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ABSTRACT

Development and Characterization of Pi-stacking Filamentous Polymeric Nanocarriers for

Applications in Nanomedicine

Sophia Li

Nanocarriers, structures with at least one dimension on the nanoscale (1-1000 nm), have been
engineered for delivery of various cargoes. The shape and flexibility of nanocarriers are important
parameters that influence their biological performance. Self-assembling polymeric filamentous
nanocarriers, known as filomicelles (FM), are of great interest to nanomedicine due to their
structural flexibility, extensive systemic circulation time, and amenability to unique “cylinder-to-
sphere” morphological transitions for sustained drug delivery. FM self-assembled from the block
copolymer poly(ethylene glycol)-block-poly(propylene sulfide) (PEG-H-PPS) have great potential
for drug delivery applications, particularly in immunomodulation. However, current fabrication
techniques for FM self-assembly are highly variable and difficult to scale, and the impact of FM
flexibility on nanocarrier uptake is not well-understood. In this work, I describe the development
and characterization of a pi-stacking filamentous nanocarrier platform with controlled flexibility,
enhanced stability, and scalable formation for drug delivery. First, I demonstrate that co-assembly
of PEG-b-PPS diblocks with tetrablock copolymers composed of PEG-b-PPS linked by a pi-
stacking perylene bisimide (PBI) moiety permits rapid, scalable, and facile assembly of FM with
control over length and flexibility. Secondly, I found that the flexibility of filamentous
nanocarriers can be optimized to decrease their internalization by macrophages in vitro, modulate

their biodistribution on the cellular and organ level, and increase their systemic circulation times



in vivo compared to (-)PBI-FM without PBI tetrablocks. Lastly, I investigated the potential utility
of this FM nanocarrier platform in various biomedical applications, including passive targeting in
a melanoma cancer model and as drug delivery vehicles for an anti-parasitic drug. Thus, my work
shows that incorporation of pi-stacking moieties allows for rapid, scalable assembly of FM with

tunable flexibility and stability for applications in nanomedicine.
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Figure 4-16. Organ-level biodistribution of DiR-loaded nanocarriers of various morphologies

after intratumoral injection in a B16F10 melanoma mouse model in C57BL/6J mice.
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CHAPTER 1

1. Introduction: Dissertation Overview and Review of Literature

1.1 Dissertation Overview

1.1.1. Motivations and Objectives

The morphology and flexibility of nanoparticles impact their performance in vivo, from their
biodistribution and circulation time to their internalization and interactions with immune cells. In
this work, filamentous polymeric nanocarriers composed of poly(ethylene glycol)-block-
poly(propylene sulfide) (PEG-b-PPS) co-assembled with pi-stacking block copolymers are
developed as drug delivery vehicles to investigate the effect of filament flexibility on immune cell
interactions and uptake. In addition, these filamentous nanocarriers are explored in different

biomedical applications, including in passive targeting and antiparasitic drug delivery.

1.1.2. Dissertation Outline

In Chapter 1, a comprehensive overview of the synthesis and characterization of filamentous
polymeric nanoparticles will be provided. In addition, the potential advantages of their unique
morphology for biomedical applications ranging from cancer nanomedicine to
immunoengineering will be discussed. Chapter 2 will cover my work in the development and
characterization of a new pi-stacking filamentous nanocarrier platform with controlled flexibility,
enhanced stability and scalable formation compared with PEG-5-PPS nanocarriers without pi-
stacking chemical moieties. Chapter 3 will discuss my investigation of how the flexibility of
filamentous nanocarriers impacts their internalization by macrophages in vitro and their

biodistribution on a cellular and organ-level in vivo. Chapter 4 will explore the potential of the
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filamentous nanocarriers in various biomedical applications, including passive targeting of the
tumor-draining lymph node in a melanoma cancer model and as drug delivery vehicles for an anti-
parasitic drug for Chagas disease. Lastly, Chapter 5 will summarize my work and detail future

directions for the development of filamentous nanocarriers for biomedical applications.

1.2 Review of the Literature

1.2.1 Self-assembled Filamentous Structures

Self-assembled filamentous nanostructures can be found throughout nature, from disease-
causing agents to essential components of the extracellular matrix and cytoskeleton. These
nanofilaments have a wide range of physicochemical properties made possible by their high aspect
ratio morphology that enhances their biological function. Filamentous viruses include the Ebola
virus in the filovirus family, which causes outbreaks of hemorrhagic fever in humans.! Influenza
virus, which causes seasonal epidemics in humans, has both spherical and filamentous forms, with
the 2009 pandemic strain and human isolates from the upper respiratory tract found to be
predominantly filamentous.> Many plant viruses, such as Tobacco Mosaic Virus and Potato Virus
X, and M13 bacteriophage are filamentous but not pathogenic to humans, and so are of interest to
serve as the basis of self-assembled materials for biomedical applications.>* Self-assembled
filaments are also found throughout the human body, as exemplified by actin filaments and
microtubules that dynamically control cell shape and migration as well as collagen fibrils, which
are the primary component of the extracellular matrix. These filaments, with their diverse range
of lengths, diameters, and stiffness (Table 1-1), have been the inspiration for many biomimetic

engineered nanofilaments that serve as biomaterials for tissue engineering and drug delivery.
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Table 1-1. Morphological parameters of examples of filamentous nanostructures found in

nature. The persistence length (L,) is the length along a filament where the direction of the

filament persists or does not change before the filament bends. It is thus a measure of the flexibility

of a filament, where more flexible filaments have length (L) of the filament much greater than L,

and more rigid filaments have L, >L. The L; of different filaments found in nature is listed here

if experimentally quantified.

Ly=1 pm

Length Diameter Flexibility References
Ebola virus 1-20 pm 100 nm Flexible 4
Influenza virus 20 pm 100 nm Flexible 2
(filamentous
form)
Tobacco Mosaic 300 nm 18 nm Rigid >
Virus
Potato Virus X  515nm 13nm Flexible 6.7
M13 900 nm 4.5 nm Semi-flexible 8-10
Bacteriophage Ly=1um

Length Diameter Flexibility References
Actin filaments Upto 100 pm 8 nm Flexible, L,=16.7 pm !
Microtubules Upto 100 pm 30 nm Rigid 12

Ly=5200 pm

Intermediate 2-4 um 8-12 nm Flexible, 13
filaments
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Type 1 collagen 309 nm 1.5 nm Flexible, 14,15
monomer L,=14.5nm

Type 1 collagen  14.6 pm 156 nm Flexible, 16
fiber L,=9.11 um

Self-assembly is the spontaneous, thermodynamically-driven arrangement of amphiphilic
molecules into ordered structures.!” Amphiphiles, molecules consisting of both hydrophobic and
hydrophilic components, spontaneously self-organize when above critical aggregation
concentrations under specific solvent conditions to form diverse morphologies, a process that has
been reviewed extensively elsewhere.!” '8 A range of natural and synthetic molecules, including
proteins, peptides, and polymers, have been employed to self-assemble into nanofilaments (Figure
1-1) . Viral proteins, after extraction from natural sources such as plants or synthesis in vitro, have
been studied as building blocks for protein-based filaments that self-assemble around nucleic acid
templates.® ! Peptides can also self-assemble into nanofibers stabilized via m-stacking interactions
and/or by forming secondary structures like a-helices and B-sheets via hydrogen bonding.?’-**
Synthetic nanofilaments can be formed from peptide amphiphiles (PA) fabricated using solid
phase chemistry, which generally consist of a hydrophobic lipid tail conjugated to a hydrophilic
peptide sequence.?> Similarly, amphiphilic block copolymers (BCP) synthesized via living

polymerization techniques, allow the self-assembly of cylindrical “worm-like micelles,” also

known as filomicelles (FM).26-%7
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o 560I'\m

Polymeric Peptide amphiphile Viral filaments

filomicelles nanofibers
Figure 1-1. Filaments of different lengths and flexibilities can be self-assembled from diverse
building blocks including block copolymers, peptide amphiphiles, and proteins. A) Cryogenic
transmission electron microscopy (Cryo-TEM) image of polymeric filaments (filomicelles) self-
assembled from the block copolymer poly-ethylene glycol-b-(poly camptothecin methacrylate-2-
(pentamethyleneimino)ethyl methacrylate), or PEG-b6-P(CPTKMA-co-PEMA). Reproduced with
permission from Ke et al., 2020.2 Copyright 2020 Elsevier. B) Cryo-TEM image of nanofibers
self-assembled from peptide amphiphiles. Reproduced with permission from Lin ef al., 2018.%8
Copyright 2018 RSC. C) Transmission electron microscopy (TEM) image of viral filament potato
virus X (515 nm by 13 nm) self-assembled from viral proteins. Adapted with permission from

Shukla et al., 2017.%° Copyright 2017 Elsevier.

FM, compared to other self-assembled filament systems, have enhanced stability, potential for
scalable production, and chemical versatility that make them attractive for biomedical applications.
FM have the advantages of requiring chemical synthesis instead of recombinant technology, which

is faster and less costly to scale up to Good Manufacturing Practice (GMP)-grade manufacturing.”
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19:30 Unlike viral filaments, FM formation does not require extraction from biological organisms,
and thus less regulation and optimization is needed to ensure removal of biological impurities.” '*
30 Synthetic polymers also have increased stability and processibility compared to peptides and
proteins.’! Proteins and peptides are sensitive to factors such as pH, temperature, and salt
concentrations, leading to challenges in solubility, stability and scalability.*® For example,
different salt forms of a peptide may be ideal for small scale manufacturing but not for large scale.

Lastly, the chemical versatility of BCP systems have allowed for the development of a variety of

biocompatible and biodegradable FM functionalized with bioactive moieties.>

While much progress in the development of synthetic polymeric filaments for biomedical
applications has been made, FM, unlike filaments self-assembled from viral proteins and peptides,
24,3335 have not yet advanced beyond pre-clinical studies. Current challenges for clinical
translation of FM include achieving more monodisperse filaments with control over filament
length and flexibility, improving the scalability of self-assembly methods, and furthering our

understanding of the pharmacokinetics and biodistribution of filamentous nanocarriers in vivo.
1.2.2. Synthesis, Self-assembly, and Stability of Polymeric Filaments

The engineering of FM for biological applications requires the rational design of three different
areas: synthesis of the block copolymer, formation of FM via self-assembly, and controlled
modulation of FM stability. Amphiphilic BCP that form FM can be synthesized from a variety of
hydrophilic and hydrophobic monomers with diverse chemistries allowing for the incorporation
of functional groups or prodrugs.>* FM formation then must be explored for each block copolymer

system via various self-assembly methods.*? These methods generally exploit a selective solvent
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to drive the aggregation or crystallization of the hydrophobic block, and include techniques such
as thin film hydration, flash nanoprecipitation, and crystallization-induced self-assembly.3? 3¢ 37
Lastly, as FM often are kinetically controlled systems, FM can undergo cylinder-to-sphere
morphological transitions depending on the chemical properties of the BCP and solvent
conditions.*® 3 By modulating the kinetics of this transition, control over FM stability and thus

cargo release can be achieved. Thus, the BCP chemistry, self-assembly method, and FM stability

can be optimized to form FM for desired biomedical applications.

1.2.2.1 Synthesis of FM-forming BCP. Polymer engineering has enabled the synthesis of BCP with
controlled composition and chain length to form diverse nanostructure morphologies, including
FM. Filamentous structures preferentially form when Israelachvili’s packing parameter p=v/(aol),
where v is the volume of the hydrophobic block, ao is the area of the hydrophilic head, and I is the
length of the hydrophobic block, is 1/3<p<1/2.4%* Based on this principle, the hydrophilic weight
fraction (f) of the BCP is one parameter that has been utilized to predict nanostructure
morphologies after self-assembly.*>* The general trend is that vesicular polymersomes (PS), then
FM, then micelles (MC) are observed as f increases, although the exact cutoff points between
different morphology regimes depend on the BCP system.*** Thus, polymerization techniques
that allow the reproducible synthesis of BCP in the desired hydrophilic weight fraction (f) range,
along with control over chemical functionality and composition, is needed to synthesize FM-

forming BCP.
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Figure 1-2. Chemical structures of select hydrophilic and hydrophobic polymers that have
been used to form amphiphilic block copolymers that self-assemble into FM. PEO:
poly(ethylene oxide) or poly (ethylene glycol). PDMAEMA: poly((N,N’-dimethylamino)ethyl
methacrylate). P(DEGMA-co-HPMA): poly((di(ethylene glycol) methyl ether methacrylate)co-N-
(2-hydroxypropyl) methacrylamide)). PBD: polybutadiene. PCL: poly(e-caprolactone). P(CL-r-
LA): poly(3-caprolactone-r-L,D-lactide). PEE: polyethylethylene. PLA: poly(lactic acid). PBCL:
poly(a-benzyl carboxylate-e-caprolactone). PPS: poly(propylene sulfide). PS: polystyrene.
P(AGE-S-R): postalkylated poly(allyl glycidyl ether). PMAEBA: poly(p-

(methacryloxyethoxy)benzaldehyde). PFS: poly(ferrocenyl dimethylsilane).
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Many amphiphilic BCP used to form FM are synthesized with living anionic
polymerization, where polymerization is initiated by anions, generally without spontaneous
termination reactions.*> Anionic polymerization allows for the synthesis of polymers with low

