We
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tested SFNPs with amino functional groups that are ~150 nm in diameter (N150) and SFNPs
with carboxyl functional groups that are either ~150 nm in diameter (C150) or ~750 nm in
diameter (C750). The nanospheres are composed of materials that are approved by the Federal
Drug Administration (FDA) for human use. The PEG coating provides an external surface that is
highly amenable to biochemical modification. Previous toxicity studies showed that the SFNPs
are non-toxic to PC12 and B35 cells and promote outgrowth from these cell lines and primary

cultures of cortical neurons.’273

Table 1.1. Surface Functionalized Nanoparticles (SFNPs) With Size and Charge

Nanocarriers Size (nm) Charge
N150 ~150 Cation (NH)
C150 ~150 Anion (COOH")
C750 ~750 Anion (COOH")

In the current work, we further modified the SFNPs by derivatizing them with BDNF
peptides covalently bonded to the functional groups. BDNF derivatization allows SFNPs to be
recognized by the tropomyosin receptor kinase B (TrkB) receptor, which is expressed on the
surface of neurons and other cells. We chose BDNF to test the preferential uptake by target
neurons, especially CST neurons, which are the major neuron type that leads to lack of voluntary
motor control following damage.’" Importantly, CST axons are damaged in SCI and
assessments from the current study will allow testing of SFNP constructs in experimental SCI
models. We have further determined whether BDNF derivatization affects the intrinsic ability of
the SFNPs to cross lipid barriers like the BBB and allows target uptake by TrkB expressing

neurons. Finally, we tested whether C3 transferase imbibed within the copolymer shell

12



overcomes its poor permeability and deliver C3 cross BBB to increase outgrowth in CST
neurons.
SPECIFIC AIMS

We suggest an approach that loads drugs into the surface functional nanoparticles and
examines targeting and controlled release of BDNF-derivatized SFNPs. This study focuses on
the nano-based systems that have the potential to deliver the regeneration drugs to the specific
sites of action and respond to external stimulation. From previous studies, we know that SFNPs
composed of PEG copolymer coats and surface functionalized with amino or carboxyl functional
groups can cross a BBB model in vitro, be readily and preferentially endocytosed into cortical
neurons, and release imbibed Y 27632 to increase neurite outgrowth in cultured neurons,5%6572.73
However, we intend to increase the efficacy of the SFNPs by derivatizing them with BDNF, a
neurotrophic factor that activates the TrkB receptor.”® We hypothesize that derivatizing PEG
copolymer SFNPs with BDNF will maximize targeting to CST neurons without affecting the
ability of SFNPs to cross the BBB and that on demand release of imbibed C3 transferase from
BDNF-SFNPs will greatly increase outgrowth of processes from CST neurons. In this study, the
SFNP drug-delivery systems are used to investigate the efficiency of crossing the BBB, target
CST neurons, and the efficacy of on-demand release of C3 transferase for promoting process
extension from CST neurons. To test the hypothesis, we performed the following Specific Aims:
Specific Aim 1

We hypothesize that by binding to the SFNPs, the impermeability of BBB to free BDNF
can be overcome. To determine whether attaching BDNF to SFNPs affects their ability to cross
the BBB in vitro, we attached BDNF to SFNPs surface functionalized with —-COOH and —NHo.

We have confirmed the efficient attachment of BDNF using enzyme-link immunoabsorbant
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assays (ELISA) and assessed the ability of BDNF-SFNPs to cross a monolayer of bovine brain
microvascular endothelial cells (BBMVEC) compared to non-derivatized SFNPs.
Specific Aim 2

We hypothesize that these BDNF derivatized nanoparticles with —-COOH and —NH2
surface functionalized groups would be internalized by neurons, especially CST neurons,
compared to glia in a mixed cortical culture. To determine whether CST neurons preferentially
take up SFNPs derivatized with BDNF, we have used immunocytochemistry and image analysis
to assess the extent and timing of uptake by CST neurons and glia in cultures of neonatal rat
cortices enriched for neurons.

Specific Aim 3

We hypothesize that increased temperature will release the C3 transferase imbibed in
SFNPs within the neurons to promote process outgrowth from CST neurons. To determine
whether the release of C3 transferase from BDNF-derivatized SFNPs increases axon growth in
CST neurons, we have assessed the extent of neurite initiation and elongation from cultured
neurons exposed to BDNF-SFNPs induced to release C3 transferase, compared to non-
derivatized SFNPs and bath application of BDNF or C3.

The results from these experiments are organized into 3 chapters (Chapter 2 - 4), which
will be submitted for publication in peer-reviewed scholarly journals. Specific Aim 1 is
addressed in Chapter 2, which is a study to determine whether attaching BDNF to SFNPs affects
their ability to cross the BBB in vitro. Chapter 3 describes the ability of SFNPs derivatized with
BDNF to target and be preferentially taken up by CST neurons, and Specific Aim 3 is relayed in
Chapter 4, which assesses the efficacy of C3 released from BDNF derivatized SFNPs to increase

neurite outgrowth in CST neurons. We close this work in Chapter 5 where we present a
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comprehensive discussion, describe ongoing and future investigations, and provide concluding
remarks. Together, these investigations provide a comprehensive analysis of a BDNF-derivatized
nano-based drug delivery system designed to release a RhoA inhibitor as a potential therapeutic

approach for the future treatment of SCI and other traumatic and degenerative CNS disorders.
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CHAPTER II
BIOACTIVE BRAIN-DERIVED NEUROTROPHIC FACTOR DERIVATIZED SURFACE
FUNCTIONALIZED NANOPARTICLES CROSS A BLOOD-BRAIN BARRIER MODEL IN

VITRO

A Manuscript to be Submitted for Publication Consideration in
Biomaterials

Mengjie Cao, Santaneel Ghosh, Ph.D., DiAnna L. Hynds, Ph.D.

ABSTRACT
Delivering therapeutics to corticospinal tract (CST) neurons to enhance motor recovery

after spinal cord injury (SCI) is limited by the blood-brain barrier (BBB). Thermoresponsive
surface-functionalized nanoparticles (SFNPs) derivatized with brain- derived neurotrophic factor
(BDNF) would be preferentially endocytosed by CST neurons expressing high levels of the high
affinity BDNF receptor TrkB. Here, we test the efficiency and stabilization of BDNF peptide
binding to three SFNPs and determine their ability to cross a monolayer of bovine brain
microvascular endothelial cells (BBMVECs), an in-vitro BBB model. Over 4 hours, saturating
maxima of 70.34%, and 68.2% applied BDNF bound to 150 nm diameter amino (N150) or
carboxyl (C150) group SFNPs, respectively. Carboxyl group SFNPs of approximately 750 nm
diameter (C750) bound 74.7% of applied BDNF in 4 hours without saturating binding sites.
BDNF binding to each SFNP was stable for at least 96 hours and 40.7% BDNF-N150, 42%
BDNF-C150, and 24% BDNF-C750 SFNPs crossed a BBMVEC monolayer within 4 hours,
similar to the amount of crossing seen with SFNPs not derivatized with BDNF. These data
indicate that BDNF efficiently binds SFNPs and does not hinder crossing of an in-vitro BBB,

suggesting promise for their application in treating SCI.
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INTRODUCTION

Damage to corticospinal tract (CST) axons is prevalent in spinal cord injuries (SCIs) and
leads to permanent loss of voluntary movement (Martin, 2022). This is a significant medical
issue as there are about 294,000 cases of people living with SCI in the United State (NSCISC,
2020). The development of therapies for SCI disorders has grown rapidly in recent years as the
population of patients is increasing (NSCISC, 2020). However, drug development for reversing
neuron damage has the poorest success rates compared to other therapeutic areas (Hurlbert et al.,
2013). The design of effective CNS drugs is challenging because of the cellular complexity of
the brain and inability to target specific subtypes of neurons and deliver effective concentrations
of therapeutics, off target effects of drugs, and the impermeability of the blood—brain barrier
(BBB) to water soluble therapeutics (Bellettato & Scarpa, 2018; Pandey et al., 2015). The
delivery of drugs to specific targets across the BBB could be enhanced by tunable nanomaterial-
based drug delivery systems (GhoshMitra et al., 2011).

In recent years, nano-scale materials have become more widely used for neuroscience
applications (Kim et al., 2019; Tyler et al., 2013). Such nanoparticles have many advantages
over other drug delivery agents (Anselmo & Mitragotri, 2016; Nguyen, 2017; Patra et al., 2018).
Nanoparticles, of a few nm in size, may reach well inside biomolecules, a situation not possible
for larger particles (Albanese et al., 2012; Khan et al., 2019). Nanoparticles can serve as agents
to deliver drugs to target organs or tissues across biological barriers, like the BBB (Ahlawat et
al., 2020). The nanoparticles can be optimized to cross the BBB by exploiting receptor-mediated
and adsorptive-mediated transcytosis pathways (Lombardo et al., 2020; Tashima, 2020). This
feature of nanoparticles can solve problems dealing with the insolubility of drug formulations

and drug delivery. Nanoparticles that are remotely controllable allow less invasive treatment
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strategies (Zhou et al., 2018). The magnetic and temperature-dependent size properties of these
nanoparticles can be used to precisely control the release of therapeutics. Nanoparticles also
show marked biocompatibility and the ability to conjugate with proteins, nucleic acids, and
cellular components (Biroudian et al., 2019). Thus, nanoparticles can be covalently derivatized
(e.g., with amino or carboxy! functional groups) to achieve the targeted delivery to a particular
cell type.

The nano-based drug delivery system used in this study is biocompatible, can be remotely
actuated to deliver imbibed therapeutic (Alam et al., 2018). The nanoparticles consist of a
thermoresponsive polyethylene glycol (PEG) matrix surface modified with either carboxyl (-
COOH) or amino (—-NHz) functional groups to allow the attachment of peptide ligands, where
peptide bonding of proteins can facilitate delivery to cells expressing receptors specific for the
attached proteins. These surface-functionalized nanoparticles (SFNPs) and their unmodified
forms are minimally toxic to neuron-like PC12 pheochromocytoma cells, B35 neuroblastoma
cells, and neonatal rat cortical neurons (Veettil, 2017; Sebastian, 2019). Furthermore, the SFNPs
are readily endocytosed into neurons and do not inhibit to outgrowth of neuronal
processes(GhoshMitra, 2011; Veettil, 2017).

A major goal in the treatment of SCI is the recovery of voluntary motor function, which
is compromised by damage to axons of CST neurons (Zhang et al., 2021). Since CST neurons
express the full length tropomyosin receptor kinase B (TrkB) receptor, the high-affinity receptor
for brain-derived neurotrophic factor (BDNF), derivitizing SFNPs with BDNF should allow their
preferential internalization into CST neurons by receptor-mediated endocytosis (Pilakka-

Kanthikeel et al., 2013). BDNF is a neurotrophic factor that promotes the extension of neuronal
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processes, which could be further enhanced if the SFNP also carried additional axon regeneration
promoting substances (Jiang et al., 2018).

In this work, we construct and characterized two sizes of SFNP (approximately 150 nm
or 750 nm in diameter) composed of PEG surface functionalized with either amino (150 nm,
N150) or carboxyl (150 nm, C150; 750 nm, C750) groups that are bound to BDNF as the first
steps toward assessing their efficacy in promoting axon regeneration after SCI. We first evaluate
the binding efficiency and stabilization between BDNF and each type of SFNP using a BDNF
enzyme-linked immunosorbent assay (ELISA). We then assess the ability of each type of BDNF
derivatized SFNP to cross an in-vitro BBB model composed of bovine brain microvasculature
endothelial cell (BBMVEC) monolayers (Duck et al., 2017). Our results indicate that BDNF can
be efficiently bound by each type of SFNP and that the addition of BDNF does not significantly
affect the ability of SFNPs to across a BBB model. Thus, BDNF-derived SFNP nanoparticles
drug delivery system are promising therapeutic strategies for targeting regeneration from CST
upper motor neurons to facilitate recovery of motor function following SCI.

