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ABSTRACT

Development and Characterization of PEG-b-PPS Nanocarriers for

Magnetic Resonance Imaging and Drug Delivery

Like many diseases, atherosclerotic cardiovascular disease is driven by the activity of
inflammatory cells. Using molecular imaging to target and analyze populations of inflammatory
cells is one promising strategy to non-invasively assess atherosclerosis progression. However,
current molecular imaging contrast agents are not suited for such targeted imaging applications.
Nanomaterial-based strategies have great promise for targeted delivery of contrast agents due to
their ability to accumulate within target cells, specifically in immune cell subsets. In particular, the
diblock co-polymer poly(ethylene glycol)-block-poly(propylene sulfide) (PEG-H-PPS) is a
versatile nanomaterial system capable of self-assembling into nanocarriers of different shapes and
has great utility for the targeted delivery of encapsulated cargo to immune cells. This work

describes the development of PEG-b-PPS nanocarriers for the delivery of magnetic resonance

imaging (MRI) contrast agents in the context of targeted imaging of atherosclerotic cardiovascular

disease. First, I have demonstrated the utility of multiple PEG-b-PPS nanocarrier morphologies
for encapsulation and controlled delivery of metal ferrite magnetic nanostructures (MNS), which
are nanoscale MRI contrast agents for T2-weighted imaging. I focused on developing MNS-
encapsulated bicontinuous nanospheres (MBCNs), and characterizing their MRI contrast
enhancement, ability to deliver therapeutic payloads in vitro and in vivo, and response to oxidative
stimuli. Notably, I found that MBCNs undergo a transition in morphology into MNS-loaded
micelles under oxidative conditions, which makes these nanocarriers promising for sustained

delivery applications. Second, I engineered PEG-b-PPS polymersomes (PS) to simultaneously (i)
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deliver Gd-DOTA for T1 MRI contrast enhancement and (ii) display the P-D2 peptide sequence
for targeting dendritic cells (DCs) in atherosclerotic plaques. My work demonstrated that DOTA-
displaying PS (DOTA-PS) are promising nanocarriers for T1 MRI, demonstrating effective T1
enhancement in vitro. 1 further characterized the use of the P-D2 peptide for mediating effective
nanocarrier uptake in DCs, both in vitro and in vivo in a mouse model of heart disease. Overall,
my work expands on the current applications of PEG-b-PPS nanocarriers, and demonstrates that
these nanocarriers can be engineered for diagnostic applications and molecular imaging via stable

encapsulation of MRI contrast agents.
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CHAPTER 1

1. Introduction and Review of Literature
1.1. Dissertation Overview

1.1.1. Motivations and Objectives

Many diseases, particularly cardiovascular disease (CVD) such as atherosclerosis, are
driven by the activity of inflammatory cells and physiological responses to inflammation.
Targeting and analyzing these inflammatory cells via molecular imaging is one strategy for the
non-invasive assessment of atherosclerotic plaque progression; however, current molecular
imaging contrast agents are not suited for such targeted imaging applications. This work describes
the development of poly(ethylene glycol)-block-poly(propylene sulfide) (PEG-bH-PPS)
nanocarriers for the delivery of magnetic resonance imaging (MRI) contrast agents in the context

of targeted imaging of atherosclerotic cardiovascular disease.

1.1.2. Dissertation Outline

The following parts of Chapter 1 will provide a comprehensive review of nanomaterials
for molecular imaging, particularly for imaging cell-mediated processes in CVD. The utility of
inflammatory cells as diagnostic markers of CVD will be discussed, along with strategies to target
these cells via the use of nanocarriers. An overview of nanocarriers for targeted delivery
applications will be given, focusing on PEG-b-PPS nanocarriers. Chapter 2 will discuss my work
on the use of PEG-H-PPS nanocarriers for encapsulating and delivering metal ferrite magnetic
structures (MNS), which are nanoscale MRI contrast agents that are primarily used for T2-
weighted imaging. Chapter 3 surveys two specific therapeutic applications of these MNS-loaded

nanocarriers: thermal activation and magnetic targeting. Chapter 4 discusses my work on
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engineering vesicular PEG-b-PPS polymersomes (PS) to provide T1 MRI contrast enhancement
for targeted imaging of atherosclerotic disease. This chapter will also explore the immune cell
profile in mouse aortas at multiple stages of heart disease. Chapter 5 contains a summary of my

work and an outline of future directions for the continued development of (i) MNS-encapsulated

and (ii)) DOTA-displaying PEG-b-PPS nanocarriers.

1.2. Review of Literature

1.2.1. Inflammatory Cells as Disease Markers in Cardiovascular Disease

CVD is the primary cause of global mortality, accounting for an estimated 17.8 million
deaths annually worldwide'. CVD affects the heart and blood vessels, and the vast majority of
associated pathologies are of atherosclerotic origin, driven by the buildup of plaques within vessel
walls. If unaddressed, these pathologies can lead to a potentially fatal major adverse cardiovascular
event (MACE) involving hypoxic injury to cardiac tissue’. Currently, there is a lack of non-
invasive methods that are capable of determining the risk of MACEs before they occur,
highlighting a need to develop non-invasive methods for determining this risk before occurrence.

Specific single cell-mediated processes have emerged as key targets for diagnostic and
therapeutic strategies due to their critical roles in the pathology and treatment of CVD. One specific
CVD that is driven by cell-mediated processes is atherosclerosis: a slow-progressing,
inflammatory disease characterized by the build-up of blood vessel-occluding deposits in the
intima, or inner layer, of arterial walls*#. These deposits contain a marked number of both innate
and adaptive immune cells, including dendritic cells, macrophages, and T cells’. The chronic build-
up of these deposits, or plaques, leads to stenosis and downstream tissue hypoxia. Given the

gradual nature of plaque development in atherosclerosis, it is often not detected until severe
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complications resulting from vessel occlusion occur. These complications, such as myocardial
infarction (MI) and stroke, are among the most common causes of death worldwide®.

The onset of atherosclerosis is triggered by the retention of numerous plasma lipoproteins,
including low-density lipoprotein (LDL) and apolipoprotein B (ApoB), in the subendothelium of
arterial vessels®. Oxidative modification of the retained lipoproteins facilitates the activation of
endothelial cells and recruitment of monocytes into the subendothelium®. After these events,
monocytes differentiate into various other phagocytic cell types, such as dendritic cells (DCs) and
macrophages. These differentiated phagocytes mature and generate a persistent immune response
that results in the continuation of the atherosclerotic process and plaque buildup. Specifically, it is
known that a high burden of DC accumulation within plaques is predictive of more severe
atherosclerotic disease, and represents a more “vulnerable” plaque phenotype that is more prone
to rupture and associated complications (MACEs, etc.)’. The non-invasive assessment of these
cellular processes would allow for earlier detection and assessment of CVD progression and would
thereby provide an opportunity for therapeutic intervention before the occurrence of life-

threatening outcomes, such as MI or stroke.

1.2.2. Molecular Imaging

Molecular imaging is a useful tool for diagnosing CVD’! and allowing for the non-
invasive detection, tracing, and quantification of single cell populations'!: 2. Modalities for
molecular imaging include magnetic resonance imaging (MRI), positron emission tomography
(PET), and acoustic imaging methods. These methods differ in their spatial resolution, detection
sensitivity, and imaging depth'® 4. PET imaging offers high sensitivity and imaging depth, but it

is limited by the lack of anatomic information'’. Acoustic imaging modalities, including
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ultrasound (US) and photoacoustic imaging (PAI), have good detection sensitivity, but suffer from
a relatively low penetration depth!®. In comparison, MRI provides numerous advantages including
high imaging depth, spatial resolution, soft tissue contrast, and lack of ionizing radiation, while
being limited by low sensitivity!®. From this point forward, I will focus on MRI due to these

advantages and due to its extensive use in the research presented in this dissertation.

1.2.2.1. Magnetic Resonance Imaging

MRI is built upon the principles of nuclear magnetic resonance (NMR)!¢ 17

, allowing for
generation of images using the distribution of 'H nuclei in different water-rich or fat-rich tissues
in the body'®. Briefly, radiofrequency (RF) pulses are used to align the magnetic moments of these
nuclei in a sample, after which they are “tipped” away from this alignment by a secondary
magnetic field'®. The recovery, or relaxation, of the magnetic moments back to equilibrium after
this “tipping” occurs in two forms: longitudinal relaxation or transverse relaxation. By measuring
the longitudinal relaxation time (T1 time) or transverse relaxation time (T2 time) for different 'H
nuclei across a sample, an MR image can be generated, with spatial contrast in the image arising
from the differences in T1 and T2 relaxation times of different tissues!'®. Intrinsic differences in
tissue T1 and T2 relaxation times can be leveraged through the use of different image acquisition
modes, or T1- or T2-weighted images, to differentiate certain types of tissue depending on the
application. As an example, T1-weighted imaging can be used to assess for subacute bleeds in the

brain, as blood will have shorter T1 times and appear brighter than surrounding tissue in this

specific pathology?’.

The use of exogeneous contrast agents is usually required in order to detect more specific

pathologic processes, such as inflammation, cancer, or vascular defects. Currently, almost half of
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all clinical MRI studies performed use contrast agents to enhance diagnostics®!. These contrast
agents shorten the T1 or T2 relaxation times (or both) of nearby water molecules (the source of
the 'H nuclei), resulting in increased signal intensity (brightening) on T1-weighted images and
decreased signal intensity (darkening) on T2-weighted images??. As such, strong T1 shortening

agents are referred to as positive agents, and strong T2 shortening agents as negative agents.

MRI contrast agents also fall into two major categories based on their composition: (i)
paramagnetic ion complexes, which are mostly positive agents, and (ii) superparamagnetic metal
ferrite particles, which are mostly negative agents??>. Paramagnetic contrast agents are primarily
comprised of lanthanide elements such as gadolinium (Gd), which is very strongly paramagnetic
due to its 7 unpaired electrons®'. For contrast enhancement, the gadolinium (III) ion is delivered
via a chelation complex. Such gadolinium-based contrast agents (GBCAs) generally contain an
octadentate polyaminopolycarboxylato-based ligand that is either linear in structure, like
diethylenetriamine pentaacetate (DTPA), or macrocyclic, like dodecane tetraacetic acid
(DOTA)?. Importantly, these GBCAs have a ninth coordination site that is accessible for water
ligation, where the coordinated water molecule can undergo exchange with other water molecules
in the environment?!. It is the ability of Gd to induce relaxation of multiple surrounding water
molecules as this exchange occurs that results in the shortening of T1 times of the surrounding

tissue and the subsequent enhancement in contrast.

The other major category of MRI contrast agents, superparamagnetic contrast agents, are
not small molecules but are instead particles having a size in the range of 4-20 nm?2. These particles
are primarily composed of numerous smaller crystallites or clusters of magnetic ions®*>. These

crystallites are usually iron-based, though the composition can vary to include manganese, cobalt,
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copper, and other metals?* 2. These compounds are also referred to in the literature as magnetic
nanostructures’® (MNS) or superparamagnetic iron oxide nanoparticles (SPIONs). Due to the
superparamagnetic nature of these MNS, when subjected to an external magnetic field the
crystallites in MNS align with the field and the bulk material is magnetic. When this external
magnetic field is removed, the MNS are no longer magnetic as the crystallites revert back to their
initial random orientations?2. Superparamagnetic contrast agents generally have a strong effect on
T2 relaxation of nearby water molecules, resulting in shortening of T2 times of the surrounding
tissue and negative contrast enhancement. However, some superparamagnetic compounds can also

serve as T1 agents by shortening T1 times.

MRI contrast agents can also be categorized based on their biodistribution and resulting
applications, specifically into extracellular fluid (ECF) agents, intravascular agents (blood pool
contrast agents or BPCAs), and “organ-specific” contrast agents??>. ECF agents for MRI, such as
the Gd-chelates Gd-DTPA and Gd-DOTA, are administered intravenously and subsequently
disperse into the extracellular space?!. Intravascular MRI contrast agents persist in circulation
much longer than ECF agents and have applications for vascular imaging??. Finally, “organ-
specific” contrast agents are those that have preferential uptake within certain organs or tissues,
primarily the liver. Some examples of “organ-specific” contrast agents include iron oxide-based
superparamagnetic agents, and certain GBCAs including gadoxetate disodium (Gd-EOB-
DTPA)?2. However, the biodistribution of “organ-specific” contrast agents relies on passive
targeting and is not useful for imaging of specific cellular processes in the liver or elsewhere in

the body.
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In general, current gold-standard small molecule contrast agents for all molecular imaging
modalities, such as GBCAs for MRI or fluorodeoxyglucose (FDG) for PET imaging, are not cell-
specific and rely on other strategies such as impaired vasculature or increased cell metabolism to
enhance uptake'®. For imaging of cellular processes, like imaging of cell-mediated inflammation
in CVD, targeted delivery of molecular imaging contrast agents to specific cells, tissues, or
markers upregulated in disease processes is needed. Thus, the ability of nanomaterials to achieve
targeted cargo delivery makes them intriguing platforms for contrast agent delivery applications,
especially for those seeking to acquire insightful imaging data of specific pathological features

(e.g., monitoring the development of atherosclerotic plaques, etc.).

1.2.3. Nanomaterials

Nanocarriers are colloidal materials with at least one aspect of their dimensions in the range
of 1 — 1000 nm?’. They have been studied extensively in recent decades for their use as drug
delivery vehicles, largely due to their ability to improve the bioactivity, pharmacokinetics,
solubility, and stability of encapsulated therapeutic cargo. Various types of nanocarriers are being
explored for therapeutic applications, including liposomes?®, solid lipid nanoparticles?’, magnetic
nanoparticles®, quantum dots*®, and polymer-based systems’! such as polymeric micelles,
vesicles, filamentous structures’?, and dendrimers. Of these, self-assembled polymeric
nanocarriers offer great versatility, enhanced stability, ease of fabrication, and opportunities for
rational design and control over the morphology of the delivery vehicle.

One notable system of self-assembled polymeric nanocarriers used extensively in this
thesis work is the diblock co-polymer poly(ethylene glycol)-block-poly(propylene sulfide), or

PEG-bH-PPS*-%, This polymer system was first introduced in 2001 by the work of the Hubbell
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Group??, and the Scott Group has also subsequently used this polymer system to form nanocarriers
with a wide range of morphologies for drug delivery applications. Notably, work from the Scott
Group has since shown that PEG-b-PPS micelles*® (MCs), wormlike filomicelles (FMs)*’,
vesicular polymersomes (PSs)*®, and bicontinuous nanospheres (BCNs)* can be successfully
fabricated via the rapid and scalable self-assembly method of flash nanoprecipitation. Of these,
BCNs are the newest and most complex nanocarrier morphology assembled from PEG-b-PPS,
with characteristic structure of multiple intertwined bilayer membranes®*!. Thus far, work with
BCNs has focused on characterizing their ability to encapsulate and deliver small molecule cargo
and understanding their biodistribution. Since these are relatively new nanostructures, there is still
much work to be done on exploring and characterizing the utility of BCNs for encapsulation and
delivery of nanoscale cargo and for targeted delivery applications. Other work on PEG-b-PPS
nanocarriers has leveraged the oxidation sensitivity of the PPS block, demonstrating the shift of
PEG-b-PPS nanocarriers from one morphology to another, such as the ‘“cylinder-to-sphere”

transition of FMs to MCs®’; and employing the oxidative transition of PS** or BCN to MC for
intracellular cargo delivery*’.
1.2.3.1. Targeting of Nanocarriers via Surface-displayed Moieties

The overall utility of nanocarriers predominantly arises from their ability to facilitate site-
specific delivery of encapsulated cargo. This is most often achieved through the decoration of
nanocarrier surfaces with targeting moieties specific for markers upregulated in certain
pathologies, such as cancer®. As an example, many cancers overexpress the folate receptor (FR)
on cell surfaces, allowing for targeting of these cells via folate-decorated nanocarriers**. In this

case, the targeting moiety (folate) is a small molecule, specifically a vitamin. Other classes of



33
targeting moieties include peptides or proteins, such as antibodies or antibody fragments; nucleic
acids, such as aptamers; and other small molecules, such as carbohydrates®.

For decoration of nanocarrier surfaces with these targeting moieties, a method resulting in
stable and efficient display of the targeting agent must be employed. Most often, nanocarrier
surfaces are chemically modified or functionalized to allow for covalent conjugation of the desired
targeting moiety. These covalent reactions often involve use of carbonyl, amine, sulthydryl, or
azide reactive groups for the formation of hydrazide, amide, thioester, or disulfide bonds, among
others*. Non-covalent strategies are also employed, including linkages using biotin-(strept)avidin
binding for surface display of cell-penetrating peptides*® or charge-based interactions for display
of targeting aptamers*’. Finally, a third strategy for display of targeting moieties is the use of lipid
tail constructs that can insert into nanocarrier membranes and display the targeting moiety**>°.
These lipid tails can be incorporated into nanocarrier membranes during or after assembly and
have key advantages over covalent linkage of targeting moieties, including precise control over
the surface density of the moiety of interest, control over the PEG spacer length to ensure display
of the targeting moiety above any PEG corona of the nanocarrier itself’!, and a modular synthetic
approach allowing for use of these PEG-lipid tail constructs with a variety of vesicular or micellar

nanocarriers*® >,

1.2.4. Nanomaterials for Molecular Imaging

Due to their ability to target specific cells and tissues via such surface-displayed targeting
agents, nanomaterial-based strategies have been of great interest in recent years for contrast agent
delivery, particularly in immune cells*®. Several nanomaterial systems exist for pre-clinical

imaging, including metallic nanoparticles®®>, amphiphilic polymers®®, solid core polymeric
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nanoparticles*, and lipid-based nanoparticles®. The molecular imaging signal provided by these
nanoparticles arises from either their composition, as in the case of metallic nanoparticles like
MNS for MRI*®, or through encapsulation or conjugation of small molecules including
Technetium-99 (*Tc) for PET imaging®’. Single cell targeting via nanoparticles can be
accomplished through numerous methods such as the use of targeting moieties like antibodies or
peptides®®, and ex vivo labeling®®. The use of such nanoparticle platforms towards diagnostic,
therapeutic, or combined (theranostic) applications in cardiovascular disease have been reviewed

previously®®, with some reviews focusing on a specific imaging modality®!: 62

or nanoparticle
design® but still covering a wide range of CVD applications. However, with the rapid progression
of pre-clinical research in the field of cardiovascular imaging and the emerging developments in
nanoparticle targeting to specific cell populations, an updated overview of the field is of interest.
The following is a summary of the latest breakthroughs in assessment of cellular processes in CVD

via nanoparticle-mediated molecular imaging, with a focus on detecting inflammation, assessing
lipid accumulation, and monitoring tissue regeneration.
1.2.4.1. Targeting Macrophage-derived Vascular Inflammation

Cell-mediated inflammation is known to be a key factor in atherosclerosis, contributing to
plaque instability and risk of rupture®. Targeting and assessing the immune cell burden within
plaques using nanomaterials is a promising strategy for assessing plaque burden and development.
While plaques contain a complex mixture of immune cells that include DCs and T cells,
macrophages have emerged as one cell of interest for molecular imaging-based plaque detection

due to their major role in plaque progression®*.
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For this purpose, diverse ligands established for targeting macrophages have been utilized
to decorate nanoparticles, including antibodies against markers of monocyte-macrophage lineage.
Tarin et al. demonstrated macrophage targeting specificity of gold-coated iron oxide nanoparticles
conjugated with anti-CD163 (NP-CD163) over non-targeted, IgG-conjugated control
nanoparticles (NP-IgG), and found that NP-CD163 were more effectively able to target and allow
T2 MRI visualization of plaques®. Similarly, anti-CD68 antibody-mediated targeting was shown
to be effective at targeting iron (Fe)-doped hollow silica nanospheres (Fe-HSNs) to plaque
macrophages. The multifunctional Fe-HSNs allowed for real-time plaque monitoring via US and
follow-up examination of plaque macrophages using the 3D spatial resolution of MRI, indicating
a robust tool for real-time, single-cell imaging in CVD!!.

Other approaches have leveraged the overexpression of specific cell-surface markers by
plaque macrophages as a targeting strategy. Class Al scavenger receptors (SR-A1) have emerged
as a plaque macrophage target, as it has been found to be overexpressed in activated macrophages
and facilitates their uptake of oxidized LDL®®. With this rationale, a unique theranostic
nanoparticle was developed by Ye ef al. using dextran sulfate (DS)-labeled, chitosan-poly(lactic-
co-glycolic acid) (PLGA)-iron oxide-perfluorohexane (PFH) nanoparticles to plaque macrophages
via SR-A1%. The iron oxide facilitated MRI imaging to visualize plaques, while the PFH allowed
for subsequent ablation and apoptosis induction in targeted plaque macrophages via low intensity
focused ultrasound (LIFU). This application demonstrated the importance of theranostics but will
require further investigation into potential post-ablation consequences, such as unwanted plaque
destabilization and rupture. A different, less specific approach was taken by Zheng et al., in which

near infrared fluorescence (NIRF)-detectable, deoxyribonucleic acid (DNA)-coated SPIONs
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(DNA-SPIONS) targeted macrophages via binding to SR-A1 and more efficiently localized to
aortic plaques than PEG-coated SPIONs®’. However, the DNA-SPIONs were also found to have
high uptake into liver and splenic macrophages and DCs, indicating that additional targeting agents
may be necessary for plaque macrophage specificity. Another highly expressed receptor in
infiltrated plaque macrophages is transferrin receptor 1 (TfR1). Liang et al. developed a PET-
detectable nanomaterial that labeled the targeting compound heavy-chain ferritin with *™Tc to
enhance association with TfR1-positive plaque macrophages®®. This nanoconstruct produced a
PET signal with increased strength, specificity, and diagnostic power relative to small molecule
contrast agents that are currently proposed as gold standards for PET detection of plaque burden
via passive targeting.

To specifically assess more vulnerable plaques, recent strategies have focused on
identifying apoptotic macrophages in plaques via Annexin V-mediated targeting. Li et al.
developed a single-photon emission computerized tomography (SPECT)/CT active construct of
9mTe. and Annexin V-tagged gold nanoparticles that localized signal to actively apoptotic cells
prominent in atherosclerotic lesions in ApoE” mice®. Similar work from this group has
demonstrated the use of ”™Tc- and Annexin V-tagged SPIONs for SPECT/MRI-based

assessment’?