® Some of the most common

polydispersity in terms of molecular weight and composition.*
hydrophilic and hydrophobic polymers used to form FM are shown in Figure 1-2. These include
poly(ethyleneoxide)-b-poly(butadiene) (PEO-b-PB) and poly(ethyleneoxide)-b-
poly(ethylethylene) (PEO-b-PEE), which are inert and have been used to form long FM that are
tens of microns in length.?’” Other BCP used for FM formation include PEO-b-poly(g-caprolactone)
(PEO-b-PCL), PEG-b-poly(lactic acid) (PEG-b-PLA), PEG-b-poly(e-caprolactone-r-lactic acid)
(PEG-b-P(CL-r-LA)), and PEG-b-poly(alpha-benzyl carboxylate epsilon-caprolactone) (PEG-b-
PBCL).*”3° These BCP are attractive for biomedical applications because of their biodegradability
and biocompatibility.’! PEG-h-PBCL also contains an aromatic group in its hydrophobic core,
which enhances FM formation compared to PEG-b-PCL FM, increasing the mass fraction of FM
vs. MC formed.* Another BCP that can form FM, poly(ethylene glycol)-b-poly(propylene sulfide)
(PEG-b-PPS), is oxidation sensitive and has shown to be non-toxic and non-immunogenic.> 32
Methoxypoly(ethylene glycol)-b-poly(allyl glycidyl ether) (mPEG-b-PAGE) is another
biocompatible BCP first synthesized with anionic polymerization. In this case, alkyl chains of
different lengths were then conjugated to the hydrophobic block via thiol-ene click chemistry,
allowing the formation of BCP with different hydrophilic weight fractions from the same initial

BCP.*  Anionic polymerization therefore continues to be useful for synthesizing biocompatible

BCP for FM self-assembly.
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FM-forming BCP have also been synthesized through reversible addition-fragmentation
chain-transfer (RAFT) polymerization, which is a living radical polymerization. RAFT
polymerization also allows for the synthesis of polymers with controlled molecular weight,
versatile end-group functionalization and low molar mass polydispersity.>* In one example, PEG
with a copolymerized block of thioketal-linked camptothecin methacrylate (CPTKMA) and 2-
(pentamethyleneimino) ethyl methacrylate (PEMA), (PEG-b-P(CPTKMA-co-PEMA), formed

FM with an average length of 2.5 um.?®

This diblock copolymer is both pH and oxidation
responsive and a prodrug of camptothecin, allowing stimuli-responsive drug release of an anti-

cancer therapeutic.’® Another BCP-prodrug was made from poly((N,N'-dimethylamino)ethyl

methacrylate)-b-poly(methacryloxyethoxy)benzaldehyde), or PDMAEMA-b-PMAEBA, where
the anti-cancer drug doxorubicin was conjugated to the aldehyde groups of PMAEBA, leading to
pH-responsive drug release.’®> This BCP formed short FM with a length of 140 nm and longer FM
with a length of 2 um depending on the hydrophobic chain length.>®> This synthesis technique also
allows for FM to be self-assembled during a one-pot polymerization process. RAFT
polymerization is thus especially useful for the synthesis of pro-drug FM for biomedical

applications.

In summary, BCP for FM self-assembly can be synthesized by both anionic polymerization
and RAFT polymerization to achieve BCP with low polydispersity, different hydrophilic weight
fractions, and a variety of hydrophobic and hydrophilic blocks. The engineering and design of FM
for biomedical applications starts with consideration of the chemistry of the block copolymer. The

BCP used influences the biocompatibility, biodegradability, immunogenicity, drug-loading
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capacity, and stimuli-responsiveness of the self-assembled FM. Reproducible formation and
stability of the resulting FM and FM “cylinder-to-sphere” transitions also are influenced by the

chemistry of the BCP.

1.2.2.2 Self-assembly Methods for FM. The spontaneous self-assembly of filamentous
structures versus other morphologies not only depends on the chemical composition and
hydrophilic weight fraction of the BCP but also on the formation method, which has to be
optimized for each BCP.!”- % Standard self-assembly methods for FM include thin film hydration
and co-solvent evaporation.’> > In thin film hydration, the block copolymer is dissolved in an
organic solvent and dried into a thin film that is hydrated with the aqueous solvent under
agitation.’” %% In co-solvent evaporation, the block copolymer is first solubilized in an organic
solvent suitable for both blocks and then added to an aqueous solvent while mixing, after which
the organic solvent is allowed to evaporate or removed by dialysis.!”**4 These methods require
the optimization of different parameters such as the thickness of the film and hydrophobicity of
the block copolymers for thin film hydration, and stirring speed and rate of addition of the organic
solvent to the aqueous solvent for co-solvent evaporation.?® 3> Neither of these methods are
highly reproducible or scalable for the assembly of uniform FM without significant contamination
of other nanostructures, such as MC and PS. There is thus considerable interest in developing

additional methods for improving FM self-assembly.

Emerging self-assembly methods for FM formation include flash nanoprecipitation (FNP),
crystallization-driven self-assembly (CDSA), polymerization-induced self-assembly (PISA), and

temperature-induced morphological transitions (TIMT).32:37:60" A rapid and scalable self-assembly
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method, FNP involves the dissolution of the block copolymer in a water-miscible organic solvent
followed by rapid mixing with an aqueous solvent in a confined impingement jet mixer. So far,
PEG-b-PPS have been shown to form FM via FNP with f=0.21, and this technique may be
applicable for FM formation with other BCP systems.’’” In CDSA, one of the blocks of the
semicrystalline BCP, such as PEO, PLA, or poly(ferrocenylsilanes), crystallizes in a selective
solvent to form the FM core. ! This method has the advantage of generating FM with highly
uniform lengths.®* %> However, CDSA has mainly been used to form FM in organic solvents, and
the toxicity of these FM in vivo still needs to be assessed. In PISA, micelles are formed in situ
during the synthesis of the BCP, and as polymerization continues, the micelles undergo a “sphere-
to-cylinder” transition into FM.*>? RAFT polymerization has been most widely used for PISA to
form FM without a second self-assembly step.’> ¢ However, forming FM in aqueous solutions
through PISA is currently limited to certain polymers (polystyrene, poly-2-hydroxypropyl
methacrylate, and poly(N-isopropylacrylamide)).’> Lastly, in TIMT, self-assembled spherical
nanostructures possessing polystyrene and different polymethacrylate cores undergo a “sphere-to-
cylinder” transition upon a change in temperature.*> % This allows for reversible temperature-
dependent “cylinder-to-sphere” transitions of non-toxic FM in vitro and the formation of

thermoresponsive gels.® 7

While these emerging self-assembly methods are promising for
enhancing the reproducibility and scalability of FM formation, more in vivo and toxicity studies

of FM formed from newer methods such as PISA and CDSA are needed as these FM are evaluated

for biomedical applications.

1.2.2.3  “Cylinder-to-sphere” Morphological Transitions of FM. Both thermodynamic

considerations and kinetic factors have been shown to affect the final nanostructure and
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morphological transitions observed in BCP systems.®® ¢ The kinetics of chain exchange, which
is required to reach equilibrium, is typically slower in aqueous solutions for BCP compared to low
molecular weight surfactants, promoting the formation of non-equilibrium structures.’® ’! FM are
an example of a morphology that can be formed through kinetic trapping depending on the self-
assembly method and solvent conditions, which often results in FM being difficult to self-assemble
reproducibly and undergoing “cylinder-to-sphere” transitions into micelles over time.*3 6% 72
Generally in BCP systems, the boundaries between different morphologies depend on many
parameters including the block chain lengths, the excluded volume of the soluble block, the surface
free energy per area of the insoluble block, the volume fraction of the monomer in the insoluble
block and intercoronal interactions.”® 7 Changing these parameters can shift the morphological
boundaries, which can induce “cylinder to sphere” morphological transitions.®> For example, the
volume fraction of the blocks can be changed through thermal deprotection or the addition of core-
like homopolymers to the system, leading to the morphological transition.”> ’® LaRue et al., also
demonstrated that the transition can be induced solely by temperature changes, where polystyrene-
b-polyisoprene FM transformed into spherical micelles upon heating to 35°C.% This was due to
the temperature dependence of the volume of the soluble block and surface free energy of the
insoluble block. Additionally, the “cylinder-to-sphere” transition can be induced by changes in
the interfacial tension through modulation of the solvent quality or chemical composition, 3% 7> 74
as FM and MC are respectively favored at higher and at lower interfacial tensions.” 7 In a model
system with FM composed of poly(ethylene-alt-propylene)-b-poly(ethylene oxide) diblock

copolymers in a mixture of dimethylformamide and water, at higher interfacial tension, FM are

favored as they have a smaller equivalent core radius and thus reduce the elastic energy of the core
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chains, while at lower interfacial tensions, MC reduce the interchain repulsion in the corona and
so are favored.”> A variety of mechanisms can therefore enable control over the “cylinder-to-

sphere” transition in FM.

Currently, there are two proposed kinetic pathways for the “cylinder-to-sphere” transition. The
first pathway is driven by Rayleigh instability, where undulations form along the length of the FM,
forming an intermediate that resembles a pearl necklace, before the entire FM fragments into MC.”
In the second pathway described by Burke and Eisenberg, the ends of the FM bud off, forming
MC.™ Both of these pathways have been visualized directly by transmission electron microscopy
(TEM) in different BCP systems.’® 77 While the reasons why a system would undergo one
pathway vs. the other is not well understood, the degree of deviation of the FM from the
equilibrium state and the magnitude of change in the interfacial tension that was induced may
affect the observed kinetic pathway.*®’”7 The budding mechanism has been seen in BCP systems
where there are changes in the interfacial tension over time as f of the BCP increases. For example,
in FM formed from PEO-b-PCL, hydrolysis of the PCL during “chain end cleavage” increases f,
leading to bulb formation and budding of spherical MC.*® In a similar mechanism to PEO-b-PCL,
oxidation of the hydrophobic PPS block in FM formed from (PEG-5-PPS) leads to an increase in
the hydrophilic weight fraction and spontaneous budding of MC.”” When the interfacial tension
was changed by a large solvent jump from a 50% to a 70% DMF solvent solution, the Rayleigh
instability pathway was observed in poly(ethylene-alt-propylene)—b-poly(ethylene oxide) FM.”
The Rayleigh instability pathway was also observed in poly(2-vinylpyridine)-b-poly(ethylene
oxide) FM over the course of days under continuous stirring.*® As no change in interfacial tension

was induced in this case, the rate and pathway of transition was hypothesized to be due to the
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inherent thermodynamic instability of the kinetically trapped FM.*® Thus, both the chemistry of
the block copolymer, solvent conditions, and thermodynamic stability of the FM after formation

influence the kinetics of the “cylinder-to-sphere” transition.
1.2.3 Characterization of Self-assembled Filaments

Many techniques have been applied to characterize self-assembled filaments. Fluorescence
microscopy (for filaments several microns in length), TEM, cryoTEM, and atomic force
microscopy have been used to visualize filaments and confirm their morphology. 3¢ 63 77- 80. 81
Filament parameters such as the persistence length, contour length, and core diameter can also be
estimated using these techniques with image analysis software, but require many representative
images or videos of freely diffusing FM when using fluorescent microscopy for statistical
analysis.*” 8! Other techniques including small angle X-ray scattering (SAXS) and small-angle
neutron scattering have been used to estimate filament parameters by measuring the scattering of
the filament population in solution and fitting the scattering data to various cylindrical models.?”
7782 The above techniques, along with dynamic light scattering, have been used to characterize
and provide insight into the mechanisms behind the “cylinder-to-sphere” transitions of FM. %3677
8 Dynamic oscillatory rheology has also been used to quantify the stiffness and viscoelasticity of

27, 67

concentrated filaments in solution. Taken together, accurate characterization of self-

assembled filaments requires confirmation with multiple orthogonal techniques.
1.2.4 Techniques to Modulate Filament Length and Flexibility.

Filament morphology parameters including their length and flexibility affect their

performance in vitro and in vivo, so it is advantageous to develop techniques for engineering
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filaments with different lengths and flexibility. As discussed earlier, the hydrophilic weight
fraction of the BCP influences the length of the FM, with decreasing hydrophilic weight fractions
generally leading to longer FM.>> BCP with higher molecular weights are also more amenable to
the formation of longer FM that are microns in length.>® Shorter FM can also be formed post-self-
assembly by fragmentation of longer FM through extrusion through membrane filters, sonication,
and ultrasound.?® %’ CDSA also allows for length control of FM by modulation of self-assembly
conditions, with good solvent conditions leading to long FM and poor solvents leading to short
FM because of an increased number of nuclei.®* The length of the FM can also be increased during
CDSA by adding more polymer during self-assembly.®?> The length of FM thus is influenced by

formation conditions and post-formation processing methods.

Different approaches to control FM flexibility include modulating the molecular weight of
the BCP, increasing the crystallinity of the hydrophobic core, and employing chemical cross-
linking. Increasing the molecular weight of the diblock copolymer and thus the diameter increased
the stiffness of PEO-b-PBD and PEO-b-PEE FM.*! # Increasing the alkyl chain length of mPEG-
b-PAGE increased the crystallinity of the BCP as measured by differential scanning calorimetry
and led to the formation of shorter more rigid rod-like FM.> This technique has also been used
for peptide filaments, as after addition of isomeric hydrocarbons to amphiphilic peptides, the
persistence length of peptide filaments was varied without changing the width or morphology.?®
Chemical crosslinking, such as of the poly(butadiene) hydrophobic core of FM, also increased the
stiffness and stability of FM.?”- %% 8! In another example, crosslinking of the FM core with a

siloxane led to stiffer FM that were then resistant to dissociation with methanol and surfactants.%*
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While great progress has been made, better understanding of the chemistry and techniques required

to modulate filament length and flexibility is still needed.

High drug
loading
capacity

Cylinder-to-
sphere
transitions for
release of
nanocarriers

Increased circulation time
Different biodistributi

Figure 1-3. Advantages of self-assembled filaments for biomedical applications. A) Self-
assembled filaments can be loaded with hydrophobic drugs in their core, and surface

functionalized with antigens and contrast agents. Some filaments can undergo controlled
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“cylinder-to-sphere” transitions for sustained delivery of spherical nanocarriers. B) Self-
assembled filaments can be crosslinked to form hydrogels for tissue regeneration or depots for
sustained drug release. C) Filaments have been shown to elongate under flow conditions leading
to increased circulation time and differences in biodistribution on an organ and cellular level. D)
Filaments, when compared with spherical nanocarriers, can be used to investigate the effects of
morphology on endocytosis. Filaments can also be functionalized with different targeting ligands
for multivalent targeting with increased avidity because more ligands can be incorporated on its
surface due to their high aspect ratio. The flexibility of targeted filaments has also shown to

increase receptor clustering.
1.2.5. Advantages of Filaments for Biomedical Applications

Filamentous nanostructures, because of their unique morphology, have certain advantages
for biomedicine including high drug loading capacities because of their high internal hydrophobic
surface area (Figure 1-3A).*” The filaments can also be crosslinked to form hydrogels for
applications in tissue engineering and sustained drug delivery (Figure 1-3B). The filamentous
morphology also leads to differences in circulation time and biodistribution (Figure 1-3C), with
FM shown to have increased accumulation in tumors in mice models.®® FM also have enhanced
avidity for multi-valent and active targeting to cells (Figure 1-3D).®* Filamentous nanostructures
have thus provided mechanistic insight into the effect of nanostructure morphology, including

length, flexibility, and aspect ratio, on the biological performance of materials in vivo.