MATERIALS AND METHODS
Synthesis of Surface Functionalized Nanoparticles (SFNPs)

Unless noted otherwise, all chemicals were obtained from Sigma (St. Louis, MO).
Fluorescent surface functionalized, thermoresponsive nanospheres were synthesized by
fluorescently labeling thermoresponsive hydrogels that were surface functionalized with amino
or carboxyl functional groups (Ghosh et al., 2009; GhoshMitra et al., 2011). Three nanosphere
constructs were made by altering the size and surface functionalization: (1) nanoparticles of
approximately 150 nm in diameter surface functionalized with amino (—-NH2) groups (N150); (2)

nanoparticles of approximately 150 nm in diameter surface functionalized with carboxyl (—
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COOH) groups (C150); and (3) nanoparticles of approximately 750 nm in diameter surface
functionalized with carboxyl (-COOH) groups (C750). Fluorescent labeling was accomplished
by incorporating methacryloxyethyl thiocarbamoyl rhodamine B fluorescent monomers
(Polysciences, Inc., emission: 570 nm) into PEG shells modified by surface functionalization
with either - COOH or —NH2 groups. N150 and C150 were synthesized in deionized water using
14.0 mg/ml PEGETHz2MA (Mn ~246 g/mol), 4.6 mg/ml PEGMA (Mn ~300 g/mol), 0.13 mg/ml
ethylene glycol dimethacrylate (EGDMA, 97%, Fluka, Buchs, Switzerland; crosslinker), 0.13
g/ml sodium dodecyl sulfate (SDS, surfactant), 3.1 pg/ml methacryloxyethyl thiocarbamoyl
rhodamine B fluorescent monomers (Em: 570 nm; Polysciences, Warrington, PA; for fluorescent
labeling), and 1.5 mg/ml methacryloyl L-lysine (Polysciences, Warrington, PA; for N150
synthesis) or 0.33 mg/ml polyacrylic acid (PAA, 99%; for C150 synthesis). For C750 synthesis
the amount of each reactant was 28.0 mg/ml of PEGETH2MA, 9.2 mg/ml PEGMA, 0.27 mg/ml
EGDMA, 0.09 mg/ml SDS, 6.2 ug/ml methacryloxyethyl thiocarbamoyl rhodamine B
fluorescent monomers, and 0.67 mg/ml PAA acid in deionized water. In all cases, the solution
was purged with nitrogen gas for 40 min at 70°C, 30 volumes of 14.0 mg/ml ammonium
persulfate (APS) were added (to initiate copolymerization) and the reaction was run for 6 hours
under nitrogen gas bubbling. Fluorescent nanoparticles were dialyzed (MW cut-off 13,000,
Carolina, Burlington, NC) against water for 7 days at room temperature with twice daily
deionized water changes. Nanoparticles were collected by ultracentrifugation, freeze-dried, and
stored at room temperature until solubilized in deionized water for use.
Derivatization of SFNPs with Brain-derived Neurotropic Factor

SFNPs were derivatized with a bioactive brain-derived neurotrophic factor (BDNF)

peptide using peptide bonding (BDNF peptide; AbCam, Boston, MA). Different ratios of SFNPs
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to BDNF (1 pug:0.01 pg, 1 ng:0.02 pg, 1 ng:0.03 pg, 1 pg:0.04 pg, 1 pg:0.05 pg) were mixed in
Tris EDTA (TE: 10 mM Tris-HCI, pH 8; 1 mM EDTA) buffer and incubated on a shaker (100
rpm) at room temperature for 4 hours. BDNF-derivatized SFNPs were collected by
centrifugation for 30 min at 400 x g. The pellet was washed twice with deionized water and
resuspended to a concentration of 4 ug/ml in 1X Tris EDTA (TE) buffer and stored at 2 - 8°C
until further use.
BDNF Binding Efficiency and Stabilization by Enzyme-Linked Immunoabsorbance Assay
(ELISA)

A BDNF ELISA (Rat BDNF ELISA Kit from Boster Biological Technology, Pleasanton,
CA) was used according to the manufacturer’s instructions to calculate the efficiency and
stability of BDNF binding to SFNPs. In brief, 100 pl aliquots of each BDNF standard (supplied
with kit) and BDNF-SNFP samples for each of the SFNP/BDNF ratios described above were
assayed in triplicate. Binding stability was assessed from the samples collected at 12, 24, 48, 72,
and 96 hours after the binding reaction. After incubation in the supplied anti-rat BDNF pre-
coated 96-well strip microplate for 120 minutes at room temperature, standard and sample
solutions were removed and the plate was exposed to 10 pl/ml of the prepared biotinylated anti-
rat BDNF antibody for 90 min at room temperature. Wells were washed 3 X 1 min phosphate-
buffered saline (PBS), followed by incubation with 10 pl/ml avidin-biotin-peroxidase complex
for 40 minutes at room temperature. Plates were washed 5 X 2 min PBS and developed with
3,3',5,5'-Tetramethylbenzidine (color developing reagent) in the dark for 30 minutes at room
temperature. The reaction was halted and the plate was read at 450 nm using a ELx800 plate
reader (BioTek Instruments, Winooski, VT). The amount of BDNF bound to the SFNPs in pg

BDNF to ng SFNP was calculated from a standard curve.
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Cell Culture

Bovine brain microvascular endothelial cells (BBMVECSs). Bovine brain
microvascular endothelial cells (BBMVECs) were cultured in BBMVEC growth media
containing 10% fetal bovine serum (FBS; Cell Applications, San Diego, CA) as described in
Duck et al. (2017). BBMVECSs were cultured at 10,000/cm? and grown until they formed a
confluent monolayer on Costar Transwell 12 mm 0.4 um porous filter inserts (Dot Scientific,
Burton, MI) coated with 15 pg/ml fibronectin from bovine plasma (Sigma, St. Louis, MO).
Monolayers were washed three times with phosphate buffered saline (PBS) and placed in serum
free media containing 138 nM hydrocortisone for 72 hours to promote tight junction formation.

Rat cortical cell culture. All animal procedures conformed to the National Research
Council Guide for the Care and Use of Laboratory Animals and were performed under an
approved TWU Animal Care and Use protocol. Primary cortical cell cultures were isolated from
postnatal day 0-1 rats (Charles River Laboratories, Wilmington, MA). Pups cold anesthetized for
20 min and quickly decapitated. Brains were excised from skulls in DMEM-F12 containing 10%
FBS (Atlanta Biologicals, Atlanta, GA). Using a dissecting microscope, cerebral hemispheres
were removed from brains by cutting away the brainstem along the medial longitudinal fissure
and cortices were removed from subcortical white matter with a sterile scalpel and cleaned of
meninges and blood vessels with fine forceps. Cleaned cortices were placed in a new sterile petri
dish in serum-free DMEM-F12 media and cortical tissue was cut into fine pieces of
approximately 1 mm3. Tissue pieces were digested in 0.25% papain (Worthington Biochemical,
Lakewood, NJ) and 100 U/ml DNase | (New England Biolabs, Ipswitch, MA) at 37°C, 5% CO>
in 95% humidity for 15 minutes. Papain was inactivated with FBS and gently triturated using

fire-polished Pasteur pipettes until the solution was homogenous (approximately 20-30
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triturations). Cell solutions were centrifuged at 200 x g for 5 minutes at room temperature. The
supernatant was aspirated and the cell pellet was resuspended in 10 ml DMEM-F12
supplemented with 10% FBS and 100 U/ml penicillin, 100 pg/ml streptomycin, and 0.25 pg/mi
amphotericin B (PSA antibiotic/antimycotic; Hyclone, Logan, UT). Cortical cells were plated at
8,000 cells/well on ultraviolet (UV) light sterilized poly-D-lysine (PDL; MP Biomedicals, Irvine,
CA) coated 18 mm coverslips in 24 well tissue culture plates (ThermoFisher, Waltham, MA) and
incubated at 37°C, 5% CO: for 4 to 6 hours until cortical cells attached to the coverslips. Media
was then changed to Neurobasal Plus (Gibco, CA) containing 10% B27 supplement
(ThermoFisher, Waltham, MA) and 10% PSA. Media was refreshed every 2-3 days by removing
half the volume of media and replacing it with fresh warmed Neurobasal Plus with B27.
Blood-Brain Barrier Models and Treatments

The co-culture blood-brain barrier (BBB) model consisted of two chambers cell culture
chambers (Figure 2.1). BBMVECs were grown on transwell inserts in the apical chamber for 72
hours in 24 well plates prior to transfer to new 24 well plates containing cultured cortical
neurons, which were in the basal chamber. The establishment of tight junctions between
BBMVEC and the integrity of the BBB model was tested using 1mg/ml fluorescence
isothiocyanate (FITC) conjugated 70 kDa dextran (Sigma Aldrich, St. Louis, MO). Each BDNF-
derivatized SFNPs construct (N150, C150, C750) was added to the apical chamber of intact
BBMVEC barriers for 15, 30, 60, 120, or 240 min. Then, 10 pl aliquots were collected from both
the apical and basal chambers. The fluorescence intensity of collected aliquots was determined in
triplicate for three experimental repeats to estimate the proportion of SFNPs that passed through
the BBB model. Fluorescent intensity was measured using a Synergy H1 Hybrid plate reader

with excitation at 555 nm and emission at 570 nm (BioTek Instruments, Winooski, VT).
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Figure 2.1: Co-Culture BBB Model In Vitro. In the blood-brain barrier
(BBB) in vitro model, bovine brain microvascular endothelial cells
(BBMVECSs) were grown in a monolayer on the cell insert forming the
base for the apical chamber and culture of cortical neurons were cultured
on the floor of the well in a 24 well plate, constituting the basal chamber.

Statistical Analyses

Data from three independent experiments were averaged and are expressed as mean +
standard error of the mean (SEM). Means of the fluorescence intensity measured in the BDNF
ELISAs, the percent of each type of SFNPs that passed into the basal chamber or remained in the
apical chamber were analyzed using one-way Analysis of Variance (ANOVA). Homogeneity
was tested using Levene’s test, and if ANOVA assumptions were met, pairwise comparisons
between experimental groups were assessed using Tukey HSD post-hoc tests. Values of p < 0.05

were considered significant.
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RESULTS
BDNF Binding Efficiency

To confirm that BDNF was efficiently coupled to our surface functionalized
nanoparticles (SFNPs), we calculated how much BDNF bound to each SFNPs construct (N150,
C150, C750) from the amount of unbound BDNF remaining after binding reactions using
different input ratios of BDNF to SFNPs. Subtracting the amount of unbound BDNF from the
total BDNF used in each binding reactions indicated that the amount of BDNF bound to each
type of SFNPs increased with higher BDNF:SFNPs ratios, reaching saturation for some types of
SFNPs (Figure 2.2). N150 SFNPs bound 281.3 pg BDNF/ng N150 by 4 hours, corresponding to
binding efficiency of approximately 70.34 + 0.49 (Figure 2.2A). After 4 hours, BDNF to SFNP
binding for C150 was 274 pg/ng, or 68.2 = 0.4 (Figure 2.2B), and for C750, 301 pg BDNF/ng or
74.7% = 0.35 (Figure 2.2C). BDNF binding to smaller diameter SFNPs (N150 and C150)
reached saturation at ratio of 0.04:1.0 BDNF:SFNP (400 pg of BDNF added) since there was no
significant increase (p > 0.05) between the 0.04:1 and 0.05:1 BDNF:SFNP input ratios.
However, significantly more (p < 0.05) BDNF bound to C750 at the 0.05:1.0 input ratio (500 pg
BDNF added), compared to 0.04:1.0 BDNF:SFNP input ratio (400 pg BDNF added), suggesting
that C750 binding of BDNF did not reach saturation likely due to the larger diameter (750 nm)
and much larger surface area (1,766.25 um) of C750 compared to the smaller SFNPs (150 nm
diameter, 70.65 um surface area). In subsequent experiments, the 0.04:1.0 BDNF to SFNPs
binding ratio was used for each SFNP construct to allow consistent comparisons between the
SFENPs. These results from the measurement BDNF binding to each type of SFNPs indicate that

all SFNPs constructs efficiently bound BDNF.
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Figure 2.2: BDNF to SFNPs Binding Efficiency. Input ratios of 0.01:1.0, 0.02:1.0, 0.03:1.0, 0.04:1.0, and
0.05:1.0 pg BDNF to ng SFNPs were used in peptide bonding reactions performed at room temperature. The
amount of BDNF in reaction supernatants collected after 4 hours was measure by ELISA and the BDNF to
SFNPs binding efficiencies (pg BDNF/ng SFNPs) for N150 (A), C150 (B), and C750 (C) were calculated by
subtracting the supernatant concentration from the input concentration. Data are reported as means + SEM
from three independent experiments, and asterisks indicate statistically significant differences at p < 0.05 for
the amount of BDNF bound to each SFNPs compared to the next lowest input concentration (ANOVA with
Tukey HSD post-hoc).
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BDNF Binding Stabilization

We next determined the stability of BDNF to SFNPs binding by measuring the release of
BDNF from each SFNPs construct using ELISA 12, 24, 48, 72, and 96 hours after the binding
reaction. There were no significant differences between each time points (p > 0.05) for all three
types SFNPs for up to 96 hours (Figure 2.3). These results demonstrate that the covalent peptide
bonds between BDNF and the functional groups on the surface of each type of SFNP (N150, C150,

C750) are stable, indicating that BDNF is unlikely to leach off of the BDNF-derivatized SFNPs.