. By targeting such specific functional markers and employing multi-modality
imaging, these strategies minimize the theoretical dose of solid metal nanoparticle contrast agents
needed to effectively detect high-risk plaques.

Other inflammation-targeted strategies for CVD imaging utilize natural nanoparticles such

as high-density lipoproteins (HDL) for cell selectivity. Several studies have used HDL-mediated

targeting to access macrophages in plaques. One notable study was conducted by Perez-Medina
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through the %Zr-labeling of HDL for PET-based assessment of plaques’!. The ¥Zr-HDL
nanoparticles showed a strong PET signal associated with damaged vessel walls in murine, rabbit,
and porcine models, with enhanced uptake into plaque monocytes and macrophages. Subsequent
work has built upon this HDL-mediated plaque targeting platform. Notably, Binderup et al.
leveraged the use of MRI, PET, CT, and NIRF to assess the use of the ¥Zr-HDL nanoparticles to
load and deliver simvastatin for atherosclerosis immunotherapy in rabbit and porcine models,
demonstrating the efficacy of their treatment at targeting and inhibiting inflammatory macrophages
in atherosclerotic plaques’.
1.2.4.2. Targeting Non-Macrophage-Derived Inflammation

Aside from atherosclerosis, other arecas of CVD are also marked by cell-mediated
inflammation. Acute rejection (AR) following heart transplantation is a key complication and
cause of graft disability and is known to be mediated by T lymphocyte infiltration”. As an
alternative to the invasive, current gold standard of endomyocardial biopsy to detect AR, US-
visible anti-CD3-labeled nanobubbles have been employed to detect AR after cardiac
transplantation in vivo'%. Targeted nanobubbles were able to noninvasively assess T lymphocyte
infiltration in studies comparing isograft and allograft transplantation'?.

Thrombosis is another CVD complication driven by single cell components (or in this case
fragments), namely activated platelets, and can lead to severe complications if not detected early.
Bonnard et al. recently developed low-fouling, biodegradable NIRF stealth nanoparticles for
noninvasive molecular imaging of thrombosis™. In the cited study, the particles were
functionalized with a single-chain variable fragment antibody specific to the activated form of the

glycoprotein IIb/I1la (anti—GPIIb/IIla-scFv), the most prominent marker expressed by platelets
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upon activation. The functionalized particles facilitated targeting and non-invasive visualization
of rat carotid thromboses. Fucoidan labeling of nanoparticles is another strategy used to achieve
activated platelet targeting via binding to P-selectin, and was used by Li et al. to deliver fucoidan-
functionalized microbubbles to selectively target and visualize thrombi via US imaging”’.
Interestingly, the authors showed that these microbubbles could also be burst using destructive US
pulses, which they suggested could be used to trigger drug release in follow up studies as a
theranostic approach. Other nanoparticle-based approaches to non-invasively visualize
thromboses focus on targeting non-cellular components such as fibrin or thrombin or responding
to the microenvironment around a thrombus, and are summarized elsewhere’®.

Finally, others have attempted to develop nanoparticles for imaging that simultaneously
target multiple inflammatory cells within atherosclerotic plaques, in addition to macrophages.
Using an optimized antagonist to the integrin a4f1, which is a non-RGD binding integrin
expressed on multiple immune cell types, Woodside ef al. used Gd-loaded liposomes to target and
non-invasively detect atheromas of ApoE” mice via MRI”’. The rationale for this approach was to
analyze the entire inflammatory cell burden within plaques. The authors discovered that their
construct localized to mainly monocytes and macrophages in the subendothelium, along with
neutrophils, with no uptake into nearby endothelial cells or cardiomyocytes.
1.2.4.3. Visualizing lipid accumulation

Lipid accumulation is another major factor in the development of atherosclerosis.
Lipoprotein retention, modification, and internalization by macrophages and vascular smooth
muscle cells (VSMCs) in the vessel subendothelium contributes to the formation of foam cells.

These foam cells participate in further immune cell recruitment and promote plaque progression’®.
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Targeting foam cells is therefore another strategy for assessing lipid accumulation and plaque
burden. The overexpression of osteopontin (OPN) by both macrophage- and VSMC-derived foam
cells was targeted by Li et al. to deliver dual-modality nanoparticles for detection of vulnerable
atherosclerotic plaques’’. These nanoparticles were composed of a perfluorooctyl bromide (PFOB)
core to provide US contrast, a polylactic acid (PLA) surfactant coating, and decorated with
fluorescent dye Cy5.5 for optical imaging and anti-OPN antibody for foam cell targeting.

A theranostic approach was taken by Gao et al., who utilized NIR- and acoustic imaging-
responsive, copper sulfide nanoparticles labeled with antibodies to transient receptor potential
cation channel subfamily V member 1 (TRPV1) cation channels (CuS-TRPV1 nanoparticles) to
target VSMCs and inhibit foam cell formation via binding to TRPV 1%, Upon IV injection, CuS-
TRPV1 nanoparticles were found to successfully target plaque VSMCs and facilitate PA imaging
to visualize plaques in ApoE-/- mice, as compared with non-targeted CuS nanoparticles. Following
PA-mediated plaque visualization, CuS-TRPV1 nanoparticles could be photothermally activated
via NIR light, activating the thermosensitive TRPV1 cation channel and triggering autophagy to
control lipid metabolism. After repeated photothermal treatments, this approach successfully
inhibited VSMC-derived foam cell formation and mitigated plaque progression.

As an alternative strategy for foam cell targeting, Wei et al. utilized platelet-membrane
coated, Gd-loaded PLGA nanoparticles (PNP) to detect vulnerable plaques via MRI. In this
strategy, the platelet membrane coating was employed for targeting multiple molecular and cellular
targets, including foam cells. The group demonstrated that PNPs could target foam cells along
with activated endothelial cells and collagen, labeling this approach “multifactored biologic

targeting.” Further studies demonstrated the ability of the PNPs to allow live MRI imaging and to
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target plaques in various stages of development in ApoE-/- mice®!. Overall, targeting foam cells is

a promising method for non-invasive detection of vulnerable plaques but needs further assessment.

1.2.4.4. Tracking tissue regeneration

A third, unique area of single cell-mediated activity in CVD is tissue regeneration.
Following cardiac injury, endogenous regenerative mechanisms are not always sufficient to
replace injured tissue. To address this, stem cell administration is of interest for replacing damaged
myocardium, requiring a non-invasive method to assess cell migration and activity post-
administration®>. SPIONs are well-established for cellular tracking as they can efficiently label
stem cells without transfection agents and allow for non-invasive MRI monitoring. This approach
was used by Hua ef al. to track bone marrow mesenchymal stem cells (BMSCs) in rat models of
MI®. While the negative contrast signal of the SPION-labelled BMSCs was significant one day
post-administration, by day 21 the signal intensity had decreased and was indistinct from
surrounding tissue. Unfortunately, this study did not present sufficient timepoints to provide
insight into the signal variance between day 1 and day 21 post-administration. Other MRI-based
cell tracking approaches such as '"F-MRI avoid this issue of low signal intensity, given that '°F
has no background tissue signal. Perfluorocarbon nanoparticles (PFCE-NPs) suitable for !°F-MRI
detection have been explored for labeling and tracking of stem cells. Constantinides et al. used the
transfection agent FUGENE to facilitate labeling of two different murine cardiac progenitor cells
with PFCE-NPs, allowing for in vivo tracking up to 8 days post-injection®®. Other strategies to
minimize background signal in cell tracking applications include PAI via semiconducting
polymers (SP), which have specific and narrow photoacoustic spectra leading to low background

signal. SPs-based PAI nanoprobes with cell-penetrating peptides as a surface modification have



41
been developed to track the delivery and engraftment of human embryonic stem cell-derived
cardiomyocytes in living mouse hearts for the treatment of ischemic heart disease®. The most
effective approach to increase cell-tracking sensitivity while minimizing background signal may
be through strategic combinations of imaging modalities. Lemaster et al. designed a trimodal
contrast agent “nanobubble” for US, magnetic particle imaging (MPI), and photoacoustic imaging
via assembly of PLGA, iron-oxide, and the fluorescent dye 1,1'-dioctadecyl-3,3,3",3'-
tetramethylindo-tricarbocyanine iodide (DiR)%¢. These nanobubbles were used to label and track
cardiac stem cells following intramyocardial injection, and demonstrated high temporal resolution,
imaging depth, and contrast due to the unique combination of modalities employed in the study.
1.2.4.5. Summary

Here, I have reviewed the recent uses of nanomaterials for imaging cellular processes in
CVD, with a focus on monitoring and visualizing inflammation, lipid accumulation, and tissue
regeneration. I found that while these recent studies employed a range of modalities, MRI and PET
were by far the most commonly used. The minimal use of CT was surprising considering its
widespread clinical use. Studies mainly employed CT to provide anatomic context in combination
with plaque detection via other modalities®” 2. Delivering nanoparticles to single cell targets was
primarily achieved via specific antibodies that bind to cell-surface receptors, such as CD163% or
transferrin receptor-targeting®® for targeting plaque macrophages, or through ex vivo labeling in
the case of cell tracking. These studies illustrated how cell-selective active targeting is superior to
current conventional molecular imaging contrast agents, primarily through enhanced uptake by
and specificity for atherosclerotic plaques or other biologic processes of interest. Furthermore,

active targeting of nanoparticles to specific cells known to correlate with vulnerable or early active
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plaques provides more powerful diagnostic assessment of plaque burden and risk stratification. In
comparison, passive targeting strategies mainly prolong diagnostic nanoparticle circulation time®’
and aim to enhance general plaque localization, but fail to provide details on cellular composition
that give further insight on the underlying pathology.

While these studies represent progress in this area, there are specific areas that require
improvement and future investigation. Most of the current strategies for assessing plaque burden
through single cell targeting focus on targeting macrophages and monocytes. However, other cells
such as DCs are also known to facilitate atherogenesis®® and are correlated with more advanced
and vulnerable plaques® and should be a focus of future non-invasive plaque assessment
strategies, as current approaches are lacking. Additionally, given that both DCs and macrophages
are implicated in atherosclerosis development, the ratio between these two cell types would be
intriguing to assess as a potential metric of plaque progression.

Furthermore, the inability to evade the mononuclear phagocyte system (MPS) resulting in
clearance through the liver is a key limitation of many current approaches. Though the studies
discussed in this chapter illustrate the accumulation of intravenously injected nanoparticles in
aortic plaques, those that assessed nanoparticle biodistribution found that the majority of the
injected nanoparticles are cleared by the liver®”> ' 72, For the purposes of CVD diagnosis and
intervention, improved targeting methods will be required to enhance site- and cell-specific uptake,
while lowering MPS clearance.

Emerging methods to achieve enhanced active targeting include combining nanoparticle
shape-based targeting with receptor-targeted methods®. Yi et al. demonstrated nanostructure

enhanced targeting (NSET), wherein vesicular polymersomes (PSs) achieved significantly higher
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uptake by DCs within atherosclerotic lesions compared to smaller spherical micelles or high aspect
ratio filamentous structures®®. In subsequent work, they improved upon this NSET strategy by
engineering PS surfaces for optimal display of the P-D2 targeting peptide that is specific for DC
surface receptors. This approach demonstrated significantly higher DC selectivity when the two
methods of shape-based targeting and receptor targeting were combined>’.

Finally, the field is currently building upon the use of nanomaterials for CVD diagnostic
applications, such as detecting various stages of atherosclerosis by targeting unique cell
populations and focusing more on theranostic approaches. In such cases, following initial plaque
detection and assessment, a therapeutic functionality of the nanoparticle can be employed such as
target cell ablation via LIFU® or reactive oxygen species (ROS) scavenging to limit
inflammation®!.

While the majority of nanoparticle-based systems are still in pre-clinical studies, the field of
nanomaterials is progressing rapidly. Given this, it is expected that nanoparticles for diagnostic,
therapeutic, and theranostic uses towards cellular processes in CVD have immense potential and

will continue to increase in utility and start to transition to clinical studies in the years to come.

1.3.  Scope of this Work

Multiple small molecule and nanoscale contrast agents exist currently for providing MRI
contrast enhancement, but a number of challenges limit their diagnostic and theranostic
applications. These challenges include the ability to achieve stable delivery in vivo with minimal
clearance via the liver, and lack of targeting specificity for specific disease processes. The use of
PEG-b-PPS nanocarriers show promise for addressing these challenges, as previous studies

demonstrate that this platform facilitates the simultaneous delivery of multiple therapeutic cargo,
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as well as cargo delivery to cells of interest in certain disease processes>® 38 3% 4850 For example,
PEG-b-PPS BCNs are capable of achieving concurrent delivery of hydrophilic and hydrophobic
cargo’>® with high uptake in the spleen as compared with the liver*!, and PS displaying the P-D2
targeting peptide (P-D2-PS) have been shown to enhance uptake in DCs in atherosclerotic
plaques®. Therefore, PEG-b-PPS nanocarriers have the potential to enhance the delivery of MRI
contrast agents, such as metal ferrite magnetic nanostructures, as well as for facilitating targeted
delivery of such contrast agents for imaging of specific disease processes like atherosclerotic
plaque development. On the way to achieving these objectives, certain key questions need to be

addressed.

Can magnetic nanostructures be stably and efficiently encapsulated within PEG-b-PPS
nanocarriers for targeted delivery applications? What are the resulting MRI and superparamagnetic
properties of these mixed metal and polymeric nanocarriers? Can PEG-bH-PPS PS be engineered to
provide T1 MRI contrast enhancement? What is the dendritic cell:macrophage ratio in mouse
aortas at multiple stages of heart disease? What is the immune cell uptake profile of P-D2-PS in
mouse aortas at multiple stages of heart disease? These questions inspired the research covered

within this dissertation and have been addressed by the studies described herein.

1.4. Publications in this Chapter

Sections of this chapter have been published with the following citation information:

Modak, M.; Frey, M. A.; Yi, S.; Liu, Y.; Scott, E. A., Employment of Targeted Nanoparticles
for Imaging of Cellular Processes in Cardiovascular Disease. Current Opinion in Biotechnology

2020, 66, 59-68.
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CHAPTER 2

2. Development and Characterization of Metal Ferrite MNS-loaded PEG-b-PPS

Nanocarriers for Drug Delivery and T2 MRI
2.1.  Abstract

Magnetic nanostructures (MNS) have a wide range of biological applications due to their
biocompatibility, superparamagnetic properties, and customizable composition that includes iron
oxide (Fe304), Zn2+, and Mn2+. However, several challenges to the biomedical usage of MNS
must still be addressed, such as formulation stability, inability to encapsulate therapeutic payloads,
and variable clearance rates in vivo. To address these problems, the use of self-assembled
polymeric nanocarriers is of interest, as they allow for the fabrication of nanocarriers with defined
hydrophobic and hydrophilic domains. Encapsulation of MNS within such nanocarriers would
permit more efficient control over the delivery of MNS without altering their superparamagnetic
properties and permit concurrent delivery of additional therapeutic cargo. In this chapter, I explore
the encapsulation of MNS within polymeric bicontinuous nanospheres (BCNs), micelles (MCs),
and polymersomes (PSs) composed of poly(ethylene glycol)-block-poly(propylene sulfide) (PEG-
b-PPS) copolymers for controlled delivery applications.

2.2. Introduction

2.2.1. Magnetic Nanostructures

Due to their superparamagnetic properties, thermal activation ability, ease of fabrication,
and biocompatibility, magnetic nanostructures (MNS) have been of great interest for theranostic
strategies, offering advantages for both diagnostic imaging and therapeutic delivery®?. MNS are

solid-core magnetic nanoparticles composed primarily of metal ferrites that fall in the size range
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of 4-20 nm?*26:%3_ Their superparamagnetic nature allows them to be magnetized under an external
magnetic field as well as revert to a non-magnetic state when the magnetic field is removed,
presenting intriguing biomedical utility*. To date, few MNS formulations have been approved for

clinical use®® %

. One example is Ferumoxytol, a hydrophilic surface functionalized MNS
formulation approved specifically for the treatment of iron deficiency in anemic patients.
However, concerns about adverse events and allergic reactions may limit its potential®®. While
several hydrophilic dextran-functionalized MNS such as ferumoxides were previously approved
by the FDA as magnetic resonance imaging (MRI) contrast agents, they have since been withdrawn
from clinical use due to safety concerns’’. Hydrophobic surface functionalized MNS, including
metal ferrite nanocrystals’®, have also been reported; however, these nanomaterials often require

the usage of stabilizing agents to optimize delivery”® %!

. MNS currently in pre-clinical
development suffer from critical issues such as formulation aggregation and variable clearance

rates in vivo'%%. Therefore, a suitable delivery system that can simultaneously load and deliver both

MNS and other cargoes could enhance applications of MNS by addressing these limitations.

2.2.2. Self-assembled Materials

Self-assembled materials allow for the controllable production of nanocarriers with defined
hydrophobic and hydrophilic domains. Encapsulation of MNS within a suitably stable self-
assembled nanocarrier would permit more efficient control over the delivery of MNS while
maintaining their superparamagnetic properties, as well as allow for concurrent delivery of
additional therapeutic cargo. Recently, nanocarriers including liposomes!%, polymersomes!®, and
polymeric micelles'® have been explored as delivery vehicles for iron oxide-based MNS.

However, drawbacks to these systems include ineffective MNS loading, weak contrast
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enhancement, aggregation, and poor stability in vivo'® 197, Hence, subsequent efforts have moved

108,109 or magnetic

toward the development of highly organized magnetic lipid cubosomes
nanocapsules'!’. Cubosomes are complex nanostructures usually composed of polar lipids such as
glycerol monooleate that have intertwined polar and nonpolar channels'!!. While these
bicontinuous lipid systems may allow for the increased cargo loading, they suffer from drawbacks

including the need for high temperature or pressure for their formation and the need for surfactants

to limit aggregation due to exposed lipid regions'!!.

2.2.3. Bicontinuous Nanospheres

Bicontinuous nanospheres (BCNs) are polymeric analogues to lipid cubosomes with
advantages including uniformity and stability that have recently attracted attention for biomedical
applications®> 112 113 Although fabrication of BCNs has typically been limited to small scale and
polydisperse batches'!?, poly(ethylene glycol)-block-poly(propylene sulfide) (PEG-b-PPS)
copolymers have recently been found to assemble monodisperse BCNs via the scalable method of
flash nanoprecipitation (FNP)** 3. FNP is currently the only method capable of forming
monodisperse PEG-h-PPS BCNs in a reproducible and scalable manner® . PEG-b-PPS is a
nontoxic, nonimmunogenic self-assembling block copolymer system that can form diverse
oxidation-responsive nanostructures depending on the PEG weight fraction (ferg)!'* !'>. PEG-b-
PPS nanostructures have proven advantageous for the controlled delivery of therapeutics as their
lyotropic membranes are highly stable yet bioresponsive to in vivo oxidation for safe degradation
and clearance, which has been validated in both mouse and primate animal models>® 116118,

Importantly, PEG-b-PPS BCNs have a high internal surface area due to their interwoven

hydrophobic bilayer membranes and aqueous channels, enabling them to co-load both small and



48
large molecule payloads without disturbing the morphological integrity®*. The BCN self-
assembled architecture provides enhanced stability to accommodate high levels of hydrophobic
and hydrophilic cargo relative to other nanostructure morphologies such as micelles and vesicular
polymersomes*! '3, We hypothesized that this enhanced loading capacity and stability could prove
useful for encapsulating nanoscale cargo like MNS concurrently with small molecule therapeutic
cargo. Furthermore, the oxidation-responsive behavior of PEG-H-PPS polymer has been proven to
be highly versatile for triggered release, allowing on-demand nanocarrier disassembly as well as
inducible transitions in nanostructure morphology!!? 116119,

The aim of this work was to explore the encapsulation of MNS within PEG-b-PPS
nanocarriers for drug delivery applications. Here, I discuss my development and characterization

of MNS-encapsulated micelles, polymersomes, and bicontinuous nanospheres, focusing primarily

on this last morphology.
2.3.  Results and Discussion

2.3.1. Self-assembly and Physicochemical Characterization

We have recently demonstrated that PEG-b-PPS block copolymers can self-assemble into
morphologically diverse nanostructures, ranging from simple spherical MCs and vesicular PSs to
highly organized BCNs via the technique of FNP3%: 3% 116117 - Among these nanostructures, BCNs
possess high internal surface area with a large hydrophobic volume that can accommodate the
encapsulation of a wide range of therapeutic payloads®. I therefore aimed to embed nanoscale

hydrophobic MNS payloads (sub-10 nm) within the hydrophobic volume of larger, self-assembled
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Figure 2-1. Schematic of the assembly of MBCNs using the FNP method. PEG”-b-
PPS7 . copolymer and 4 nm oleic-acid coated MNS were both dissolved in THF and

impinged against water in a confined impingement jet (CIJ) mixer to form MBCNss.

BCNs to allow more versatile control over in vivo MNS delivery. However, the loading of such
ultra-small nanoparticles into self-assembled nanostructures often poses great challenges
concerning nanostructure integrity, ease of fabrication, low encapsulation, and aggregation'?% 12!,

FNP is a rapid, scalable nanoprecipitation technique, which permits concurrent loading of
hydrophobic and hydrophilic payloads, including both small and macromolecules'?*. I envisioned
that FNP could allow the encapsulation of ultra-small MNS within BCNs without compromising
nanostructure integrity. I therefore loaded 4 nm oleic-acid coated Zno,MngsFe>O4 nanoparticles
as hydrophobic MNS into PEG-5-PPS BCNs using the FNP technique (Figure 2-1). The loading

of 4 nm hydrophobic MNS into bilayer membranes of BCNs was found to be a rapid and facile

process using the FNP method. The structural integrity of the resulting magnetic bicontinuous
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nanospheres (MBCNs) was confirmed using dynamic light scattering (DLS), cryogenic electron
microscopy (cryo-TEM) and small-angle x-ray scattering (SAXS) studies. DLS analysis of
MBCNs showed a Z-average diameter of 330 nm, and neither the diameter nor the zeta potential
of the MBCNs was significantly different than unloaded BCN controls (Table 2-1). Cryo-TEM of
the MBCNs (Figure 2-2a) revealed the presence of aqueous channels (white arrows) inside the
nanocarriers with MNS particles (black dots) embedded in the hydrophobic bilayers. The presence
of aqueous channels inside MBCNs is consistent with blank BCNs as demonstrated with our
previous cryo-TEM studies®. Importantly, MNS loading did not disrupt nanocarrier assembly as
the characteristic size and cubic architecture of BCNs was retained, as demonstrated via small-
angle X-ray scattering (SAXS) (Figure 2-2b). The scattering curves in Figure 2-2b show that both
blank BCNs (black line) and MBCNis (red line) have characteristic Bragg spacing ratios at V2, V4
and V8, respectively. These Bragg spacing ratios indicate the presence of primitive type (Im3m)
cubic internal organization. The lattice constant (asm3x) calculated using SAXS for the blank and

MNS loaded BCNs was found to be 31.5 and 32.1 nm, respectively.