1.2.5.1 High Drug Loading Capacities. FM show promise for nanomedicine due to their

high drug loading capacity, which has been extensively characterized in comparison with spherical
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MC. Cai et al. found that PEO-H-PCL FM had a 2-fold higher drug loading capacity for paclitaxel,
a chemotherapeutic, than spherical MC, most likely due to FM having a higher internal
hydrophobic surface area compared with MC.*’ Subsequent studies by the group enhanced this
drug loading capacity via incorporation of aromatic groups onto the hydrophobic block of the
copolymer and found that these FM were more stable and effective at inducing cancer cell death
in vitro and in vivo. ¥ The ability of FM to load multiple therapeutic cargoes has also been
investigated.® Jelonek et al. studied the loading of paclitaxel, 17-AAG, and rapamycin within
PEG-b-PLA FM, and found that individual drug loading efficiencies and release profiles were
dependent on drug-drug and drug-polymer interactions, with rapamycin having the lowest loading
efficiency. Therefore, careful assessment of how therapeutic cargoes interact with other payloads
and the polymer system is important in the design and applications of FM for cancer nanomedicine.
Lastly, while the drug loading capacities of FM are often characterized in comparison with
spherical MC, some block copolymer FM can actually transition into spherical MC in vivo upon
application of a particular stimulus.”” " Karabin ef al. demonstrated the ability of PEG-5-PPS FM
to retain encapsulated payloads within released spherical MC following an oxidation-triggered
“cylinder-to-sphere” transition.”” This property, along with their high drug loading capacity,
demonstrates the potential of FM to serve as tools for achieving sustained and controlled drug

delivery.

1.2.5.2 Morphology-dependent Differences in Circulation Time and Biodistribution. Self-
assembled filaments have been explored as nanocarriers for drug delivery since they exhibit
increased systemic circulation times compared to spherical nanoparticles.®’” A seminal work from

Discher’s group established a key connection between the length of FM and systemic circulation
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time.%® PEG-b-PCL FM, up to a length of 8 um, were able to circulate up to 7 days in rodents
following intravenous administration, approximately ten times longer than spherical particles.
This increase in circulation time may be due to the elongation of FM under certain flow conditions
where the flow rate> 5 pm/s, leading to decreased uptake by the mononuclear phagocyte system.>
56.39 Interestingly, FM longer than 8 um rapidly fragmented and were cleared quickly. A study
comparing the effects of morphology, crosslinking, and folate-conjugation on nanocarrier
biodistribution found that folate-conjugated, crosslinked polyethylene glycol methyl ether
acrylate-based FM have a characteristic long circulation time, but also high retention in the liver

O This increase in circulation time has also been confirmed with viral filaments. Le

and kidney.’
et al. developed a flexible, PEGylated potato mosaic virus (PEG-PVX) filament (515 nm in length

and 13 nm in width) conjugated with an anticancer drug, doxorubicin (DOX) and found that the

circulation time of DOX was increased in vivo.”!

The relationship between the length or aspect ratio of filaments and cellular internalization
is inversely proportional. Long or high aspect ratio filamentous nanocarriers exhibit stronger
interactions with the cell membrane; however, factors such as greater membrane wrapping time®?
and steric hindrance®® influence their uptake as compared to their short or low aspect ratio
counterparts. In one study, steric hindrance caused by long FM (~2.5 um) at the cell membrane
obstructed cellular uptake by macrophages whereas short FM (~180 nm) were readily internalized
via a clathrin and caveolae-mediated and energy-dependent pathway.?® Similarly, Shukla et al.,
demonstrated that PEGylated tobacco mosaic virus nanorods with a low aspect ratio (AR 3.5) were
rapidly phagocytosed by cells while high aspect ratio (AR 16.5) nanorods were trapped at the cell

membranes.’ The effect of surface charge on cellular internalization of positively-charged long
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filaments (> 10 um) self-assembled from GNNQQNY heptapeptide was recently studied.”?
However, this strategy enhanced cellular uptake by PC3-Flu cancer cells of vesicle nanocarriers
and not of the filaments. In a separate finding, cellular internalization of biotinylated worm
micelles made up of PEG-b-PEE was proposed to be mediated by a receptor-mediated endocytosis

mechanism through packaging of the micelle or fragmentation.®®

Filaments also exhibit different cellular and organ-level biodistribution in vivo compared
to spherical particles, allowing for passive targeting of distinct cell types. Yi et al., investigated
the cellular and organ-level biodistribution after intravenous administration in mice of PEG-b-PPS
FM,** which have great clinical potential due to their versatility in fabrication® and surface
functionalization,’® and non-toxic and non-immunogenic nature.®? Interestingly, PEG-b-PPS FM
were predominantly taken up by neutrophils and monocytes in the blood when compared to their
spherical (PS and MC) counterparts. Furthermore, these FM were minimally associated with
mononuclear phagocytic cells in the liver, lymph node, and spleen, which allowed enhanced
circulation time in the blood. These findings have set a benchmark for the development of new
cell-based immunotherapies using FM to treat chronic inflammatory diseases®’ and cancer’®
where neutrophils play a vital role. In another study, Dowling and Scott et al., showed that
subcutaneous administration of PEG-b5-PPS FM in mice was able to efficiently target monocytes

and plasmacytoid dendritic cells in the lymph node and spleen, respectively, demonstrating the

effect of the route of administration on immune cell targeting. '®

1.2.5.3 Enhanced Avidity for Active Targeting. Filaments allow for high targeting avidity due to

their high surface area per nanostructure, as ligands can be presented over their entire contour
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length. This increased ligand presentation on FM surfaces makes interaction with target cells or
tissues more likely, facilitating lengthwise adherence to specific surfaces. As an early example of
this principle, Dalhaimer et al., demonstrated the ability of biotinylated FM to “zip-up” lengthwise
onto avidin-coated surfaces within 1 second.®> Other applications of this concept have decorated
FM surfaces with targeting antibodies for more functional studies. Using antibodies specific for
endothelial surface markers (ICAM-1, PECAM-1, and thrombomodulin) conjugated onto
polyethylene oxide (PEO)-based FM, Shuvaev et al., demonstrated high avidity of the antibody-
presenting FM for targeting and binding to vascular endothelium, overcoming the forces of blood
flow alignment to anchor and zip up onto target cells.'”" As this blood flow alignment is
responsible for the uniquely long circulation time of FM, the authors highlighted the importance
of careful selection of targeting antibodies to design FM that have both high circulation time and

high target avidity.

A unique functional application of antibody-decorated filaments is their utilization as
synthetic dendritic cells (sDCs) via engineering of poly(isocyano peptide) filaments to display
anti-CD3 antibodies.!”? These sDCs were hypothesized to bind to and activate T cells via
multivalent interactions, where multiple neighboring receptors on a T cell could be engaged by
one sDC. T cell activation through subsequent clustering of the engaged receptors is then possible
for the filamentous sDCs due to their flexibility. Notably, the sDCs were able to activate T-cells

7-times more efficiently than spherical anti-CD3-labeled controls. Subsequent studies found that

3 104

both sDC co-stimulatory signal presentation'®® and higher antibody density!®* contributed to

enhanced activation.
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Finally, display of molecules on filament surfaces is advantageous for not just cellular
targeting, but also for enhanced targeting of disease-associated proteins or viruses. The Stupp
group synthesized PA nanofibers conjugated with aptamers specific for the B chain of the platelet-
derived growth factor (PDGF-BB), whose blockade is of therapeutic benefit in multiple
proliferative disorders.!® The aptamer-PA-nanofibers (apt-PAN) displayed improved binding
with PDGF-BB compared with free aptamers, due to multivalent interactions and cooperative
binding. The apt-PANSs also displayed increased nuclease resistance compared with free aptamers
suggesting that attachment onto the PAN surface slowed down DNA hydrolysis, indicating another
advantage of conjugation of targeting moieties onto filament surfaces. A very creative application
of ligand-decorated filamentous nanocarriers was shown by Chung et al., who developed
sialyllactose-conjugated filamentous bacteriophages (SLPhages) with anti-influenza activity.'%
The native M 13 bacteriophage structure had minimal immunogenicity but when decorated with
multiple sialyllactose ligands facilitated interactions with influenza virions by allowing the
SLPhages to wrap around individual viral particles, achieving subsequent inhibition of viral

activity.
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Figure 1-4. Emerging biomedical applications of self-assembled filaments.

1.2.6 Promising Biomedical Applications of Self-assembled Filaments

Over the past few decades, self-assembled filamentous nanostructures, including
polymeric FM, peptide nanofibers, and viral protein filaments, have evolved as promising
platforms for biomedical applications>® !%7, from drug delivery and tissue engineering to molecular
imaging (Figure 1-4). Here we will provide an overview of what has been achieved with
filamentous nanostructures in these emerging biomedical applications. For applications where
there are fewer examples of FM, peptide nanofibers and viral protein filaments are highlighted to

showcase the promise of polymeric FM systems in these fields.

1.2.6.1 Cancer Nanomedicine. The increased circulation time and increased avidity of self-
assembled filaments has been shown to enhance the delivery of chemotherapeutics, as the

filaments can achieve both high passive and active accumulation in the tumor.>% > For example,
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FM loaded with an anti-cancer drug, paclitaxel, significantly reduced tumor size compared to free
drug in nude mice bearing human tumor xenografts.’® Also, a prodrug strategy utilizing
PDMAEMA-b-PMAEBA nanorods and nanowires to efficiently deliver DOX has been
developed.'”® DOX was conjugated to PDMAEMA-h-PMAEBA nanorods with an acid-labile
imine linkage. The nanorods were able to rapidly release DOX in the acidic endolysosomes of
HeLa cells and showed enhanced cytotoxicity as compared to chemically identical vesicles and
longer nanowires. Similarly, PEG-PVX viral filaments conjugated with DOX increased the
circulation time of DOX in vivo, were able to penetrate tumors efficiently, and significantly
inhibited tumor growth as compared to free DOX in athymic mice bearing human MDA-MB-231
breast cancer tumors.® Interestingly, the aspect ratio of filaments is important in determining the
efficacy of passive vs. active targeting to the tumor. Low aspect ratio tobacco mosaic virus
filaments showed greater tumor penetration in vivo as they could diffuse through the endothelium,
and achieved greater passive targeting.” On the other hand, RGD-labeled viral filaments with a
medium aspect ratio achieved greater active targeting, due to the increase in receptor-ligand
interactions.> Active targeting of FM has also been explored with folate conjugation of FM, as
the folate receptor is overexpressed in multiple carcinoma types.'? Display of folic acid on betulin-
loaded FM was used to achieve targeted drug delivery to folate-receptor positive HeLa cells in
vitro. '% Further in vivo studies are needed to evaluate the utility of folate-conjugated FM for active

tumor targeting and anti-cancer drug delivery.

1.2.6.2 Aerosolized Delivery Systems. Drug delivery into the lung vasculature via inhalation of
aerosolized drugs is intriguing due to rapid absorption into the bloodstream and avoidance of first

pass metabolism.!!’ There is much to be learned for the rational design of FM for aerosolized,
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intrapulmonary delivery by studying how filamentous viruses survive transmission via respiratory
droplets and cross multiple biologic barriers to achieve infection, a concept that is discussed
elsewhere.!!! One interesting, non-biomedical application of aerosolized FM was shown by
Mahmud et al., who demonstrated the spray-stability and efficacy of herbicide-loaded PEO-b5-PCL
FM at minimizing pest infestations on plants.!'? After spraying, the FM were found to shorten
from an initial persistence length of 12 um to 3-8 pm, but were able to retain encapsulated payloads
and minimize plant pest activity. While this study demonstrated the feasibility of drug-loaded FM
for withstanding the shear stresses faced during aerosolization, further studies are needed to

characterize their drug delivery capability as aerosols for biomedical applications.

1.2.6.3 Contrast Agent Delivery for Imaging. In terms of molecular imaging, filamentous
structures have primarily been explored for magnetic resonance imaging (MRI) contrast
enhancement through the incorporation of gadolinium-based contrast agents for T1 enhancement
or iron oxide (I0) nanoparticles for T2 enhancement. Esser ef al. formulated Gadolinium (Gd)-
DOTA-labeled MC, vesicles, and FM, and found that FM had highest Gd incorporation per
polymer and higher 1 relaxivity (a measure of the efficacy of MRI contrast enhancement).'!* Both
results were attributed to the length and larger volume of the FMs. For T2 contrast enhancement,
studies have utilized 10 nanoparticles stabilized via dextran to form 10 nanoworms.!!*!1¢ These
metallic nanoworms have displayed similar properties as FM, such as increased circulation time''*
which can be further prolonged via crosslinking of the dextran stabilizer,'!® and enhanced targeting
peptide display.!'!* 16 Notably, Ahmadi et al., used 10 nanoworms functionalized with a synthetic
peptide towards somatostatin receptors to achieve efficient in vivo targeting and MRI imaging of

pancreatic tumors.''® While these studies support the use of filamentous nanocarriers for diagnostic
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applications through contrast agent incorporation, their utility for imaging modalities other than

MRI needs to be investigated.