80
—— NI150
754
—— €150
—— CI30

065+

% BDNF bound to SENP
~J
=)
1

60 I I I 1 | I
0 12 24 48 72 9%

Time (hours)

Figure 2.3: BDNF Binding Stabilization. Binding stability was assessed from amount of
BDNF that remained bound for BDNF-bound N150 (red line), C150 (blue line), and
C750 (green line), determined by subtracting BDNF in media samples (measured by
ELISA) collected after 12, 24, 48, 72, and 96 hours after the binding reaction from the
total amount of bound BDNF bound to each type of SFNP. Data are presented as mean
+ SEM at each time point from 3 separate experiments. No significant differences
between time points were observed (ANOVA).
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BDNF-Derivatized SFNPs Cross Through a BBB Model In Vitro

One challenge for effective therapies for central nervous system (CNS) dysfunction is the
general inaccessibility of the brain to hydrophilic macromolecules because of the blood—brain
barrier (BBB; Lombardo et al., 2020). After demonstrating the efficiency and stability of BDNF
binding to SFNPs, we next determined whether BDNF derivatized SFNPs can be transported
across the BBB and whether traversing the BBB affects their efficacy. For this, we used an
established in-vitro BBB model of bovine brain microvascular endothelial cells (BBMVECs) as
described in Duck et al. (2017).

We first determined that an intact barrier of BBMVECSs was established by assessing the
amount of fluorescein isothiocyanate (FITC) conjugated dextran (FITC-dextran, 70 kDa) that
crossed a monolayer of BBMVECSs grown on Transwell inserts into the basal chamber at different
time points (15, 30, 60, 120, and 240 min) after adding 1 mg/ml FITC-Dextran to the apical
chamber. FITC-Dextran readily crossed a Transwell insert without a BBMVEC barrier at time
points from 15 to 240 min after addition with 60% of the FITC-dextran passing through the filter
by 240 min (Figure 2.4). Significantly less FITC-dextran crossed into the basal chamber when a
BBMVEC monolayer was grown on the Transwell filter at each time point (15-240 min, Figure
2.4). These data suggest that the BBMVEC monolayer established tight junctions and functioned
as an in-vitro BBB model. BBMVEC monolayer integrity was consistently tested in subsequent

experiments before and after the addition of SFNPs.
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Figure 2.4: FITC-Dextran Permeability Assay. Permeability of 0.4 um pore size
transwell inserts with or without a monolayer of BBMVEC cells to 70 Da FITC-
dextran was assessed by measuring fluorescence intensity in the basal chamber at 15,
30, 60, 120, and 240 min after addition of FITC-dextran to the apical chamber. Data
are means £ SEM from three separate experiments performed in triplicate (n = 3), atp
<0.05 (ANOVA, Tukey’s post-hoc). Asterisk denotes a statistical significance
between inserts with a BBMVEC monolayer and inserts without a BBMVEC
monolayer at each time points (p < 0.05).

We next determined the ability for passing through the in-vitro BBB for each type
of fluorescently labeled SFNP (N150, C150, C750) the ability of the underivatized SFNP
(control), BDNF-derivatized SFNPs, and BDNF-derivatized SFNPs loaded either not
loaded or loaded with the C3 transferase therapeutic. To do this, we measured the amount
of each labeled SFNP that remained in the apical chamber and the amount that passed
into the basal chamber at each time point. For N150, the amount of fluorescently labeled
underivatized SFNP remaining in the apical chamber was similar at 15 and 30 min with a
significant reduction at 60, 120, and 240 min, compared to the initial amount of
fluorescence. Similar decreases in apical chamber fluorescence intensity were seen with

BDNF-derivatized N150 without or with imbibed C3 transferase (Figure 2.5). When
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measuring SFNP passage into the basal chamber for N150, there was not an increase in
basal chamber fluoresce during the first 15 min for underivatized N150, BDNF-
derivatized N150, or C3 imbibed BDNF-derivatized N150, whereas all three N150
treatments had a steady increase in basal chamber fluorescence from 30 to 240 min
(Figure 2.5). When we calculated the percentage of each type of N150 construct that was
transported through in-vitro BBB model and the potential adsorption to the transwell
insert, approximately 58.2% of the underivatized N150, 47% of the BDNF-derivatized
N150, and 40.7% of C3 imbibed BDNF-derivatized N150 was transported across the
barrier at 240 min. These results indicated that underivatized N150 can readily pass
through BBB, but that BDNF derivatization and imbibing N150 SFNPs with C3

transferase each decrease the efficiency of crossing.
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Figure 2.5: Efficiency of N150 Transport Across BBMVEC Monolayers at Different
Time Points. Measurement of concentration by fluorescence intensity of underivatized
N150 (dark blue line), BDNF-N150, and BDNF-N150 (green line) imbibed with C3
transferase (red line) in the apical and basal chambers of 0.4 um transwell insert with
intact monolayers of BBMVECs at different time points. Data shown are means +
SEM from three separate experiments performed in triplicate (n = 3), with asterisks
indicating significant difference at p < 0.05 compared to the 15 min time point
(ANOVA, Tukey’s post-hoc).

Similar analyses for C150 SFNP constructs indicated that significantly less of each
construct remained in the apical chamber and significantly more of each construct passed into the
basal chamber at time points greater than 15 min (Figure 2.6). Specifically, approximately 69%
of underivatized C150, 58% of BDNF-derivatized C150, and 42% of the C3 imbibed BDNF-
derivatized C150 was able to cross through the in-vitro BBB model by 240 min. Thus, the

efficiency of C150 SFNP constructs for crossing an in-vitro BBB was similar to that for N150
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constructs with C3 imbibed BDNF-derivatized C150 showed the lowest crossing efficiency

compared to the other two groups.
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Figure 2.6: Efficiency of C150 Transport Across BBMVEC Monolayers at Different
Time Points. Measurement of concentration by fluorescence intensity of underivatized
C150 (dark blue line), BDNF-C150 (green line), and BDNF-C150 imbibed with C3
transferase (red line) in the apical and basal chambers of 0.4 um transwell insert with
intact monolayers of BBMVECs at different time points. Data shown are means +
SEM from three separate experiments performed in triplicate (n = 3), with asterisks
indicating significant difference at p < 0.05 compared to the 15 min time point
(ANOVA, Tukey’s post-hoc).

Performing similar analyses on larger C750 SFNPs yielded somewhat different results
compared to the smaller N150 and C150 SFNPs. Underivatized C750, BDNF-derivatized C750,
and BDNF-C750 imbibed with C3 constructs showed a significant decrease in apical chamber
fluorescence, but only after 240 min time point (Figure 2.7). Similarly, a significant increase in
basal chamber fluorescence only occurred at 240 min for all three C750 constructs (Figure 2.7).

The calculated BBB crossing efficiency indicated that approximately 33.2% of C750, 31% of
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BDNF-C750, and 24% of the C3 imbibed BDNF-C750 were able to cross BBB at 240 min.
Collectively, these data indicate that BDNF derivatization and imbibing SFNPs with larger
molecule therapeutics like C3 transferase somewhat impede transport across biological barriers
like the BBB, and that nanoparticle size has a greater influence on the ability of SFNPs to cross

biological barriers with crossing being more difficult for larger size nanocarriers.
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Figure 2.7: Efficiency of C750 transport across BBMVEC monolayers at different time
points. Measurement of concentration by fluorescence intensity of underivatized C750
(dark blue line), BDNF-C750 (green line), and BDNF-C750 imbibed with C3 transferase
(red line) in the apical (A) and basal chambers (B) of 0.4 um transwell insert with intact
monolayers of BBMVECs at different time points. Data shown are means + SEM from
three separate experiments performed in triplicate (n = 3), with asterisks indicating
significant difference at p < 0.05 compared to the 15 min time point (ANOVA, Tukey’s
post-hoc).

DISCUSSION
Many studies in vitro and in vivo have been reported that use nanoparticles as drug-

targeting agents for treatment (Afzal et al., 2022; Yetisgin et al., 2020). Nanoparticle drug
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delivery systems have been shown to cross the BBB to deliver anticancer drugs to brain tumors
(Mitusova et al., 2022). The use of magnetic nanoparticles has attracted significant attention for
importance in biomedical applications (GhoshMitra et al., 2011). However, to our knowledge no
attempts have been reported to use nano-based drug delivery systems to overcome BBB and
target cortical neurons to treat SCI.

As a first step to assessing our proposed strategy for treating SCI with BDNF derivatized
SFNPs to target CST neurons, we bound BDNF to SFNPs and assessed their ability to cross a
BBB in vitro. We first checked the efficacy of BDNF binding to SFNPs and found that the
binding is efficient of all 3 types of SFNPs, with 68.2-74.7% of applied BDNF binding to the
SFNPs constructs. After 4 hours, BDNF binding to N150 and C150 SFNPs reached maximal
level with 400 pg BDNF/ng SFNP of applied BDNF, while binding to the larger 750 nm SFNPs
did not reach a maximum with up to 800 pg BDNF/ng SFNPs applied BDNF. The much larger
surface area of the C750 compared to N150 or C150 (1,766.25 um versus 70.65 pum) likely limits
the amount of BDNF binding. A much larger amount of BDNF would need to be applied to
reach maximal binding for 750 nm diameter SFNPs. BDNF binding efficiency to our SFNPs is
similar to that found by Pilakka-Kanthikeel and colleagues (2013) who reported that
approximately 70% BDNF binding to magnetic nanoparticles. In that work, binding was about
177 mg of BDNF bound per mg of magnetic nanoparticles in 3 hours, whereas binding in our
SFNP system was 0.281-0.301 mg BDNF to mg SFNP. The lower binding ratio in our systems is
not surprising as the system used by Pilakka-Kanthikeel et al. consisted of bare iron oxide
nanoparticles of 4.6 nm in diameter, and binding was through electrostatic interaction with iron
oxide, rather that covalent BDNF binding in our system, which consisted of much larger, lighter

nanomaterial constructs.
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We have also assessed the stability of BDNF to SFNP binding since the BDNF needs to
be stably associated with the SFNPs to avoid off-target drug release. The binding was stable for
all three SFNPs for as long as any subsequent assay in which they were used (96 hours), and is
likely stable as long as particle integrity is preserved. This also prevents low therapeutic efficacy
caused by off-target delivery. All those results suggest that BDNF had efficiently bound to
SFNPs and BDNF is stabilized in its bound form.

We evaluated whether our SFNPs can traverse the BBB. For this, we used an established
in-vitro model of BBB by using bovine brain microvascular endothelial cell (BBMVEC) culture.
The validation of functional tightness of BBMVEC monolayers was tested by the efficacy by
which a fluorescently labeled tracer (70 kDa FITC-dextran) crossed a BBMVEC monolayer. We
observed minimal flux of 70-kDa FITC-dextran from 1 through 4 hours. This is similar to the
permeability ratio reported previously with BBMVEC-based in-vitro BBB models (Gil and
Lowe, 2008). Suggesting that the BBMVEC monolayer model of the BBB is similar in our
experiments compared to other groups using the same model.

BDNF-derivatized SFNPs were able to efficiently cross this in-vitro model of the BBB.
The calculated BBB crossing efficiency of our SFNPs systems with or without BDNF
derivatization or loading with C3 transferase (the RhoA inhibitor we proposed using to facilitate
extension of CST axons) was, 40.7% - 58.2% of the N150, 42% - 69% of C150, and 24% -
33.2% of C750 at 240 min. The addition of BDNF did not significantly alter the ability of SFNPs
to cross BBMVEC monolayers. However, C750 SFNPs had a lower efficiency at crossing a
BBMVEC monolayer than did either N150 or C150, indicating that the ability of molecules to
cross BBB is size associated with fewer particles of larger size crossing the barrier. Intravenous

injection of different sizes of gold nanoparticles in mice showed a 70% decrease in transport
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across BBB for bigger particles (200 nm) compared to smaller ones (100 nm) (Sonavane et al.,
2008). Similarly, transport of different sizes of silica nanoparticles across an in-vitro rat BBB
model showed that 30 nm particles readily transported across the membrane, 100 nm particles
hardly passed through the membrane and 400 nm particles remained in the apical chamber
(Hanada et al., 2014). Our results showing that larger SFNPs do not cross a BBB model as easily
as the smaller SFNP constructs follow the same tents as seen in these other studies. It is unlikely
that the transport of any of the SFNP constructs across the BBMVEC monolayers was related to
a decrease in monolayer integrity as post-experiment analysis showed that 70 kDa dextran
transported continued to be inhibited by the barrier. Comparing the ability of differently sized
SFNPs with the results for the efficacy of binding BDNF, it seems that larger SFNPs are able to
bind more of a peptide for targeting, but fewer will cross biological barriers. Thus, there is a
trade-off as to which size of SFNP would be better to use. The biological function of SFNPs that
have crossed a barrier will need to be compared in future studies.