Table 2-1. Diameter, PDI, and zeta potential of blank BCNs and MBCNs.
Diameter (nm) PDI Zeta Potential (mV)

Blank BCN 312+ 15 0.184 £ 0.018 -0.127 £ 0.0935

MBCN 330+ 36 0.233 £0.023 -1.69£0.01323
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Figure 2-2. Cryo-TEM and SAXS analysis of MBCNs. (a) Representative cryogenic
TEM image and overlaid DLS number distribution of MBCNs. White arrows indicate
aqueous channels inside MBCNs. Scale bar represents 250 nm. (b) SAXS data for
MBCNs (red) and non-MNS loaded BCNs (black) with labeled Bragg peaks indicating
cubic internal structure.

Loading of the 4 nm oleic acid-functionalized MNS within PEG-b-PPS micelles (MCs)
and polymersomes (PSs) was also successfully demonstrated via FNP to form MMCs and MPSs,
respectively. Self-assembly of MMCs and MPSs was characterized via cryo-TEM and DLS
(Figure 2-3). For MMCs (Figure 2-3a), the MNS were encapsulated within the hydrophobic core
of micelles, with each micelle containing multiple individual MNS. Interestingly for MPSs (Figure
2-3b), the hydrophobic MNS did not appear to load within the bilayer membrane in the
hydrophobic domain, but instead were aggregated within the aqueous core of the vesicular
polymersomes. This loading pattern of the MNS into the BCNs, MC, and PS suggests a possible
self-assembly mechanism of these complex structures. During FNP, the hydrophobic MNS likely
rapidly precipitate and aggregate together under supersaturated conditions induced by the mixing
of the organic and aqueous solvents. These MNS clusters may thus serve as nucleation points for

subsequent assembly of the surrounding sulfur-rich PEG-b6-PPS polymer into the final MC, PS, or
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BCN structure. This nucleation mechanism has been proposed to explain the self-assembly of
block copolymers around hydrophobic drug cores during standard FNP fabrication of micelles

loaded with small molecule therapeutics'2.

Micelles Polymersomes
(MC) (PS)

—— MMCs
- MPSs

1 10 100 1000
Diameter (nm)

Figure 2-3. Cryo-TEM and DLS analysis of MMCs and MPSs. Representative
cryogenic TEM image of a) MMCs and b) MPSs. c¢) DLS size characterization of
MMCs and MPSs.
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Table 2-2. Approaches for encapsulation of MNS within PEG-b-PPS nanocarriers. FNP
= flash nanoprecipitation. TFH = thin-film hydration. CS = cosolvent evaporation. DH =
direct hydration. DE = double emulsion.

PEG-b- Intended Self- MNS MNS Successful
PPS Morpholo assembly functionalization|diameter MNS Notes

Polymer P 8 Method encapsulation?

PEG17- . .

b-PPS1s BCN FNP Oleic acid 4 nm Yes -

PEG17- . . . .

b-PPS:3 PS FNP Oleic acid 4 nm Yes Inefficient
PEG- L No rehydration of MNS
b-PPSs; PS TFH Oleic acid 4 nm No and polymer film
PEG ;- PS CS Oleic acid 4 nm No MNS stuck to magnet
b-PPS3;

PEG ;- PS DH Oleic acid 4 nm No MNS stuck to magnet
b-PPS3;

PEG7- . . No MNS encapsulation
b-PPSs: PS DE Oleic acid 4 nm No observed
PEGu4s- . .

b-PPS MC FNP Oleic acid 4 nm Yes -

PEGys- . . No rehydration of MNS
b-PPSs0 MC TFH Oleic acid 4 nm No and polymer film
PEGys- MC FNP Oleic acid 8 nm No MNS crash‘ed out of
b-PPSy solution

PEG - PS FNP Oleic acid 8 nm No MNS crash‘ed out of
b-PPS+s solution

PEG - BCN FNP Oleic acid 8 nm No MNS crash.ed out of
b-PPSs; solution
PEGi7- . No MNS encapsulation
b-PPSs3 PS FNP Citrate 8 nm No observed
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Other self-assembly methods besides FNP were also investigated for the encapsulation of

the MNS within PEG-b-PPS nanocarriers, but were unable to successfully form MNS-
encapsulated nanocarriers (Table 2-2). These methods included thin-film hydration (TFH), co-
solvent evaporation (CS), direct hydration (DH)'?*, and double emulsion (DE). In the TFH method,
a thin film of PEG-b-PPS MC or PS polymer and the oleic acid-functionalized MNS was formed
on the walls of a scintillation vial and was attempted to be rehydrated with 1 mL of 1X phosphate-
buffered saline (PBS). However, the PBS was unable to solubilize the MNS off of the vial walls
and form any nanocarriers even after aggressive agitation, likely due to their very hydrophobic
nature (Figure 2-4a). On the other hand, CS and DH methods required the use of a magnetic stir

bar and resulted in the MNS immediately sticking to the stir bar before successful nanocarrier self-



—r—
200 nm*

Figure 2-4. Images of failed formulations of MNS-encapsulated PEG-b-PPS
nanocarriers. Attempted encapsulation of a) 4 nm oleic acid-functionalized MNS within
PS via TFH, b) 8 nm oleic acid-functionalized MNS within PS via FNP, ¢) 4 nm oleic acid-
functionalized MNS within PS via the DE method, and d) 8 nm citrate-functionalized MNS
within PEG-b-PPS polymersomes via FNP. Numbers next to individual structures indicate
nanocarrier diameter measured via Gatan Digital Micrograph software.
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assembly and encapsulation could occur. In the case of the DE assembly method, PEG-b-PPS
polymer appeared to form spherical structures in the 70-115 nm range (Figure 2-4c¢), though these

nanocarriers were all empty and did not have any encapsulated MNS.

The effect of MNS diameter on their encapsulation within PEG-b-PPS nanocarriers was
also studied. Specifically, 8 nm oleic acid-functionalized MNS were used as compared with the
previously discussed 4 nm MNS. However, these larger MNS were unable to be encapsulated in
either MC, PS, or BCNs (Table 2-2), as they either aggregated and settled immediately out of
solution or onto the vial walls (representative image of attempted encapsulation in PS in Figure 2-
4b). These formulations were not taken forward for further analysis. Failure of encapsulation of
the 8 nm MNS was surprising in the case of MC, which have a hydrophobic core and were able to
encapsulate multiple 4 nm oleic acid-functionalized MNS (Figure 2-3a). However, for (i) BCNs
which have bilayer membranes with a hydrophobic domain of around 10 nm as seen via cryo-
TEM, and for (i1) PS which were unable to contain even the 4 nm MNS within their bilayer
membranes, the inability to encapsulate the larger 8 nm MNS was more expected given these

spatial constraints.

Finally, the ability of PEG-b-PPS nanocarriers to encapsulate hydrophilic citrate-
functionalized 8 nm MNS was also studied via the FNP method. For these hydrophilic MNS, only
PS were studied given their aqueous core, which theoretically should accommodate hydrophilic
cargo’® 122, However, the hydrophilic MNS were unable to be successfully encapsulated within
PS, with only empty vesicles observed upon cryo-TEM analysis (Figure 2-4d). Interestingly, the

resulting empty vesicles were much smaller than traditional PS.
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Given these results, only FNP-formed MMCs, MPSs, and MBCNs were characterized
further. These findings further support the utility of FNP over other self-assembly methods,
demonstrating that it is a versatile method of stable nanocarrier assembly for efficient

encapsulation of metal ferrite MNS with PEG-b-PPS nanocarriers.

2.3.2. Structural Characterization via Elemental Analysis

To further investigate the structure of the MBCNSs, high angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) along with energy-dispersive X-ray
spectroscopy (EDS) was performed (Figure 2-5). Due to the high atomic number of the MNS, they
can be seen as a bright dense inner core within the overall MBCN structure in the HAADF image
(Figure 2-5c), which is consistent with the cryo-TEM images. Using EDS, the MNS distribution
and loading within MBCNs were explicitly confirmed. The sulfur signal (green, Figure 2-5a) from
the PPS backbone of the BCN polymer and the iron signal (red, Figure 2-5b) on the EDS maps
shows clear overlap (merged image in Figure 2-5d) and verifies the direct association of the
polymer with the iron oxide. Of note, the MNS were not evenly distributed throughout the BCN
in an isotropic manner and appear as a dense cluster within the BCN interior. A line scan through
the iron aggregate (Figure 2-5¢ and f) revealed an expected increase in the iron signal within the
dense MNS core. The peak of the sulfur signal was also found in this dense MNS core, indicating
an increase in the amount of polymer around the MNS, which is suggestive of a dense polymer
aggregate as opposed to the highly organized and porous cubic domains within the surrounding

BCN architecture.
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Figure 2-5. STEM-EDS of MBCNs. Representative STEM image of a MBCN with
subsequent EDS mapping of the sulfur (a) and iron (b) distribution within the
nanocarrier. ¢) Corresponding dark field image of the representative MBCN,
demonstrating high contrast MNS loaded in the center of the nanocarrier. d) Overlay of
iron and sulfur EDS signal of MBCNs. Line scan (e) and corresponding sulfur (green)
and iron (red) EDS counts (f) across a MBCN particle.
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Interestingly, as more MNS were loaded per mg of PEG-b-PPS polymer, they formed
increasingly large clusters within the larger cubic MBCN structure (Figure 2-6). This observation
further supports the hypothesis about the self-assembly mechanism of these nanocarriers starting
with initial aggregates of the MNS serving as nucleation points for nanocarrier assembly during
FNP. In this case, more MNS present during the FNP process are likely leading to larger initial

nucleation points for subsequent PEG-5-PPS polymer assembly into the final MBCN morphology.

Medium

by

5.625% WW 0.5 um|1:875% WA .5 um | 0-375 % wiw |
Fe/Polymer Fe/Polymer Fe/Polvmer B

Figure 2-6. HAADF imaging of MBCNs. HAADF images of MBCNs with differing
levels of MNS loading (High, Medium, Low). Brighter contrast denotes an abundance
of iron, a high atomic weight element.

2.3.3. Loading of Small Molecule and Nanoscale Cargo
While we have previously demonstrated the efficient encapsulation of hydrophobic and

hydrophilic small molecules and proteins within BCNs** 4!

, In this work we have quantified for
the first time the ability of BCNs to load nanoscale cargo via FNP, namely 4 nm MNS. Inductively
coupled plasma mass spectrometry (ICP-MS) analysis showed that BCNs could encapsulate MNS
with over 95% efficiency (Figure 2-7). This high MNS loading within BCNs via FNP did not

impede additional loading of both lipophilic and hydrophilic cargo.
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Figure 2-7. MBCN cargo encapsulation efficiency. Encapsulation efficiency of
nanoscale and small molecule cargo within MBCNs. Error bars = S.D.

Specifically, loading of the model lipophilic dye 1,1'-dioctadecyl-3,3,3",3'"-
tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate (DiD) and model hydrophilic protein
fluorescein isothiocyanate-tagged bovine serum albumin (FITC-BSA) into MBCNs was found to
be 80% and 28%, respectively. This result is consistent with our previous reports suggesting the
partitioning of hydrophobic cargo into the hydrophobic bilayer region and hydrophilic cargo into
aqueous channels of the MBCNs during the self-assembly process®®. To assess the utility of this
process for future theranostic applications, MBCNs were loaded with anti-cancer therapeutic
cargoes including doxorubicin (DOX) and camptothecin (CPT) (Figure 2-7). Interestingly, in all
cases where hydrophilic cargo like FITC-BSA and doxorubicin, and hydrophobic cargo like DiD
and camptothecin were loaded within MBCNs, MNS loading efficiency remained unchanged. This

high capacity for loading multiple therapeutic cargos, particularly hydrophilic cargo, is due to the
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intertwined PEG-b-PPS bilayer membranes that form aqueous channels throughout the
nanocarrier, within which hydrophilic cargo are entrapped in a size-dependent manner>® 4!

MMCs and MPSs showed an MNS encapsulation efficiency of 71% and 12%, respectively,
which is lower as compared to BCNs (Table 2-3). These variances in loading are likely due to
differences in internal hydrophobic surface area of these 3 morphologies. PEG-b-PPS BCNs
possess the highest internal hydrophobic surface area and subsequent MNS encapsulation
efficiency; followed next by micelles, which have space for encapsulation of the MNS within their
small hydrophobic core; and then vesicular polymersomes. PS theoretically should accommodate
hydrophobic cargo only within the hydrophobic domain of their single bilayer membranes, though
in this case were found to load the 4 nm oleic acid-functionalized MNS in an “all-or-nothing”
manner, with some PS containing several MNS while other PS were empty (Figure 2-3b). This

finding is further evidence of the nucleation-based hypothesis of how these MNS-encapsulated

nanocarriers are assembling during FNP.

These results thereby prove the superiority of BCNs over MCs and PSs in loading MNS,
and further demonstrate the potential usage of MBCNs as theranostic nanocarriers. Considering
this, the MBCNs were investigated further for theranostic applications.

Table 2-3. Encapsulation efficiency of MNS within MMCs and MPSs.

Encapsulation efficiency of MNS into PEG-bH-PPS micelles and polymersomes,
determined using ICP-MS.

MMCs MPSs

MNS Encapsulation Efficiency (%) 70.5 £ 9.7 11.9 + 7.2
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2.34. Relaxivity Measurements
Due to their small size (sub-20 nm), MNS are superparamagnetic and have the potential to

25 9 which is a quantitative measure of the sensitivity and contrast

enhance 1 relaxivity
enhancement of material for T2 MRI imaging. The r2 relaxivity of the MBCNs was measured at
1.4 and 7 T (Figure 2-8a and b, respectively). Remarkably, r; relaxivity of MBCNs (182 mM!*s°
1) was found to be higher than that of 4 nm water-soluble, citrate-coated MNS (74 mM'*s!") and
the current clinical T2 contrast agent Ferumoxytol (62.3 mM#*s1)!% This enhancement in
relaxivity is likely due to clustering effects of the MNS within BCNs!% 110126 Dense clusters of
magnetic nanoparticles have been found to generate a larger magnetic moment per a given volume
than individual particles'?”> 2%, The resulting stronger influence on the water surrounding this
cluster leads to a larger effect on proton relaxation, resulting in higher relaxivity. MBCN r2
relaxivity also increased with increasing MNS-loading, up to 174 mM'*s™! for MBCNs loaded
with 1.25% MNS by weight. This observation is also likely due to clustering effects, supported by
our earlier observations that the loaded MNS form increasingly large clusters within the overall
MBCN nanocarrier (Figure 2-6). Notably, this trend of MBCN r; relaxivity improvement with
increased MNS-encapsulation was seen at two distinct clinically relevant field strengths (1.4 T and
7 T), suggesting a synergistic effect of MNS clustering within MBCNs on relaxivity, as previously
reported in other MNS-based nanoconstruct systems''® 126, Interestingly, additional loading of
MNS past 1.25% by weight into BCNs did not lead to a significant change in relaxivity.
Subsequent in vitro and in vivo studies were thus performed with 1.25% MBCNs.

Since enhancement in relaxivity is due to the ability of the MNS to affect reduce relaxation

times of surrounding water protons'?’, the high degree of relaxivity observed for MBCNs indicate
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high access of MNS to water molecules while loaded within BCNs. If the clustered MNS did not
have adequate water access within the center of the MBCNs, the r2 relaxivity would have decreased
upon MNS encapsulation. Instead, the r; relaxivity increased, indicating continued access to water
and enhancement due to clustering. Thus, these data importantly demonstrate not only efficient
encapsulation of MNS within MBCNs, but also the persistence of the characteristic aqueous

channels within the MBCNs, even with internal loading of a nanoscale cargo.
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Figure 2-8. MBCN Relaxivity. Relaxivity (rz) measurements at a) 1.4 T and b) 7 T of

MBCNs with increasing amounts of MNS loaded per mg of PEG-5-PPS copolymer as
compared with hydrophilic, citrate-coated 4 nm free MNS. Error bars = S.D.,
significance determined via Dunnett’s multiple comparisons test, *** p < 0.001.

2.3.5. Stability Characterization

Considering the therapeutic applications of nanocarriers, an important parameter to analyze
for any new nanocarrier system is its colloidal stability over time on the benchtop and in the
presence of serum proteins. Such studies give insight into the longevity and the performance of a
system in biological environments. We investigated the room-temperature stability of MBCN
formulations over 6 months. Using DLS, no significant decreases or increases in size were

observed at 1, 3, and 6 months compared to the initial size measurement after MBCN assembly
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(Figure 2-9a, black line). Additionally, the iron content of the MBCNs (Figure 2-9a, red line)
remained consistent over these 6 months as measured by ICP-MS, indicating stable encapsulation
of the MNS over time within the MBCNs. Potential escape of the encapsulated MNS is expected
to lead to their immediate aggregation given their hydrophobic nature, which would be reflected
as a change in the measured nanocarrier diameter or the measured MNS weight percent. As neither
of these measures changed significantly, these results confirm the stability of the MBCN
morphology over 6 months.

The stability of MBCNss in fetal bovine serum (FBS) was also investigated. MBCNs were
found to be stable in serum up to 24 h (Figure 2-9b) based on their size, with minimal change in
Fe content indicating minimal MNS leaching out of the MBCNs (Figure 2-9c). The ideal
performance of the MBCNs in this in vitro study is suggestive of continued stability and

performance in the systemic circulation.
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Figure 2-9. Benchtop and serum stability of MBCNs. Benchtop and serum stability
of MBCNs over time. (a) Hydrodynamic diameter (black) and encapsulated MNS
weight % (red) of MBCNs over a period of 6 months. (b) Diameter and (c¢) percentage
of iron retained in the MBCNs over time in the presence of serum proteins. Error bars
= S.D., n = 3, significance determined via Dunnett’s multiple comparisons test, *** p <
0.001.
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2.3.6. Organ-level Biodistribution of MBCNs
We have previously examined the organ-level biodistribution of BCNs in mice and
demonstrated that they accumulate differentially in organs, with high uptake into the spleen*!. We
similarly aimed to determine the biodistribution of MBCNSs upon intravenous (IV) administration
in comparison with water-soluble, citrate-functionalized MNS. The presence of the MNS within
MBCNs allows them to be tracked via ICP-MS, providing a more quantitative and highly sensitive
detection method of assessing their organ-level uptake than previously demonstrated for PEG-b-
PPS nanocarriers alone. As an orthogonal method of tracking these nanocarriers, indocyanine
green (ICG) was loaded into MBCNss to investigate their uptake via NIR fluorescence. MBCNs
were found to have high accumulation in the spleen followed by the liver, as determined by both
IVIS (Intravital Imaging System) and ICP-MS over 7 days post IV injection (Figure 2-10). This
high accumulation in the spleen for MBCNss is consistent with our prior biodistribution studies
with non-MNS-loaded BCNs*!. Given the strong influence of nanoparticle structure and chemistry
on biodistribution'!’, these results suggest that the presence of MNS within the BCNs does not
significantly alter BCN physicochemical parameters in vivo. Additionally, the close correlation
between the quantified IVIS signal (Figure 2-10b) and ICP-MS signal (Figure 2-10c) in organs
indicate dual delivery of the MNS and ICG, signifying delivery of MBCNs with intact payloads
and supporting the stability of these nanocarriers in vivo over 7 days. There are also key differences
between the organ-level biodistribution of MBCNs and free, hydrophilic MNS with a 4 nm
metallic core and citrate shell (Table 2-4). Free MNS had higher uptake than MBCNss into the liver

at all 3 timepoints (Figure 2-10d), with no significant uptake in the other 5 organs that were
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analyzed. This observation is consistent with other biodistribution analyses of hydrophilic surface-
modified iron oxide MNS!30-132,

Given the retention of MBCNs within mice for up to 7 days, we additionally assessed liver
and kidney function of mice from the 7-day timepoint via estimation of alanine aminotransferase
(ALT) and creatinine serum levels (Figure 2-11), respectively, and found both to be within normal
ranges'*> 1**, This analysis is consistent with our previous studies in mice and non-human primates
demonstrating that PEG-b-PPS nanostructures are non-toxic at relevant diagnostic and therapeutic
concentrations''®.

Thus, these in vivo biodistribution results demonstrate the potential of MBCNs as unique
delivery vehicles for both molecular and nanoscale payloads in vivo for up to 7 days. The organ-
level biodistribution of MBCNs suggests that, like non-magnetic BCNs, they may be useful for

135

immunotheranostic'”” strategies due to their high splenic uptake and the key role of the spleen in

immune cell activation.
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Figure 2-10. In vivo biodistribution of MBCNs after IV administration. /n vivo
biodistribution of MBCNs after IV administration. (a) Representative IVIS images for
mouse livers and spleens harvested 4 h, 24 h, or 7 d post I'V injection of PBS or MBCN:s.
(b) Quantification of radiant efficiency of the MBCN fluorescent signal in livers and
spleens at 4 h, 24 h, and 7 days post IV injection. ICP-MS analysis of organs of mice
treated with (c) MBCNss or (d) water-soluble, hydrophilic citrate-coated MNS at 4 h, 24
h, and 7 days post IV injection. Error bars = S.D., significance determined via Dunnett’s
multiple comparisons test, * p <0.033, ** p <0.002, and *** p <0.001.
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Table 2-4. Hydrophilic MNS physicochemical characterization. Hydrodynamic diameter
and zeta potential of hydrophilic MNS used as controls in organ-level biodistribution
assessment.