1.2.6.4 Vaccines. While synthetic polymeric FMs have not yet been employed extensively for
vaccines, the success of peptide nanofibers and viral filaments suggest this may be a fruitful area
for further FM development. Filamentous nanostructures have been engineered to induce cellular
and humoral immune responses, which are critical for the development of effective vaccines. For
example, Chesson et al., developed peptide nanofibers consisting of peptides with Mycobacterium
tuberculosis (Mtb)-specific CD4+ and CD8+ T cell epitopes.'!” Co-assembly of these peptide
nanofibers with a Toll-like receptor agonist, Pam2cys, allowed greater expansion (8-fold) of
multifunctional-CD8+ T cells in the lungs of immunized mice. Furthermore, these nanofibers
when injected as a booster dose in Bacillus Calmette—Guérin vaccine (BCG)-primed mice showed
enhanced protection against aerosol Mtb challenge as compared to only BCG vaccinated mice.
Analogously, Si et al., engineered peptide nanofibers for an influenza vaccine using influenza acid
polymerase (PA) CDS8+ epitope peptide and B-sheet forming Q11 peptides.''® Intranasal
administration of PAQ11 nanofibers in mice stimulated greater antigen-specific CD8+ T cell
responses in lung draining lymph nodes than subcutaneously immunized mice. Despite the absence
of CD4+ epitopes or an adjuvant, PAQI11 nanofibers were able to elicit tissue-resident memory
cells in the lungs, which expanded rapidly in response to influenza infection. In another study, the
vaccine performance of icosahedral cowpea mosaic virus (CPMV) and filamentous potato virus X
(PVX) was compared.”’ The CPMV and PVX nanoparticles conjugated to human epidermal
growth factor receptor 2 (HER?2) epitope peptides were able to induce antigen-specific cellular and

antibody responses. However, icosahedral CPMV particles outperformed the filamentous PVX
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particles, which is attributed to lower uptake of high aspect ratio PVX particles by dendritic cells

and B cells.

1.2.6.5 Hydrogels. Following crosslinking via a variety of methods and chemistries, self-
assembled filaments can serve as the basis for hydrogels that mimic natural ECM, which is notably
composed primarily of collagen filaments.''” Such filamentous scaffolds are advantageous for
their high surface area for cellular and molecular interactions as well as for their controllable

porosity. 2% 121

Furthermore, these structures are advantageous because many of the attractive
qualities of filaments such as high drug and antigen loading efficiency, multivalent functionality,

and tunable composition can be incorporated into the hydrogel.

Hydrogels for drug delivery. This approach was demonstrated through the use of PEG-5-PPS FM

cross-linked via vinyl sulfone-thiol linkages into a hydrogel, or ‘FM-depot’.”” 8 The oxidation-
sensitive PPS component of the block copolymer triggers a “cylinder-to-sphere” transition of FM
into MC under physiological conditions. This capability presents a novel form of hydrogel
degradation via the release of monodisperse nanoscale MC, in contrast to standard bulk or surface
degradation of hydrogels that respectively result in the release of large nonuniform fragments or
small molecule metabolites. Depending on the extent of cross-linking, these gels can be designed
to release MC from hours to several weeks.”” When paired with surface-conjugated ligands, these
particles can be designed for targeted cellular uptake followed by release of drug payloads via
PPS-mediated endosomal escape.”” 122Additionally, this hydrogel system can be injected in situ
for easy administration and improved localized delivery.? Incorporating these elements into FM-

depots allows for the release of highly tailored MC for optimal cell targeting in vivo.%? Yi et al.
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demonstrated the first application of this delivery system to test the regulatory effects of Vitamin
D3 payloads designed to inhibit NF-kB mediated inflammation in atherosclerotic mice.* In this
work, the advantages of the sustained release of drug-loaded MC versus bulk delivery of MC is
demonstrated by significant increases in regulatory T cell populations. This highlights the use of
this system to greatly improve sustained drug payload delivery to specific cell populations, with

the potential for sustained modulation of immune cell function in chronic disease.

Authimoolam et al. synthesized FM hydrogels composed of PEG-b-PLA.'?* Layers
containing a mix of biotinylated FMs and drug-loaded MC are alternated and crosslinked with
layers of streptavidin-conjugated poly(acrylic acid). This results in a mucin-like hydrogel network
containing a releasable MC drug payload. Capping the mucin-like hydrogel with a biotin-
poly(acrylic acid)-streptavidin matrix allowed for modulation of MC release rates and protection
of the hydrogel. The use of a capping layer also allows for incorporation into delivery systems as

a patch, which possesses advantages for regenerative medicine applications and localized delivery.

Hydrogels for tissue engineering. FM hydrogels are also beginning to be explored for the

application of tissue engineering, as they have the advantages of controlled chemical composition
and purity without contamination from biological components. Canton ef al., demonstrated that a
thermoresponsive poly(glycerol monomethacrylate)-poly(2-hydroxypropyl methacrylate) FM
hydrogel maintained the viability and pluripotency of human pluripotent stem cells and human
embryos for over a week.!?* The hydrogel was designed to mimic natural mucins, as it is rich in

hydroxyl groups and had a similar elasticity. This demonstrates the non-toxicity and potential of



56

FM hydrogels for cell encapsulation, opening the door for the engineering of other FM hydrogel

systems.

While FM hydrogels have not been studied as extensively for tissue engineering, self-
assembled PA hydrogels demonstrate the potential for FM in this area. These PA systems
incorporate functional peptide sequences into the gel structure allowing for improved
biocompatibility and cell signaling!?, the ability to bind biomolecules before or after injection'?S,
and fine-tuned degradation and disassembly.!'?’” The synthesis process allows for control over the
peptide sequence, allowing modulation of various biochemical and physical properties and

incorporation of unnatural and modified peptides.'?® PA hydrogels can be tailored for different

129, 130 131,132

regenerative applications such as osteogenesis, neuronal differentiation, and supporting
other specialized cell growth.!26- 133135 Additionally, the fibers of these gels can be aligned in an
organized fashion, contributing to their impact on cell growth and differentiation as scaffold
materials.!3> An example application of PA hydrogels is their use for bone regeneration. Lee et al.
utilized PA hydrogels to deliver bone morphogenic protein-2 (BMP-2) in a regenerative model of
spinal arthrodesis. They reduced the amount of BMP-2 necessary for regenerative effects by 10-
fold. They also observed improved bone fusion in PA gels without BMP-2, demonstrating the

bioactive benefits of these gels. Both properties are attractive in the design of future biomaterials

for regenerative applications.

PA hydrogels have also shown to be unique and potent scaffold materials for cell types that
are historically difficult to work with. Edelbrock et al., investigated the use of brain-derived

neurotrophic factor (BDNF) mimetic peptide bearing PA hydrogels.!*®* BDNF protein has had
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limited success as a biologic due to poor pharmacological properties.!'*” To circumvent this issue,
a receptor targeting peptide sequence was incorporated into the PAs. This approach was beneficial
as there was no need to develop a conjugation scheme which might affect the binding properties
of BDNF, and the supramolecular structure was more easily controlled. The hydrogel produced an
effective BDNF-like signal via the TrkB receptor found on neuronal cells, leading to enhanced

maturation while promoting cell infiltration into the hydrogel.!'*®
1.2.7 Summary

A century after Staudinger coined “polymerization,” polymer science has allowed us to
better understand, rationally design, and engineer novel nanostructures. Self-assembled filaments,
inspired by filamentous viruses and protein filaments found in nature, can be engineered from
different building blocks, including amphiphilic block copolymers, peptides and peptide
amphiphiles, and viral proteins. Compared to filaments self-assembled from biological building
blocks of peptide amphiphiles and viral proteins, synthetic polymeric filaments self-assembled
from block copolymers, or FM, have the advantage of less expensive GMP manufacturing due to
the relative ease of removing biological impurities, and enhanced stability in different conditions.
Methods of FM self-assembly vary and are optimized based on the BCP. Different chemistries
have been developed to form filaments that range in width, length and flexibility, mirroring the
variety of physiological filaments. Because of their unique morphology, self-assembled filaments
have demonstrated benefits including altered biodistribution and increased circulation times,
enhanced avidity with versatile surface functionalization, high drug loading capacities, and the

ability to form hydrogels. Looking toward the future, self-assembled filaments have great potential
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to further our knowledge on the effects of nanostructure morphology on biological behavior, along
with advancing many biomedical fields, including drug delivery, immunotherapies, vaccine

development, regenerative medicine, and diagnostic imaging.

1.3 Scope of This Work

Filamentous nanocarriers have various advantages for nanomedicine, including increased
circulation time and “cylinder-to-sphere” morphological transitions for sustained drug delivery.
However, current nanocarriers utilized as drug delivery vehicles have largely had a spherical
morphology, due to challenges in the scalable formation and characterization of filamentous
nanocarriers. PEG-b-PPS filamentous nanocarriers have great potential for drug delivery
applications, particularly in immunomodulation and sustained drug delivery. In order to translate
PEG-b-PPS filamentous nanocarriers into the clinic, certain questions need to be explored. Can
PEG-b-PPS filamentous nanocarriers be formed more reproducibly in a scalable fashion? Can the
flexibility and stability of PEG-b-PPS filamentous nanocarriers by controlled? How does the
flexibility of PEG-H-PPS filamentous nanocarriers affect their interactions with immune cells and
biodistribution in vivo in healthy and diseased mice models? I aimed to answer these questions in
the research covered in this dissertation to advance filamentous nanocarriers further toward clinical

translation.
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CHAPTER 2

2. Development and Characterization of Scalable Pi-stacking Filamentous
Nanocarriers

2.1 Abstract

Self-assembling filomicelles (FM) are of great interest to nanomedicine due to their structural
flexibility, extensive systemic circulation time, and amenability to unique “cylinder-to-sphere”
morphological transitions. However, current fabrication techniques for FM self-assembly are
highly variable and difficult to scale. Here, I demonstrate that tetrablock copolymers composed
of poly(ethylene glycol)-b-poly(propylene sulfide) (PEG-H-PPS) diblocks linked by a pi-stacking
perylene bisimide (PBI) moiety permit rapid, scalable, and facile assembly of FM via the flash
nanoprecipitation (FNP) technique. Co-assembling the tetrablocks and PEG-b-PPS diblocks at
different molar ratios resulted in mixed PBI-containing FM (mPBI-FM) with tunable length and
flexibility. While PEG-5-PPS diblocks form FM within a narrow range of hydrophilic weight
fractions, incorporation of pi-stacking PBI groups expanded this range to increase favorability of
FM assembly. Furthermore, the aggregation-dependent fluorescence of PBI shifted during
oxidation-induced “cylinder-to-sphere” transitions of mPBI-FM into micelles, resulting in a
distinct emission wavelength for filamentous versus spherical nanostructures. Thus,
incorporation of pi-stacking allows for rapid, scalable assembly of FM with tunable flexibility

and stability.

2.2. Introduction

2.2.1. Challenges in Self-Assembly of FM
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Despite numerous advantages for nanomedicine, therapeutic application of FM has been
limited by challenges in their scalable and reproducible fabrication. FM fabrication requires both
the synthesis of specific copolymer block lengths and optimization of self-assembly conditions
(solvent, mixing parameters, extrusion, etc.), with mixtures of nanostructures instead of uniform
FM often being the result. *> 375 The morphology of self-assembled nanostructures depends on
the weight fraction of the hydrophilic block, and this variable has been adjusted to self-assemble
PEG-b-PPS copolymers into diverse nanostructures, including micelles (MC), polymersomes (PS),
and bicontinuous nanospheres (BCN), with FM formation typically being restricted to a narrow
range of hydrophilic weight fractions. (1% 12 152 15b. 15¢. 13d Ty established procedures for FM
self-assembly are co-solvent evaporation*®: 3 1% and thin film hydration (TFH),””-8! each of which
presents distinct challenges for reproducible self-assembly and can result in significant batch-to-

26, 48, 57-59

batch structural variability, polydisperse formulations and difficulties for reproducible

scale-up. 3638138

In co-solvent evaporation, the block copolymer is dissolved in an organic solvent and
added to an aqueous solvent. The mixture is then slowly stirred for 2 days in order for the
organic solvent to evaporate.*’ This method is challenging for reproducible self-assembly of FM
as the parameters of organic solvent addition speed, stirring speed, and evaporation speed have to
be optimized for different block copolymers. FM co-solvent evaporation methods vary and
require either slow addition of the organic solvent,?® controlled gentle stitring to avoid FM
fragmentation,®’ or slow evaporation of the organic solvent to minimize FM degradation.*® In
thin film hydration, the block copolymers are dissolved in an organic solvent such as chloroform

or dichloromethane.> 8! After removal of the organic solvent through evaporation, a thin film of



61

polymer is formed on a glass vessel that is then hydrated with an aqueous solvent with agitation
of the vessel. Reproducible self-assembly with thin film hydration is difficult because
parameters such as the thickness of the thin film, the hydrophobicity and composition of the
block copolymers, and the speed of agitation have to be optimized.>® > !3° Thin film hydration
also often leads to polydisperse formulations, where extrusion is then required to obtain

56, 58

monodisperse nanocarrier populations. Both of these established self-assembly fabrication

methods can take days and are challenging to scale up reproducibly.'*3

To this end, flash nanoprecipitation (FNP) has emerged as a scalable fabrication technique
for the reproducible and rapid assembly of diverse soft nanostructures from amphiphilic block
copolymers.®”> 4% 141 ENP employs confined impingement jet mixers to impinge an aqueous
solution with a water-miscible organic solvent containing the amphiphilic block copolymers and
any hydrophobic payloads into an aqueous reservoir (Figure 2-1a).!%> 143 Supersaturation under
these turbulent mixing conditions leads to precipitation of the hydrophobic payloads and
coprecipitation of the block copolymer to form nanoscale assemblies.!*’ Although typically limited
to the assembly of solid core nanoparticles, FNP has been recently demonstrated to form a wide
range of nanostructure morphologies, including PS, BCN, lamellar colloids, Janus colloids and
nanorods. 37 147 To the best of our knowledge, PEG-b-PPS remains the first and only block
copolymer to predominantly form FM via FNP; however, PEG-b-PPS only forms FM when the
PEG hydrophilic weight fraction (freg) is 0.21, so the synthesis of FM polymer remains

challenging as there is less room for error in the chain lengths of the blocks. 3’