We interpret these results to indicate that the SFNP systems we constructed can
efficiently cross the BBB as non-BDNF bound forms as well as derivatized with BDNF and C3
drugs. The poor permeability for both BDNF and C3 can be overcome so that can be further used
as an agent to target specific receptors.
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CHAPTER Il

CORTICOSPINAL TRACT NEURONS PREFERENTIALLY INTERNALIZE BRAIN-
DERIVED NEUROTROPHIC FACTOR DERIVATIZED SURFACE FUNCTIONALIZED

NANOPARTICLES

A Manuscript to be Submitted for Publication Consideration in
Molecular Pharmacology

Mengjie Cao, Santaneel Ghosh, Ph.D., DiAnna L. Hynds, Ph.D.

ABSTRACT
Current therapy to encourage axon regeneration is challenged by inefficient targeting of

specific neurons due to the cellular diversity of the central nervous system (Ronn et al., 2000).
Our previous studies using surface functionalized nanoparticles (SFNPs) have shown successful
uptake by B35 and PC12 cell lines and cortical neurons. In this work, we used brain-derived
neurotrophic factor (BDNF) attached to the SFNPs to study the uptake efficiency by the cells in a
rat cortical neuron culture compared to glial cell uptake. BDNF derivatized SFNPs were taken up
more efficiently by corticospinal tract (CST) neurons compared to astrocytes, microglia, and
oligodendrocytes. Quantification using relative fluorescence intensities from representative
images of cells exposed to BDNF derivatized SFNPs through amino or carboxyl group peptide
bonding to 150 nm SFNPs (N150, C150) or carboxyl group bonded 750 nm SFNPs show that
that CST neurons expressing high levels of the TrkB BDNF receptor incorporate BDNF-
derivatized SFNPs better than other cortical cell types. As the uptake discrepancy was larger for
BDNF-derivatized SFNPs versus non-derivatized SFNPs, we interpret these results to suggest

that BDNF derivatization enhances SFNP internalization into CST neurons, making it an
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improved system for encouraging axon regeneration from upper motor neurons for fractionated
voluntary movement.
INTRODUCTION

Traumatic SCI leads to permanent loss of sensory and motor control (Papa et al., 2019).
Functional recovery would best be accomplished by therapies that promoted the extension of
ascending and descending axons across the lesion site and subsequent reconnection to
appropriate targets (Tedeschi and Bradke, 2017). For recovery of voluntary movement, axon
regeneration of corticospinal tract (CST) neurons located in layer V of the cortex in the
precentral gyrus should be targeted (Hu et al., 2017). Unfortunately, delivery of therapeutics to
CST neurons is limited by the inaccessibility of the brain to drugs administered through the
circulatory system due in part to therapeutic dilution and effects in other neurons or glial cells
(Mitusova et al., 2022). Nanomaterial-based drug delivery systems that can be tuned to target
specific cells and to offer administration of therapy on demand would address these caveats.

There is still no effective clinical treatment yielding significant functional recovery in
SCI patients (Watson et al., 2013). Current therapy for SCI is focused on preventing the
secondary injury, stabilizing the spine, or controlling inflammation rather than encouraging axon
regeneration (McNeil, 2005). The only drug approved for SCI treatment in the United States,
methylprednisolone, shows tissue preservation in only 20% of the patients and does not promote
axon regeneration that could lead to functional recovery (Chen et al., 1996). While some axon
regeneration occurs in experimental SCI with other inhibitors, the only one that has undergone a
clinical trial is a modified cell permeable version of the RhoA inhibitor C3 transferase (Persidsky

et al., 2006). This trial failed, likely due to inefficient delivery of C3 to the CNS or primary
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effects in glia rather than CST neurons. Nanomaterial-based drug delivery systems have been
developed to be able to target specific cell types and limit off target effects.

We have developed PEG copolymer-based, fluorescent, surface-functionalized
nanoparticles (SFNPs) system that can undergo a volumetric transition to release imbibed
therapeutic and can be used for target delivery drugs in CNS. To begin to assess the latter ability,
we choose to initially target CST neurons. CST neurons express the high affinity tropomyosin
receptor kinase B (TrkB) brain derived neurotrophic factor (BDNF) receptor (Li et al., 2019; Jin,
2020) Our SFNP system that is surface-functionalized with amino or carboxyl functional groups
has been derivatized by binding BDNF through peptide bonds. These BDNF-derivatized SFNPs
should bind to TrkB and be internalized into TrkB expressing cells to delivery imbibed
therapeutic like C3 transferase.

In this study, we assess the ability of BDNF C terminally bound to 150 nm SFNPs
surface functionalized amino groups and N terminally bound to carboxyl group functionalized
150 or 750 nm SFNPs to be taken up by CST track neurons or glia in neonatal rat cortical neuron
enriched cultures. Uptake is measured using fluorescently labeled SFNPs and differential
immunolabeling with cell specific markers. Our results demonstrate that CST neurons take up all
three types of BDNF derivatized SFNPs to a much greater extent than glia. This supports the
ability to target specific cell types using SFNPs derivatized with peptides to preferentially bind
specific receptors on target cells.

MATERIALS AND METHODS
Rat Cortical Cell Culture and Treatment
All animal procedures were performed under a protocol approved TWU Animal Care and

Use Committee and conform to the National Research Council Guide for the Care and Use of
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Laboratory Animals. Cultures of primary rat cortical neurons (RCNSs) were established postnatal
day 0-1 rats (Charles River Laboratories, Wilmington, MA). Pups were cold anesthetized and
quickly decapitated. Cortices cleaned of meninges and large blood vessels were isolated from
excised brains in Dulbecco’s Modified Eagle’s Medium: F12 Nutrient Mixture (DMEM-F12;
ThermoFisher, Waltham, MA) containing 10% fetal bovine serum (FBS; Atlanta Biologicals,
Atlanta, GA). Cortical tissue was minced and digested in 0.25% papain (Worthington
Biochemical, Lakewood, NJ) and 100 U/ml DNase | (New England Biolabs, Ipswitch, MA) at
37°C, 5% CO2 for 15 minutes, followed by trituration in fire-polished Pasteur pipettes. After
centrifugation (200 x g, 5 min,) cells were resuspended and plated at 8,000 cells/well on poly-D-
lysine (PDL; MP Biomedicals, Irvine, CA) coated 12 mm coverslips in 10 ml DMEM-F12
containing 10% FBS and supplemented with penicillin, streptomycin, and amphotericin B
(Hyclone, Logan, UT) for 4 to 6 hours at 37°C. Media was changed to Neurobasal with B27
(ThermoFisher, Waltham, MA) and cultures were grown for 3-5 days with regular media
changes (Sahu et al., 2019). Cultures were treated with 100 pg/ml (PEG concentration) non-
derivatized SFNPs (C750/C150/N150) or BDNF-derivatized SFNPs at room temperature (25°C)
for 4 hours and then transferred to 37°C. After 24 h, cell cultures were fixed in 4.0%
paraformaldehyde for 30 min at room temperature, washed 2 X 5 min in phosphate buffered
saline (PBS), and stored in PBS at 4.0°C until immunolabeled.
Immunocytochemistry

Non-specific binding sites for secondary antibodies were blocked using 0.1% Triton-X,
1.5% bovine serum albumin (BSA), and 1.5% preimmune secondary serum in PBS (blocking
buffer) for 1 hour. After blocking, the cells were washed 2 X 5 min in PBS and incubated

overnight at 4°C with primary antibodies, followed by washing with blocking buffer (3 X 5 min)
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and incubation in secondary antibodies for 2 h at room temperature. All antibodies were
purchased from AbCam (Boston, MA). CST neurons were labeled using rat anti-COUP-TF1
interacting protein 2 (Ctip2, 1:200) followed by AlexaFluor 647 conjugated donkey anti-rat
secondary antibodies (1:500); microglia were labeled using rabbit anti-ionized calcium-binding
adapter molecule-1(Ibal, 1:200) followed by AlexaFluor 647 conjugated goat anti-rabbit
secondary antibody (1:500); astrocytes were labeled using rabbit anti-glial fibrillary acidic
protein (GFAP) primary antibody (1:200) and oligodendrocytes labeled using primary antibody
rabbit anti-oligo (1:200) followed by secondary donkey-anti-rabbit antibodies (1:500, AlexaFluor
647). For double staining, the cells were washed 3 X 5 min with PBS and the same
immunolabeling protocol was repeated for the second antibody labeling. Cells were double
labeled by using mouse anti-tropomyosin receptor kinase B (TrkB) primary antibody (1:250) and
goat-anti-mouse secondary antibodies (1:500, AlexaFluor 488). After washing, coverslips were
mounted on glass slides using Vectashield mounting medium with 4,6-diamidino-2-phenylindole
(DAPI; Vector Laboratories, Newark, CA) and allowed to dry for 48 h. Coverslip edges were
sealed with clear nail polish.
Microscopy and Analysis

Slides were observed and analyzed by capturing photomicrographs through a 60X
objective on a Nikon AIR- Al confocal system. Five images per condition were captured, one
from each quadrant and one from the center of each coverslip in each experiment using 405 nm
(for DAPI labeling), 488 nm (for AlexaFluor 488 labeling of TrkB), 561 nm (for rhodamine B
labeled SFNPs), and 640 nm (for Alexafluor 647 labeling of different cell types) lasers and
appropriate filter sets. Image capture conditions including exposure time, gain, and laser

intensity were held constant in each experiment. The average fluorescence intensities from raw
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data for Alexafluor 555 labeling (SFNP uptake) in different cell types (CST neurons, astrocytes,
oligodendrocytes, and microglia), identified by cell type-specific immunolabeling were
measured from identified regions of interests (ROIs) defined by outlining each measured cell.
Obtained values were averaged for each culture in each experiment. Three cultures per condition
were measured in three separated experiment (total n = 9). For display purposes, only brightness
and contrast of images were adjusted, and the same adjustments were applied to all displayed
images.
Statistical Analysis

GraphPad Prism 9 (Boston, MA) was used for all statistical analyses and data graphing.
Data from three independent experiments were averaged and are expressed as means + standard
error of the mean (SEM). For experiments where three or more experimental groups were
compared, statistical differences between groups were determined using one-way Analysis of
Variance (ANOVA) and pairwise comparisons between were assessed using Tukey HSD post-
hoc tests. For experiments were two treatment groups were compared to each other Student’s t-
tests were used to determine statistical differences. A level of significance of p < 0.05 was
considered to be significant in all cases. Triplicate cultures were used for each treatment
condition in each experiment and experiments were repeated three times (n = 9/condition).
RESULTS

To allow a comparison of the BDNF-derivatized SFNPs evaluated in this work to prior
studies, we used primary cortical cultures to assess the ability of corticospinal tract (CST)
neurons and other cell types to internalize BDNF-derivatized SFNPs. In these experiments,
internalization of SFNPs was promoted for 4h at 25°C before returning cultures 37°C to ensure

SFENP volumetric shrinking and imbibed therapeutic release occurred after SFNP internalization.
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After treatment, the cultures were fixed and immunostained for cell-type specific markers—anti-
Ctip2 for neurons, anti-GFAP for astrocytes, anti-lbal for microglia and anti-oligodendrocyte
specific protein (oligo) for oligodendrocytes—followed by morphological and fluorescence
intensity analyses. In confocal images (Figure 3.1) of cultures, cells in each panel were identified
by DAPI labeling (first column, blue) with cell type identification being accomplished using cell
type-specific markers (second column). All cell types identified by their markers had typical
morphology for that cell type (Figure 3.1). Expression of TrkB BDNF receptors (column 3,
green) and SFNP incorporation (column 4, red) in each of the immunolabeled cell types
suggested that CST neurons expressed high levels of TrkB (minimally detected in other cell
types) and had higher SFNP fluorescence intensity compared to astrocytes, microglia, and
oligodendrocytes. These representative images from cells exposed to BDNF-N150 SFNPs
suggest that CST neurons expressing high levels of the TrkB BDNF receptor incorporate BDNF-

derivatized SFNPs better than other cortical cell types.
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Figure 3.1: Confocal images of BDNF-derivatized SFNPs in different cells in cortical culture.
Representative images of different cell types identified by their specific markers are indicated in row
labels. Cells were identified by DAPI labeling (column 1, blue) and cell type by cell specific
markers (column 2). TrkB expression (column 3, green) and SFNP incorporation (column 4, red)
demonstrate that high levels of TrkB occur mainly on CST neurons, which also seem to internalize
more BDNF-derivatized SFNPs (N150 constructs in these images). Merged images are shown in
column 5 and scale bars in each image are 10 pum.
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We used average fluorescence intensity measurements in identified ROIs (individual
cells) to quantify uptake of each type of BDNF-derivatized SFNP constructs into different cell
types (CST neurons, oligodendrocytes, astrocytes, and microglia). All cell types examined
showed uptake of BDNF-derivatized SFNPs 24h after exposure (Figures 3.2, 3.3, and 3.4).
Previous studies have shown that in a mixed primary culture, our nanoparticles (without
modified by BDNF) are internalized by neurons 1.5- to 3-fold more than microglia and
astrocytes (Veettil, 2017). However, on testing the uptake on the cell types individually, we
found the fluorescence intensity was much higher in CST neurons compared to astrocytes,
microglia, and oligodendrocytes across all types of SFNPs. In our study, BDNF-N150 showed a
2.5-fold increase in uptake of BDNF-derivatized N150 compared to astrocytes or microglia and a
5-fold increase compared to oligodendrocytes (Figure 3.2). In addition, the uptake of BDNF-

N150 was higher in astrocytes and microglia compared to oligodendrocytes (Figure 3.2).
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Figure 3.2: Quantification of BDNF-derivatized N150 in cortical culture.
Primary rat cortical cultures were exposed to 100 ug/mL concentrations of
SFNC-N150 for 24 hours. The mean fluorescence intensity of BDNF-N150
in each cell type was measured from defined regions of interest (ROls,
individual cells). Data shown are means + SEM from three cultures/condition
in three separate experiments (n = 9). Asterisks indicate statistically
significant differences between the ROl mean intensity of BDNF-N150 in
different cell types, at p < 0.05 (ANOVA and Tukey HSD post-hoc).