Diameter (nm) Zeta potential (mV)
4 nm metallic core,
+/- 20 +/-
citrate-coated MNS 18 +/-2 nm 20 +/-2 mV
a - b. _
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Figure 2-11. Liver and kidney toxicity of MBCNs. Serum a) ALT and b) creatinine
values of MBCN- or control-treated mice, 7 days post-injection. Error bars = S.D., n =
3, significance determined via Student’s t-test.

2.3.7. Ex vivo MRI Contrast Enhancement of MBCNs

Given the high delivery of MNS to the liver via the MBCNs (Figure 2-10), I next wanted
to assess the effect of this on T2 contrast enhancement via ex vivo MRI analysis of excised livers
following MBCN treatment. Briefly, mice were injected with either PBS, MBCNs, or free 4 nm
citrate-functionalized MNS as in the previous biodistribution study. The iron concentration of the
MBCN and MNS treatments were matched for this study. After 24 h, mouse livers were excised
and T2-weighted images were taken and used to generate T2 color-coded maps. The results from

two independent studies are shown in Figure 2-12 (T2 images and maps) and Table 2-5 (T2 times).
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For T2-weighted imaging, negative contrast agents like the MNS should generate a
decrease in T2 times and a darkening of the signal in regions where they accumulate. This can be
seen in Figure 2-12 in both studies, where the livers from MNS-treated mice appear darker on all
images than the PBS-treated mouse livers and have a correspondingly low T2 time (Table 2-5).
However, the MBCN-treated mouse organs did not have much obvious negative contrast
enhancement, appearing marginally darker than the PBS-treated mouse livers but not as dark as
the MNS-treated mouse livers. Their corresponding T2 times were also in between those of the
PBS- and MNS-treated mouse livers.

These findings are unexpected, considering the higher solution-based r relaxivity of the
MBCNs as compared with the free MNS (Figure 2-8). In this case, the MBCNs and MNS are in a
more complex biologic environment, as opposed to simply being in solution, so encapsulation
within the BCN structure may minimize the MNS interaction with water molecules when in a
biologic environment. Perhaps the MBCNs are being physically compressed in some way that
disrupts their aqueous channels, or perhaps by the 24 h timepoint they are being processed by liver
cells in a way that affects their structure and subsequent relaxation of nearby water molecules.
However, this latter possibility is less likely given the retained ICG signal of the MBCNss at the 24
h timepoint, which suggests presence of intact MBCNs (Figure 2-10b). Further studies with the
MBCNs are needed to explore their MRI contrast enhancement in biologic environments and to
better understand this discrepancy in T2 shortening compared with the free MNS. Therefore, these
ex vivo MRI results suggest that the utility of the MBCNs for T2-weighted imaging is limited,
given that they had only a moderate effect on T2 shortening and negative contrast enhancement as

compared with free citrate-functionalized MNS.
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Figure 2-12. Ex vivo imaging of MBCNs. T2-weighted images and color-coded maps
of excised livers from mice treated with PBS, MBCN:ss, or free hydrophilic MNS over 2
different experiments.

Table 2-5. T2 times from MBCN ex vivo imaging. T2 times of excised livers from mice
treated with PBS, MBCN:ss, or free hydrophilic MNS over 2 different experiments.

Group 8/23/2019 9/6/2019
T2 time (ms) T2 time (ms)
PBS 17.46 19.22
MBCNs 16.36 17.63
MNS 14.29 15.76
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2.3.8. Intracellular Cargo Delivery and Cytotoxicity Analysis of MBCNs

A unique benefit of MBCNs is their ability to co-load diverse therapeutic payloads;
therefore, it is crucial to assess whether these payloads can be effectively delivered intracellularly.
Cell uptake of MBCNs and delivery of therapeutic payloads from MBCNs was therefore
investigated in MCF7 breast cancer cells. MBCNs dual-loaded with FITC-BSA and DiD were
incubated with MCF7 cells for 4 h, and the uptake was analyzed using confocal microscopy and
flow cytometry. Previously, we have shown that BCNs (non-MNS-loaded) are taken up into
endolysosomes of cells* following phagocytosis by RAW 264.7 macrophages. Here we have
observed similar uptake of MBCNs by MCF7 cells, which have been shown to be phagocytic and
to uptake nanoparticles between 250-375 nm'*® 137 On confocal microscopy, punctae of both DiD
(red) and FITC-BSA (green) signals were colocalized with lysosomal dye Lysotracker (blue)
signal (Figure 2-13a). In addition, flow cytometric analysis showed a positive correlation for FITC-
BSA and DiD cell uptake, indicating successful co-delivery of the small molecule payloads (Figure
2-13b).

To further characterize the delivery of MNS via MBCNs, STEM and EDS elemental
mapping were performed on MCF7 cells following 4 h of MBCN treatment. The delivered MBCNss
can be seen as high contrast features within vesicular structures in the cytoplasm (Figure 2-13c).
EDS mapping of these regions confirms that these high contrast features are composed of iron
(Figure 2-13d). This technique may serve as an alternative and reliable method to precisely track
cellular loading of complex nanocarriers like BCNs, whose analysis with conventional fluorescent-
based techniques involve several optimization steps and interference from cellular components.

Together, the confocal microscopy images of endosomal DiD and FITC-BSA along with the EDS
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mapping of endosomal MNS indicate successful multi-intracellular delivery of all MBCN
payloads simultaneously. ICP-MS was used to more quantitatively determine uptake of the MNS
payload via analysis of the iron amount per cell following incubation with MBCNs. Notably, MNS
delivery was found to be tunable, with more iron delivery to cells after treatment with higher MNS
weight % MBCNs (Figure 2-13e). The baseline iron content of cells is indicated in red. MBCNss
were furthermore found to be non-cytotoxic (Figure 2-14), similar to other PEG-b-PPS
nanostructures that have been used extensively for drug delivery applications. The in vivo and in
vitro results here, along with previous studies validating the non-immunogenicity of PEG-b-PPS

BCNs %%, indicate their potential as nanocarriers for future drug delivery applications.

Figure 2-13. Intracellular delivery of multiple payloads by MBCNs. Intracellular
delivery of multiple payloads by MBCNs. (a) Confocal images of MCF7 cells stained
with lysosomal dye Lysotracker (blue) after 4 h incubation with MBCNs co-loaded with
lipophilic dye DiD- (red) and hydrophilic dye FITC-BSA (green). White arrows in the
merged image indicate examples of colocalized signal from DiD, FITC-BSA, and
Lysotracker. (b) Flow cytometry analysis showing MCF7 cells are double positive for
FITC and DiD following 4 h incubation with DiD + FITC-BSA loaded MBCN:s. (c)
STEM image of a single MCF7 cell with endosomal uptake of MBCNss (red arrows) and
zoomed in image of red box. (d) EDS mapping of the iron signal of MBCNs within an
endosomal compartment. (¢) [ICP-MS analysis of MNS delivery to MCF7 cells via two
different MBCN formulations containing 0.75% or 1.25% Fe by weight. Error bars =
S.D., significance determined via Dunnett’s multiple comparisons test, * p < 0.033.
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Figure 2-14. Cytotoxicity of MBCN:s. at two different treatment concentrations (0.1
and 0.5 mg/mL PEG-b-PPS polymer). Red line indicates 80% viability. Error bars =
S.D.,, N=3.

2.3.9. Assessment of MBCN Oxidation Responsiveness

An advantage of PEG-b-PPS copolymer for biomedical applications is its oxidation
responsiveness. As the hydrophobic PPS block oxidizes, PEG-b-PPS transitions to the more
hydrophilic derivatives of either PEG-b-poly(propylene sulfoxide) or PEG-b-poly(propylene
sulfone)!''®. Due to this change in the hydrophilic mass fraction of the copolymer, the nanocarrier
morphology transitions to a more thermodynamically stable structure. Previously, we have
demonstrated that such a transition can be induced via photo-, chemical or biological oxidation,
resulting in a stimuli-responsive transition from PEG-b-PPS FMs®’, PSs**, and BCNs* into
micelles. During cylinder-to-sphere transitions, small molecule hydrophobic payloads within
filomicelles were retained within micelles at similar concentrations to allow slow release of drug-
loaded nanocarriers from filamentous hydrogels®’.

We recently demonstrated that BCNs undergo similar transitions to micelles upon

oxidation, allowing triggered endosomal escape of micelles loaded with small molecule
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chemotherapeutics into the cell cytosol for on-demand cytotoxicity*® !>, We thus sought to
determine whether BCNs loaded with MNS can undergo a similar oxidation-induced transition
and retain these larger nanoscale payloads within the released micelles (Figure 2-15a). As we have
previously performed when assessing oxidation-dependent PEG-H-PPS nanostructure
transitions®’, a high concentration of H,O, was selected to achieve an accelerated BCN degradation
for the generation of sufficient concentrations of micelles for subsequent physicochemical
characterization.

MBCNs were found to slowly transition into micellar nanocarriers upon oxidation (Figure
2-15b), as confirmed by TEM (Figure 2-15c). A nearly complete transition from BCNs to this
smaller micellar population (37 + 24 nm) was detected after 24 h (Figure 2-15d). This micellar
population was separated via centrifugation and analyzed for the presence of encapsulated MNS
using ICP-MS. If any oleic-acid functionalized MNS were to be released from the MBCNss in free
form and not stabilized by polymer, they should aggregate and be removed by this centrifugation
step. Therefore, any iron in the released micelles should be from MNS that are incorporated within
the monodisperse population of micelle-sized structures. The separated, smaller population was
found to contain MNS via ICP-MS, with almost 80% of the MNS being released in this micellar
form after 24 h (Figure 2-15e). Interestingly, the MNS-loaded micelles that were released via
oxidation of MBCNs (Figure 2-15f) were identical in size, structure and MNS density as MMCs
that were formed directly using FNP using the same 4 nm MNS and PEG4s-b-PPS44 polymer
(Figure 2-15g), which is known to self-assemble micelles'!”. MBCNs are therefore stimuli-
responsive as they transition into monodisperse MNS-loaded micelles upon oxidation.

Furthermore, this oxidation-responsiveness suggests that MBCNs should be metabolized via
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physiological oxidation over time, as observed with other PEG-b-PPS nanocarriers®” *2. This
transition is driven by the change in interfacial tension that occurs as the PPS backbone of the
PEG-b-PPS polymer oxidizes, which we have extensively modeled in previous studies’’. While
other vesicle to micelle transitions have been reported, to the best of our knowledge this is the first
report of the transfer of a nanoscale payload from one nanocarrier morphology to another, as well
as the first demonstration of in situ generation of MNS-loaded micelles. This capability may prove
useful for sustained nanocarrier delivery or theranostic applications in the treatment of clinical
conditions marked by high oxidative stress, such as cancer, atherosclerosis, and chronic kidney

disease!38.
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Figure 2-15. Oxidation-mediated morphological transition of MBCNs to MMCs.
(a) Schematic representing MBCNs transition into micelles carrying MNS upon
oxidation using H»>O». (b) Photographic images showing oxidative degradation of
cloudy MBCNss (left tube) into translucent micellar nanocarriers (right tube) after H>O-
treatment. (¢) TEM of the oxidized MBCNs. (d) Diameter of the MBCNs over time
under oxidative conditions. (e) Percentage of iron carried over into micellar nanocarriers
over 24 h upon oxidative degradation of MBCNs. Micelles released by MBCNss (f) were
found to be identical in structure and size to MNS-loaded micelles that were directly
formed by FNP (g) as assessed by TEM and DLS.
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2.3.10. Conclusions
Here, I have discussed the development and characterization of MNS-loaded polymeric
bicontinuous nanospheres (MBCNs) with potential future applications in drug delivery and
theranostics. MBCNs were successfully assembled via FNP and were able to encapsulate metal
ferrite MNS with high encapsulation efficiency along with both hydrophobic and hydrophilic small
molecules within their internal bilayer membranes and aqueous channels. MNS-encapsulated MCs
and PSs were also successfully formed via FNP, though with lower encapsulation efficiency. The
encapsulated MNS allowed the MBCNs to enhance r> relaxivity, as measured for samples in
solution. MBCNs were able to successfully deliver their encapsulated small molecule and
nanoscale payloads in vitro and in vivo and demonstrated high splenic uptake. However, despite
their high r> relaxivity in solution and efficient in vivo delivery, the MBCNs did not notably
enhance MRI contrast in ex vivo study in MBCN-treated mice, suggesting further optimization for
diagnostic applications is needed. Finally, MBCNs demonstrated a morphological transition into
MNS-loaded micelles under oxidative conditions, making them a versatile platform for future

sustained delivery applications.
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2.4. Materials and Methods

24.1. Synthesis of PEG-b-PPS Block Copolymer

PEG-b-PPS block copolymers were synthesized as described previously®® *°. Briefly,
methyl-ether PEG was end-functionalized using methanesulfonyl chloride to give a mesylate
leaving group. The product was then converted to PEG-thioacetate via reaction with thioacetic
acid. The PEG-thioacetate was activated with the base to produce a thiolate anion to initiate ring-
opening living polymerization of propylene sulfide. After 10 minutes of polymerization, the
reaction was quenched by end-capping the block-copolymer with benzyl bromide. After 2 h of
end-capping, the resulting block copolymer was precipitated in methanol and then stored under

nitrogen at -20 °C. 1H NMR was used to confirm the degree of polymerization.

2.4.2. Synthesis of Zno.2Mno.sFe204 Magnetic Nanostructures
The ZnooMnosFe2O4 nanoparticles were synthesized using a well-known thermal
decomposition method that resulted in monodispersity, single crystallinity, and controlled

stoichiometric composition®® 3

. For Zno>MngsFe>O4 nanoparticles synthesis, Fe(acac)3 (2
mmol), Mn(acac)2 (0.8 mmol), Zn(acac)2 (0.2 mmol), 1,2-hexadecanediol (10 mmol), oleic acid
(6 mmol), oleylamine (6 mmol), and phenyl ether (20 mL) were charged in a 100 mL three-neck
round-bottom flask and magnetically stirred under a flow of nitrogen. The mixture was first heated
to 110 °C for 1 h to remove moisture and then refluxed for 1h before cooling down to room

temperature. The black-brown mixture was precipitated, washed with ethanol, and was then

dispersed in hexane.

To make hydrophilic MNS, the as-synthesized oleic acid coated hydrophobic

Zno2Mny gFe2O4 nanoparticles were functionalized with citrate via a ligand-exchange process
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140 A chloroform dispersion (2 mL) of Zno>Mng sFe>O4 nanoparticles (12.5 mg) and a dimethyl
sulfoxide (DMSO) solution of citric acid (1 mL, 31.25 mg) were mixed and sonicated overnight
at room temperature. The modified Zno>MnosFe,Os nanoparticles were washed with
dichloromethane three times, dried under nitrogen gas, and finally dispersed in water. The
dispersion was dialyzed to remove any residual surfactants using a dialysis bag (MWCO = 10000)
for 2 days in water. A 200 nm syringe filter was used to remove any precipitation, and the final
concentration of citrate-functionalized Zno>MnosFe2O4 nanoparticles dispersed in water was

determined by inductively coupled plasma mass spectrometry (ICP-MS) analysis.

2.4.3. PEG-b-PPS Nanostructure Assembly and Cargo Loading

PEG-b-PPS MCs, PS, or BCNs were assembled and loaded with hydrophobic MNS using
the flash-nanoprecipitation (FNP) method as described previously using a confined impingement
jet (C1J) mixer*® ¥ Briefly, PEG-b-PPS polymer (10 or 20 mg) and oleic acid-functionalized MNS
(6 to 120 ug) were dissolved in 500 pL of tetrahydrofuran (THF). This solution was then loaded
into a 1 mL disposable syringe. A second syringe was loaded with 500 puL of Milli-Q water for
BCNs or 1X PBS for MCs and PSs. These organic and aqueous phases then impinged within the
CIJ mixer into a 1 mL reservoir of Milli-Q water for BCNs and 1X PBS for MCs and PSs. Loading
of other hydrophobic or hydrophilic agents into these particles was done by adding hydrophobic
agents into the THF phase and hydrophilic agents into the aqueous phase prior to impingement.
Unloaded agents and THF were removed using a Sepharose LH-20 size exclusion column with a
1x PBS mobile phase. The loading efficiency of small molecules was determined by fluorescence
measurements at the following wavelength (excitation (nm)/emission (nm)): FITC-BSA: 485/535,

DiD: 644/670, doxorubicin: 470/585, camptothecin: 370/450.
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2.4.4. MNS-loaded PEG-b-PPS Nanocarrier Physicochemical Characterization
DLS: Dynamic light scattering (DLS) measurements of all nanoparticles were done using a
Zetasizer Nano-ZS (Malvern Instruments, UK). All samples were diluted 1 in 1000 using PBS and
then analyzed.
Cryo-TEM: For cryo-TEM, a pretreated holey carbon 400 mesh TEM grid was applied with 5 puL
of the sample (5 mg/ml) and plunge-frozen with a Gatan Cryoplunge freezer. These specimens
were imaged using a JEOL 3200FS transmission electron microscope operating at 300 keV at
4000 nominal magnification. All the images were collected in vitreous ice using a total dose of
~10 e— A-2 and a nominal defocus range of 2.0—5.0 um. Micrographs were acquired as 20-frame
movies during a 5 s exposure using a Gatan 3.710 x 3.838 pixel K2 Summit direct electron detector
operating in counting mode. A Digital Micrograph software (Gatan) was utilized to align
individual frames of each micrograph and compensate for stage and beam-induced drift. These
aligned images were summed up and used for image processing. A tilt range of —15° to +15° at
was utilized and individual images were taken at —15°, 0°, and +15°.
SAXS: Small-angle X-ray scattering studies were performed at the DuPont-Northwestern-Dow
Collaborative Access Team (DNDCAT) beamline at Argonne National Laboratory’s Advanced
Photon Source (Argonne, IL) using 10 keV (wavelength A = 1.24 A) collimated X-rays, as
described previously.
ICP Sample Preparation: Metal concentration was measured using inductively coupled plasma
mass spectrometry (ICP-MS). 50 puL of sample was added to 300 pL of concentrated nitric acid
(BDH AristarPlus Nitric acid, 70%) in 15 mL conical tubes. The mixture was heated at 65°C for

3 h, and then ultrapure H20 (18.2 Q2-m) was added to bring each sample up to 10 mL total volume.
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ICP-MS was performed on a computer-controlled (QTEGA v. 2.6) Thermo (Thermo Fisher
Scientific, Waltham, MA) iCapQ ICP-MS equipped with an ESI SC-2DX autosampler and
autodilution system (Elemental Scientific Inc., Omaha, NE).
2.4.5. Relaxivity and MRI

T2 relaxation times were measured on a Bruker minispec mq60 60 MHz (1.41 T) NMR
spectrometer (Billerica, MA). 500 pL of each formulation was prepared such that all were at the
same concentration. Each formulation was then serially diluted four times, resulting in five 500
uL samples for each formulation. Samples were heated to 37°C for 2 minutes and then placed into
the spectrometer. T2 was measured using a Carr Purcell Meiboom Gill (CPMG) sequence: four
scans per point, 2000 data points for fitting, monoexponential curve fitting, phase cycling, 1 ms
pulse separation, and a 15 sec recycle delay. The inverse of the relaxation time (1/T2, s—1) was
plotted against the Fe concentration (mM) determined by ICP-MS for each formulation. T2 color-
coded maps of MBCN samples were generated via imaging samples on a 7 T Bruker Pharmascan
MRI System and then processing images using Matlab by fitting the signal decay of each pixel to
a single exponential function.
2.4.6. Oxidation Responsiveness and Serum Stability

To study oxidation responsiveness, MBCNs (0.2 mL, 5 mg/mL) were incubated with 0.2
mL of hydrogen peroxide for 4 or 24 h at 37°C. Following incubation, samples were centrifuged
for 10 minutes at 10,000 Gs. The supernatant and pellet were collected separately, and the pellet
was gently resuspended by slowly pipetting up and down, with no residual precipitates observed

on the tube walls or in solution. Samples were then analyzed via DLS and ICP-MS.
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Similarly for serum stability studies, MBCNs (0.2 mL, 5 mg/mL) were incubated with 0.2
mL of 1X fetal bovine serum (FBS) for 4 or 24 h at 37°C. Following incubation, samples were
centrifuged for 10 minutes at 10,000 Gs to pellet the MBCNSs, which were resuspended in 0.4 mL
of 1X PBS by gently pipetting up and down to achieve complete resuspension of the pellet without
residual precipitates, and then analyzed via DLS and ICP-MS.
2.4.7. Cellular Uptake

MCEF7 breast cancer cells were seeded in each well of a 12-well plate and cultured
overnight. MBCNs (0.75% MNS or 1.25% MNS by weight) were co-loaded with FITC-BSA and
DiD were added to each well (5 mg/mL in PBS, 100 puL) were added to each well and incubated
for 4 h. After incubation, cells were washed three times with PBS and harvested in 0.5 mL PBS
for either flow cytometry or metal quantification per cell. For metal quantification, cells were first
counted using a Guava EasyCyte Mini Personal Cell analyzer. Briefly, 50 uL of the cell
suspensions was mixed with 150 uLL Guava ViaCount reagent and stained at room temperature for
5 minutes. Following this, the samples were vortexed and then counted using the Guava analyzer.
The remaining 450 pL of cell sample was digested with 3% nitric acid and 0.75% hydrogen
peroxide at 65 °C for 3 h as described above, and then analyzed for their iron content using a
computer-controlled (QTEGA v. 2.6) Thermo (Thermo Fisher Scientific, Waltham, MA) iCapQ
ICP-MS. For flow cytometry, samples were then stained with Zombie Aqua (live/dead stain) and
analyzed using a LSRII flow cytometer (BD Biosciences).
2.4.8. Confocal Microscopy

MCF7 cells (2 x 10° cells per ml, 150 uL) were plated in each well of an 8-well coverslip-

bottom slide and cultured overnight. MBCNs co-loaded with FITC-BSA and DiD were added to
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each well (5 mg/mL in PBS, 100 uL) were added to each well and incubated for 4 h. After
incubation, the cells were washed with DMEM, and stained with DAPI (nuclear stain). The cells
were then fixed and imaged using a 63x oil-immersion objective on a SP5 Leica confocal

microscope.