2.2.2. Modulation of FM Flexibility
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In addition to a need for improved methods of scalable FM formation, enhanced
modulation of FM flexibility and contour lengths is necessary. The length and flexibility of FM
are key properties that influence their performance in vivo. FM longer than 1 pm in length have
achieved circulation times that are 3 times longer than spherical particles.*® Nanocarrier flexibility
also impacts cellular internalization, as stiffer particles have generally demonstrated increased
uptake into immune cells.!*® Having FM with different flexibilities allows for the mimicry of
different physiological filaments such as actin cytoskeletons, and the formation of filamentous
hydrogels possessing varying elasticities and internal structure biomimetic of the extracellular

matrix 8> 148

2.2.3. Super-resolution Imaging of Filaments

Fluorescence microscopy has been used to image FM that are tens of microns in length.3®
36.89 However, PEG-b-PPS FM, which are generally 1 um in length or less, are difficult to visualize
by standard fluorescence microscopy techniques, such as confocal or wide-field microscopy.
These methods generally have an optical resolution of about half the wavelength of emitted light,
or around 250 nm at best.'* Super-resolution microscopy (SRM) techniques can bypass this
diffraction limit and can increase the resolution closer to nanometer scales.'>® In addition, SRM
has the advantages of enabling imaging under biologically relevant conditions and sample

150

preservation. °° While SRM has been utilized to image biological structures such as influenza

151,152

virus filaments and actin filaments, the imaging of flexible FM with SRM techniques remains

to be explored.
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Structured illumination microscopy (SIM) is a variant of SRM with an around 100 nm

spatial resolution.'>

In SIM, an interference pattern is generated by a diffraction grating and
utilized to shift the sample’s spatial frequency spectrum collected by wide-field illumination. The
final image is then generated through mathematical reconstruction.!>® 153 While SIM provides
lower resolution than other SRM techniques, SIM is faster, has higher signal-to-noise ratios, and
enables gentler imaging, making it ideal for live cell imaging or imaging under physiologically

relevant conditions. %> 154

2.2.4. Pi-stacking Perylene Bisimide in Self-assembled Nanocarriers

Utilizing the intermolecular noncovalent interactions of pi-electronic molecules is an
effective strategy for promoting self-assembly of various nanoscale morphologies.'>® PBI
conjugated to melamine units self-organized into ribbonlike nanofibers in alkanes via pi-stacking
interactions.!>® Amphiphilic PBI block copolymers was shown to self-assemble into MC, vesicles,

or short rod aggregates (<50 nm in length) depending on the shape of the polymer.!>’

I hypothesized that incorporation of a PBI pi-stacking linker into a self-assembling
copolymer will enhance the reproducibility of FM fabrication under the turbulent mixing
conditions of FNP over a range of hydrophilic weight fractions, stabilize FM morphological
properties and allow control over FM flexibility. The Scott Lab previously engineered PEG-b-
PPS-PBI-PPS-b-PEG (PBI tetrablock copolymers) that co-assembled with PEG-b-PPS (fpeg of
0.24) to form vesicular PS via TFH.!*! PBI exhibits a shift in fluorescence emission from a range
of 600-800 nm when in aggregated form due to excimer formation, to a band at 500-600 nm when

free in solution.!>” Additionally, PEG-b-PPS nanocarriers are oxidation sensitive due to the
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presence of the hydrophobic PPS block, which allows for controlled morphological transitions and
disassembly of nanocarriers upon photo-oxidation or physiological oxidation from cellular
reactive oxygen species. ** 138160 Thys, these PS containing PBI tetrablock copolymers (mPBI-PS)
exhibit bioresponsive fluorescence, with a fluorescence shift from 640 nm emission when intact
to 550 nm emission when disassembled upon oxidation in endolysosomes inside cells,
demonstrating their applicability as an immunotheranostic tool for studying intracellular

delivery.!®

In this chapter, I aimed to improve the scalability and reproducibility of nanofabrication of
FM. I hypothesized that the co-assembly of PBI tetrablock copolymers with PEG-b-PPS diblock
copolymers would enable the rapid, scalable formation of mixed pi-stacking PBI-containing FM
(mPBI-FM) instead of polymersomes over a range of hydrophilic weight fractions (Figure 2-1). |
reasoned that pi-stacking by PBI would enhance FM stability and improve control over the
formation of FM with a range of flexibilities. I further hypothesized that the introduction of PBI
would allow for the tracking of “cylinder-to-sphere” morphological transitions of FM to micelles

by monitoring shifts in fluorescence emission caused by PBI disaggregation (Figure 2-1D).
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Figure 2-1. Scalable self-assembly of mixed perylene bisimide filomicelles (mPBI-FM) using
flash nanoprecipitation (FNP). a) Schematic of the FNP method. The block copolymer is
dissolved in the organic phase and impinged against the aqueous phase (water or saline) in a
confined impingement jet mixer into an aqueous reservoir, resulting in the final FM structure. b)
Chemical structure of polyethylene glycol-b-polypropylene sulfide (PEG-b-PPS) diblock

copolymer where R is a phthalimide or a benzyl group and x in PEGx is the chain length of either
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17 or 45 units. ¢) Chemical structure of PBI tetrablock copolymer. d) Schematic of mPBI-FM co-
assembled from diblock and tetrablock copolymers at different ratios and their inducible transition
into micelles upon oxidation. When assembled as cylindrical FM, n-r interactions between PBI
result in a fluorescence emission from 600-800 nm, which shifts to a band from 500-600 nm after

an oxidation-mediated morphological transition into MC.

2.3. Materials and Methods

2.3.1. Materials

The following reagents were obtained commercially from Sigma-Aldrich: poly

(ethylene glycol) methyl ether MW 2000 (product 202509), poly (ethylene glycol) methyl ether
MW 750 (product 202495), methanesulfonyl chloride (product 471259), triethylamine (product
T0886), potassium carbonate (product 791776), thioacetic acid (product T30805), 0.5 M sodium
methoxide solution (product 403067), benzyl bromide (product B17905), benzyl mercaptan
(product B25401), (N-(3-bromopropyl)phthalimide (product B80003), dichloromethane (product
320269), tetrahydrofuran (product 437638), anhydrous dimethylformamide (product 227056),
ethanol (product 459844), methanol (product 179337), diethyl ether (product 346136), anhydrous
hydrazine (product 215155), hydrochloric acid (product 320331), pyridine (product 270970),
perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) (product P11255), isothiocyanate
polymer bound resin (product 538604), deuterated chloroform (product 151823), 10X Phosphate-
buffered saline (product D1408), Sephadex LH-20 (product LH20100) and 0.2 um nylon syringe
filters (product WHA67891302). Fetal bovine serum (product A3160601) was ordered from

Thermo Fisher Scientific. DiR (product D12731) was ordered from Fisher Scientific. Propylene
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sulfide was ordered from TCI Chemicals (product P0321). 1 mL Luer slip syringes (product
4010.200V0) were ordered from Air-Tite. Electron microscopy grids (product FCF400-Cu-50 for

TEM and product LC200-U for CryoTEM) were ordered from Electron Microscopy Sciences.

2.3.2. Synthesis of Block Copolymers
PEG-b-PPS diblock copolymers were synthesized as previously described.!'? *°! Briefly,

for PEG4s-b-PPS, linear mPEG (MW=2000) was functionalized with the mesylate leaving group.
Benzyl mercaptan, after activation by the base sodium methoxide, initiated the ring-opening
polymerization reaction with propylene sulfide. The reaction was then endcapped with PEGas-
mesylate. For PEG17-b-PPS, linear mPEG (MW =750) was functionalized to form PEG-mesylate,
which was reacted with thioacetic acid to form PEG-thioacetate (PEG-TAA). PEG-TAA, upon
activation with the base sodium methoxide, initiates a ring-opening polymerization reaction with
propylene sulfide. The reaction is then endcapped with either benzyl bromide or N-(3-bromopropyl)

phthalimide.

PEG-b-PPS-PBI-PPS-h-PEG was synthesized as previously described.**! Briefly, PEG7-
b-PPS endcapped with N-(3-bromopropyl)phthalimide was heated with hydrazine in 95% ethanol
under reflux for over 6 h at 90°C. Hydrochloric acid was then added, and the reaction continued
for at least 2 more h. The phthalhydrazide salt was removed via filtration and the filtrate was
concentrated and precipitated in diethyl ether at -20°C overnight. The resulting PEG17-b-PPS-NH>
was dissolved in pyridine and reacted with perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA)
while stirring in a 35 mL high pressure vessel in an oil bath at 150°C for over 72 h. Afterwards,

the vessel was removed from heat and isothiocyanate polymer bound resin was added and the
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reaction was stirred overnight to remove any unreacted amines. The resin was removed through
filtration with filter paper and washed with tetrahydrofuran (THF). The filtrate was then
centrifuged to spin down unreacted PBI and the pyridine was removed from the resulting
supernatant by rotary evaporation. The product was resuspended in THF, filtered through a 200
nm nylon syringe filter, and then precipitated in cold diethyl ether at -20°C overnight. After
desiccation, the product was dialyzed in first in methanol, then in 1% hydrochloric acid, and lastly

in water and lyophilized.

2.3.3. Characterization of Block Copolymers

The structure of the block copolymers was characterized with '"H NMR on a Bruker Avance

IIT HD system with a TXO Prodigy probe.

PEG 7-b-PPS33-PBI-PPS33-b-PEG17: '"H NMR (500 MHz, CDCls, §): 8.74-8.56 (d, 4H, CHaromatic,
PBI), 3.70-3.60 (m, 68H, CH,-CH,, PEG backbone), 3.57-3.52 (m, 2H, CH» ), 3.40-3.36 (s, 3H;
OCHs, PEG), 3.05-2.81 (m, 66H, CHa, PPS), 2.71-2.51 (m, 33H, CH, PPS), 2.15-2.03 (m, 2H,

CH>), 1.42-1.28 (m, 99H, CH3, PPS);

PEG 17-b-PPS19-PBI-PPS 19-b-PEG17: "H NMR (500 MHz, CDCls, 8): 8.71-8.57 (d, 4H, CHaromatic,
PBI), 3.64-3.54 (m, 68H, CH,-CHa, PEG backbone), 3.50-3.48 (m, 2H, CHa ), 3.33-3.30 (s, 3H;
OCHs, PEG), 2.93-2.77 (m, 38H, CHa, PPS), 2.64-2.50 (m, 19H, CH, PPS), 2.23-2.19 (m, 2H,

CHy), 1.34-1.25 (m, 57H, CHs, PPS);

PEGl7-b'PPS}Z-PBI'PPSSZ-b'PEG]7: 1H NMR (500 MHZ, CDCIS, 6): 8.76'7.99 (d, 4H, CHaromatic,

PBI), 3.71-3.59(m, 68H, CH,-CHa, PEG backbone), 3.57-3.53 (m, 2H, CH, ), 3.41-3.37 (s, 3H;
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OCHs;, PEG), 3.02-2.81 (m, 64H, CHa, PPS), 2.78-2.51 (m, 32H, CH, PPS), 2.12-2.03 (m, 2H,

CH,), 1.43-1.28 (m, 96H, CHs, PPS);

PEG17PPS41 benzyl: "H-NMR (500 MHz, CDCls, 8): 7.38-7.31 (d, 4H, ArH), 3.73-3.60 (s, 68H,
PEG backbone), 3.42-3.39 (s, 3H, O-CHz), 3.01-2.73 (m, 82H, CH,, PPS), 2.71-2.54 (m, 41H,

CH), 1.47-1.31 (d, 123H, CHs).

PEG)7PPS o phthalimide:'H-NMR (500 MHz, CDCls, 8): 7.92-7.81 (m, 2H, ArH),7.77-7.67 (m,
2H, ArH), 3.68-3.61 (s, 68H, PEG backbone), 3.57-3.53 (m, 2H, CH» ), 3.39-3.37 (s, 3H, O-CHj),
2.99-2.81 (m, 38H, CH,, PPS), 2.68-2.56 (m, 19H, CH, PPS), 2.02-1.93 (m, 2H, CHa), 1.44—1.31

(d, 57H, CHs, PPS).

PEG17PPS34 phthalimide: "H-NMR (500 MHz, CDCls, §): 7.88-7.82 (m, 2H, ArH),7.75-7.69 (m,
2H, ArH), 3.672-3.61 (s, 68H, PEG backbone), 3.57-3.53 (m, 2H, CH, ), 3.39-3.37 (s, 3H, O—
CHs), 2.98-2.84 (m, 68H, CH,, PPS), 2.69-2.54 (m, 34H, CH, PPS), 2.02-1.94 (m, 2H, CH>),

1.44-1.31 (d, 102H, CH3, PPS).

PEGusPPS49 benzyl: 'H-NMR (500 MHz, CDCls, 8): 7.31-7.29 (d, 4H, ArH), 3.63-3.62 (s, 180H,
PEG backbone), 3.37-3.35 (s, 3H, O-CHs), 2.93-2.82 (m, 98H, CHa), 2.65-2.56 (m, 49H, CH),

1.38-1.33 (d, 147H, CHs).

PEG4sPPS47 benzyl: 'TH-NMR (500 MHz, CDCls, 8): 7.31-7.29 (d, 4H, ArH), 3.63-3.61 (s, 180H,
PEG backbone), 3.37-3.34 (s, 3H, O—CHs), 2.92-2.81 (m, 94H, CH,), 2.65-2.56 (m, 47H, CH),

1.39-1.32 (d, 141H, CH3).
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PEGusPPS4s benzyl: 'H-NMR (500 MHz, CDCls, 8): 7.34-7.31 (d, 4H, ArH), 3.68-3.60 (s, 180H,
PEG backbone), 3.39-3.36 (s, 3H, O-CHz), 2.98-2.79 (m, 90H, CH,, PPS), 2.69-2.54 (m, 45H,

CH, PPS), 1.43-1.29 (d, 135H, CH3, PPS).