For BDNF-derivatized C150 there was a 3-fold increase in SFNP uptake in CST neurons
compared to astrocytes or microglia and a 5-fold increase compared to oligodendrocytes (Figure
3.3). The mean fluorescence intensity of BDNF-C150 was also higher in astrocytes and

microglia compared to oligodendrocytes (Figure 3.3).
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Figure 3.3: Quantification of BDNF-derivatized C150 in cortical culture.
Primary rat cortical cultures were exposed to 100 ug/ml BDNF-C150 for 24
hours. The mean fluorescence intensity of BDNF-C150 in each cell type was
measured from defined regions of interest (ROls, individual cells). Data shown
are means + SEM from three cultures/condition in three separate experiments (n
= 9). Asterisks indicate statistically significant differences between the ROI
mean intensity of BDNF-N150 in different cell types, at p < 0.05 (ANOVA and
Tukey HSD post-hoc).

Similar results were seen with BDNF-derivatized C750, which showed uptake by CST
neurons that was three times higher fluorescence intensity compared to either astrocytes or
microglia, and six times more compared to oligodendrocytes (Figure 3.4). Additionally, the mean
fluorescence intensity for BDNF-C750 was higher in astrocytes and microglia compared to
oligodendrocytes (Figure 3.4). Moreover, BDNF-C750 has a greater mean fluorescence level
than BDNF-N150 or BDNF-C150 (compare Figures 3.2 and 3.3 to Figure 3.4). These results

support the idea that SFNPs modified with targeting molecules (BDNF) are internalized to a
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greater extent in CST neurons, compared to other cell types and this incorporation is higher than

was seen with underivatized SFNPs in previous experiments.
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Figure 3.4: Quantification of BDNF-derivatized C750 in cortical culture. Primary
rat cortical cultures were exposed to 100 pg/mL concentrations of BDNF-C750 for
24 hours. The fluorescence intensity of BDNF-C750 in each cell type was
measured from defined regions of interest (ROIs, individual cells). Data shown are
means £ SEM from three cultures/condition in three separate experiments (n =9).
Asterisks indicate statistically significant differences between the ROI mean

intensity of BDNF-N150 in different cell types, at p < 0.05 (ANOVA and Tukey
HSD post-hoc).

Our current results compared to previous experiments using non-derivatized SFNPs
indicate that BDNF-derivatization leads to more SFNP internalization based on the more robust
CST neuron uptake compared to uptake in non-neuronal cells. This could be a result of high

level of expression of TrkB in CST neurons, which would encourage receptor-mediated
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endocytosis of BDNF-SFNPs. To address whether this could be the case, we measured the
amount of uptake in CST neurons of BDNF-SFNPs (N150, C150, C750) compared to the uptake
of non-derivatized SFNPs. Confocal images of Ctip2 immunoreactive CST neurons (Figure 3.5,
second column) exposed to BDNF-N150 (top row) or non-derivatized N150 (bottom row)
appeared to have higher levels of SFNPs uptake based on rhodamine fluorescence (Figure 3.5,

third column, red) with merged images showing cell nuclei labeled with DAPI (Figure 3.5, right

column).

DAPI SFNPs Merge

SFNPs
+BDNF

SFNPs

Figure 3.5: BDNF-SFNPs are internalized at higher concentrations than non-derivatized
SFNPs in CST neurons. Primary rat cortical cultures were exposed to 100 ug/ml
underivatized (top row) or BDNF-derivatized SFNPs (bottom row) for 24 hours and SFNP
uptake into CST neurons (Ctip2 positive, second column) was assessed by SFNP
fluorescence (rhodamine labeled N150 SFNPs, third column). The total number of cells in
each field was identified by DAPI nuclear labeling (blue in first column). BDNF-N150
uptake showed higher fluorescence compared to underivatized N150. Scale bars in each

panel are 10 pum.
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Quantification of the average fluorescence intensity in individual CST neurons (ROISs)
showed that neurons treated with BDNF-derivatized SFNPs (N150, C150, C750) had about 1.5-
fold higher fluorescence for BDNF-derivatized SFNPs compared to the underivatized SFNPs for

each type of SFNP (N150, C150, C750, Figure 3.6).
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Figure 3.6: Quantification of fluorescence intensity in CST neurons treated with
underivatized or BDNF-derivatized SFNPs. Primary rat cortical cultures were exposed
to 100 pg/ml N150 (red bars), C150 (blue bars), or C750 (green bars) either not
derivatized (left bar in each pair) or derivatize with BDNF (right bar in each pair) for 24
hours show that BDNF- derivatization increased SFNPs uptake by approximately 1.5
fold for each type of SFNP. Data shown are means £ SEM from ROIs (individual CST
neurons) from three separate experiments with three culture per each condition in each
experiment (n = 9/condition). Asterisks indicate statistically significant differences at p
< 0.05 between the ROI mean intensity of underivatized SFNCs compared to BDNF
derivatized SFNPs of the same type (Student’s t-test).
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DISCUSSION

Major challenges to delivering effective therapies to the CNS to treat neurological
conditions like SCI exist even if efficacious therapeutics are available (Wen et al., 2015). These
include issues of off-target effects due to cellular diversity, delivery of effective concentrations
due to solubility in the bloodstream and filtering in the liver and kidney, and limited delivery of
water-soluble therapeutics due to the impermeability of the BBB to these substances (Kim et al.,
2019). From previous work, techniques for delivering therapeutic agents to the SCI include using
silicone reservoirs, polymeric delivery systems, and osmotic pumps (Begley, 2004). However,
these systems still require a large amount of each drug and they do not provide for a more
controlled delivery profile that targets specific cells (Sahoo & Labhasetwar, 2003). Furthermore,
device materials that contact patient tissues should be medical grade with acceptable
physicochemical characteristics and biocompatibility profiles (Singh & Lillard, 2009). Selective
delivery of pharmaceutical agents to target sites in the body remains a major challenge (Wen et
al., 2015). Peptides have recently been reported that may provide target delivery to the damaged
neurons, and enhanced performance for the potential therapy of promoting axon regeneration
after SCI (Georgieva et al., 2012). Peptides specifically interact with different types of biological
systems and cells, which allows them to be applied in a multitude of scenarios for effective
results (Jeong et al., 2018). A simple approach to overcoming the problems of the current
peptide-based delivery systems is to combine them with nanoparticles (Jeong et al., 2018). The
peptide-bound nanoparticles can be served as targeting agents that selectively deliver the drugs
to the target neurons while reducing off-target toxicity (Liu et al., 2021).

We have hypothesized that these BDNF derivatized nanoparticles bound to nanoparticles

surface functionalized with —-COOH and —NH2 groups would be internalized to a greater extent
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by neurons, especially CST neurons, compared to the other cells in a mixed cortical culture. To
investigate the efficiency of SFNPs taken up by different cell types, we have used mixed cortical
cells extracted and cultured from neonatal rat brain (P1) and treated with underivatized SFNPs or
BDNF derivatized SFNPs. The mixed cortical cultures are immunolabeled according to different
types of cells: CST neurons, astrocytes, oligodendrocytes, and microglia. It is challenging to
deliver drugs using nanoparticles specifically to neurons during SCI. It is a possible that
nanoparticles could be internalized preferably by glial cells because astrocytes and microglia
possess phagocytic properties. Both confocal images and measurements of average fluorescence
intensity of SFNPs in different cell types, however, show that this is not the case. This gives us a
better understanding on how to optimize SFNPs for in vivo targeted delivery to enhance axon
regeneration following SCI.

According to results from representative images and quantification of fluorescence
intensity of SFNPs, CST neurons uptake more SFNPs compared to astrocytes, microglia, and
oligodendrocytes across all types of SFNPs. Also, CST neurons expressing high levels of TrkB,
the high affinity BDNF receptor and incorporate BDNF-derivatized SFNPs better than other
cortical cell types. To further understand the uptake of SFNPs by different types of cortical cells,
our experiments compare treatment with and without BDNF modification. The results show that
CST neurons exposed to BDNF-SFNPs (N150, C150, C750) have 1.5-fold higher levels of SFNP
uptake than non BDNF-derivatized SFNPs. Further, BDNF-C750 SFNPs have a greater mean
fluorescence intensity level than BDNF-N150 or BDNF-C150, This might be expected due to the
larger size of BDNF-C750. However, the discrepancy was not as large as would be predicted
based on SFNP volume, which may indicate that C750 has similar uptake efficiency compared

with the other two types of SFNPs. Together, these results suggest that BDNF targets uptake by
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TrkB expressing CST neurons better than any glial cell type and also better than SFNPs without
BDNF derivatization.

Our current uptake results compared to previous experiments, using of BDNF-
derivatization leads to more SFNP internalization based on the more robust CST neurons uptake
compared to uptake in non-neuronal cells. This is because expression of TrkB in CST neurons,
which would encourage receptor-mediated endocytosis of BDNF-SFNPs (Glueckert et al., 2015).
The potential mechanism of uptake might be because the receptor mediated endocytosis and
alternatives like macropinocytosis (Gilleron et al., 2013). Furthermore, according to the results,
CST neurons expressed higher levels of TrkB compared to astrocytes, microglia, or
oligodendrocytes. This can explain the better uptake in CST neurons even though astrocytes and
oligodendrocytes express TrkB.

All above support the hypothesis that SFNPs modified with targeting molecules (BDNF)
are internalized to a greater extent in CST neurons, compared to other cell types and this
incorporation is higher than that seen with underivatized SFNPs in experiments reported
previously (Veettil, 2017). Together, the nano-based drug delivery system derivatized with
BDNF allow the poor permeable drug passing though BBB as well as targeting CST neurons.
The next challenge is check if C3 be able to release inside the neurons and promote neurites
outgrowth.
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CHAPTER IV
OUTGROWTH OF NEURITES FROM CORTICAL NEURONS IS INCREASED FROM

EXPOSURE TO SURFACE FUNCTIONALIZED NANOPARTICLES IMBIBED WITH C3
TRANSFERASE

A Manuscript to be Submitted for Publication Consideration in
Biomaterials Science

Mengjie Cao, Santaneel Ghosh, Ph.D., DiAnna L. Hynds, Ph.D.

ABSTRACT
Central neurons display a very limited capacity to regrow their axons after injury,

successful strategies to improve regeneration are much sought after.>? Nanoparticle drug
delivery systems, such as those we have designed and made, provide an excellent means for
minimally invasive treatments that can be specifically targeted to particular neurons and
remotely activated to release therapeutics.® The drugs that facilitate axon growth, C3 transferase
is largely limited by the poor permeability of both barrier and target neurons.*® To overcome this
issue, C3 incorporated within the PEG shell of the nanoparticles, and further attaching BDNF to
the PEG coat will cause them to bind to the corticospinal tract neurons that express TrkB
receptor, which will internalize C3 along with SFNPs.® Subsequently, heating or exposure to an
oscillating magnetic field causes the internalized SFNPs to shrink, simultaneously expelling a
drug (C3) that will encourage axon growth.” Both confocal images and quantification results
suggest that all three types of SFNP (N150, C150, C750), treat with BDNF-SFNPs imbibed with
C3 had the greatest increase in neurite outgrowth and elongation than treatment with C3 itself,
underivatized SFNP, and BDNF-SFNP. Thus, this study reports an attractive nano-based drug
delivery system with great potential to deliver therapeutics to precise locations within the

nervous system for axonal outgrowth and guidance.
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INTRODUCTION

Axons are cellular processes that extend from neuron cell bodies during development or
regeneration and are guided by extracellular cues.®® However, after damage mature axons do not
regrow and reestablish contact with their correct targets.'%? If this growth could be manipulated
externally, it may be possible to develop therapies to treat maladies like spinal cord injury (SCI)
and Alzheimer's disease.*2'2® While many chemical substances do direct axon growth, their
clinical application is limited because of difficulties in delivering these substances to the
CNS.1415 One solution to this dilemma mentioned above is to use nano-based drug delivery
systems that cross the blood—brain barrier (BBB) and can be constructed to target damaged
neurons.6:17

The molecular mechanisms directing neurite outgrowth and regeneration involve both
stimulatory and inhibitory influences.'®° Previous studies have shown that targeting guanosine
triphosphatases (GTPases) of the Rho family is an important interventional strategy to
circumvent the limited ability of central axons to regenerate after CNS trauma.?%-?2 RhoA is an
attractive therapeutic target in SCI.2 RhoA is activated by axon regeneration inhibitors that are
increased following SCI, and its activation causes axon and growth cone retraction through a
variety of mechanisms 2325, Inhibition of RhoA signaling, including treatment with the direct
RhoA inhibitor C3 transferase results in accelerated regeneration and enhanced functional
recovery after experimental SCI.26-2° C3 transferase blocks Rho by locking Rho in an inactive
state and keeping it bound to the Rho dissociation inhibitor.3%3! Treatment using C3 transferase,
enhances CST neuron axonal regeneration and improves functional recovery following

incomplete transection of the spinal cord in rats.32-3* However, the lack of uptake and
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translocation domains of C3 transferase cause poor permeability in crossing the BBB and
neuronal plasma membranes.3%3

To reduce the amount of therapeutic and to provide the maximal inhibition of RhoA
signaling, loading C3 transferase into a nano-based drug delivery system may provide a viable
therapeutic strategy. To address these concerns, our surface-functionalized nanoparticles
(SFNPs) consisting of polyethylene glycol (PEG) copolymer coats modified with amino or
carboxyl functional groups have a large surface that is able to efficiently bind, absorb and/or
carry other compounds such as drugs, probes, and proteins.