2.4.9. Cytotoxicity

MCEF7 breast cancer cells were seeded in a 96-well plate at 2 x 10* cells per well. Cells
were treated with 0.5 mg/mL of MBCNs (loaded with 0.75% MNS or 1.25% MNS by weight) in
triplicate and incubated for 24 h. MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide, 10 puL of 5 mg/mL solution in PBS) was added to each well and incubated
for 5 h. Following this, the media was removed from each well and 200 pL of dimethyl sulfoxide
(DMSO) was added to dissolve the precipitated formazan crystals. The absorbance of the wells
was then measured using a plate reader at 570 nm, with the cell viability percentage calculated
using: Cell viability % = (Absorbance of MBCN treated cells/absorbance of PBS treated cells) x

100.

2.4.10. Scanning Transmission Electron Microscopy

MBCN characterization: 1pL of Smg/mL MBCNs were mixed thoroughly with 1pL of 2% methyl
cellulose and 3uL of water. .5uL of the mixture was deposited on Formvar/Carbon 200 Mesh
Copper TEM grids from Electron Microscopy Sciences that were glow discharged to create a
hydrophilic surface.

Cell uptake analysis: For cellular uptake analysis via STEM, MCF7 cells (2 x 10° cells) were plated
in T75 flasks and cultured overnight. Cells were treated with 0.75 mg/mL of MBCNs or PBS and

incubated for 4 h. Following this, cells were collected and fixed in a solution of 2.5%
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glutaraldehyde, 2% paraformaldehyde in 0.1M sodium cacodylate buffer and post fixed in 2%
osmium tetroxide prior to dehydration in a graded series of ethanol. The cells were then infiltrated
with EMBed812 epoxy resin and embedded in Beem capsules. The resin was polymerized at 60C
for 48 h. 80nm thin slices of the fixed and embedded cells were gathered on slotted grids with a
diamond knife using a Leica UC7 ultramicrotome, and the sections were stained with 3% uranyl
acetate and Reynold’s lead citrate solutions to enhance relative contrast. Image data of the stained
ultra-thin sections were gathered in a Hitachi HD2300 STEM at 80keV utilizing the high angle
annular dark field detector (HAADF). Scanning transmission electron microscopy images were
gathered in a Hitachi HD2300 STEM at 80keV utilizing the high angle annular dark field detector

(HAADF).

2.4.11. Energy Dispersive X-ray Spectroscopy

EDS maps were taken on a Hitachi HD-2300A dedicated STEM equipped with dual EDS
detectors and Thermo Fischer Scientific NSS software. Operating at 200kV with a S8uA emission
current and an aperture with 75pum diameter, over 40 frames of a 512 x 384 pixel EDS map were
collected in EDX Mode. The overall frame time was 10s with a pixel dwell time of 50 ps. Data

was processed by binning with a 15 x 15 kernel size.

2.4.12. Animal Care and Use

C57BL/6J female mice, 8—10 weeks old, were purchased from Jackson Laboratories. The
Center for Comparative Medicine at Northwestern University was used to house and maintain all
of the mice. All animal experimental procedures were performed according to protocols approved

by the Northwestern University Institutional Animal Care and Use Committee.
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2.4.13. In vivo Administration of MBCNs
BCN formulations (150 pL, 5 mg/mL) or controls were injected intravenously into
C57BL/6J mice via the tail vein. After 4 h, 24 h, or 7 days, 500 pL of blood was collected retro-
orbitally, and mice were euthanized. Whole body perfusion via the heart was done with 3 mL of
1X PBS. The liver, kidneys, spleen, lungs, hearts, and brains were collected for imaging and ICP-
MS analysis.
2.4.14. Organ Level Biodistribution of MBCN s
The liver, kidneys, spleen, lungs, hearts, and brains were imaged using an IVIS Spectrum
in vivo imaging system (PerkinElmer, Waltham, MA). Organs were imaged using the preset filter
for indocyanine green (ICG) with acquisition settings of 5 seconds exposure time and 0.5 mm
height. Living Image software was used to calculate total radiant efficiency.
Following imaging, organs were submerged in 1.5 mL concentrated nitric acid and 375 pL
hydrogen peroxide and heated at 65°C for 3 h. Milli-Q H20O was added to bring each sample up to
50 mL total volume. ICP-MS was then performed to detect metal content of tissues as described

above using a computer-controlled Thermo 1CapQ ICP-MS.
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CHAPTER 3

3. Thermal Activation and Magnetic Targeting Characterization of MNS-encapsulated

PEG-b-PPS Nanocarriers

3.1.  Abstract

Metal ferrite MNS have great therapeutic potential due to their superparamagnetic
properties, which primarily arise from their ultrasmall size (< 20 nm). Aside from providing the
ability to generate MRI contrast enhancement, these superparamagnetic properties provide MNS
with the ability to generate heat via thermal activation and to be magnetically guided via an
external magnetic field. Here, I characterized the ability of MNS-encapsulated PEG-b-PPS
nanocarriers to be (i) thermally activated for triggered drug release and cancer cell death

applications, and (ii) magnetically guided.

3.2. Introduction

In this chapter, I explore two specific therapeutic applications of MNS-encapsulated PEG-b-
PPS nanocarriers: thermal activation and magnetic targeting. To best understand the results
discussed here, I will first introduce (i) the principle of thermal activation of metal ferrite MNS
and its uses for triggered drug release and cancer cell apoptosis, and (ii) the utility of magnetic-

guidance for enhancing nanocarrier delivery.

3.2.1. Thermal Activation
Given their superparamagnetic nature, metal ferrite MNS have the ability to generate heat
under an external radiofrequency (RF) field via a process known as thermal activation®*. The heat

generated via thermal activation of MNS can be used both for direct killing of cancer cells via
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hyperthermia and for triggered release of therapeutic cargo co-delivered with the MNS!!% 126 This
thermal activation ability of the metal ferrite MNS from the Dravid Group has been optimized in
earlier studies via tailoring the composition and surface properties of the MNS?®, harnessed to
achieve actuated release of therapeutic payloads from MNS-encapsulated magnetic lipid

)110

nanocapsules (MLNCs) ", and proven to induce cancer cell death upon RF field exposure, both

with and without concurrent anticancer drug delivery'2®.

The process of thermal activation of MNS relies on the conversion of magnetic energy to
thermal energy. Under the appropriate external RF field, generally in the hundreds of kHz, the
magnetization direction of metal ferrite MNS rapidly switches directions, alternating back and
forth?*. As this occurs, magnetic energy is lost and converted to thermal energy through two
separate mechanisms. First, the physical rotation of the MNS during thermal activation as their
magnetization direction switches causes frictional energy losses, in a process known as Brownian
relaxation®*. Additionally, magnetization reversal during thermal activation, known as Neel
relaxation, represents another form of energy loss?*. Together, Brownian and Neel relaxation result
in the generation of thermal energy and the subsequent local temperature elevation around the

MNS.

The target temperature of thermal activation-based strategies for inducing cancer cell death
is between 41 — 46 °C, at which cellular processes mediated by heat shock proteins (hsp) become

activated and ultimately result in apoptosis'*!

. Above this range, necrosis and carbonization can
occur as opposed to apoptosis. Therefore, for MNS and their delivery systems it is crucial to

characterize and tune their thermal activation properties to ensure adequate temperature elevations

for apoptosis while avoiding the risk of inducing necrosis. Additionally for achieving thermal
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activation-triggered drug release via MNS-encapsulated nanocarriers, careful engineering of such
systems is needed to achieve actuated cargo release either via (i) compromised structural stability
of the MNS delivery system''® or (ii) a temperature elevation above the lower critical solution

temperature (LCST) of the MNS delivery system with subsequent change in the nanocarrier

structure and cargo release'%S.

3.2.2. Magnetic Targeting
In addition to their potential for thermal activation, metal ferrite MNS also have the ability

to be magnetized and spatially manipulated due to their superparamagnetism?*. While magnetic

2

guidance of MNS has been explored for the applications of micro-mixing'** and colloidal
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assembly'*’, an especially intriguing application of magnetic guidance of MNS their accumulation

in target tissues via an external magnetic field'** %, Such target tissues include tumors, most often
tumors of the central nervous system (CNS) which are past the blood brain barrier (BBB) and are
especially hard to target. Several MNS systems have been developed and explored for magnetic
guidance!* 1% These systems use a powerful neodymium magnet (0.01-0.22 T) as the source of

146

an external magnetic field, with the magnetic either being implanted internally ™ or fixed

externally'’

near the tumor or target accumulation site. Overall, such magnetic guidance strategies
are promising for enhancing drug delivery, though they require optimization for each individual

MNS system.
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3.3. Results and Discussion
3.3.1. Characterization of MMC and MBCN Thermal Activation
Following successful assembly and characterization of MNS-encapsulated PEG-b-PPS
micelles (MMCs) and bicontinuous nanospheres (MBCNs) as discussed in Chapter 2, I aimed to
characterize their thermal activation capability. For this study, MNS-encapsulated MC and BCN
formulations were prepared via flash nanoprecipitation (FNP), with 1.0% w/w MNS:polymer
encapsulated. Samples were then placed in the coil of the RF generator for thermal activation. The
following parameters were kept constant for all of the following experiments as per the instrument
protocol: power level of 5 kW and frequency of 300 kHz. The bulk temperature of each sample

was measured over time via a nonmetallic temperature probe.

The temperature profiles of MBCNs and MMCs upon 2 minutes of thermal activation is
shown in Figure 3-1a, with the rate of temperature change calculated and plotted in Figure 3-1b.
These MBCN and MMC formulations had very similar rates of temperature change, both
increasing about 0.4 °C in 2 minutes (Figure 3-1a). The initial temperature prior to thermal

activation was slightly variable depending on ambient temperature at that moment in time.
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Figure 3-1. Thermal activation of MBCNs and MMCs. a) Temperature profiles of
MNS-encapsulated micelles (MMCs) and bicontinuous nanospheres (MBCN) upon two
minutes of thermal activation.

This increase in temperature of MNS-encapsulated formulations was specifically proven
to be due to thermal activation in a subsequent study comparing the temperature profile of MBCNs
placed in the RF coil with and without turning on the RF field for 10 minutes (Figure 3-2). Dotted
red and black lines represent when the RF field was turned on and off, respectively. MBCNs placed
in the RF coil without turning on the RF field (Figure 3-2, black line) actually decreased in
temperature at a steady rate, likely due to returning to ambient temperature after any transient
temperature increase from being held in my hands during sample setup. On the other hand, upon
turning on the RF field with MBCNs in the sample coil (Figure 3-2, green line), the bulk sample
temperature steadily increased until the field was turned off, after which the temperature
immediately decreased. This data confirms that it was the effect of the RF field that contributed to
the observed temperature increases. Interestingly in this second study, the temperature increase of
MBCNs was found to be more gradual, rising about 0.4 °C in 10 minutes as compared with 0.4 °C
in 2 minutes in the previous study (Figure 3-1). This was surprising given that the same MBCN

sample (1.0% w/w MNS:polymer) was used for these studies. Overall, the temperature elevations
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seen via thermal activation were quite variable depending on the experiment, as discussed later in

this chapter.
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Figure 3-2. MBCN temperature profile with and without thermal activation.
Temperature profiles of MBCNs (1.0% w/w MNS:polymer) with (green) and without

(black) ten minutes of thermal activation. Red and black dotted lines represent when the
RF field was turned on and off, respectively.

The effect of two minutes of thermal activation on the size of MBCNs and MMCs (both
1.0% w/w MNS:polymer) was also assessed via DLS (Figure 3-3), with no significant difference

in nanocarrier size seen after 10 minutes of thermal activation.
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Figure 3-3. DLS characterization of MMCs and MBCNs pre- and post-thermal

activation. Error bars = S.D., n = 3, significance determined via Student’s t-test, ns = not
significant.
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3.3.2. Effect of MNS Encapsulation on TA of MBCNs and MMCs
The effect of varying the MNS encapsulation within MBCNs and MMCs on their thermal
activation ability was also investigated. Here, MBCNs and MMCs were formulated with
increasing weight % of MNS to PEG-b-PPS polymer, with subsequent characterization of
temperature profiles upon thermal activation (Figure 3-4). In these studies, final sample polymer
concentrations were matched, at 5 mg/mL PEG-b-PPS. For both MBCNs and MMCs, the
temperature elevation rate and the total temperature elevation generally increased with higher
MNS encapsulation. This increase in thermal activation efficiency is likely due to larger clusters
of MNS within each individual nanocarrier, as such clustering is known to enhance thermal
activation''®. While the presence of these larger clusters of MNS within PEG-5-PPS BCNs with
higher MNS encapsulation has been confirmed (Chapter 2, Figure 2-6), additional cryo-TEM
studies are still needed to determine if the same effect is occurring for MMCs with higher MNS

encapsulation.

Aside from the general trend of increasing temperature elevation with increasing MNS
encapsulation, the data in Figure 3-4 also illustrates the variability of the temperature profiles
measured during thermal activation. Specifically, large temperature spikes would occasionally be
seen during thermal activation, occurring quite randomly. Examples of this can be seen in Figure
3-4a for the 1.0% MBCNs at around the 5 minute mark, and in Figure 3-4b for the 2.0% MMCs at
around the 8 minute mark. To further explore this, repeated thermal activation trials of the same
MBCN formulation were performed (Figure 3-5). Here, large spikes in temperature can be seen
for trials 2 and 3 at the 1.5 minute mark, but not at all over several minutes of thermal activation

in trial 1. During the thermal activation studies, samples were left untouched within the RF coil
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for safety as well as to not alter temperature measurements. This unpredictable variability of
temperature profiles during thermal activation, even within the same sample, suggests that perhaps
this is due to effects of the thermal activation instrumentation and a need for optimization of
instrument parameters, and not something that could be altered by optimizing nanocarrier

formulation.

Overall, due to these unpredictable spikes in temperature, comparisons between MNS-
encapsulated formulations were quite difficult to make. One parameter that can be used to compare
the thermal activation efficacy of various formulations is their specific absorption rate (SAR),

126 However, calculation of an

given in W/g, which is a measure of their heat dissipation power
MNS-encapsulated nanocarrier’s SAR requires accurate assessment of its temperature elevation

relative to its Fe content, and thus could not be done here due to the unusually high variation in

sample temperature profiles upon thermal activation.

Finally, while temperature elevation was seen for both MBCNs and MMCs, the degree of
temperature elevation did not reach levels needed for cytotoxicity (up to 41°C) at least within 10
minutes of thermal activation for MBCNs (Figure 3-2). Looking at the temperature elevation of
0.4°C over 2 minutes as seen in one particular trial (Figure 3-1), this suggests that at least 20
minutes of thermal activation may be needed to reach a cytotoxic temperature of 41°C from a
physiologic temperature of 37°C. While this is on par with studies of metal ferrite MNS alone?®,
given the influence of the variable spikes in temperature during thermal activation studies,
instrument parameters of the RF generator may first need to be optimized before making larger
conclusions about the thermal activation performance of MNS-encapsulated PEG-b-PPS

nanocarriers.



2.0' .

+«— 0.5% MBCN
—— 1.0% MBCN
- 1.5% MBCN

Time (min)
b.
0.6
0.4+ 0.5% MMC
o : s 1.0% MMC
< : \ 2.0% MMC
0.2 ?
ML*
0 5 10 15
Time (min)

Figure 3-4. Thermal activation of MBCNs and MMCs with increasing MNS
encapsulation. Representative thermal activation temperature profiles of a) MBCNs and
b) MMCs with increasing MNS encapsulation.
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Figure 3-5. Multiple thermal activation trials of one MBCN formulation. Thermal
activation temperature profiles of one MBCN formulation over three independent
measurements.

3.3.2. Effect of TA on Payload Release and Cytotoxicity of MBCNs and MMCs
Aside from assessing the temperature elevation of MNS-encapsulated PEG-b-PPS
nanocarriers, the final set of studies thermal activation studies I conducted were to assess if thermal
activation could facilitate release of a co-encapsulated small molecule drug for inducing cancer
cell death. Here, the expected mechanism of release of any payloads was assumed to be due to

disruption of nanocarrier structure, as seen previously with magnetic lipid nanocapsules''°.

For this study, the anticancer agent camptothecin (CPT) was co-loaded into MBCNs along
with MNS to form CPT-MBCN:s. The initial fluorescence of CPT-MBCNs was measured (Figure
3-6, pre-spin) before samples underwent thermal activation for 2 minutes. Following thermal
activation, CPT-MBCN samples were centrifuged to collect nanocarriers in a pellet, washed with
1X PBS, and their fluorescence was measured again (Figure 3-6, post-spin). If any CPT was being
released via thermal activation, a decrease in CPT-MBCN fluorescence would be expected. While

there was a slight decrease in CPT-MBCN fluorescence post-thermal activation and post-spin, this
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decrease was observed for both samples that underwent thermal activation (+TA) as well as those
that did not (-TA). This suggests that this decrease in fluorescence was not due to thermal
activation itself, but instead due to sample processing and potential loss of nanocarriers during the
spin and wash steps. Perhaps different thermal activation parameters, different drug

concentrations, or different MNS encapsulation % is needed to achieve triggered drug release.
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Figure 3-6. Thermal activation-triggered drug release studies with CPT-MBCNs.
Fluorescence of CPT-encapsulated MBCNs (CPT-MBCNs) pre- and post-centrifugation,
both with and without thermal activation (TA). Error bars = S.D., n = 3, significance
determined via Student’s t-test, ns = not significant.

Although there was no observed TA-triggered release of small molecule cargo from PEG-
b-PPS nanocarriers co-loaded with anticancer agents and MNS, the ability of such nanocarriers to
induce cell death in cancer cells via TA was still investigated in a pilot study. Here, MMCs (1.0%
w/w MNS:polymer) were co-loaded with paclitaxel, an anticancer agent sold under the brand name
of Taxol, to form PTX-MMCs. MCF7 breast cancer cells were then treated with MMCs or PTX-

MMCs and underwent thermal activation for 2 minutes (Figure 3-7). Thermal activation was able

to induce cell death in both MMC-treated and PTX-MMC-treated cells, as compared with cells
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that did not undergo thermal activation. Notably, thermal activation led to more cytotoxicity for
cells treated with PTX-MMCs that underwent thermal activation versus those that did not. This
suggests that thermal activation may be responsible for this increase in cytotoxicity through
triggered release of the encapsulated PTX. Overall, these data suggest that (i) MMCs are able to
induce cell death via thermal activation, and that (ii) thermal activation of MMCs dual-loaded with
an anticancer therapeutic cargo can increase cytotoxicity, potentially through triggered cargo

release.

This result is somewhat surprising, given that in the previous study (Figure 3-6), thermal
activation was insufficient to trigger release of an anticancer agent, though that study was
performed with a different nanocarrier morphology and different drug. The two MNS-
encapsulated nanocarriers studied here, MMCs and MBCNs, have vastly different structures that
could explain these surprising results. MBCNs are more complex and more stable nanocarriers'*,
with the encapsulated MNS shielded from the bulk environment via multiple bilayer membranes
of PEG-bH-PPS polymer (Chapter 2, Figure 2-2). On the other hand, MMCs have encapsulated
MNS in their hydrophobic core that are enveloped by just one single layer of PEG-b-PPS polymer
(Chapter 2, Figure 2-3). Given this much simpler structure, MMCs should theoretically be easier
to disrupt and achieve payload release from compared with the more stable MBCNs, which may
have contributed to the enhanced cytotoxicity of PTX-MMCs with thermal activation versus
without. However, this is inconsistent with the lack of change of MMC size following thermal
activation as measured in a previous study (Figure 3-3). Aside from nanocarrier morphology,
differences in payload properties could also influence the ability of thermal activation to trigger

their release from within nanocarriers. Factors such as payload size and hydrophobicity of small
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Figure 3-7. Thermal activation-mediated cytotoxicity studies with MMCs. Viability of
MCF7 breast cancer cells after treatment with MMCs and subsequent thermal activation,
both with and without co-loading of paclitaxel (PTX). TA = thermal activation. Error bars
= S.D., n = 3, significance determined via Student’s t-test. , * p < 0.033, ns = not
significant.

molecular cargo may certainly influence how likely they are to be released from within MNS-
encapsulated nanocarriers with thermal activation, as these parameters are known to influence

release of cargo from PEG-b-PPS BCNs even without any external stimuli*®.

Overall, more studies need to be done to further explore the potential of MNS-encapsulated
PEG-b-PPS nanocarriers for thermal activation-induced payload release and cancer cell death.
First, studies systematically comparing the release of payloads from MBCNs and MMCs are
needed, to investigate what effect nanocarrier structure and payload properties have on thermal
activation-mediated release. Additionally, studies investigating the mechanism of cell death
following thermal activation via MMCs and MBCNs are needed, to determine whether the cell
death is due to apoptosis or necrosis. Furthermore, the dose response of cell death based on the

nanocarrier, MNS, and anticancer agent concentrations should be studied in order to determine the
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optimal formulation parameters for thermal activation-induced cancer cell death. Finally, given
the overall inconsistencies seen in the thermal activation studies in this chapter, thermal activation
parameters themselves need to be optimized before moving forward with this platform for further

applications.

3.3.3. Magnetic Targeting of MBCNs

To explore the magnetic manipulation capability of MNS-encapsulated PEG-b-PPS
nanocarriers, a preliminary study was conducted via embedding MBCNs within an agarose gel
(0.2% agarose) to roughly simulate a biologic environment. In Figure 3-8a, this MBCN-gel can be
seen as a tan colored gel in a plastic weigh boat, with the tan color arising from the embedded
MBCNs. The overall homogenous color of the gel indicates the even dispersal of MBCNs within
the agarose. Following gelation, a broken crescent-shaped neodymium magnet was placed below
the gel in contact with the plastic weigh boat and left overnight to observe any accumulation of
the MBCNs. Notably, accumulation of MBCNs can be seen following the overnight incubation as
a dark brown outline within the gel in the same pattern as the magnet (Figure 3-8b). The image of
the gel was converted to grayscale for more clarity (Figure 3-8c). This result of MBCN
accumulation suggests the utility of MBCNs for magnetic guidance, though more thorough studies

are needed for optimization of this application to build upon this crude pilot study presented here.