PEGusPPS44 benzyl: 'H-NMR (500 MHz, CDCls, 8): 7.36-7.33 (d, 4H, ArH), 3.68-3.65 (s, 180H,
PEG backbone), 3.42-3.38 (s, 3H, O-CHz), 2.99-2.85 (m, 88H, CH,, PPS), 2.70-2.59 (m, 44H,

CH, PPS), 1.44-1.36 (d, 132H, CHs, PPS).

The purity was assessed by gel permeation chromatography (GPC). Waters Styragel THF
columns were used with a THF mobile phase running at a flow rate of 0.6 mL min™' with refractive

index and UV/vis detectors (ThermoFisher Scientific).

2.3.4. Nanocarrier Fabrication via Thin Film Hydration

The desired block copolymers for that formulation were added to a 2 mL clear glass vial
(ThermoFisher Scientific) and dissolved in around 2 mL of dichloromethane. After desiccation
overnight, a thin film of polymer formed around the edges of the vial. Milli-Q water or 1x
Phosphate-buffered saline (PBS) was added for a final polymer concentration of 10 mg mL™!' and
the films were hydrated by gentle agitation overnight with a Stuart SB3 rotator. The hydrated

solution was then filtered through a 200 nm nylon filter to remove any residual free PBI aggregates.

2.3.5. Nanocarrier Fabrication via Flash Nanoprecipitation

Nanocarrier self-assembly via flash nanoprecipitation was performed as previously
described using a confined impingement jets (CIJ) mixer.['*® 2!° Briefly, the desired block
copolymers (total mass of 10 mg) were dissolved in 0.5 mL of the organic solvent THF and placed

in a 1 mL plastic Luer Slip syringe. 0.5 mL of the aqueous solvent (Milli-Q water or 1x PBS) was
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placed in another 1 mL syringe. The two syringes were then secured in the mixer and the aqueous
and organic solutions were impinged against each other at approximately 1 mL s!, leading to
turbulent mixing of the two solutions. The resulting supersaturated solution flowed out of the C1J
mixer into a 1 mL reservoir of the same aqueous solvent in a 20 mL glass scintillation vial. The
sample was desiccated for 4 h to remove the THF and then filtered through a 200 nm nylon filter

to remove any residual free PBI aggregates.

2.3.6. Small Angle X-ray Scattering

Small angle X-ray scattering (SAXS) experiments were performed at the DuPont-
Northwestern-Dow Collaborative Access Team (DND-CAT) beamline at Argonne National
Laboratory’s Advanced Photon Source (Argonne, IL, USA) with 10 keV (wavelength A = 1.24 A)
collimated X-rays. Silver behenate, a diffraction standard was utilized for q-range calibration. All
the samples were measured in the g-range 0.001 to 0.5 A™!. For oxidation studies, mPBI-FM (2.5
mg mL! final concentration) were incubated in 5 M H,0; and measurements were taken at 0 min,
45 min, and 90 minutes. The data reduction was performed in PRIMUS 2.8.2 software, which
includes subtraction of background solvent buffer scattering from the sample scattering. FM and
oxidized FM were confirmed after fitting with the flexible cylinder and polymer micelle model
fits, respectively, using SasView. PS samples were confirmed after fitting with the core-shell-

sphere model or vesicle model fits.

2.3.7. Transmission Electron Microscopy

After 400 mesh formvar/carbon coated copper grids were glow-discharged, 3 uL of the sample (5-
10 mg mL™! concentration) were applied to the grid. The grid was then gently blotted, washed 2x

for 5 seconds each in Milli-Q water, submerged in 1.5% uranyl formate stain for 15-20 seconds,
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and then blotted and allowed to air-dry. Images were collected with a Jeol 1400 120 kV
transmission electron microscope at a range of 5000-30,000 x nominal magnification. Micrographs
were acquired using a Gatan 4k x 4k Ultrascan CCD camera and Gatan Digital Micrograph

software.

2.3.8. Cryogenic Transmission Electron Microscopy

200 mesh Lacey carbon grids were glow-discharged for 30 seconds in a PELCO easiGlow
Glow Discharge Cleaning System at 15mA with a chamber pressure of 0.24 mBar. 4 uL of the
desired sample was applied to the grid. The grid was then plunge-frozen into liquid ethane in a
FEI Vitrobot Mark III cryo-plunge freezing device for 5 seconds with a blot offset of 0.5 mm to
capture the sample in vitreous ice. Grids were then loaded into a Gatan 626.5 cryo-transfer holder
and imaged at —172°C in a JEOL JEM-1230 LaB6 emission transmission electron microscope
operating at 100kV at a range of 2,500-10,000 x nominal magnification. Data was collected on a
Gatan Orius 2k x 2k camera with Digital Micrograph software (Gatan). Image J was used for any

further image processing including the addition of scale bars.

2.3.9. Scanning Transmission Electron Microscopy (STEM)

After 400 mesh formvar/carbon coated copper grids were glow-discharged, 3-5 uL of the
nanocarrier sample (8 mg mL™!' concentration) were applied to the grid. After 2-3 minutes, the
grid was gently blotted. Another 3 uL of nanocarriers were applied to the grid for 3 minutes, then
the grid was blotted again and left to air dry. Images were collected with a JEOL 7900FLV Field
Emission Gun 30 kV scanning electron microscope at a range of 10,000-33,000 x nominal

magnification. Low kV STEM images were taken with the Lower Electron Detector.
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2.3.10. Structured Illumination Microscopy (SIM)
PEGus-b-PPS47 was loaded with 0.0625% w/w of the hydrophobic dye Dil and formed via

TFH. PEGus-b-OES7; was loaded with 0.0625% w/w Dil and formed FM via FNP. The
formulations were filtered with a LH20 column to remove free Dil. The 10% polyacrylamide gel
was formed from a monomer mixture consisting of 3.75 mL of 40% electrophoresis grade
acrylamide, 0.5 mL of 10% tetramethylethylenediamine (TEMED), 3mL of 5xPBS, and 7.75 mL
distilled water, that was then mixed with 2% ammonium persulfate. The ratio of monomer mixture
to 2% ammonium persulfate was 10:1. The FM were encapsulated at a final concentration of 0.175
mg mL"! and 0.35 mg mL"! in MatTek 35 mm glass bottom dishes and imaged with a Nikon

Structured Illumination Super-Resolution Microscope with up to 115 nm resolution.

2.3.11. Dynamic Light Scattering (DLS)
mPBI-FM (0.5 mg polymer mL') were incubated in 5 M H»0: in PBS and DLS

measurements were taken with a Zetasizer Nano (Malvern Instruments) with a 4mW He-Ne 633
laserat 0 h, 0.5 h, 2 h, and 48 h. The number average size and polydispersity index were calculated.
After 2 h the mPBI-FM were spin concentrated using an Amicon Ultra-4 Centrifugal Filter unit
(Millipore Sigma) with a 10 kDa molecular weight cutoff to remove H20O, and was saved for

characterization by TEM.

2.3.12. Zeta-potential Measurement

mPBI-FM were diluted in 0.1x PBS to a final concentration of 0.1 mg mL"! and zeta-
potential measurements were taken with a Zetasizer Nano (Malvern Instruments). For each sample,

3 separate measurements were taken.
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2.3.13. Kaiser Test

2 drops of potassium cyanide, ninhydrin, and phenol solutions!®' were added to 100 pL of
mPBI-FM or mPBI-PS nanocarriers (0.5mg mL™"). After heating at 110°C for 5 minutes, the color
of the samples were compared with the negative control (H2O) and the positive controls of 0.5 mg
mL"and 5 mg mL! bovine serum albumin (BSA). After the solution cooled to room temperature,
the absorbance spectra were measured from 300 nm to 800 nm on the SpectraMax M3 (Molecular

Devices).

2.3.14. UV-Vis Spectroscopy

Fluorescence measurements were taken in a quartz cuvette with a Shimadzu RF-6000
Spectrofluorometer. For serum stability studies, mPBI-FM (0.5mg mL™") were incubated in 50%
fetal bovine serum (FBS) for 24 h with shaking at 1000 rpm at 37°C. The emission spectra from
500 nm to 800 nm before and after oxidation were measured at an excitation wavelength of 485
nm. For oxidation kinetic studies, mPBI-FM (0.5 mg polymer mL') was incubated in 20 uM H,0,
and the emission at 550 nm and 640 nm (excitation at 485 nm) was measured every 15 minutes

for 12 h.

2.4. Results and Discussion

2.4.1. Synthesis and Formation of PEG-b-PPS FM

I first endeavored to synthesize PEG-b-PPS diblock copolymer that can form FM as
described by Karabin et al.*® 1 synthesized diblock copolymer with a range of freg, made
nanocarrier formulations via TFH and FNP, and characterized the morphology using TEM,

cryoTEM, and/or SAXS. A subset of these formulations self-assembled via TFH and FNP is
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shown in Table 2-1 and Table 2-2, respectively. PEG-b-PPS FM were thus difficult to synthesize

and form reproducibly as I found that block copolymers in a very narrow range of fpec (fre=0.36)

formed FM via TFH with PBS. None of the PEG-b-PPS diblock copolymers with fpeg ranging

from 0.35-0.39 formed FM with FNP and instead predominantly formed spherical structures (MC

and/or PS).

Table 2-1. Morphology of PEG-b-PPS formulations self-assembled via TFH in PBS spanning

a range of hydrophilic weight fractions (frec). The morphology was characterized by TEM,

cryoTEM and/or SAXS. MC= micelles, PS=polymersomes, FM= filomicelles.

Diblock copolymer frec Morphology
PEG45PPS49 benzyl 0.34 MC
PEG4s5PPS4s benzyl 0.35 MC
PEG45PPS47 benzyl 0.35 MC
PEG45PPS4s benzyl 0.36 FM
PEG45PPS46 benzyl 0.36 MC
PEG45PPS44 benzyl 0.37 PS
PEG45PPS41 benzyl 0.38 PS
PEG45PPS4 benzyl 0.38 MC
PEG45PPS40 benzyl 0.39 MC
PEG4sPPS39 benzyl 0.39 MC

Table 2-2. Morphology of PEG-b-PPS formulations self-assembled via FNP spanning a range

of hydrophilic weight fractions (frec). The morphology was characterized by TEM, cryoTEM

and/or SAXS. MC= micelles, PS=polymersomes.
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Diblock copolymer Aqueous Solvent  frec Morphology
PEG45PPS47 benzyl H>O 0.35 MC
PEG45PPS4s benzyl PBS 0.36 MC or PS
PEG45PPS44 benzyl H>O 037 MC or PS
PEG45PPS4; benzyl H>O 0.38 MC
PEG45PPS39 benzyl PBS 0.39 MC

2.4.2. Synthesis and Characterization of Diblock and Tetrablock Copolymers

To assess whether the incorporation of pi-stacking moieties with PEG-5-PPS diblock
copolymers can enhance the reproducibility of FM formation, I synthesized PBI tetrablock
copolymers with different PPS chain lengths and thus different fpeg to characterize mPBI-FM self-
assembly.>! Briefly, PEG-b-PPS diblock copolymer (Figure 2-1b) was synthesized via ring-
opening polymerization of propylene sulfide and end-capped with N-(3-bromopropyl) phthalimide.
The phthaloyl group was replaced with an amine group through hydrazinolysis, resulting in PEG-
b-PPS-NHo,. Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) was then used to bridge two

PEG-b-PPS-NH: block copolymers to form a PBI tetrablock copolymer (Figure 2-1c¢).

The incorporation of PBI into the tetrablock copolymers was verified by NMR, by
assessing the presence of aromatic proton peaks of PBI at 8.6 ppm (Figures 2-2 and 2-3, and by
gel permeation chromatography (GPC) via an increase in the molecular weight distribution
compared to PEG-b-PPS diblock copolymers (Figure 2-4). A higher molecular weight secondary
peak was observed during GPC analysis of the PEG-b-PPS diblock copolymer (Figure 2-4). This
is most likely due to PEG-b-PPS dimerization during synthesis to form a tetrablock copolymer.?®!

The chromatogram of the PBI tetrablock copolymer had a secondary peak of a lower molecular
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weight, most likely from unreacted diblock copolymer. These minor diblock and tetrablock side
products are of the same size as the tetrablocks and diblocks used to fabricate the nanocarriers and

thus do not impact the final assembled morphology.
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Figure 2-2. NMR of PEG17PPS19PBIPPS19PEG17 tetrablock copolymer.
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Figure 2-4. Gel permeation chromatography molecular weight distributions of PBI
tetrablock copolymer. A) PEG7PPS19PBIPPS19PEG)7 tetrablock copolymer and PEG7PPS33
phthalimide diblock copolymer B) PEG7PPS3;PBIPPS3;3PEG)7 tetrablock copolymer and

PEG17PPS3;3 phthalimide diblock copolymer.
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2.4.3 Characterization of Mixed PBI Polymersomes

The co-assembly of PBI tetrablock copolymers with PEG-5-PPS diblock copolymers into
mixed PBI polymersomes (mPBI-PS) was first described by the Scott Laboratory by Du et al.,
where PS were formed from a 1:1 molar ratio of PEG7-PPS23-PBI-PPS25-PEG17/PEG17-b-PPS2g
(freg= 0.24) via TFH."*® I found that mPBI-PS are also formed in the fpeg range of 0.2 to 0.22 via
TFH (Table 2-3). I further demonstrated for the first time that mPBI-PS can be formed via FNP
in the fpgg range of 0.2 to 0.21 (Table 2-4). Various mPBI-PS formations were characterized by
SAXS after fitting to the core-shell model (Table 2-5) and/or by dynamic light scattering (DLS)
(Table 2-6). PS were formed that ranged from 11 nm to 59 nm in diameter, which is in a similar
size range as the mPBI-PS described by Du et al., which had a diameter of 60 nm with a

polydispersity index (PDI) of 0.22 as measured by DLS.'*8

Table 2-3. Morphology of formulations self-assembled via thin film hydration (TFH) with
different combinations of PBI tetrablock copolymer and PEG-b-PPS diblock copolymer
spanning a range of hydrophilic weight fractions (frec). The morphology was characterized by

TEM and/or SAXS. Polymersomes = PS, Filomicelles= FM.