The amine and carboxyl groups on the surface of nanoparticles would attach with BDNF
which can bind to TrkB receptor from CST neurons. Also, the large surface of SFNPs allowed
larger doses of drugs loaded which comparable efficacy as free drugs showed poor
biodistribution to the brain. Rat cortical cultures either by untreated (baseline control), treated
with SFNPs not imbibed with C3, BDNF derivatized SFNPs, or C3 loaded BDNF-SFNPs. Drug
release will be initiated by increasing the temperature briefly to 37°C. This increase in
temperature will shrink the nanoparticles and cause the release of the embedded drug. Neurite
outgrowth of corticospinal tract neurons was measured and quantified. The process of outgrowth
from neurons will involve the assessment of several measured of outgrowth, including neurite
initiation (percent of neurite-bearing cells, number of neurites/cell), and neurite elongation (total
neurite length/cell).

MATERIALS AND METHODS
C3 Transferase-Imbibed Drug Delivery System
Fluorescent nanoparticles were synthesized by conjugating PEGEEMA-co-PEGMEMA

with methacryloxyethyl thiocarbamoyl rhodamine B fluorescent monomers (Polysciences, Inc.,
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emission: 570 nm). For the synthesis, 1 mg of fluorescent monomer was added per 6 gm of
copolymer content. Any unreacted fluorescent monomer was removed by dialysis for 7 days.
The fluorescent nanoparticles were of 3 types, having 2 different surface functional structures: —
COOH and —NH2and being two different sizes 150 nm and 750 nm.

SFNPs were derivatized with a bioactive BDNF peptide using peptide bonding with
carboxyl —COOH surface groups of nanoparticles of 150 nm (C150) or 750 nm (C750) diameter
or with amine —NH2 surface groups of nanoparticles of 150 nm diameter. Different ratios of
SFNPs to BDNF (1:0.01, 1:0.02, 1:0.03, 1:0.04, and 1:0.05 pg PEG to pg BDNF) were mixed in
1X Tris EDTA (TE; 10 mM Tris-HCI, pH 8; 1 mM EDTA) buffer and incubated on a shaker
(100 rpm) at room temperature for 4 hours. BDNF-derivatized SFNPs were collected by
centrifugation for 30 min at 400 x g. The pellet was washed twice with deionized (DI) water and
resuspended to a concentration of 4 ug PEG/ml in 1X TE buffer. BDNF-SFNPs were stored at 2-
8°C until further use.

To imbibe C3 transferase into the drug delivery system, an aqueous solution of 2 pug/mi
C3 transferase (Cytoskeleton, Denver, CO) was added to 100 pg PEG/mI BDNF-derivatized
SFNPs. The solution was stirred for 8 h at 25°C. Drug-loaded SFNPs were collected by
centrifugation at 400 x g for 30 min. These nanocarriers were designed to exhibit a volumetric
transition at a temperature slight than the physiological temperatures (37°C) that releases drug
from the SFNP.

Rat Cortical Cell Culture

Rat cortical cells were isolated from post-natal day 0-1 rats (Charles River Laboratories,

Wilmington, MA). The Pups were anesthetized on ice for 20 min and decapitated with the small

surgical scissors. The skin was cut along the midline towards the nose using curved forceps. The
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skull was cut laterally starting from foramen magnum using sterile scissors and pulled back using
forceps. The two halves of the separated skull were peeled back and the whole brain was
removed from the head cavity using the curved forceps. The brain was scooped using a sterile
spatula to a sterile 35 mm petri dish in DMEM-F12 containing 10% fetal bovine serum (FBS;
Atlanta Biologicals, GA). Under a dissection microscope, cerebral cortices were dissected out
using a sterile scalpel and the blood arteries were removed using fine-tipped forceps. The
cleaned cortices were transferred to a new sterile petri dish containing serum-free DMEM-F12
media. The cortical tissue diced into fine pieces of approximately 1 mm length using a sterile
scalpels and transferred to a 15 ml conical tube. Mix 0.25% papain (Worthington Biochemical
Corp.) and 100 U/mL DNase | were used to dissociate the diced cortices for 10 min at 37 C. To
inactivate papain, 1 ml of FBS was added. The tissue was gently triturated with the fire-polished
Pasteur pipettes until the solution homogenous (~15-20 times) and then centrifuged for 5 min at
200 x g. The supernatant was aspirated and discarded. Resuspend the cells in 10 ml DMEM-F12
supplemented with 10% FBS and 1% penicillin, streptomycin, amphotericin (PSA) solution.
Following cell counting using 1:4 trypan blue staining, the cells counted were seeded on UV
sterilized 12 mm coverslips coated with poly-D-lysine (PDL; Sigma-Aldrich, St. Louis, MO) at a
density of 8,000 cells/well and incubated for 4-6 h for the cells to attach at 37°C, 5% COz. The
media was changed to Neurobasal Plus medium (Gibco, CA, United State) containing 10% B27
supplement (ThermoFisher, Waltham, MA) and 10% PSF. The media was refreshed every 2-3
days by exchanging half of the medium with fresh neurobasal medium.
Cell Treatment and Immunocytochemistry

CST cultures were untreated (baseline control), treated with BDNF (4 pg/ml), exoenzyme

C3 transferase (2 pg/ml) (Cytoskeleton, INC., CO, United State), SFNPs (C750/ C150/ N150),
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BDNF-derivatized SFNPs not imbibed with drug (negative control for therapeutic), and BDNF-
derivatized SFNPs imbibed with C3. Release of therapeutic were induced at 4 hours by briefly
increasing the temperature. At 24 hours and 72 hours after inducing release of imbibed drug, the
cells were fixed in 4% paraformaldehyde for 30 min at room temperature. The solution was then
drawn out and cultures were washed twice in 1X PBS. The fixed cells were blocked using
blocking buffer (PBS containing 1.5% normal donkey serum, 0.1% BSA, and 0.1% Triton) for
30 min at room temperature. Cells were exposed to appropriate dilution (1:250) of primary
antibody (anti beta I11 tubulin mono mouse) in blocking buffer for 4 hours at room temperature.
Cultures were washed twice with 1X PBS for 5 min each and cultures were incubated in 1:500
donkey anti-mouse 1gG AlexaFluor 488 in blocking buffer for 2 hours at room temperature,
followed by three 5 min washes with 1X PBS. The solution was then drawn out, and mounted on
a glass slide in one drop of Vectashield mounting medium with 4,6-diamidino-2-phenylindole
(DAPI; Vector laboratories, Burlingame, CA) and allowed to dry for 48 h.
Microscopy and Analysis

The images (2 images per culture, 3 conditions in each experiment) were captured from
four quadrants and the center through 60X objectives using a Zeiss Axiovert 200M. The images
were obtained using DAPI (laser 405 nm), FITC (laser 488 nm), and TRITC (laser 561 nm)
filters, and the fluorescence intensity of Beta Il tubulin in the CSTs was measured from each
region of interest. Images were also analyzed for several measurements of outgrowth, including
numbers of neurites per cell, percent of neurite-bearing cells, and total neurite length per cell. A
neurite was defined as a cell extension greater than 10 um and the total neurite length was the

sum of all neurites and branches from a single cell. Only non-aggregated cells where the cell and
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all its neurites were included in the image were quantified, and imaged fields were systematically
selected from each quadrant and the center of each coverslip to ensure a representative sample.
Statistical Analysis

Prism 9 (GraphPad Software) software was used for all statistical analyses and data
graphing. Data from three independent replicates were pooled and are expressed as mean *
standard error of the mean. We compared the results among treatment groups as well as to the
control using one-way analysis of variance (ANOVA). The significance of pair-wise
comparisons was determined by Tukey HSD post-hoc tests. A level of significance of p < 0.05
was used for all differences evaluated. Triplicate cultures were used for each treatment condition
in each experiment and experiments were repeated three times (n=9).
RESULTS

BDNF-SFNPs hold promise as drug delivery systems that can deliver therapeutic inside
specific target cells and release imbibed drugs on demand with a simple increase in temperature.
An attractive therapeutic for encouraging axon regeneration is the RhoA inhibitor, C3
transferase. Since C3 transferase is a large molecule that is not cell-permeant, delivery and
intracellular release into CST neurons might be facilitated by using BDNF-derivatized SFNPs.
We assessed the ability of SFNP delivery of C3 transferase to CST neurons to increase CST
neuron process outgrowth to address this hypothesis.

Primary rat cortical neuron cultures were treated with left untreated, or treated with
BDNF (4 pg/ml), C3 transferase (2 pg/ml), or SENPs (100 pg/ml N150, C150, C750) that were
not derivatized, derivatized with BDNF, or derivatized with BDNF and loaded with C3
transferase at room temperature for 4 hours to allow endocytosis but prevent drug release,

followed by transfer to 37°C. Cytoskeletal changes were assessed from confocal microscopic
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images for each type of SFNP (Figures 4.1, 4.2, 4.3). In each figure, nuclei are labeled by DAPI
(first column, blue), SFNPs uptake is shown up rhodamine fluorescence (second column, red),
and neuronal microtubules are labeled for BIII tubulin (third column, green). Beta III tubulin
immunoreactivity alone and in merged images (column for in each figure) shows the extent of
process extension for N150 (Figure 4.1), C150 (Figure 4.2), and C750 (Figure 4.3). For each
SFNPs construct, the highest level of neurite outgrowth from cortical neurons occurred with C3-
imbibed BDNF-derivatized SFNPs. Comparable outgrowth was seen in untreated cultures,
cultures treated with C3, or exposed to underivatized SFNPs. Treatment with BDNF or BDNF-
SFNPs elicit moderate increases in neurite outgrowth compared to control groups, C3, and

underivatized treatments.
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DAPI N150 Merge

c3 CONTROL

BDNF

N150

N150+BDNF

N150+BDNF+C3

Figure 4.1: Confocal images of cortical neurons after exposure to outgrowth promoting
substances or N150 SFNPs. Representative photomicrographs of primary cortical neuron cultures
either untreated (first row) or treated for 72 hours with 2 pg/ml C3 transferase (second row),
4ug/ml BDNF (third row), 100 pg/ml underivatized N150 (fourth row), 100 pg/ml BDNF-N150
(fifth row), or 100 pg/ml BDNF-N150 imbibed with C3 transferase with DAPI labeled nuclei
(first column, blue), rhodamine labeled SFNPs (second column, red), or immunolabeled for Beta
11 tubulin (third column, green). The last column shows merged images. Scale bars in each panel
are 50 pm.
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DAPI C150 Merge

BDNF Cc3 Control

C150

C150+BDNF+C3 C150+BDNF

Figure 4.2: Confocal images of cortical neurons after exposure to outgrowth promoting substances or
C150 SFNPs. Representative photomicrographs of primary cortical neuron cultures either untreated (first
row) or treated for 72 hours with 2 pg/ml C3 transferase (second row), 4ug/ml BDNF (third row), 100
pg/ml underivatized C150 (fourth row), 100 ug/ml BDNFC150 (fifth row), or 100 pug/ml BDNF-C150
imbibed with C3 transferase with DAPI labeled nuclei (first column, blue), rhodamine labeled SFNPs
(second column, red), or immunolabeled for Beta Il tubulin (third column, green). The last column shows
merged images. Scale bars in each panel are 50 pum.
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DAPI C750 Merge