Specifically, other morphologies of MNS-encapsulated PEG-b-PPS nanocarriers like
MMCs should be explored for their magnetic guidance capabilities. Additionally, the effect of
field strength and exposure time to the magnetic field should be assessed, as only one magnet with
an unknown strength and an overnight timepoint was studied here. Finally, the effect of the amount

of MNS-encapsulation on targeting ability should be explored, in order to determine the optimal
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MNS:polymer ratio for this application. More specific studies to better assess the magnetic
guidance of MNS-encapsulated PEG-b-PPS nanocarriers are discussed in Chapter 5 (Future

Directions).

Figure 3-8. Magnetic manipulation of MBCNs. MBCNs embedded in a 0.2% agarose
gel a) before and b) after magnet exposure. ¢) Grayscale image of post-magnetic field
exposure gel to better show magnetic accumulation of MBCN.
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3.4. Materials and Methods
3.4.2. Thermal Activation
Thermal activation experiments were performed on an MSI Automation Inc. Hyperthermia
Research System (model hyper 5) RF generator at a frequency of 300 kHz and a power of 5 kW.
Nanocarrier formulations were positioned within the 5 cm coil generating 5 kA/m AC magnetic
field. A nonmetallic, nonmagnetic optical temperature probe was used to record temperature over

time.

3.4.3. Cytotoxicity
MCF7 breast cancer cells were seeded in 35 mm Petri dishes at 0.3 x 10° cells per dish.

Cells were treated with 0.5 mg/mL of MBCNs (with or without co-loading of anticancer drugs)
and incubated for 4 h. Following this, cell dishes were placed in the RF coil for thermal activation
studies, and then cells were plated in 96 well plates. MTT reagent (10 pL of 5 mg/mL solution in
PBS) was added to each well and incubated for 5 h. Following this, the media was removed from
each well and 200 pL of DMSO was added to dissolve the precipitated formazan crystals. The
absorbance of the wells was then measured using a plate reader at 570 nm, with the cell viability
percentage calculated using: Cell viability % = (Absorbance of MBCN treated cells/absorbance of
PBS treated cells) x 100.
3.44. Magnetic Targeting

A 0.2% agarose gel with MBCNs embedded was formed by adding 0.4 g LE Quick Dissolve
Agarose to 100 MilliQ water and mixing with a 5 mg/mL solution of MBCNs (1% w/w

MNS:polymer) at a 1:1 ratio. This MBCN:agarose solution was then carefully added to a plastic
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weigh boat and allowed to solidify for 1 hour. Following this, a neodymium magnet was placed

under the weigh boat overnight, and the gel was inspected the next day.
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CHAPTER 4

4. Development of T1 MRI Contrast-Enhancing PEG-b-PPS Nanocarriers for Inmune

Cell Targeting in Atheromas

4.1. Abstract

Atherosclerosis is a chronic inflammatory disease driven by the activity of specific
inflammatory cells, including dendritic cells (DCs) and macrophages. Targeting these cells is of
interest for therapeutic delivery to atherosclerotic plaques and for diagnostic monitoring of plaque
progression. On the therapeutic side, the Scott Lab has made progress towards targeting DCs
within early stage atherosclerotic plaques with PEG-b-PPS PS via a specific targeting peptide, P-
D2. However, for diagnostic assessment of plaque progression, current small molecule contrast
agents such as Gd-DOTA are not suited for such targeted imaging applications due to their lack of
target specificity. Loading of such small molecule contrast agents within PEG-b-PPS nanocarriers
is a promising strategy for achieving their controlled delivery. In this chapter, I discuss my work
towards achieving this goal of non-invasive assessment of plaque progression. I first share my
progress in engineering PEG-b-PPS polymersomes (PSs) to load and deliver Gd-DOTA for MRI
contrast enhancement, followed by my exploration of the P-D2 peptide displaying PS for targeting

of atherosclerotic plaques at both early and late stages of atherosclerotic cardiovascular disease.

4.2. Introduction

In this chapter, I discuss the development of PEG-H-PPS PS for the display and delivery of
Gd-DOTA for T1 MRI, with the goal of utilizing these nanocarriers for the non-invasive imaging
of atherosclerotic disease via targeting of DCs. For clear understanding of the findings discussed

here, I will first summarize: (i) the role of DCs in atherosclerotic disease, their utility for
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atherosclerosis staging, and approaches to targeting them, and (ii) the utility of T1 MRI contrast
agents, specifically of gadolinium-based contrast agents (GBCAs), and how they are commonly
delivered via nanocarriers.

4.2.1. Role of DCs in Atherosclerotic Plaque Development

DCs are key mediators of atherosclerosis, due to their function in cholesterol regulation
(uptake of lipoproteins), role in antigen presentation to and activation of T cells, and participation
in efferocytosis (clearance of apoptotic cells)’. Accumulation of DCs within plaques is predictive
of more severe atherosclerotic disease and is associated with a “vulnerable” plaque phenotype,
characterized by a necrotic core and overlying fibrous scar”. This overlying scar is prone to rupture,
which is what makes such plaques “vulnerable” and likely to result in associated complications
(MACEs, etc.)S.

The higher burden of DCs within plaques is thought to arise from their diminished ability
to migrate in hyperlipidemic conditions®. First, impaired migration of DCs is hypothesized to
impair their ability to participate in cholesterol regulation and efferocytosis, resulting in a
favorable environment for production of a necrotic core and subsequent vulnerable plaque
formation®. Additionally, impaired DC migration likely leads to retention of mature DCs that
continue to secrete inflammatory cytokines and recruit and activate T cells, contributing to
exacerbation of local inflammation and plaque advancement®.

DCs therefore play a key role in plaque progression, and their accumulation in late stage
atherosclerotic plaques presents an opportunity for targeting atherosclerosis for both therapeutic
and diagnostic applications. Other cells implicated in atherosclerotic plaque progression include

macrophages, which also contribute to the chronic inflammation within plaques via ingestion of



106
lipoproteins, transformation into foam cells, and participation in efferocytosis*. As discussed in
Chapter 1, macrophages have been studied extensively in recent years as targets for plaque
assessment via nanocarriers. As both DCs and macrophages are implicated in atherosclerosis
development, the ratio between these two cell types may provide a metric of plaque progression

but has not been specifically quantified thus far.

4.2.2. P-D2 Peptide Construct for DC Targeting
Previous work has shown the ability of polymeric nanocarriers to be targeted to DCs via
surface display of the P-D2 peptide sequence® '*°, which is specific for the CD11c marker'°. This

151 "and was used by the Scott

marker has been found to be particularly highly expressed on DCs
Lab in 2019 to deliver immunotherapeutic treatments to DCs via P-D2-displaying PEG-b-PPS PS
(P-D2-PS)*.

In that study, the P-D2 targeting peptide was displayed on PS surfaces via a PEG-lipid tail
construct. Our lab has shown the utility and versatility of these PEG-lipid tail-based constructs for
the controlled display of targeting peptides on the surface of multiple PEG-H-PPS nanocarrier
morphologies, such as micelles*® * in addition to PS. The general design of these targeting
constructs consists of (1) a lipid molecule, such as palmitic or palmitoleic acid, conjugated to (i1) a
PEG spacer, which is linked to (iii) a short peptide sequence. All 3 of these components can be
tailored depending on the application, such as choosing 1 or 2 lipid tails per construct; selecting

the PEG linker length based on the nanocarrier morphology or for optimal peptide display>!; and

most importantly, incorporating different peptide sequences based on the targeting application.
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4.2.3. T1 MRI

GBCAs comprise the majority of MRI contrast agents and are utilized in about 40% of all
clinical MRI scans'>2. In the work described here, GBCAs were focused on primarily due to the
presence of functional groups such as carboxylic acids for conjugation and incorporation in
nanocarrier formulations, their efficacy at T1 enhancement, and their current status of FDA
approval®!. Aside from their use in MRI, GBCAs were of particular interest here due to their
potential for allowing elemental-based, inductively-coupled plasma mass spectrometry (ICP-MS)
mediated quantitative tracking of nanocarriers'>®, which has been a goal of the Scott Lab for the
past few years.

Within the realm of GBCAs, macrocyclic chelators such as DOTA are of particular interest,
due to concerns of lower stability of linear chelators such as DTPA!>*, Linear chelators tend to
have higher dissociation constants for enclosed Gd ions, compared with macrocyclic chelates,
resulting in a higher likelihood that free Gd can be released into circulation or surrounding
tissues'*>. While chelated Gd is known to be fairly quickly cleared from the body via the kidneys,
free Gd can accumulate in tissue after injection, and has been shown to occur more frequently and
to a higher degree for linear GBCAs compared with macrocyclic GBCAs!®.

Approaches that have been used for incorporating macrocyclic Gd chelators into vesicular
formulations like PS have included conjugation to large proteins like albumin or large molecules
such as high molecular weight dextrans, and then encapsulating these within the vesicle’s aqueous
core. However, this approach of encapsulating Gd within the aqueous lumen of vesicular
nanocarriers has been shown to be inferior to the alternative approach of binding Gd to the

nanocarrier surface®. This is likely due to higher access to water of nanocarrier surface-bound Gd,
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as even though the interior of vesicular nanocarriers is aqueous, the effectiveness of the
encapsulated Gd at relaxing the nearby bulk water can vary depending on the permeability of the

157

nanocarrier membrane °’. Due to this, incorporation of Gd on the surface of PS bilayer membranes

was a strategy used in this work.
4.3. Results and Discussion

4.3.1. Design, Assembly, and Characterization of DOTA Peptide Construct
With the overall goal of developing DC-targeting PS for plaque assessment via MRI, I first
decided to address the objective of engineering PEG-b-PPS PS for MRI contrast enhancement via
encapsulation or delivery of a T1 enhancing agent. For this initial approach, the approach of
immobilizing Gd on the PS surface via a macrocyclic chelator was employed.
Recently, the Scott Lab has shown the utility and versatility of PEG-lipid tail-based constructs
for the controlled display of targeting peptides on the surface of PEG-b-PPS nanocarriers*® 3,
Here, I leveraged this same approach to facilitate the incorporation of Gd-DOTA within PEG-b-
PPS PS (Figure 4-1). Specifically, this construct design consisted of two molecules of palmitoleic
acid conjugated via a lysine residue to a PEGg linker, which was conjugated on the other end to a
short peptide sequence: lysine, glycine, glycine, lysine, glycine, glycine, lysine (KGGKGGK).
This sequence was carefully determined with each amino acid residue included for a specific
purpose. Lysine residues were chosen due to the availability and accessibility of their sidechain
amines for peptide coupling with carboxylic acid functional groups of DOTA molecules. Three
lysine residues were chosen for this design in order to incorporate multiple DOTA molecules per

peptide construct to (i) achieve higher MRI signal and higher Gd concentration per nanocarrier for

ICP tracking, while (ii) maintaining a relatively short peptide chain to minimize potential
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alterations of PS surface properties, given that an additional targeting peptide (P-D2) was to be
incorporated later. The glycine residues were included as spacers between each lysine residue due
to their inert nature. Two glycine residues were chosen in order to provide more spacing between
each lysine and minimize any steric hindrance between each lysine side chain during the DOTA
conjugation steps. Additionally, this spacing would also prevent any steric effects from affecting
access of water molecules to each DOTA group after the final construct was synthesized. This
DOTA-peptide construct (chemical structure in Figure 4-2a) was synthesized using solid-phase

peptide synthesis and analyzed via Liquid Chromatography/Mass Spectrometry (LC-MS) (Figure
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Figure 4-1. Schematic of DOTA-PS. Simplified schematic of PEG-b-PPS polymersomes
(PS) displaying the DOTA peptide construct. Lys = Lysine, PA = palmitoleic acid.
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Figure 4-2. DOTA peptide construct chemical structure. a) Chemical structure and b)
LC-MS/MS spectra of the DOTA peptide construct.
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4.3.2. Quantification of Gd Chelation of DOTA-PS
Following verification of successful synthesis of the DOTA peptide construct, I tested its
incorporation into PEG-b-PPS PS. PS were self-assembled using the previously established flash
nanoprecipitation method®®, and then incubated after assembly with the DOTA peptide construct
at specific molar ratios of DOTA-peptide to PEGi7-b-PPS3p for incorporation into PS
membranes®. The ratios I chose ranged from 0% (no peptide) to 15%, based on previous studies
with similar PEG-lipid tail constructs**°. The DOTA-PS were then incubated with an excess of
GdCl; in 0.5 M sodium acetate buffer to facilitate Gd chelation'*®. PS samples were then filtered
using a 7 kDa molecular weight cutoff spin column, to remove both unchelated Gd and free
DOTA-peptide, and then analyzed using ICP-MS to quantify the Gd chelation (Figure 4-3). After
filtration via the spin columns, the only Gd remaining in the sample should be that which is
chelated by DOTA-peptide that has successfully inserted into PEG-b-PPS PS. This is illustrated
in Figure 4-3, where all DOTA-PS samples were incubated with similar amounts of Gd (Pre-filter),

but only the DOTA-PS samples with 5, 10, and 15% molar ratios of DOTA-peptide retained Gd
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Figure 4-3. Gd chelation of DOTA-PS. ICP-MS-based quantification of Gd chelation of
PS with increasing molar ratios of DOTA peptide construct displayed in the bilayer
membrane. 0% =no DOTA peptide, 15% = 0.15 mol DOTA peptide:1 mol PEG17-b-PPS3o.
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in the pg/mL range after filtration (Post-filter). There was also an increase in the amount of Gd in
each sample as DOTA-peptide display increased, serving as further confirmation of successful
chelation of Gd via display of the DOTA-peptide.

4.3.3. Physicochemical Characterization of DOTA-PS

Using dynamic light scattering (DLS) and cryogenic transmission electron microscopy
(cryo-TEM), the size and structure of the DOTA-PS were analyzed (Figure 4-4). DOTA-PS had
an average hydrodynamic diameter of 93 nm and retained the characteristic vesicular structure of
PS after DOTA-peptide insertion, with a dark outer border indicating the bilayer membrane of
each PS and a lighter aqueous interior. This vesicular structure and size range is consistent with
previous studies of PEG-b-PPS PS, both with®® and without®® incorporation of similar peptide

constructs.
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Figure 4-4. Physicochemical characterization of DOTA-PS. a) Representative cryo-
TEM micrograph and b) DLS size characterization of 10 mol% DOTA-PS.
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The retained vesicular structure of the PS after DOTA peptide display highlights the utility
and the modularity of these types of PEG-lipid tail constructs overall. This is the fourth example
now from the Scott Lab of this type of peptide construct successfully incorporated within PEG-b-
PPS nanocarriers, with the base structure of: a lipid tail linked to PEG spacer linked to a short
peptide. Each component has the potential to be modified (different lipid group, different PEG
spacer length, different peptide sequence) depending on the type of nanocarrier morphology
(micelles and PS) for different applications (targeting endothelial cells, targeting dendritic cells,
incorporating a Gd-chelate), and in each case display of the peptide has been stable, controllable,
and has not changed the resulting nanocarrier size or structure. While only one specific DOTA
peptide construct was evaluated here in this work, it would be valuable to understand the effects
of changing different aspects of the DOTA peptide construct (PEG spacer length, peptide
sequence, or type of lipid tail) on its incorporation into PS and subsequent performance, which I
discuss in Chapter 5 (Future Directions).
4.3.4. Relaxivity and T1-weighted Imaging of DOTA-PS in Solution
In MRI, the T1 contrast enhancement effect can be measured by r; relaxivity, or the slope
of the relaxation rate (R1, s') when plotted versus the concentration of T1 contrast agent in mM.
To assess this for the DOTA-PS, T1 times were measured on a 1.4 T relaxometer for serial
dilutions of the 5 mol%, 10 mol%, and 15 mol% DOTA-PS, and then plotted against the Gd
concentration of each dilution, as measured via ICP-MS (Figure 4-5a). The corresponding slope,
or 11 relaxivity per Gd, for these 3 formulations is plotted in Figure 4-5b. For all 3 DOTA-PS
formulations, the ri relaxivity was higher than the relaxivity of free Gd-DOTA (DOTAREM) at

1.5 T, illustrated by the red dashed line in Figure 4-5b. This is likely due to the effects of the DOTA
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(and chelated Gd) being displayed on the surface of a large nanocarrier. This attachment of
chelated Gd on nanocarriers or macromolecules is known to increase 11 relaxivity via decreasing
the rotation or rate of tumbling of each Gd molecule'>’. Decreasing the tumbling rate increases the
rotational correlation time (Tr) of a molecule, which in turn results in an increase in 1 relaxivity
per Gd at low fields (<1.5 T)'. Using these data, the per particle relaxivity (per mM of PS) was

also calculated and was determined to be 576, 1954, and 2976 1/(mM'*s),
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Figure 4-5. Relaxivity of DOTA-PS. a) R1 relaxation rates vs Gd concentration and b)
corresponding 11 relaxivities per Gd of different DOTA-PS with increasing mol % of
DOTA peptide displayed. Error bars =S.D. N = 3.

Interestingly, both the ri relaxivity per Gd and per PS of the DOTA-PS increased with
increasing display of the DOTA peptide up to 15 mol%. For the per PS relaxivity, this intuitively
makes sense, as more Gd-DOTA per PS should facilitate more T1 shortening per PS. This is less
intuitive for the per Gd relaxivity, but has been seen before with other nanocarrier systems where
Gd-DOTA was varied per nanocarrier'®'. However, in this referenced study, the increase in
relaxivity with more Gd per particle was seen at lower Gd concentrations until a maximum ri was

reached. Past that point, additional Gd per particle resulted in a decrease in relaxivity likely due to

“quenching” resulting from higher packing of Gd within a given volume, restricting water access
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to each individual Gd. Here, higher display of DOTA peptide (more than 15 mol%) and the
corresponding ri relaxivity was not tested due to limitations in the amount of DOTA peptide
available for each experiment, but this would be intriguing to investigate in future directions. At
the moment, it is largely unclear why the per Gd relaxivity increased for the DOTA-PS with
increasing DOTA peptide display, but may be due to decreased local rotation and movement of
the Gd-DOTA on the lysine sidechains due to steric effects as more and more DOTA peptide is
displayed on the PS surface, as this decreased local rotation of Gd chelates is known to increase
per Gd relaxivity'>® 192, This concept is discussed further in Chapter 5 (Future Directions).

As a next step in the MRI characterization of the DOTA-PS, serial dilutions of DOTA-PS
samples in PBS were imaged using a 9.4 T small animal scanner and used to generate color-coded
maps of T1 times (Figure 4-6). DOTA-PS were successfully able to induce T1 shortening, which
is what contributes to contrast enhancement in T1-weighted images. In this study, the most
concentrated DOTA-PS sample had a T1 time of around 2200 ms as compared with 3000 ms for

the PBS sample.

3500
DOTA-PS PBS
[Gd] (uM)  77.2 361 181 92 42 0O

1750

Figure 4-6. Color-coded maps of T1 times of DOTA-PS solution phantoms.
Samples are serial dilutions of DOTA-PS, and one PBS sample. Corresponding
concentration of Gd is given, as measured on ICP-MS.
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Interestingly, there was a gradient of signal intensities seen across individual sample cross
sections, most apparent for the high concentration sample (77.2 uM Gd). Warmer signal can be
observed at the bottom of the sample, as opposed to cooler signal near the top, suggesting settling
of the nanocarriers at the bottom of the sample. Such settling of nanocarriers is to be expected over
time, though it is surprising that this appears to be occurring in the matter of a few hours (the length
of time for these MRI scans). This settling is also surprising given that these PS are relatively
small, with an average diameter less than 100 nm. To minimize this settling effect in future studies,
agarose gel-based phantoms could be used instead to provide a more solid sample with similarly
high water content.

The 11 relaxivity per Gd of these DOTA-PS (15 mol %) at this higher field strength (9.4 T)
was found to be 1.472 L/(mmol*s), which is dramatically lower than what was measured at 1.4 T
via a relaxometer. A lower r; was expected in general, as the relaxivity enhancing effect of slower
molecular tumbling was likely negated at this higher field strength (9.4 T), leading to less T1
shortening than might be expected at lower fields (1.5 T and lower)!>* ®. However, such a
dramatic decrease in r1 was surprising. Nevertheless, given the promising relaxivity at 1.5 T, and
the observed T1 shortening at 9.4 T, I proceeded forward with further evaluation of the DOTA-PS
for MRI in vitro.
4.3.5. Uptake and T1-weighted Imaging of DOTA-PS in vitro

To determine the MRI contrast enhancement of the DOTA-PS in vitro, DC 2.4 cells
(murine DC cell line) were treated with either blank PS (displaying no DOTA peptide) or DOTA-
PS (displaying the DOTA peptide at 15 mol%), at different concentrations. The nanocarrier

treatment concentrations were chosen in the range of previously administered PEG-bH-PPS
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nanocarrier concentrations®® %, Following treatment for 24 h, cells were harvested and pelleted in
capillary tubes for MR imaging. T1-weighted images were acquired of all samples (Figure 4-7),
and T1 times of these samples were also measured (Table 1).

DOTA-PS displayed positive contrast enhancement for treated cells, with brightening of
the signal and concentration dependent decreases in T1 times seen at treatment concentrations
down to 0.125 mg/mL PS. This data indicates that DOTA-PS are able to deliver Gd-DOTA to cells
for T1 shortening contrast enhancement. Notably, the blank PS did not display any visual
differences in contrast or significant shortening of T1 times of treated cells.

Additionally, as these T1-weighted images were taken of cross-sections of cell pellets,
there was no obvious “settling” of samples at the bottom of the tubes. While there were variations
in signal within individual samples, these are seen more randomly and can be attributed to
variations in how the cells clump down into pellets, variations in cell uptake of the DOTA-PS
within a sample, or differences in the T1 shortening of individual cells themselves. These findings
support the utility of cell-pellet imaging as a step in assessing the contrast enhancement effect of
nanocarriers for MR imaging, and further support the contrast enhancement capability of the

DOTA-PS.
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Figure 4-7. In vitro MRI imaging of DOTA-PS. T1-weighted images of DC 2.4 cells
treated with blank PS or DOTA-PS (15 mol%) at different concentrations of polymer at
94T.

Table 4-1. T1 times of Blank PS and DOTA-PS treated cells at 9.4 T.