PPS Diblock Molar Solvent Overall f{PEG of fPEG of Morphology

length of  copolymer fraction of tetrablock  diblock

tetrablock tetrablock fPEG copolymer copolymer

polymer polymer

33 PEG17PPS41 0.5 PBS 0.2 0.22 0.19 PS and FM
benzyl

33 PEG17PPS3s 0.5 H>O 0.21 0.22 0.21 FM

phthalimide
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33 PEG17PPS3s 0.5 PBS 0.21 0.22 0.21 PS and FM
phthalimide

32 PEG17PPS37 0.5 H>O 0.21 0.22 0.2 PS
phthalimide

32 PEG17PPS37 0.5 PBS 0.21 0.22 0.2 PS
phthalimide

32 PEG7PPS3s 0.33 H>O 0.22 0.22 0.21 PS and FM
phthalimide

19 PEG17PPS19 0.5 H>O 0.31 0.31 0.31 PS
phthalimide

19 PEG17PPS19 0.5 PBS 0.31 0.31 0.31 FM
phthalimide

19 PEG4sPPS49 0.27 H>O 0.33 0.31 0.34 FM
benzyl*

19 PEG4sPPS47  0.27 PBS 0.34 0.31 0.35 FM
benzyl

19 PEG4sPPS4s  0.28 H>O 0.35 0.31 0.37 FM
benzyl*

19 PEG4sPPS4s 0.2 PBS 0.35 0.31 0.36 FM
benzyl

a) diblock copolymer alone does not predominantly form FM with TFH.

Table 2-4. Morphology of formulations self-assembled via flash nanoprecipitation (FNP)
with different combinations of PBI tetrablock copolymer and PEG-b5-PPS diblock copolymer
spanning a range of hydrophilic weight fractions (fPEG). The morphology was characterized

with TEM, cryoTEM, and/or SAXS. Polymersomes = PS, Filomicelles= FM, Micelles=MC.
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PPS length of Diblock Molar Solvent Overall fPEG of fPEG of Morphology

tetrablock Polymer fraction fPEG tetrablock diblock

polymer of copolymer copolymer

tetrablock
polymer

33 PEG17PPS41 0.5 PBS* 0.2 0.22 0.19 PS
benzyl

33 PEG17PPS3s 0.5 PBS*  0.21 0.22 0.21 PS
phthalimide

32 PEG7PPS;37 0.5 H>O 0.21 0.22 0.2 FM
phthalimide

32 PEG7PPS;37 0.5 PBS 0.21 0.22 0.2 PS
phthalimide

32 PEG7PPS3:s 0.5 HO 0.22 0.22 0.21 FM
phthalimide

19 PEG7PPS19 0.5 H>O 0.31 0.31 0.31 M
phthalimide

19 PEG17PPS19 0.5 PBS 0.31 0.31 0.31 FM
phthalimide

32 PEG45PPSs4s 0.2 H>O 0.32 0.22 0.36 FM
benzyl

19 PEG45PPS4s 0.2 H>O 0.35 0.31 0.36 FM
benzyl

No PEG4sPPS4s 0 PBS 0.36 N/A 0.36 MC and PS

tetrablock  benzyl

a) FNP was performed using 4 impingements. Otherwise, FNP was performed with a single
impingement.



Table 2-5. Characterization of select mPBI-PS formulations by SAXS.
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PS Tetrablock Diblock Molar % Final Core Shell Diameter Chi? Format
copolymer copolymer of radius thick ion
tetrablock  feeG (nm) ness method
copolymer (nm)
mPBI- PEG,PPS,;PBI PEG,PPS,, 50% 0.21 6.5 3.5 20 0.002* FNP in
PS type PPS,,PEG , phthalimide H,O*
A
mPBI- PEG,PPS,.PBI PEGPPS, 50% 0.20 18.5 5.1 47.2 0.006* FNP in
PS type PPS,,PEG , benzyl H,O*
B
mPBI- PEG,PPS;;PBI PEG,PPS, 50% 0.20 82 3.5 233 0.002* TFH in
PS type PPS,,PEG,, benzyl PBS
C
mPBI- PEGPPS,PBI PEG_PPS. 50% 021 128 83 42.1 0.22°* TFH in
PS type PPS,,PEG,, phthalimide PBS
D
*FNP was performed with 4 impingements
a) Core-shell-sphere model fit
b) Vesicle model fit
Table 2-6. Characterization of select mPBI-PS formulations by DLS.
PS Tetrablock Diblock Molar Final Number PDI Formation
copolymer copolymer percent of average method
tetrablock frec diameter
copolymer +SD
(nm)
mPBI-PS PEG,PPS,,PBIPPS PEG PPS,, 50% 0.21 113 0.07 FNP in
type A ,»PEG,, phthalimide H,O*
mPBI-PS PEG,PPS,,PBIPPS PEGPPS, 50% 0.20 59433 0.32 FNP in
type B »PEG benzyl H,O*
mPBI-PS PEG ,PPS,,PBIPPS PEG,PPS, 50% 0.20 30+10 0.11 TFH in PBS

type C »PEG, benzyl
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mPBI-PS PEG,PPS, PBIPPS PEG,PPS, 50% 0.21 49+16 0.11 TFH in PBS
type D »PEG, phthalimide
PEG, PPS,,PBIPPS PEG,,PPS,, 50% 0.21 46421 0.21 TFH in PBS
1, PEG,, phthalimide
(-)PBI- N/A PEG .PPS, 0% 0.19 239+£115 0.23 FNP in
PS benzyl PBS*

*FNP was performed with 4 impingements

2.4.4 PBI Enhances FM Formation via Thin Film Hydration

I first verified the self-assembly of PBI tetrablock copolymers into mPBI-FM using the
established method of TFH.['?) Consistent with our past studies, FM composed solely of PEG-b-
PPS diblock copolymers ((-)PBI-FM) predominantly form FM by TFH when the hydrophilic
weight fraction (feec) is 0.35-0.38, and these assemblies are unstable when stored in solution as
the FM transitioned to micelles after 1 month in PBS at 4° C (Figure 2-5).['2I To assess the impact
of PBI pi-stacking on FM stability, PEG-b-PPS diblock copolymers were synthesized and co-
assembled with different 20-50 mol % of PBI tetrablock copolymer to make mixed PBI FM
(mPBI-FM) (Figure 2-1d; Table 2-3). The overall fprg was calculated using a weighted average
of the individual fpeg of the tetrablock and diblock copolymer, and ranged from 0.2 to 0.35 for the
mPBI-FM. The thin films were hydrated with phosphate-buffered saline (PBS) or water. The molar
fraction of tetrablock copolymer used was less than 0.5 for all formulations in this study, since
strong aggregation of PBI can result in significant decreases in fluorescence intensity and complete
quenching of fluorescence.l*”! Previous work with mPBI-PS reported that formulations with 50

mol% PBI tetrablock copolymer have a maximum fluorescence emission intensity at a wavelength
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of 640 nm, with the intensity decreasing with increasing mol % of PBI tetrablock copolymer.[!
Furthermore, past studies with self-assemblies composed solely of amphiphilic PBI-linked
copolymers only reported the formation of short rod aggregates instead of flexible filaments.*!
Collectively, these past investigations demonstrate that co-assembling different ratios of diblock
to tetrablock copolymers may yield a versatile nanocarrier assembly platform to generate modular
FM, allowing for the fine-tuning of physicochemical properties of the nanocarrier and the potential

to incorporate diverse functional groups or targeting ligands. '

Here, different mPBI-FM formulations with overall fpeg ranging from 0.21 to 0.35 self-
assembled into FM using TFH (Table 2-3). Typically, FM self-assembly by TFH has been limited
to amphiphilic block copolymers within a narrow range of fpeg. For example, FM formed from
poly (ethylene oxide)-b-poly(e-caprolactone) (PEO-b-PCL) in water required a minimum fprc of
0.36 to form FM, as the PEO chains are unable to stabilize the assemblies when they are shorter,
leading to polymer precipitation.! 181 Considering that PEG-5-PPS (-)PBI-FM formation by TFH
requires polymers within a narrow feeg of 0.35-0.38,['2) my results suggest that the incorporation
of PBI facilitates FM assembly by broadening the fprc range that is acceptable for filament
formation. I found that in a lower fpgg range from 0.19-0.21, FM formation was promoted when
water instead of PBS was the solvent, most likely due to increased steric stabilization of the
hydrophilic block.l'*] mPBI-PS were formed in this frrg range via the TFH method after
rehydration with PBS, consistent with previous work by the Scott Lab with PBI-containing
tetrablock copolymers.?°! I also demonstrated that mPBI-FM formed with TFH are more stable in

aqueous solution compared to (-)PBI-FM. Unlike (-)PBI-FM formed from PEG4s-b-PPS44, mPBI-
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FM nanostructures maintain a predominantly filamentous morphology after one month in water at

4° C, as observed by cryogenic transmission electron microscopy (cryoTEM) (Figure 2-6).

Figure 2-5. Morphological transition of PEGa4s-b-PPS44 (-)PBI-FM to micelles during storage
at 4°C. A) CryoTEM image of (-)PBI-FM after formation by TFH in PBS. B) CryoTEM images

of (-)PBI-FM after storage at 4°C for 1 month in PBS, showing predominantly micelles.

Figure 2-6. mPBI-FM maintain filamentous morphology after storage at 4°C for 1 month. A)

CryoTEM images of mPBI-FM-E formed by thin film hydration (TFH) after storage at 4°C for 1
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month in water, showing predominantly FM. B) CryoTEM images of mPBI-FM-C formed by FNP

after storage at 4°C for 1 month in PBS, showing predominantly FM.

2.4.5 PBI Enhances FM formation via Flash Nanoprecipitation

Previously, nanostructure stability issues have prevented the use of FNP for the reliable
fabrication of FM self-assembled from amphiphilic diblock copolymers, which has restricted their
formation methods to more traditional, yet less scalable techniques such as TFH.! 12 13301 A
formulation of PEG17-b-PPS3g diblock copolymer (fpeg=0.21) with water as the aqueous solvent
was the first block copolymer shown to predominantly form FM via FNP.!'4) However, PEG-b-
PPS diblock copolymers with fpeg between 0.30 and 0.38 primarily formed micelles via FNP, most
likely due to the turbulent mixing conditions requiring longer hydrophobic block chain lengths for
stable FM formation.!'*3 Since the incorporation of pi-stacking PBI enhances FM stability, I
hypothesized that PBI tetrablock copolymers would promote the self-assembly of FM under the
turbulent mixing conditions of flash nanoprecipitation (FNP). I thus prepared formulations from
different mixtures of diblock copolymer and PBI tetrablock copolymer (20-50 mol%) via FNP
(Table 2-4). The resulting formulations were clear solutions having different shades of red
depending on the fprg of the PBI tetrablock copolymer used (Figure 2-7). Using FNP, I found
mPBI-FM self-assembled from polymers having an overall fpeg of 0.22-0.35, which greatly
expands the range of acceptable fpeg that reliably form FM (Table 2-4). For example, PEGas-b-
PPS4s (freG=0.36) only forms FM via TFH and forms spherical nanostructures via FNP, as
characterized by TEM (Figure 2-8). In contrast, when 20 mol% of PBI tetrablock copolymer is
mixed with PEG4s-b-PPS4s, mPBI-FM successfully form via FNP (Figure 2-8). Interestingly, these

mPBI-FM nanostructures also exhibit enhanced storage stability in solution, as observed by the
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presence of filaments after over one month of storage in PBS at 4° C (Figure 2-6). mPBI-FM
formed from FNP also maintained a filamentous structure after dehydration, with rigid rods
ranging in length from 100 nm to 600 nm observed on scanning transmission electron microscopy
(Figure 2-9). The inclusion of pi-stacking PBI tetrablock copolymer therefore permits the
reproducible self-assembly of FM nanostructures via FNP, a scalable nanofabrication method, over

a wide range of fpgg ratios, and enhances the stability of the resulting suspensions in storage.
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Figure 2-7. Representative image of mixed PBI formulations formed with FNP. A) 1:1 molar
ratio of PBI tetrablock polymer with PPS length of 19 units and PEGi7-b-PPS19 phthalimide
formed in H>O. B) 1:1 molar ratio of PBI tetrablock polymer with PPS length of 19 units and
PEG17-b-PPS19 phthalimide formed in PBS. C) 1:1 molar ratio of PBI tetrablock polymer with PPS
length of 32 units and PEG17-b-PPS37 phthalimide formed in H>O. D) 1:1 molar ratio of PBI

tetrablock polymer with PPS length of 32 units and PEG17-b-PPS37 phthalimide formed in PBS.
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20% PBI g #l § No PBI polymer

Figure 2-8. PBI tetrablock copolymer promotes formation of mPBI-FM via FNP. A) TEM

image of mPBI-FM-C, consisting of PEGus-b-PPSs4s benzyl mixed with PBI 19 tetrablock
copolymer (20 mol percent, overall fpeg=0.35) formed in H>O. C) PEG4s-b-PPS4s benzyl with no

PBI polymer added forms spherical structures instead of FM in PBS, as seen on TEM.
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Figure 2-9. Scanning transmission electron microscopy image of mPBI-FM-A formed via
FNP in water. mPBI-FM-A consists of 1:1 molar ratio of PBI tetrablock polymer with PPS length

of 19 units and PEG17-b-PPS19 phthalimide.
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Figure 2-10. Characterization of the filamentous morphology of mPBI-FM as compared to
PEG-b-PPS (-)PBI-FM. a) Transmission electron microscopy (TEM) images of mPBI-FM
formulations and (-)PBI-FM listed in Table 1. Formulations prepared by FNP have a blue border,
whereas formulations formed by thin film hydration (TFH) have a black border. b) Small angle X-
ray scattering (SAXS) and flexible cylinder model fits for the FM formulations listed in Table 2-

7.

Table 2-7. Composition, formation method, and morphological parameters of key FM
formulations in this study. Formulations were prepared using TFH or FNP with different
mixtures of PBI tetrablock copolymer and PEG-b-PPS diblock copolymer spanning a range of
hydrophilic weight fractions (freg). The formulations are presented in order of increasing contour
length to persistence length ratio (L/Lyp), with a higher L./L, corresponding to increasing flexibility.
The morphological parameters were characterized by SAXS, with the parameter uncertainties from

the flexible cylinder model fit included.