BDNF Cc3 Control

C750

C750+BDNF+C3 (C750+BDNF

Figure 4.3: Confocal images of cortical neurons after exposure to outgrowth promoting substances or C750
SFNPs. Representative photomicrographs of primary cortical neuron cultures either untreated (first row) or
treated for 72 hours with 2 pg/ml C3 transferase (second row), 4ug/ml BDNF (third row), 100 pg/ml
underivatized C750 (fourth row), 100 pg/ml BDNFC750 (fifth row), or 100 pg/ml BDNF-C750 imbibed
with C3 transferase with DAPI labeled nuclei (first column, blue), rhodamine labeled SFNPs (second
column, red), or immunolabeled for Beta I1 tubulin (third column, green). The last column shows merged
images. Scale bars in each panel are 50 pum.
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BDNF-SFENP Delivery of C3 Transferase Increases Neurite Initiation

The extent of neurite outgrowth was quantified using beta I11 tubulin fluorescence
intensities across each image. For all three types of SFNP (N150, C150, C750), treatment with
BDNF-SFNPs imbibed with C3 had the greatest increase in neurite outgrowth over other
conditions being significantly greater than treatment with C3, underivatized SFNP, and BDNF-
SFNP (Figure 4.4). Both BDNF and C3 have been reported to increase neurite outgrowth from
different types of neurons. The significant difference between BDNF-derivatized SFNPs with
and without C3 imbibed. These results show that delivery of C3 to cortical neurons through
BDNF-SFNPs dramatically increases neurite outgrowth, supporting their potential role as a

therapeutic strategy to increase regeneration after CNS damage.
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Figure 4.4: Quantification of neurite outgrowth in cortical neurons after exposure to neurite
outgrowth promoting substances of SFNPs constructs. Cortical neurons were treated for 72
hours with 2 pg/ml C3 transferase, or 100 pg/ml underivatized SFNPs (N150, C150, C750) or
derivatized with BDNF and either not loaded or loaded with C3 transferase. Images from
fixed cultures were analyzed for total fluorescence intensity of beta Il tubulin
immunoreactivity across the micrograph. Data shown are means + SEM from three separate
experiments containing three cultures in each condition (n = 9). Asterisks indicate statistically
significant differences between each treatments compare to control and # indicate a
significant difference between each treatment (p < 0.05). (ANOVA and Tukey HSD post-hoc

tests).
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The elaboration of neuronal processes and arbors is complex, involving several types of
cytoskeletal rearrangements leading to different morphological changes.*®° To determine how
the combination of BDNF-SFNP loaded with C3 transferase affects different aspects of process
elaboration, we assessed how experimental treatments affected neurite initiation (Figures 4.5,
4.6) and neurite elongation (Figure 4.7). Quantification of neurite initiation was performed by
measuring the number of neurites per cell (Figure 4.5) and the percent of neurite bearing cells
(Figure 4.6) 24 and 72 hours after treatment in response to bath application of 2.0 pg/ml C3
transferase, 100 pug PEG/mI SFNPs (N150, C150, C750), 100 pg PEG/mI BDNF-SFNPs, or 100
g PEG/mI BDNF-SNFPs imbibed with C3 transferase. At 24 hours after treatment, significant
differences in the number of neurites/cell were not observed between treatment conditions (data
not shown). At 72 hours after treatment, BDNF-SFNPs imbibed with C3 transferase exposure
resulted in the highest number of neurites per cell, which was significantly increased compared
to untreated control cultures, or cultures treated with bath application of C3 transferase,
underivatized SFNPs, or BDNF-SFNPs without imbibed C3 transferase for N150 (Figure 4.5A),
C150 (Figure 4.5B), and C750 (Figure 4.5C). There was no significant difference between the
untreated control cultures and cultures treated with bath applied C3 transferase, or cultures
exposed with any of the underivatized SFNPs for the number of neurites per cell 72 hours after
treatment (Figures 4.5). In contrast, treatment with BDNF-SFNPs had significantly higher
number of neurites/cell compared to control and BDNF-SFNPs imbibed with C3 transferase had

numbers of neurites/cell significantly higher than any other treatment group.
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Figure 4.5: Quantification of neurites per cell in cortical neurons after exposure to outgrowth promoting
substances or SFNPs. Cortical neurons were treated for 72 hours with 2.0 pg/ml C3 or 100 pg/ml
underivatized SFNPs, C3, BDNF, BDNF-SFNPs, or BDNF-SFNPs imbibed with C3 for N150 (A), C150 (B),
or C750 (C) SFNPs. Images of fixed neuron were analyzed for neurite initiation by counting the number of
neurites per cell. Data shown are means + SEM from three separate experiments, each with three cultures in
each condition (n = 9). Asterisks over the bar indicate the significance of the neurites per neurons of different
treatment compared to the negative control. Asterisks indicate statistically significant differences between each
treatments compare to control and # indicate a significant difference between each treatment (p < 0.05;
Student’s t-test).
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We also assessed neurite initiation by measuring the percentage of neurite bearing
neurons from cortical neurons after exposure to 100 ng PEG/mI SFNPs for 24 or 72 hours with
or without BDNF derivatization or C3 imbibed (Figure 4.6). At 24 hours after treatment,
significant differences between treatments in the number of neurites/cell were not observed (data
not shown). After 72 hours of treatment, the percentage of neurite bearing cells was significantly
increased after the treatment with C3 transferase loaded BDNF-derivatized SFNPs in comparison
to untreated controls, bath applied C3 transferase, underivatized SFNPs, or BDNF-SFNPs
without imbibed C3 transferase for N150 (Figure 4.6A), C150 (Figure 4.6B), and C750 (Figure
4.6C). The data suggest that neurite initiation is promoted dramatically by BDNF-derivatized
SFNPs delivering C3 transferase compared to other SFNP formulation, with there being at least

an additive effect if both BDNF and C3 transferase are delivered to cortical neurons.
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Figure 4.6: Quantification of the percent of neurite-bearing cells in cortical neurons after exposure to
outgrowth promoting substances or SFNPs. Cortical neurons were treated for 72 hours with 2.0 pg/ml C3

or 100 pg/ml underivatized SFNPs, C3, BDNF, BDNF-SFNPs, or BDNF-SFNPs imbibed with C3 for

N150 (A), C150 (B), or C750 (C) SFNPs. Images of fixed neuron were analyzed for neurite initiation by
counting the number of neurite-bearing cells. Data shown are means + SEM from three separate
experiments, each with three cultures in each condition (n = 9). Asterisks over the bar indicate the
significance of the percentage of neurites bearing of different treatment compared to the negative control.
Asterisks indicate statistically significant differences between each treatments compare to control and #
indicate a significant difference between each treatment (p < 0.05; Student’s t-test).
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BDNF-SFNP Delivery of C3 transferase Increases Neurite Elongation

To determine if C3 imbided in SFNPs derivatized with BDNF increased measures of
neurite elongation, we determined the total neurite length/neuron (Figure 4.7). Quantification
was accomplished by measuring summing the length of all primary neurites and their branches
for each neuron in the microscopic field for each treatment at 72 h. In all three graphs, C3 and
SFNPs groups show no significant difference in the length of the total neurite per neuron
compared to the negative control. A significant increase founded in the BDNF-derivatized
SFNPs compared with negative control. C3 imbibed BDNF-derivatized SFNPs show an
approximately 2-fold increase of total neurite length/cell than BDNF-derivatized SFNPs (without
C3).

Totally, the combined treatment with C3 imbibed BDNF-derivatized SFNPs significantly
increased the total neurite length/cell compared to all other treatment groups for N150 (Figure
4.7A), C150 (Figure 4.7B), and C750 (Figure 4.7C). This also suggested that C3 is poorly taken
up by cortical neurons without SFNPs. Consistent with this, we found that neurite initiation and

neurite elongation were not affected by exposure to C3 for up to 72 hours.
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Figure 4.7: Quantification of the total neurite length/neuron in cortical neurons after exposure
to outgrowth promoting substances or SFNPs. Cortical neurons were treated for 72 hours with
2.0 pg/ml C3 or 100 pg/ml underivatized SFNPs, C3, BDNF, BDNF-SFNPs, or BDNF-SFNPs
imbibed with C3 for N150 (A), C150 (B), or C750 (C) SFNPs. Images of fixed neuron were
analyzed for neurite elongation by summing the lengths of all primary neurites and their
branches for each analyzed neuron. Data shown are means + SEM from three separate
experiments, each with three cultures in each condition (n = 9). Asterisks over the bar indicate
the significance of the total neurites length per neurons of different treatment compared to the
negative control. Asterisks indicate statistically significant differences between each treatments
compare to control and # indicate a significant difference between each treatment (p < 0.05;
Student’s t-test).
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DISCUSSION

Primary rat cortical neuron cultures were treated with BDNF, C3 transferase, SFNPs, as
well as derivatized BDNF-SFNPs, or derivatized with BDNF and loaded with C3 transferase.
Drug release was initiated by increasing the temperature briefly. This increase in temperature
shrank the SFNPs and caused the release of the imbibed C3. Neurite outgrowth was detected by
using microscopy and image analysis involving several measurements of outgrowth which
include neurite initiation (numbers of neurites per cell, percentage of neurites bearing cells), and
neurite elongation (length of the longest neurite per cell, total neurite length per cell). The
cytoskeletal changes were assessed from confocal microscopic images for each type of SFNP
(Figures 4.1, 4.2, 4.3). The highest intensity of beta 111 tubulin was observed from the treatment
with C3 loaded BDNF-SFNPs than other treatments, especially for C3 control. The above results
suggest that C3 imbibed with BDNF-SFNPs successfully uptake and released within neurons.
Whereas the same outgrowth didn’t perform in C3 control. The results from the quantification of
neurites initiation and elongation reconfirmed this conclusion. There is no significant difference
between the control group, SFNPs, and C3 treatment groups. These results demonstrate two
things: first that the SFNPs have no effect on neurites outgrowth, and second, C3 is unable to be
uptake by CST neurons, which downstream promote axon growth.

Moreover, both microscopy image and quantification analysis suggest that the neurites
outgrowth significantly improved when exposure to the C3 imbibed BDNF-derivatized SFNPs
than other treatment groups. The number of neurites per cell with C3 imbibed BDNF-derivatized
SFNPs shows about 2-fold more than BDNF-derivatized SFNPs and a 4-fold increase than C3
only. To compare total neurite length/cell, C3 imbibed BDNF-derivatized SFNPs show an

approximately 2-fold increase than BDNF-derivatized SFNPs and a 5-fold increase than C3 only.
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For each SFNP construct, the highest level of neurite outgrowth from CST neurons
occurred with C3-imbibed BDNF-derivatized SFNPs. Comparable outgrowth was seen in
untreated cultures, cultures treated with C3, or exposed to underivatized SFNPs. Treatment with
BDNF or BDNF-SFNPs elicit moderate increases in neurite outgrowth compared to control
groups (bath application of BDNF or C3) and underivatized SFNPs treatments. These results
show that delivery of C3 to cortical neurons through BDNF-SFNPs dramatically increases
neurite outgrowth, supporting their potential role as a therapeutic strategy to increase
regeneration after CNS damage. The combined treatment with C3 imbibed BDNF-derivatized
SFNPs significantly promotes neurites outgrowth which is suggested the poor neuron uptake of
C3 can be overcome by imbibed with SFNPs. C3 was successfully released from the PEG coat of
SFNPs on temperature and location demand. The C3 released is consistently functional and
further promotes neurites outgrowth efficiency which suggests a great potential therapy for SCI
treatment. Together, our results indicate that a nanomaterial drug delivery system designed to
target specific cells in the CNS would offer distinct advantages over conventional treatments for
traumatic or degenerative neurological conditions.
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CHAPTER V
CONCLUSIONS

The major issue to use drugs, like C3 transferase, in clinics is that they do not display
binding and affinity with specific neurons and have low efficiency to cross certain barriers (eg,
BBB or the blood cerebrospinal fluid barrier).* The results from the first aim of this study show
that C3 crosses the BBB in vitro when imbibed by all three SFNPs. These results are very
promising, but the observed effects need to be further validated in a model in vivo. The
construction of the ligand attached SFNPs drug delivery systems is complex, and several
targeting designs must be evaluated. Moreover, their uptake efficiency by target neurons is still
unclear. A major reason for designing thermoresponsive drug delivery systems is the ability to
load them with therapeutic that can be released on demand by increasing the temperature above
the critical transition temperature needed to cause a volumetric transition resulting in the
expulsion of imbibed drug.? We delivered C3 transferase to corticospinal tract (CST) neurons to
inhibit RhoA and increase axon extension.? In experiments where we loaded BDNF-derivatized
SFNPs with C3 transferase, we found that BDNF/C3 transferase SFNPs had a lower efficiency at
crossing a BBMVEC monolayer than SFNPs not carrying C3, regardless of SFNP size. Imbibing
SFNPs with C3 may slightly increase nanoparticle size, but the molecular qualities of imbibed
drug may also affect the ability to cross the BBB. Additional experiments are needed to
determine whether fewer larger SFNPs carrying more therapeutic or smaller SFNPs, each
carrying less therapeutic, are more efficacious in promoting axon extension.