Blank PS DOTA-PS
Polyme(rn:;J/n:]T-?tration T1 time (ms) Polyme(rnc;:/n:]\cl:—r}\tration T1 time (ms)
1 2010.53 1 604.331
0.5 1978.34 0.5 815.101
0.25 2349.18 0.25 1201.68
0.125 2087.52 0.125 1272.71
0.0625 2134.9 0.0625 2003.67
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4.3.6. DOTA-PS Biodistribution and Toxicity

The organ-level biodistribution of PEG-b-PPS PS has been previously evaluated in mice*®
# demonstrating their high uptake into the liver. Here, I sought to determine whether surface
display of the DOTA peptide influenced this biodistribution pattern. Additionally, I wanted to
assess whether the DOTA peptide and chelated Gd would allow for ICP-MS based tracking of
these nanocarriers, to provide a more sensitive and quantitative method of assessing their organ-
level uptake than is possible with IVIS. Thus, similar to the MBCN biodistribution study'*, both
IVIS and ICP-MS were used as orthogonal methods to assess the organ-level biodistribution of the
DOTA-PS after intravenous administration in C57BL/6J mice. For IVIS, all PS groups (blank PS
and DOTA-PS) were loaded with the hydrophobic near-infrared (NIR) dye 1,1-dioctadecyl-
3,3,3,3-tetramethylindotricarbocyanine iodide (DiR). For ICP-MS, the level of Gd per organ
sample was quantified.

DOTA-PS were found to have highest uptake into the liver via IVIS (Figure 4-8a), as
compared with the spleen, kidney, and lungs, which was consistent with the blank PS distribution
via IVIS in addition to previous studies with non-peptide displaying PS*°. The distribution of the
DOTA-PS as determined via ICP-MS (Figure 4-8b and c¢) was in strong agreement with the IVIS
results, also demonstrating highest overall uptake in the liver (single pg Gd/individual organ). In
contrast, [CP-MS analysis of the organs of mice treated with PBS or blank PS (Figure 4-8d and ¢)
both showed low levels of Gd (< 1 ng Gd/individual organ), as expected given that these mice
were not administered any Gd-containing formulations. ICP-MS analysis of the serum samples

(Figure 4-9) showed no significant difference in the Gd content after 24 h for any of the 3 groups
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(PBS, blank PS, or DOTA-PS), indicating that after 24 h the PS were likely cleared from
circulation, which is expected for nanocarriers of this size range.

The similarity of the biodistribution of the DOTA-PS to the blank PS and previous
studies®® #! demonstrates that the surface display of the DOTA peptide did not impact the in vivo
uptake of these PS, suggesting that the dominant factor driving organ-level uptake was the
nanocarrier morphology. Furthermore, the high correlation between the quantified IVIS and ICP-
MS signal from organs (liver, spleen, kidneys, lungs) of mice treated with the DOTA-PS indicates
that these nanocarriers are delivered intact to organs at the 24 h timepoint, with both the DiR and
the DOTA peptide being delivered simultaneously.

154

Given the concerns of nephrotoxicity for GBCAs %, the kidney function of these mice was

important to assess. The serum creatinine levels (Figure 4-10) of these mice were found to be

within normal limits!6?

, suggesting no nephrotoxicity at the 24 hour timepoint due to the Gd
delivered via the DOTA-PS. These findings support the stability of the DOTA-PS in physiological

conditions and encourages their use for diagnostic and therapeutic applications.
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Figure 4-8. Organ-level biodistribution analysis of DOTA-PS. a) Quantification of
radiant efficiency of the DiR fluorescent signal in mouse livers, spleens, kidneys, and lungs
at 24 h post IV injection of PBS, blank PS, or DOTA-PS. ICP-MS analysis of organs of
mice treated with DOTA-PS b) per organ or ¢) per g tissue at 24 h post IV injection. ICP-
MS analysis of organs of mice treated with blank PS and PBS d) per organ or e) per g tissue
at 24 h post IV injection. Error bars = S.D., n = 4.
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Figure 4-9. Serum Gd content of mice treated with DOTA-PS. ICP-MS analysis of the
Gd content in the serum from mice treated with PBS, Blank PS, or DOTA-PS at 24 h post
IV injection. Error bars = S.D., significance determined via Dunnett’s multiple
comparisons test, ns = not significant.
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Figure 4-10. Kidney toxicity of DOTA-PS. Error bars =S.D.,
significance determined via Dunnett’s multiple comparisons
test, ns = not significant.
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4.3.7. DOTA-PS ex vivo MRI

Given the ability of the DOTA-PS to enhance contrast in vitro and having characterized
their organ-level uptake and toxicity in vivo, I next sought to determine their ability to enhance
contrast in mouse organs post-IV administration. Only two mice were used for this preliminary
study: one was administered PBS as a control, and the other was administered the DOTA-PS (15
mol %). Following IV administration, the liver, spleen, and kidney of each mouse was harvested
and imaged on the 9.4 T small animal MRI scanner. Color-coded maps of the T1 times of each
organ were generated (Figure 4-11a). After imaging, organs were digested and analyzed via ICP-
MS to assess the Gd content of each as a measure of DOTA-PS uptake (Figure 4-11b).

As can be seen in Figure 4-11a, there was no visible difference in T1 times of the organs
from PBS-treated mice (top) versus those from the DOTA-PS treated mice (bottom). This was
surprising, given that there was high delivery of Gd-DOTA to the mouse organs as determined by
ICP-MS (Figure 4-11b and c), at levels consistent with the previous organ-level biodistribution
study (Figure 4-8). This difference and lack of T1 shortening, despite efficient delivery of Gd-
DOTA via the DOTA-PS, could be explained by a few factors. First, organs and tissues are a much
more complex environment than solution phantoms and cell pellets composed of a single cell type,
as in the preceding DOTA-PS MRI studies. This complex background of different stromal cells,
immune cells, vasculature, and other tissue components could certainly contribute to differential
access to water than the DOTA-PS would have in a simpler, more homogenous background. A
potential effect of this can already be seen in the intrinsic T1 times of the organs of the mice that
were treated with PBS (Figure 4-11a, top 3 organs), which were around 900 ms for all 3 organs,

compared with the T1 time of PBS-treated cells (Table 1), which was around 2000 ms. In these
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studies, mouse organs already had a shorter T1 time than in vitro cells, meaning that a T1
enhancing agent would have to cause a larger drop in T1 times in organs compared with cultured
cells, in order to achieve any detectable difference. This could explain why the DOTA-PS were
able to enhance contrast and demonstrate T1 shortening in the cell pellets, but not in this ex vivo
study. Finally, the relaxivity enhancing effect of slower molecular tumbling (due to the display of
Gd-DOTA on the surface of a larger nanocarrier) is likely negated at this higher field (9.4 T),

leading to lower T1 shortening than might be expected at lower fields (1.5 T and lower)!.
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Figure 4-11. Ex vivo MRI of DOTA-PS. a) Ex vivo T1 color-coded maps of the livers
(L1), spleens (Sp), and kidneys (K) of mice 24 h post IV injection with either PBS or
DOTA-PS . ICP-MS analysis of the b) per g tissue and c) per organ Gd content of the liver,
spleen, and kidney of a mouse treated with DOTA-PS at 24 h post IV injection.
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In order to avoid this potential effect of high field MRI, the DOTA-PS were imaged at 1.5

T on a scanner dedicated for cardiovascular MRI. In this pilot study, 1 mL samples of dilutions of
blank PS and DOTA-PS (15 mol %) were scanned using a T1l-weighted pulse sequence.
Surprisingly, there were no apparent differences in contrast seen between individual dilutions of
the DOTA-PS or compared with blank PS (Figure 4-12). Currently, I have a few hypotheses for
why contrast enhancement was not observed in this study, despite being observed in the previous
cell pellet studies (Figure 4-7). Most importantly, the 1.5 T scanner used here is not optimal for
small samples of <5 mL volumes, as it is primarily intended for imaging the cardiovascular system
in human subjects, specifically the cardiac chambers and aorta. If this were to be repeated, sample
volumes greater than 1 mL could be prepared for imaging. In this case, availability of the DOTA
peptide was a key limiting factor in determining sample volume and preparing formulations. In
addition, the image acquisition parameters could be varied to potentially increase differences in
contrast, such as by using longer scans to provide greater sensitivity. Relatively brief pulse
sequences were used for this preliminary study, but more robust scans may provide better insight

into the signal differences between samples.

PS concentration (mg/mL)
10 5 25 125  6.125

Blank PS

DOTA-PS

Figure 4-12. MRI imaging of DOTA-PS at 1.5 T. T1-weighted images of blank PS and
DOTA-PS (15 mol%) at different concentrations of polymer at 1.5 T.
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Overall, while the DOTA-PS developed and discussed here (i) displayed modest ri
relaxivity in solution as measured on a relaxometer and (ii) were able to enhance contrast in vitro
upon cell pellet imaging, further optimization of the DOTA peptide construct will need to be done
in order to improve the T1 shortening and contrast enhancement of these DOTA-PS in vivo.

Specific ideas I have towards this goal are discussed in Chapter 5 (Future Directions).
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4.3.8. Incorporation of P-D2 Dendritic Cell-targeting Peptide Construct
After designing and characterizing the DOTA peptide construct’s ability to be displayed

on PEG-b-PPS PS membranes and characterizing the subsequent MRI signal of these DOTA-PS,
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Figure 4-13. P-D2 peptide construct schematic and physicochemical characterization
of P-D2-PS. a) Schematic and amino acid sequence of the P-D2 peptide construct.
Chemical structure is simplified for clarity. b) Representative cryo-TEM micrograph and

b) DLS size characterization of P-D2/DOTA-PS (10 mol% P-D2 peptide, 15 mol% DOTA
peptide).
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I next focused on addressing the broader objective of using them to assess DCs in atherosclerotic
plaques. For this, I utilized the same P-D2 peptide employed by our lab previously>° for targeting
of DCs for immunotherapeutic delivery to atheromas (Figure 4-13a). This peptide construct had
the same backbone of a PEGg linker conjugated to two molecules of palmitoleic acid, as described
above and in multiple previous studies from our lab*®#°.

First, PS were assembled and then incubated with both the DOTA peptide and P-D2 peptide
constructs to form P-D2/DOTA-PS. The same 7 kDa molecular weight cutoff spin columns were
used to filter out free peptide from the PS samples. Following this, cryo-TEM and DLS (Figure 4-
13b and c, respectively) were used to analyze the structure and size of these dual-peptide displaying

PS, and found they still retained a vesicular structure with an average hydrodynamic diameter of

86 nm.

4.3.9. Cell Uptake of P-D2- and DOTA-displaying PS

Next, the ability of the P-D2 peptide to facilitate uptake of PS into DCs was studied, using
an immortalized DC cell line (DC 2.4). PS displaying increasing mol % of the P-D2 peptide
construct (0-15%) were assembled from the same initial DiR-loaded PS formulation, with half of
the samples also displaying the DOTA peptide construct at 15 mol%. Cells were incubated with
these PS groups or PBS for 4 hours, washed, collected, and then analyzed via flow cytometry
(Figure 4-14).

For PS displaying P-D2 alone (orange bars), uptake efficiency was found to increase with
increasing P-D2 insertion up to 5 mol%, which is consistent with our findings from 2019°°.
Interestingly, past 10 mol % display of P-D2 peptide construct, the uptake efficiency into DC 2.4

cells actually decreased. This may be due to crowding and limited access of peptide chains with
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DC 2.4 cell surface receptors as more and more peptide constructs are incorporated within PS
bilayer membranes. Further studies with these targeting peptide constructs are needed to provide
insight into this effect and elucidate the mechanism.

When both the P-D2 peptide construct and the DOTA peptide construct were co-displayed
on PS surfaces, uptake into DC 2.4 cells was found to increase for all PS samples, regardless of
mol % of P-D2 peptide. Notably, even the PS with no P-D2 display (0 mol% P-D2, 15 mol %
DOTA only) had an increase in uptake efficiency from 25% with no DOTA display (0% P-D2, -
DOTA) to 58% with DOTA display (0% P-D2, +DOTA). Considering all of the PS samples that
the DC 2.4 cells were treated with were from the same initial formulation, this suggests that this

effect of increased uptake is due to the display of the DOTA peptide construct.
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Figure 4-14. P-D2-mediated uptake of PS into DC 2.4 cells. Uptake efficiency into DC
2.4 cells of PS displaying increasing amounts of the P-D2 peptide construct with and
without concurrent display of the DOTA peptide construct at 15 mol % after 4 h incubation.
Error bars = S.D., n = 4.

As addition of these peptide constructs may have changed the physicochemical or surface

properties of the PS such as size or surface charge, DLS and zeta potential measurements were
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taken of all of the P-D2-PS and P-D2/DOTA-PS samples (Figure 4-15). While there was a general
trend of the zeta potential getting less negative with higher amounts of peptide incorporation
(Figure 4-15b), there were no significant differences in the size or surface charge of the P-D2-PS

with concurrent display of the DOTA peptide construct.

a- 200+ b. 40+
o o -DOTA
° =) ° e +DOTA
. 150 £ o . 8. 9% o
E [ge o oe o 3 og 8g 08 o3 2o
% ° o - o [} s 8 ] g— o — o
§100—~ o% 0 8e o 8’ $18e o
3 8 : s .
50 % 20
N
0= T T T T T 30— T T T T T
g & & & I g o & F S
u\ﬂq n\oQ n\oQ u\hq n\nq o\uQ °\°Q o\oQ o\e e\eQ o\ o\nq
S N AN N N v s & ¢

Figure 4-15. DLS and zeta potential of P-D2/DOTA-PS. a) DLS analysis and b) zeta
potential of PS displaying increasing amounts of the P-D2 peptide construct with and
without concurrent display of the DOTA peptide construct at 15 mol %. Red bars indicate
averages of 3 independent measurements.

Currently, it is not clear why the inclusion of the DOTA peptide is enhancing in vitro cell
uptake in DC 2.4 cells to this degree. There are currently no reports of surface display of Gd-
DOTA being explored for cell-targeting applications or increasing cell uptake. Further in vitro
studies with the DOTA-PS and with PEG-b-PPS nanocarriers are needed to understand the

mechanism of uptake of the DOTA-PS and effects of display of non-specific peptides in general

on cell uptake.
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4.3.10. Dendritic Cell to Macrophage Ratio in ApoE-/- Mice
Given the role of both DCs and macrophages in atherosclerosis development, the ratio
othese cell types was of interest as a potential metric of plaque progression. While these two cell
types have both been studied for their role in plaque advancement, to the best of the Scott Lab’s
knowledge, the ratio between these cell types had not specifically been quantified before for its
utility in staging atherosclerosis. For this work, the ApoE-/- mouse model was chosen as it is a
very well established model for studying atherosclerosis. In these mice, deficiency of
apolipoprotein E contributes to cholesterol accumulation and plaque development due to

ineffective lipoprotein clearance, especially when these mice are provided a high-fat diet!%.

To study the DC to macrophage ratio, aortas and spleens from ApoE-/- mice that were on
a high fat diet for either 3 or 6 months were harvested and processed into single cell suspensions.
From the single cell suspensions, DCs and macrophages were distinguished by the following
markers, as used by Busch ef al in another recent study of DC subsets in aortas of atherosclerotic
mice (Ldlr-/-)¥. Specifically, the populations studied here were CD45+ CD11c+ MHCII+ DCs vs
CD45+ MHCII+ CD11c— F4/80+ CDI11b+ macrophages (gating in Figure 4-16). Due to high
variability between counts of CD45+ immune cells collected from individual aortas and spleens,
only the ratio between DCs and macrophages was a valid comparison for the studies presented

here, as opposed to comparisons between absolute cell counts.
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Figure 4-16. Gating strategy for DC and macrophage assessment.
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Figure 4-17. DC:Macrophage ratio in ApoE-/- mouse aortas and spleens at early and
late stage heart disease.

Here, in this study with 4poE-/- mice, the DC:macrophage ratio in both spleens and aortas
(Figure 4-17a and b, respectively) was found to decrease significantly with longer time on a high-
fat diet (3 months vs 6 months). These results are the exact opposite of what was expected, given
that generally it is known that the DC burden with atheromas increases with progression of
disease® > ¥, However, these results suggest that perhaps CD45+ CD11c— MHCII+ F4/80+
CD11b+ macrophages are enhanced to a greater degree as plaques progress than the broad category

of CD45+ CD11c+ MHCII+ DCs.

There are a few reasons that may be contributing to these unexpected findings. First, the
ApoE-/- mouse model utilized here may have intrinsic differences in plaque progression that
influenced these results compared with studies that utilize other mouse models. While this model

is well established for studying atherosclerosis due to rapid vascular plaque formation even without
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a high fat diet, it has some disadvantages that limit its comparison with other disease models'®.
Specifically, in ApoE-/- mice, VLDL (very low-density lipoprotein) is the primary plasma
lipoprotein and cholesterol transporter as opposed to LDL in humans, which may in turn influence
plaque development and immune cell activity'®>. The use of other mouse models may thus provide
insight into the use of the DC:macrophage ratio as a metric of plaque progression and would be
worth comparing with ApoE-/- model. For instance, the Ldlr-/- mouse model is another well-
studied system for investigating atherosclerosis, as it also results in hypercholesterolemia and
plaque development in mice that are provided a high fat diet. However, compared with the ApoFE-
/- model, Ldlr-/- mice are found to have smaller aortic fatty lesions and higher cholesterol after the
same amount of time on a high fat diet, and in general require longer periods of time on a high fat
diet for significant plaque development!®® 17 While ApoE-/- and Ldlr-/- mice are by far the most
commonly used mouse models for studying atherosclerosis, other models are also worth exploring

for assessment of this immune cell ratio, such as mice that are deficient in both ApoE and the HDL

receptor SR-B1'%’.

A second reason that could explain the unexpected trend in the DC:macrophage ratio seen
here is that this work focused on the broad category of CD45+ CD11c+ MHCII+ DCs, which can
be further subdivided into smaller subsets that have also been explored for their role and
accumulation in atherosclerotic plaques. These subsets include CD103+ and CD103- DCs, which
can be further divided based on CD11b and F4/80 expression. For instance, studies have found
that subpopulations of DCs including CDI103~ CD11b'F4/80", CD11b"F4/80" and
CD11bF4/80" DCs and CD103" CD11b"F4/80” DCs all are amplified in atherosclerotic mice,

specifically in Ldlr-/- mice, while other subpopulations like CD103™ CD11b™ F4/80 DCs are not
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expanded®®. Other studies have investigated DC burden via defining DC populations using other
markers such as Fascin staining and CD83 expression in tissues from human subjects!®®. While
not investigated here, characterization of various subpopulations of DCs is worth exploring in early
vs late stage plaques of ApoE-/- mice. While the ratio of overall DCs to macrophages was found
to decrease here with progression of heart disease, perhaps the ratio of certain DC subsets to
macrophages may have a different relationship. For future studies, the specific subsets of
CD103” CD11b"F4/80", CD11b'F4/80" and CD11b F4/80 DCs and
CD103* CD11b"F4/80™ DCs and their ratio to plaque macrophages would be intriguing to assess

in ApoE-/- mice, given their demonstrated accumulation within vulnerable plaques®.

Finally, another variable that was different among various studies investigating immune
cell populations in atherosclerosis was the length of time on a high fat diet, with some studies
choosing six or twelve weeks as “early” and “late” stages of disease®. Overall, while multiple
studies have determined the abundance of DCs within atherosclerotic plaques, particularly in
vulnerable plaques, the (i) markers used to define DCs and their subsets, and (i1) the specifics of
the mouse models used throughout these studies are quite variable, making comparisons between

and with such studies challenging.

In addition to quantifying the DC:macrophage ratio in the ApoE-/- mice at early and late
stages of heart disease, the ability of P-D2-PS to target these immune cell subtypes in the spleens
and aortas of these mice was also assessed (Figure 4-18). In these studies, blank PS and P-D2-PS
were again tagged with DiR to enable fluorescent analysis.

Here, P-D2-PS and blank PS both had significantly higher uptake in splenic macrophages

compared with DCs in early and late stage disease (Figure 4-18a and b). However, P-D2 display
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specifically facilitated higher uptake in both DCs and macrophages in late stage disease as
compared with blank PS, though this increase was not significant. Interestingly, in mouse aortas,
there was no significant difference in DC and macrophage uptake in early stage atherosclerosis for
both blank PS and P-D2-PS (Figure 4-18c). Meanwhile, in mouse aortas at the late stage of

atherosclerosis (Figure 4-18d), both PS groups displayed higher uptake in DCs over macrophages,
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Figure 4-18. P-D2-PS uptake in in ApoE-/- mouse aortas and spleens at early and late
stage heart disease. Uptake of blank PS and P-D2-PS in DCs and macrophages (Mgs) of
spleens and aortas of ApoE-/- mice on a high-fat diet for 3 or 6 months. Error bars = S.D.,
significance determined via Dunnett’s multiple comparisons test, ** p < 0.002, and *** p
< 0.001, ns = not significant.
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though not to a significant degree. Notably, P-D2-PS achieved higher uptake than blank PS in
aortic DCs at this 6 month timepoint, though this was also not statistically significant.

Overall, these results are quite different with those from Yi et a/, in which P-D2-PS were
found to increase uptake in DCs of mice at early stages of atherosclerosis (2 months high fat diet)
in both aortas and spleens®’. However, key differences exist between these studies that could
contribute to these differences in results. First, a key difference is the difference in mouse model
as discussed above, as ApoE-/- mice were used here as opposed to Ldlr-/- mice, which may
contribute to slightly different immune cell activity in the context of heart disease. Additionally,
in this study DCs were defined as CD45+ CD11c+ MHCII+, while Yi et al. further specified DC
subsets using CD103 staining. Furthermore, in this study the PS used were on the smaller side with
an average hydrodynamic diameter of 86 nm, as opposed to the PS used by Yi et al. that were
closer to 150 nm. Given the importance of nanocarrier size on organ and cellular uptake®® 4!, this
last factor may be a key contributor to the unexpected uptake results seen here. Overall, while P-
D2-PS did demonstrate moderate DC targeting in late stage atherosclerosis (Figure 4-18b), further
studies are needed to determine the exact effect of P-D2 on facilitating uptake into DCs at varying
stages of heart disease in ApoE-/- mice, focusing on more specific DC subsets as discussed above

since these subsets may play a larger role in the development of plaques than DCs globally.