Our experiments did not address the mechanism through which the SFNPs traverse the
BBMVEC monolayers. Understanding these mechanisms may aid the design of more effective

therapeutic drug delivery constructs. Mechanisms through which materials pass through the BBB
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include the paracellular aqueous pathway, transcellular lipophilic pathway, carrier-mediated
transport, receptor-mediated transcytosis, and adsorptive-mediated transcytosis.* Of these, the
possible mechanisms used for transporting SFNPs include carrier-mediated transport, receptor-
mediated transport, or absorptive-mediated transport.> Additional experimentation is required to
determine the specific mechanisms for BDNF-SFNPs internalization by neurons.

In clinical trials, about 80% of drug candidates cannot successfully cross the BBB. The
two most frequently used tools for testing drugs BBB crossing are animal models and in-vitro
cell models.® Animal models maintain the native matrix architecture and are further capable of
forecasting cellular response in a physiological environment.” However, there is a discrepancy
between animal and human cellular and matrix constitution when it comes to the BBB. In-vitro
cell models cultivate human cells in a controlled environment to mimic the functioning of tissues
and organs.8 Many human brain endothelial cells, immortalized cell lines, primary cells, induced
pluripotent stem cells, and BBMVECs have been employed successfully to mimic the BBB.%!!
However, a lot of medications that were successfully tested in animal and models in vitro fail in
clinical trials. The BBB in humans has a distinct cellular structure and physiology, making it
difficult to predict the use of any potential drug in the native human brain environment.'? It is
crucial to understand how brain endothelial cells and other components of the human BBB
respond to specific paradigm situations, particularly the mechanism(s) of transport across the
BBB. Because of the gap between in-vitro and in-vivo models, studies in vivo are necessary to
definitively assess whether C3 transferase effectively crosses an intact BBB in a living organism,
even though the results we present here using an in-vitro BBB model are promising.

Another major concern of treatment is the inability to target specific types of damaged

neurons in tissues composed of many types of neurons and other cell types. Our strategy is to
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attach peptides to SFNPs that would bind receptors found only on target neurons to prevent the
uptake of SFNPs by other cells. The PEG coating provides an external surface that is highly
amenable to biochemical modification, making it possible to target nanospheres to particular
tissues or cells.'® For instance, we can attach functional groups (eg, amine or carboxyl) that allow
peptide bonding to attach proteins to the PEG coat. Attaching BDNF to the SFNPs allows them
to preferentially bind to a subset of neurons, including CST neurons that are often damaged in
SCI. SFNPs have been utilized to deliver therapeutic molecules across the BBB for the treatment
of SCI. Surface modification of nanoparticles with specific ligands capable of binding to target
receptors on specific neurons may lead to engineered nanoparticles loaded with drug cargos,
thereby delivering therapeutic molecules into the target neurons.

To determine whether CST neurons preferentially take up SFNPs derivatized with
BDNF, we used immunocytochemistry and confocal imaging to assess the extent and timing of
endocytosis by CST neurons and glia in cultures of neonatal rat cortices enriched for neurons.
The results indicate that CST neurons, identified by immunolabeling for Ctip2, internalize more
of the BDNF-derivatized SFNPs than glial cells. Previous work supports this observation that
cortical neurons uptake more SFNPs than other types of cells in the CNS. Therefore, using
BDNF-derivatized SFNPs to target drugs specifically to the damaged CST neurons can
significantly improve the drug effect without affecting other cells. Moreover, the uptake
efficiency of cortical neurons is significant higher than glia, for the C750 system. From our
BDNF binding efficiency study, we found that C750 allowed more BDNF binding because of its
larger surface compared to that of the N150 and C150 constructs. These results support this
premise that C750 is taken up more efficiently and likely delivers more loaded drugs than C150

or N150. Also, the fluorescent intensity is higher in neurons treated with BDNF-derivatized
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SFNPs compared to those treated with non-derivatized SFNPs, suggesting that internalization
mechanisms like receptor-mediated endocytosis may be of paramount importance to consider in
designing effective CNS drug delivery systems.

Moreover, this drug delivery system can overcome the challenges in target delivery to
avoid potential side effects to off-target cells.'® This is especially challenging in SCI treatment
where the CNS contains different types of cells which might also take up SFNPs, such as glial
cells.® Our SFNPs have surface-modified ligands as tools in increased local drug concentrations
and provide strategies for more specific therapy. The nanoparticles surface modified with BDNF
were used to allow C3 drug delivery to the target neurons in this study. To determine if CST
neurons preferentially take up SFNPs derivatized with BDNF using immunocytochemistry and
real-time imaging, rat cortical cell cultures were treated with C3 loaded BDNF-SFNPs for 24
hrs. The attached BDNF on the surface of SFNPs allows them to preferentially bind to TrkB
expressing cells. Results from both confocal images and quantification showed that BDNF-
derivatization leads to 3- to 5- fold more SFNPs internalization by CST neurons compared to
non-neuronal cells. The study showed that the attachment to TrkB receptors by BDNF
derivatized SFNPs enhanced their ability to increase internalization.

TrkB receptor is expressed in different isoforms in the CNS.%” Full-length Trk tyrosine
kinase receptors (TrkB.FL) are highly expressed in neurons, which contains an extracellular
ligand binding domain and an intracellular catalytic domain.'”*® TrkB.FL is the major isoform of
TrkB and primary receptor for BDNF.1"1%20 The truncated isoforms (TrkB.T1) predominantly
expressed in astrocytes, lacks the intracellular kinase domain of the full length receptor.'8?! Also,
both type of TrkB isoforms shows less expressed on Microglia cells.?? The results from our

uptake study can explain according to these. First, the BDNF peptide used for derivatized in our

89



study only contain the partial sequence, which might only be recognized and has more affinity to
the TrkB.FL on neurons than TrkB.T1. Second, Astrocytes produce BDNF by itself and
downstream transfer to the neurons that nearby, which may cause slightly higher concentration
of BDNF surround the astrocytes.?®> The BDNF peptides from BDNF-SFNPs construct has
higher chance move towards to the neuron than astrocyte cells. These suggests that the BDNF
peptides bound to their high-affinity receptor, TrkB.FL, on the surface of the neuron, which
provides the potential of efficiently delivering drug to the target cells. The nano-based drug
delivery system presented in this work could be targeted using peptide modified nanoparticles
for intracellular delivery, thereby introducing an alternative therapeutic means to payload release
and cellular programming.

We further investigated the release of the imbibed C3 transferase from SFNPs which
downstream encourage axon outgrowth in cultured rat cortical neurons. The results indicated that
increased temperature would release the C3 transferase imbibed in SFNPs within the neurons to
promote process outgrowth from CST neurons. We further sought to determine if the induced
release of C3 transferase increases neurite outgrowth after BDNF-derivatized SFNPs are taken
up by CST neurons. These SFNPs undergo volumetric shrinking when exposed to increased
temperature, so that if the nanoparticles are loaded with a therapeutic drug, that drug can be
expelled upon SFNP shrinking. The neuronal cultures were kept at room temperature for 4 hours
to allow the SFNPs to be uptake as determined from our previous study on SFNP uptake. This
was done to prevent the maximum drug release from SFNPs that would occur at 37 °C until after
endocytosis. To determine whether the release of C3 transferase from BDNF-derivatized SFNPs
increased axon regrowth in CST neurons, we assessed the extent of neurite initiation and

elongation from cultured neurons exposed to BDNF-SFNPs induced to release C3 transferase,
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compared to non-derivatized SFNPs and bath application of BDNF or C3. The results
demonstrate that the C3 released from the SFNPs increased neurite outgrowth compared with
SFNPs without drug loading. The data is similar to previous work vitamin B12 can be released
from similar nanoparticles using an oscillating magnetic field.?* Similarly, imbibed cisplatin was
released at 37 °C from a similar nanocarrier over a period of 100 hours.?* The BDNF derivatized
nano-based drug delivery systems offer the ability to enhance the efficacy of BBB crossing for
poorly permeable drugs, and to deliver these drugs to specific cells. The addition of the targeting
molecule, BDNF, did not affect the ability of SFNPs to cross the BBB model, indicating that the
addition of targeting peptides is a viable strategy for use of our SFNP systems.

The SFNPs used in this study have different charges and sizes, which might affect their
cell or BBB permeability and uptake. Clathrin-mediated endocytosis (CME) is the major
endocytic pathway in mammalian cells and plays an important role of internalization of cationic
nanoparticles.?® Previous work with the same nanomaterial constructs studied here shows that
N150 can be internalized through CME, but that this mechanism is not involved in the uptake of
negatively charged particles.?>2% Also, larger nanoparticles (up to 500 nm diameter) can be
uptake by caveolae-mediated endocytosis.?”-? Previous uptake studies using anionic magnetic
nanoparticles in rat primary mixed cell cultures revealed that anionic SFNPs were preferentially
taken up by neurons compare to glia. 2 We see further enhanced preferential neuronal uptake as
compared to glial with BDNF derivatization suggesting that other mechanisms of internalization
may be involved. Larger SFNPs can be derivatized with more targeting peptides and can carry
more imbibed therapeutic drug. However, they are less efficient at crossing a BBB model than
smaller SFNPs. While this may result in a similar therapeutic effect between using larger and

smaller SFNPs and remains to be determined. Regardless of the details to be worked out, the
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current BDNF-SFNP systems hold promise for the efficacious treatment of CNS disorders,
including promoting axon regeneration and functional recovery after SCI. Hence, our study
suggests that there may be specific circumstances where C750 would be a preferred carrier and
when either N150 or C150 would be.

This dissertation has been performed to test whether adding a cell targeting peptide to
SFNPs affects their ability to cross the BBB and facilitates uptake in specific target neurons to
deliver a combinatorial therapy that efficiently promotes axon regeneration. In brief, we find that
the SFNPs could be derivatized with BDNF, a ligand of the TrkB receptor that is expressed on
CST neurons. We further find that the addition of BDNF facilitates specific uptake by CST
neurons and release of C3 from BDNF derivatized SFNPs and enhances the outgrowth of
processes from CST neurons. The SFNPs used here can be also be remotely actuated to release
imbibed drugs by simply increasing the ambient temperature. SFNPs derivatized with BDNF can
cross the BBB and be endocytosed by specific cells, namely CST neurons. According to the poor
membrane permeability of C3 transferase, cell-permeable variants of C3 transferase facilitate its
entry into CST neurons as constructed and tested in this work. Together, this nano-based drug
delivery system is biocompatible, specifically endocytosed by rat cortical neurons, improves
axon outgrowth, and crosses an in-vitro BBB, providing a greater potential to deliver
therapeutics to precise locations within the CNS to encourage axon regeneration and functional
recovery compared to previously constructed systems.

FUTURE STUDIES

Overall, nano-based drug delivery systems can provide exciting opportunities for

improved therapeutic management of CNS diseases. The pharmaceutical industry can move

forward to develop high molecular weight biotechnology products, which normally cannot cross
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the BBB and could substantially benefit from the use of nanoparticles. However, this field is still
in its beginning stages. Several issues should be resolved before nano-based drug delivery
systems become useful in the clinic. Studies in vivo are needed to demonstrate these drug- loaded
SFNPs are able to cross a complete intact BBB and target the specifically damaged neurons in
vivo. Based on the lipiphilic nature of our SFNPs, we expect them to readily cross the BBB and
accumulate in cerebral neurons.® If nanomaterials do not enter the CNS, directly injecting the
constructs into ventricles or the brain parenchyma may be a viable alternative strategy for
facilitating their accumulation in neurons. Direct injection of therapeutics into the CNS of
humans can be done.®! It is a possible route of application that most patients suffering from
traumatic or neurodegenerative conditions would consider. Controlled release and removable of
these SFNPs will also need to be considered to assess the clinical potential of SFNP drug
delivery systems as efficient and safe therapeutic agents for neurodegenerative and
neurotraumatic CNS disorders.2

Although nanotechnology has grown rapidly as a revolutionary therapy, some concerns
still need to be addressed such as toxicity. As a therapy in vivo, nanoparticles have a tendency to
accumulate in the liver or other organs.® The mechanisms for removing nanoparticles from the
cells and organs of the body need to be further explored and addressed.

Together, future experimentation will test the feasibility of functionalized nanocarriers
for targeted drug delivery to enhance axon regrowth following CNS damage. If successful, this
nano-based drug delivery system will provide unique therapeutics that may use for the future
treatment of brain or SCI or neurodegenerative conditions by allowing precise targeting, high

solubility and tunabiliy, low toxicity, and high clearance therapeutics.
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