4.4. Materials and Methods
4.4.1. Synthesis of DOTA and P-D2 Peptide Constructs
DOTA peptide ((Palmitoleic acid)>-K-(PEGs)-K(DOTA)-GG-K(DOTA)-GG-K(DOTA)) and P-

D2 peptide ((Palmitoleic acid),-K-PEGs-WGGVTLTYQFAAGPRDK) were synthesized by
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standard fluorenylmethoxycarbonyl (Fmoc) solid-phase peptide synthesis using a Liberty Blue
Microwave Assisted Peptide Synthesizer on rink amide resin. Automated coupling reactions were
performed using 4 equiv. Fmoc-protected amino acid, 4 equiv. of N,N -diisopropylcarbodiimide
(DIC), and 8 equiv. ethyl(hydroxyimino)cyanoacetate (Oxyma pure). Removal of the Fmoc groups
was achieved with 20% 4-methylpiperidine in dimethylformamide (DMF). This was done for
standard amino acids K(Mtt)GGK(Mtt)GGK(Mtt) and WGGVTLTYQFAAGPRDK (Mtt is 4-
methytrityl). For both peptides, (Fmoc-(PEG6), then Fmoc-K(Fmoc)-OH, and finally palmitoleic
acid were added manually using 2-(1H-Benzotriazol-1-ly)-1,1,3,3,-tetramethyluronium 2
hexafluorophosphate (HBTU, 2-4 eq) and N, N-diisopropylethyleamine (DIPEA, 4-8 eq) in DMF
by shaking for 3-6 h at room temperature. Next, for the DOTA peptide, the three Mtt protecting
groups were removed using a solution of 3% trifluoroacetic acid (TFA) in dichloromethane (DCM,
92%) and triisopropylsilane (TIS, 5%) for 5 min at room temperature followed by washing with
DCM. This process was repeated until no yellow color was observed when adding the TFA
solution. To the Mtt deprotected construct, DOTA-tris-t-Bu ester (1,4,7,10 -
tetraazacyclododecane - 1,4,710 - tetraacetic acid tri - tert - butyl ester) was then added (1.4 equiv.
per amine) with 8 equiv. DIPEA and 1.4 equiv. PyBOP ((Benzotriazol-1-
yloxy)tripyrrolidinophosphonium hexafluorophosphate) and the solution in DMF was allow to
shake at room temperature for 18 h. Completed peptides were then cleaved from the resin using
standard solutions of 95% TFA, 2.5% water, 2.5% TIS for 1-3 h and precipitated with cold ether.
Crude peptides were purified using reverse-phase HPLC (Waters Prep 150) with a HoO/CH3CN
gradient containing 0.1 % NH4OH (DOTA) or 0.1% TFA (P-D2). Pooled fractions containing the

desired peptides as determined by mass spectrometry were frozen and lyophilized to dryness.



140
Finally, the purity of lyophilized peptides was analyzed by liquid chromatography-mass
spectrometry (LC-MS) on an Agilent 6520 Q-TOF LC-MS.
4.4.2. Display of Peptide Constructs in PS and Gadolinium Chelation
DOTA- and P-D2-displaying PS were prepared through addition of each peptide dissolved in
DMSO at the designated molar ratios to pre-formed PS. These formulations were then placed on
a shaker overnight to allow insertion of the peptide constructs into the PS bilayer membranes. For
gadolinium chelation, a 1.5 molar excess of GdCl3 in 0.5 M sodium acetate (pH 5.5) was added to
formulations, which were then placed on a shaker for 1 hour. All formulations were then purified
via Zeba Spin Desalting Columns (7K MWCO, ThermoFisher Scientific) to remove excess peptide

and GdCls.

4.4.3. MRI Imaging

T1-weighted images were acquired using a 9.4T Bruker Biospec MRI System and a 1.5T Aera
MRI System. T1 color-coded maps were generated via post-processing of MRI images using
Matlab by fitting the signal decay of each pixel to a single exponential function.

4.4.4. In Vitro Assessment of PS Uptake by DC 2.4 Cells

DC 2.4 cells were seeded in each well of a 12-well plate and cultured overnight in complete RPMI.
DiR-loaded, peptide-displaying PS were added to each well (5 mg/mL in PBS, 100 pL) and
incubated for 4 h. Cells were then washed three times and collected in 1X PBS for flow cytometric
analysis. Samples were stained with Zombie Aqua (live/dead stain) and analyzed using a LSRII

flow cytometer (BD Biosciences).
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4.4.5. Animal Care and Use
Mice were housed and maintained at Northwestern University’s Center for Comparative Medicine
(CCM). All animal experiments were performed in accordance with animal protocols approved by

Northwestern University’s Institutional Animal Care and Use Committee (IACUC).

4.4.6. In Vivo Administration of PS

PS formulations (150 pL, 5 mg/mL) or controls were injected intravenously into C57BL/6J mice
via the tail vein. After 24 h, 500 pL of blood was collected retro-orbitally, and mice were
euthanized. Whole body perfusion via the heart was done with 3 mL of heparinized 1x PBS.

Livers, spleens, and aortas were collected for imaging, flow cytometry, and ICP-MS analysis.

4.4.7. Quantifying Organ Level Distribution of Nanocarriers
Livers, spleens, and aortas were imaged using an IVIS spectrum in vivo imaging system
(PerkinElmer, Waltham, MA). Organs were imaged using the preset filter for DiR at a 0.5 mm

sample height. Living Image software was used to calculate total radiant efficiency.

Following IVIS imaging, for ICP-MS analysis, organs were digested in 3% nitric acid and 0.75%
hydrogen peroxide at 65 °C overnight, and then adjusted to 50 mL of total sample volume using
Milli-Q H>0O. Gadolinium content of tissues was then measured as described above using a

computer-controlled Thermo iCapQ ICP-MS.

4.4.8. Measurement of Immune Cell Biodistributions
After IVIS imaging, for flow cytometric analysis, single cell suspensions were prepared from
livers, spleens, and aortas as described previously.’® Cells were first stained with anti-mouse

CD16/CD32 to block FcRs and Zombie Aqua fixable viability dye. Following this, cells were
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washed and then stained with a cocktail of fluorophore-conjugated anti-mouse antibodies
(Supporting Information). Flow cytometry was performed with Cytek Aurora spectral flow

cytometer and data were analyzed with FlowJo software.
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CHAPTER 5

5. Concluding Remarks and Future Directions

5.2. Concluding Remarks

The focus of this thesis was to explore the diagnostic potential of PEG-b-PPS nanocarriers via
their development for delivery of MRI contrast agents in the context of targeted imaging of
atherosclerotic CVD. Towards this aim, I have (i) developed and characterized the novel MBCN
nanocarrier, consisting of metal ferrite MNS-encapsulated PEG-b-PPS BCNss, and (ii) engineered
PEG-b-PPS PS to generate T1 MRI contrast through the incorporation of Gd-DOTA via a surface-

displayed peptide construct.

5.2.1. Development of MNS-encapsulated PEG-b-PPS Nanocarriers

While the delivery of small molecule cargo via PEG-b-PPS nanocarriers has been
demonstrated previously, the encapsulation of nanoscale cargo and of metal ferrite MNS
specifically had not been explored. Here, I found that 4 nm oleic-acid functionalized MNS could
be encapsulated within PEG-b-PPS micelles, polymersomes, and bicontinuous nanospheres using
the rapid and easy method of flash nanoprecipitation to form MMCs, MPSs, and MBCN:ss,
respectively. I found that MBCN s displayed the most efficient MNS encapsulation and focused on
them for in-depth characterization. My findings demonstrated the high potential of the MBCNSs for
multicargo delivery both in vitro and in vivo, along with the potential for sustained delivery
applications due to their oxidation responsiveness. However, while the MBCNs proved to be
superior to free hydrophilic MNS in terms of their r2 relaxivity in solution, this did not translate to

contrast enhancement in an ex vivo study in MBCN-treated mice. Therefore, the novel nanocarrier
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of MBCNs will need to be optimized further for diagnostic applications but has utility for

controlled drug delivery applications.

5.2.2. Thermal Activation of MNS-encapsulated PEG-b-PPS Nanocarriers

While metal ferrite MNS have been previously explored and optimized for thermal
activation, or the ability to generate heat via an external radiofrequency (RF) field?S, their efficacy
depends on their surface properties and interaction with their surrounding environment, which are
both expected to change upon encapsulation within polymeric delivery vehicles. Thus,
characterization of the thermal activation properties of the newly developed MNS-encapsulated
PEG-b-PPS nanocarriers presented in Chapter 2 was needed. Here, I assessed the ability of MNS-
encapsulated PEG-b-PPS micelles (MMCs) and bicontinuous nanospheres (MBCNs) to be
thermally activated for triggered drug release and cancer cell death applications. I found that
MMCs and MBCNs could be thermally activated to generate increases in bulk sample temperature,
but that this temperature did not reach levels classically needed for induction of apoptosis.
Additionally, I found that thermal activation of MNS-encapsulated PEG-b-PPS nanocarriers was
not sufficient to trigger release of co-encapsulated anticancer agents, but that it could induce cancer
cell death in cells treated with PEG-b-PPS nanocarriers encapsulated with MNS only or MNS plus
an anticancer agent. Overall, the thermal activation studies of MNS-encapsulated PEG-b-PPS
nanocarriers were largely inconsistent, with high variability even within repeated trials of the same
formulation, suggesting the need for optimization of thermal activation parameters in addition to
formulization optimization of MNS-encapsulated PEG-b-PPS nanocarriers, which is discussed

later in this chapter.
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5.2.3. Magnetic Targeting
Magnetically responsive nanocarriers have great promise for magnetically guided delivery,
particularly in the context of cancer targeting. Given that MNS-encapsulated PEG-b-PPS
nanocarriers should be magnetically responsive due to their MNS cargo, I explored the magnetic
manipulation of MBCNs in a pilot study. I found that MBCNs could accumulate locally within an
agarose gel via an externally applied magnetic field. These promising findings support the further

study of MNS-encapsulated PEG-b-PPS nanocarriers for magnetic guidance applications.

5.2.4. DOTA- and P-D2-displaying PS for T1 MRI and CVD Targeting

Having explored the delivery of T2 MRI contrast agents via PEG-b-PPS nanocarriers, I also
explored the incorporation and delivery of T1-enhancing agents, specifically focusing on Gd-
DOTA display on PS surfaces via a lipid tail construct. I successfully demonstrated the assembly
of these DOTA-PS, showing that they could enhance r; relaxivity in solution as compared with
free Gd-DOTA, and that they could enhance T1 MRI contrast in vitro. Furthermore, I proved that
the inclusion of the DOTA peptide construct allowed for quantitative tracking of these DOTA-PS
in vivo via ICP-MS, and that display of the DOTA peptide construct did not alter the organ-level
biodistribution of these PS. Finally, I characterized the effect of co-display of the P-D2 DC-
targeting peptide on the cell uptake of DOTA-PS, as well as its ability to achieve PS uptake in
mouse aortas and spleens at early and late stages of heart disease. In this study, I also characterized
the DC:macrophage ratio at early and late stages of heart disease, finding that this ratio was
surprisingly decreased in ApoE-/- mice in late stage heart disease compared with early stage.

Overall, DOTA-PS are promising nanocarriers for enhancing T1 MRI contrast in vitro, but further
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studies are needed before applying them to in vivo applications, such as staging atherosclerotic
heart disease.

5.3.  Future Directions

The work I have discussed here in this thesis is an expansion of the current applications of
PEG-b-PPS nanocarriers, demonstrating that they can be engineered for diagnostic applications
and molecular imaging via stable encapsulation of MRI contrast agents. Along the way, my work
raised questions that I did not have time to pursue or that were outside the scope of this work. I
have outlined these areas of future work here, in the hopes that future members of the Scott Lab
and other groups may pursue them in the effort to expand the diagnostic applications of PEG-b-

PPS nanocarriers even further.

5.3.1. MNS Encapsulation within Other PEG-b-PPS Nanocarrier Morphologies
While I focused on the encapsulation of metal ferrite MNS within three specific PEG-b-
PPS morphologies (MCs, PSs, BCNs) in this work, other nanocarrier morphologies have been
developed within the Scott Lab in recent years that would be intriguing to assess for MNS delivery.
Wormlike filomicelles (FMs) are one such example, demonstrating utility for sustained delivery
applications, as they possess long systemic circulation times and can undergo “cylinder-to-sphere”
morphological transitions into MCs** 37. Recently, PEG-b-PPS FMs have been extensively
characterized by Nicholas Karabin®’, and FMs composed of PEG-5-PPS mixed with pi-stacking
perylene bisimide (PBI) have been developed by Sophia Li. These mixed PBI-containing FMs
(mPBI-FMs) have enhanced stability as compared with traditional PEG-b-PPS FMs. A study
comparing the encapsulation of MNS within traditional FM and mPBI-FM would be very

interesting and could potentially provide additional valuable nanocarrier platforms for MNS
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delivery. Additionally, it would be intriguing to assess if MNS-encapsulated PEG-5-PPS FM and
mPBI-FM could transition into MNS-encapsulated micellar nanocarriers in oxidative

environments, and what those newly formed structures would look like.

5.3.2. Oxidation Sensitivity of MNS-encapsulated PEG-b-PPS Nanocarriers

In this work, I described my findings and characterization of the oxidation-driven transition
in morphology of MBCNs to MMCs (Chapter 2). I explored this transition at one specific
nanocarrier concentration over time (up to 24 h) in solution. To expand on this work, the effect of
varying other parameters on MBCN oxidation could be studied, such as changing the
nanocarrier:peroxide concentration ratio, exploring this oxidative transition in vitro and in vivo,

and varying the amount of encapsulated MNS within the MBCNs.

Here, I employed a very high concentration of hydrogen peroxide in order to demonstrate
the MBCN to MMC transition as a proof of concept. Specifically, such a high concentration of
peroxide was chosen in order to maximize the transition from MBCNs to MMCs and provide
enough MMC:s to assess via DLS and visualize on cryo-TEM. Now that this oxidation-mediated
transition of MBCNs has been established, exploring this at a lower, more physiologic
concentration of hydrogen peroxide would provide insight into what may occur in vitro or in vivo

in oxidative environments.

Additionally, exploring whether this transition of MBCNss is occurring intracellularly upon
uptake into cells is another question that I had, but was unable to answer due to limitations of
imaging methods. Specifically, I demonstrated that MBCNs were internalized within intracellular
vesicles upon in vitro uptake (Chapter 2, Figure 2-13), appearing as bright white punctae and

clusters upon scanning TEM. While these bright white features were confirmed to be largely iron-
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based via EDS elemental mapping suggesting that they were MNS overall, [ was curious if these
features truly represented MBCNSs, if they had transitioned into MMCs intracellularly, or if they
were simply free MNS released from within the MBCNs. However, this was unable to be
determined visually from the TEM images given the resolution limits of this microscopy method.
Currently, my hypothesis is that the smaller, individual bright white punctae represent oxidized
MBCNs (MMCs) while the larger white features represent intact MBCNs. While this cannot
currently be assessed, perhaps this is a question that can be answered as microscopy methods

continue to advance as it would provide key insight into the in vitro oxidation of MBCNss.

Another variable that I did not explore that may influence the oxidative transition of
MBCNs to MMCs is the initial ratio of encapsulated MNS to PEG-b-PPS polymer. Given my
findings that higher encapsulation of MNS within MBCNss leads to larger MNS aggregates within
individual MBCNs, 1 would hypothesize that MBCNs with a higher weight % of MNS would
transition to larger MMCs. This could be explored in the future with a systematic assessment of
MBCNs loaded with a range of MNS by weight %, followed by oxidation studies, DLS, and cryo-

TEM.

Finally, as traditional BCNs have recently been found to form a depot when injected
subcutaneously, it would be interesting to assess if MBCNs also have this capability. If so, given
their oxidation responsiveness, the ability of MBCNs to transition to MMCs in vivo would be

fascinating to assess and very exciting for sustained delivery applications.

5.3.3. Magnetic Targeting of MNS-encapsulated PEG-b-PPS Nanocarriers
Magnetic guidance is an intriguing strategy for the enhancement of magnetic cargo at target

sites via an external magnetic field. I explored the magnetic field responsiveness of MBCNss in a
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very preliminary study, demonstrating enhanced accumulation of MBCNs within an agarose gel
via an external magnet (Chapter 3, Figure 3-8). Based on the promising results from that pilot
study, exploring the magnetic manipulation of MBCNs along with other MNS-encapsulated PEG-
b-PPS nanocarriers would be worth exploring. Variables such as MNS encapsulation %, overall
PS concentration, duration of magnetic field exposure, and strength of the external magnetic field
need to be assessed to provide the optimal parameters for magnetic guidance. Following such
optimization, a very fascinating study would be to assess the ability of an external magnetic field
to modulate the biodistribution of MBCNS. In the Scott Lab, we currently have a mouse model of
melanoma, which could be used to assess tumor accumulation of MBCNs with and without the
presence of an external magnet near the tumor site, as demonstrated with other nanocarrier

systems'?’.

5.34. Optimization of the DOTA peptide Construct for Molecular Imaging

In this work, I have engineered PEG-b-PPS PS to provide T1 MRI contrast enhancement
through surface-display of Gd-DOTA via a lipid tail construct. Specifically, I found that the
DOTA-PS had modest r; relaxivity in solution as measured on a relaxometer and were able to
enhance contrast in vitro upon cell pellet imaging, but were unable to induce T1 shortening and
contrast enhancement in vivo. These findings and the performance of the DOTA-PS for MRI
contrast enhancement could perhaps be improved by further optimization of the DOTA peptide

construct, as in this work I focused only on one lipid tail construct design as a proof of concept.

In terms of optimizing the DOTA peptide construct, there are three components of the lipid
tail construct that could be modulated: the lipid tail, the PEG spacer, and the KGGKGGK peptide

sequence itself. Altering these latter two components and the subsequent effect on DOTA-PS
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relaxivity and T1 shortening would be most intriguing to assess. Specifically, varying the PEG
spacer length is a key strategy for modulating the display of the peptide portion of these lipid tail
constructs on nanocarrier surfaces, which is an area of research being explored by Michael
Vincent®!. Different PEG spacer lengths should theoretically lead to different interactions of the
DOTA-PS with water molecules in bulk solution, as the DOTA peptide will be either buried within
the PEG corona with shorter PEG spacers or exposed above it with longer PEG spacers. The effect
of'this on the subsequent r; relaxivity and T1 shortening will be important to assess in future studies
with the DOTA-PS. Perhaps a PEG6 spacer as chosen in my work is not the optimal PEG spacer
length for the DOTA peptide construct and subsequent contrast enhancement, despite success of

this spacer length with display of other peptide constructs like P-D2 on PS bilayer membranes>’.

Another approach to optimize the DOTA peptide construct would be to modify the short
peptide sequence used to conjugate the three DOTA molecules. Here, a linear peptide sequence of
KGGKGGK was used in order to provide multiple Gd per peptide construct and therefore more
Gd per nanocarrier, as this has been demonstrated to increase overall contrast enhancement?!.
However, aside from increasing the overall Gd per construct, the specific way that Gd is linked to
a carrier is also crucial, which future iterations of the DOTA peptide construct should consider.
Specifically, it’s known that Gd complexes linked in a branching fashion are more effective for
enhancing contrast as compared with Gd complexes linked linearly'>. This is thought to be due to
increased isotropic rotation for Gd complexes linked to branched structures as opposed to
anisotropic rotation and less rigidity of Gd complexes linked to linear structures?! '®°. Though the

Gd-DOTA is not exactly conjugated in a linear fashion in the current DOTA peptide construct, as

it is conjugated to lysine sidechains, it would be worthwhile to explore the effect of incorporating
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more branching overall into the DOTA peptide construct design. For example, asparagine residues
could be used instead of lysine, as these each have two amines per side chain for DOTA
conjugation. This would provide more of a branched structure to the peptide construct and would
simultaneously double the Gd per construct. A similar effect of limiting local rotation ofthe DOTA
peptide construct to provide enhanced contrast would be to attach it somehow at two points to the
PS surface, with the short peptide serving as a bridge between two separate lipid tails. This strategy
of multilocus binding has been shown to be successful for improving relaxivity and contrast

enhancement for Gd bound to the surface of large proteins through increased rigidity'.

For all of these approaches and modifications to the DOTA peptide construct, an additional
step of measuring the field-dependent r| relaxivity of the resulting DOTA-PS should be assessed
using the technique of nuclear magnetic relaxation dispersion (NMRD)?!. This important step

would allow for better prediction of how DOTA-PS may perform in vitro and especially in vivo.

Aside from optimizing the display of the DOTA peptide construct on PS, its incorporation
into PEG-h-PPS BCNs would also be very valuable to study, given the high encapsulation
efficiency of BCNs for small molecule payloads and given their unique structure of multiple
intertwined bilayer membranes. Due to the presence of aqueous channels running throughout the
BCN structure, there is high water access to cargo loaded even at the center of the nanocarrier, as
I demonstrated in Chapter 2 with the MBCNs. BCNs should therefore be able to encapsulate and
display the DOTA peptide construct very efficiently within their multiple bilayer membranes, and
likely demonstrate relaxivity enhancement given the high water access throughout the nanocarrier.
However, for this strategy the length of the PEG spacer and the overall DOTA peptide construct

would need to first be optimized for incorporation into BCNSs.
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Finally, while the DOTA-PS were used here for MRI via chelation of Gd(III), DOTA has the
ability to chelate other ions as well, which could be leveraged for the incorporation of radioactive
elements for another molecular imaging modality: position emission tomography (PET) imaging.
Specifically, the radiometals Copper-64 (**Cu) and Gallium-68 (°Ga) have been of high interest
in recent years for PET imaging!’’, with DOTA-based chelators being explored for delivery of
these agents. Incorporation of ®*Cu or ®Ga via the DOTA peptide construct would greatly enhance
the diagnostic potential of PEG-b-PPS nanocarriers as PET imaging is a highly sensitive modality
compared to MRI, and it can also be combined with computed tomography (CT) to provide
anatomic information. Furthermore, as PET/MRI integrated systems become more widely
available, these DOTA-PS could potentially prove useful for multi-modality PET/MRI imaging

through simultaneous chelation of both Gd for MRI and a PET radiotracer like **Cu or ®*Ga.
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