FM Tetrablock Diblock Molar % of Final = Contour Persistence L/L, Formation
copolymer copolymer tetrablock Length Length L method
copolymer feeG L.(mm)  (nm)

mPBI-FM  PEG,PPS,,PBI PEG,,PPS, 50% 0.31 1912+ 58.0+9.0 3.3 FNP

type A PPS PEG,,  phthalimide 152

mPBI-FM  PEG,,PPS,;PBI PEG PPS, 50% 0.31 4235+ 1233+ 34 TFH

type B PPS ,PEG,  phthalimide 1449 258

mPBI-FM  PEG,PPS,,PBI PEG, PPS,, 20% 0.35 3375+ 613141 5.5 FNP

type C PPS PEG,,  benzyl 414
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mPBI-FM  PEG, PPS PBI PEG,PPS, 20% 034 10124+ 1124+ 9.0 TFH
type D PPS ,PEG,  benzyl 274.1 231
PEG PPS, PBI PEG PPS,, 50% 021 9363+ 53.6+18.6 18  TFH
PPS,,PEG,  phthalimide 123.2
(-)PBL-FM  N/A PEG,PPS,; 0% 036 10224+ 46.8+58 22  TFH'
benzyl 168.5

*(-)PBI-FM only predominantly forms FM with TFH, but not with FNP.

2.4.6 PBI Enhances Control over FM Flexibility

Since pi-stacking PBI enhances the stability of FM, I next assessed whether the
incorporation of PBI alters the flexibility of the cylindrical nanostructures. In addition to observing
a filamentous morphology by TEM, I characterized 5 different mPBI-FM formulations and (-)PBI-
FM with Small Angle X-Ray Scattering (SAXS) (Figure 2-10). A flexible cylinder model was fit
to the scattering data to estimate FM parameters, including the contour length and the persistence
length (Table 2-7 and 2-8). In the flexible cylinder model, the FM is modeled as a chain of stiff
rods, each with a length L, or the persistence length.[*!] The contour length (L.) is the estimated
total length of the chain. As the persistence length decreases compared to the contour length, or as
L./ L, increases, the chain becomes more flexible.!*?! I organized the FM formulations in order of
increasing L¢/ Lp, (Figure 2-10; Table 2-7). The (-)PBI-FM formulation was included for the

purpose of comparison.

Table 2-8. mPBI-FM and (-)PBI-FM parameters with parameter uncertainties estimated

from flexible cylinder model fits of SAXS scattering profiles in Figure 2-10B.
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FM Parameters mPBI- mPBI- mPBI-FM mPBI-FM (-)PBI-FM
FM A FM B C D

Contour Length, L 191.2+ 4235+ 3375+ 1012.4 + 936.3 + 1022.4 +

(nm) 15.2 144.9 41.4 274.1 123.2 168.5

Kuhn length (nm) 115.9+ 246.5 + 1225+ 224.8 + 107.1 + 93.5+11.5
17.9 51.5 28.2 46.2 37.2

Persistence length, 58.0+9.0 1233+ 613+14.1 1124+ 53.6+18.6 46.8+5.8

Lp (nm) 25.8 23.1

LC/Lp 33 34 5.5 9.0 18 22
Radius (nm) 5.1 8.6+2.1 72+14 13.8+14 122+77 112
Aspect ratio 19 25 23 37 38 46
Chi’ 0.02 0.03 0.009 0.04 0.01 0.13

As observed by the L¢/L;, ratios (Table 2-7), the (-)PBI-FM were most flexible whereas the
incorporation of PBI decreased FM flexibility. Generally, increasing the molar percent of PBI
tetrablock copolymer in the formulation decreased filament flexibility, most likely due to increased
pi-stacking (Table 2-7). The formation method also affected FM flexibility. mPBI-FM formed with
FNP were shorter and less flexible than mPBI-FM with the same polymer composition formed via
TFH (Table 2-7). The nucleation and precipitation of the block copolymer that occurs in
supersaturated conditions in FNP is known to provide control over particle size, and may have led

to shorter FM.?%! Forming FM with shorter contour lengths previously required fragmentation of
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longer FM after self-assembly with repeated extrusion through a membrane or sonication.[6% 18

Here, my results demonstrate the formation of shorter FM through self-assembly via FNP.

In addition, by incorporating different molar fractions of PBI tetrablock copolymer and
varying the formation method and self-assembly parameters, [ created a library of FM
nanostructures that have identical surface chemistries but differ in their flexibility. This not only
demonstrates the utility of PBI incorporation for controlling FM flexibility, but also provides a
library for examining the relationship between nanocarrier flexibility and various performance
metrics that are important for drug delivery. Furthermore, this library minimizes influences from
crosslinking strategies reported elsewhere in the literature. Previous studies with PEO-5-PCL and
PEO-b-PBD FM modulated FM flexibility by increasing the molecular weight of the polymer
while keeping fpeg constant or utilizing free-radical polymerization to crosslink the FM after
formation, respectively.!'”> 18 331 My platform for modulating FM flexibility through the co-
assembly of pi-stacking polymers does not require chemical crosslinking after formation or the
synthesis of multiple diblock copolymers with a specific fprc, as FM flexibility can by modulated

by incorporating different ratios of a pi-stacking tetrablock copolymer with a diblock copolymer.

2.4.7. Zeta-potentials of mPBI-FM
The zeta-potentials for the mPBI-FM were negative or near neutral (Table 2-9), similar to

the zeta-potentials reported for previous PEG-b-PPS nanocarriers.”* 162

Table 2-9. Zeta-potential of select mPBI-FM formulations. (n=3 different measurements)
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mPBI-FM Zeta potential (mV+SD)
mPBI-FM type A 0.1+0.4
mPBI-FM type B -9.1£6.4
mPBI-FM type C -6.3+0.7
mPBI-FM type D -1.3+0.8
-9.4+0.5
(-)PBI-FM -6.5+0.3

2.4.8 Verification of Removal of Amine-functionalized Diblock Copolymer

For the reaction to synthesize PBI tetrablock copolymer, two PEG17-b-PPS-NH> diblock
copolymers are bridged by PTCDA to form the tetrablock copolymer. As primary amines are
cationic and can exhibit toxicity, 6 to verify the removal of amine-functionalized PEG-b-PPS from
the mixed PBI formulations through the work-up procedure, the Kaiser test was performed on a
representative mPBI-FM and mPBI-PS formulation. The Kaiser (ninhydrin) test is a sensitive test
for primary amines utilized in solid phase peptide synthesis to determine whether amino acid
coupling reactions are complete.'®! Ninhydrin reacts with the primary amine group to form a blue
color. mPBI-FM-E and mPBI-PS-A were found to have levels of amines comparable to the
negative control of H>O, and no blue color was detected (Figure 2-11). Samples with bovine
serum albumin (BSA) served as a positive control. Absorbance spectra of the samples after the
Kaiser test also verified there was no peak at 600 nm for mPBI-FM and mPBI-PS, compared to

the BSA positive controls (Figure 2-12).
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Figure 2-11. Image of mPBI-FM and mPBI-PS after Kaiser test. From left to right: H2O
(negative control), mPBI-FM-E, mPBI-PS-C, 0.5 mg/mL BSA, 5 mg/mL BSA. The BSA served

as the positive control.

Kaiser Test
4- — Hzo
— mPBI-FM-E
9 37 — mPBI-PS-C
& — 0.5 mg/mL BSA
2 2-
o — 5 mg/mL BSA
Ne)
<,

0 T T T T 1
0 200 400 600 800 1000

Wavelength (nm)



98

Figure 2-12. Absorbance spectra of mPBI-FM and mPBI-PS after Kaiser test. A 600 nm

absorbance peak corresponds to the blue color observed when primary amines are present.

2.4.9. Super-resolution Imaging of FM
Standard techniques to characterize the morphology of PEG-b-PPS FM include cryoTEM,

TEM, and SAXS. cryoTEM and SAXS allows verification of FM morphology in a frozen-
hydrated state and in solution, respectively.®> However, both of these techniques are time-
intensive, require extensive training and/or specialized equipment, and are low throughput. I
therefore explored whether super-resolution microscopy techniques can be used to assess the

morphology of PEG-b-PPS FM.

(-)PBI-FM were loaded with the hydrophobic fluorescent dye Dil and encapsulated into a
10% polyacrylamide gel. Dil-loaded poly(ethylene glycol)-b-oligo(ethylene sulfide) (PEGuas-b-
OES7) FM were also prepared for comparison.!®* PEGas-b-OES7 forms stable FM at a very high
frr of 0.83 because of the crystallinity of the OES block.!% The entrapped FM were then imaged
with interference-based structured illumination microscopy (SIM). A few isolated filaments and
clusters of filaments were observed for the (-)PBI-FM sample (Figure 2-13). However,
background fluorescence was observed and the majority of the image consisted of punctate
fluorescence. For the PEGas4-b-OES7 sample, clusters of small rods were observed, but individual
filaments were difficult to be distinguished. These results demonstrate that imaging of FM with
SIM is possible; however, the method of sample preparation requires further optimization. During

imaging, the acrylamide gel was contracting leading to slight movement, which reduced image
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quality. Potential approaches to improving image quality include keeping the gel hydrated while
imaging, washing the gel with PBS to remove micelles in the formulation, and further decreasing
FM concentration. While clusters of FM should be able to be resolved with further optimization,
the resolution of SIM is most likely not high enough to resolve individual FM, especially FM
shorter than 1 pum, so other super-resolution microscopy imaging techniques should also be

explored.

A

Figure 2-13. Images of Dil-loaded FM formulations entrapped in a polyacrylamide gel and
imaged by SIM. a) Dil-loaded (-)PBI-FM at a concentration of 0.175 mg/mL. b) Dil-loaded
(-)PBI-FM at a concentration of 0.34 mg/mL. c) Dil-loaded PEG44-b-OES7 at a concentration of

0.175 mg/mL.
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Figure 2-14. mPBI-FM exhibit shifts in fluorescence and “cylinder-to-sphere”
morphological transition to micelles after oxidation. a) Emission spectra of mPBI-FM-E before
and after oxidation with 5 M H,O; for 2 h. b) Changes in the intensity ratio (emission at 550 nm
/emission at 640 nm) of mPBI-FM types A through E after treatment with a physiological
concentration (20 pM) of H>O; over 12 h (n=2). The mean (solid line) and standard deviation
(dotted lines) are displayed. ¢) Emission spectra of mPBI-FM-E before and after incubation in 50%
fetal bovine serum for 24 h at 37° C. d) Dynamic light scattering (DLS) of mPBI-FM-E treated
with 5 M H>O over 48 h. ) SAXS and model fit of mPBI-FM-E at timepoints of 0 minutes, 45
minutes, and 90 minutes after oxidation with 5 M H2O,. At 0 minutes and 45 minutes, mPBI-FM-
E best fits the flexible cylinder model. At 90 minutes, the SAXS scattering profile best fit a micelle
model. f) TEM images of mPBI-FM-E before and after treatment with SM H2O: for 2 h at 25°C.

Examples of micelles are marked with the black arrows.

2.4.10. mPBI-FM Undergo “Cylinder-to-Sphere” Transitions upon Oxidation

The fluorescence emission spectrum of PBI shifts depending on its concentration and level
of aggregation.!*”) The Scott Lab previously leveraged this property to form immunotheranostic
mPBI-PS that shift in fluorescence emission in response to oxidation-mediated disassembly. "]
Since PEG-b-PPS (-)PBI-FM are capable of undergoing morphological transitions from FM to

MC upon oxidation,!'? I investigated the effect of oxidation on the fluorescence emission spectra

and morphology of mPBI-FM.
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Figure 2-15. Fluorescence emission spectra of mPBI-FM formulations. The plot displays
emission spectra acquired for mPBI-FM types A-E at a polymer concentration of 0.5 mg/mL in

PBS after excitation at 485 nm.

Table 2-10. Polydispersity index of mPBI-FM-E at various timepoints after treatment with

5 M H:0: as measured by dynamic light scattering (DLS).

Time in 5 M Polydispersity index (PDI)

H:20:
0 min 0.22
30 min 0.09

2h 0.07
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48 h 0.06

Table 2-11. mPBI-FM-E parameters estimated from flexible cylinder model fit of SAXS

scattering profiles in Figure 2-14E for 0 min and 45 min after treatment with 5 M H20..

Parameters 0 min 45 min
Length (nm) 1011.1 815.9
Radius (nm) 6.2 11.8
Chi? 0.008 0.009

Table 2-12. Oxidized mPBI-FM-E parameters estimated from micelle model fit of SAXS

scattering profile in Figure 2-14E for the timepoint at 90 min after treatment with 5 M

H20:.
Parameters 90 min
Core radius (nm) 8.46

Radius of gyration (nm)  7.05
Diameter (nm) 31.02
Chi? 0.001

Before oxidation, mPBI-FM had a similar emission spectra to that of the previously
reported mPBI-PS 1% with a peak in the emission spectra at 640 nm after excitation at 485 nm
(Figure 2-14A; Figure 2-15). Following oxidation with 5 M H20: for 2 h, the fluorescence

emission spectra of mPBI-FM shifted to a peak at 550 nm (Figure 2-14A), which indicates that the
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pi-stacking of PBI is disrupted under these conditions. Since the concentration of intracellular
reactive oxygen species is generally below 100 uM,# I studied the kinetics of this fluorescence
shift at a physiological concentration of H202 (20 uM) by measuring the ratio of the fluorescence
emission intensity at 550 nm over 640 nm for 12 h. An increase in the 550 nm/640 nm fluorescence
intensity ratio was observed over time for mPBI-FM types A-E with 20 uM H>O, with the largest
increase observed for mPBI-FM-E (Figure 2-14B). To assess the stability of mPBI-FM for in vivo
applications, I measured the fluorescence emission spectra before and after incubation with fetal
bovine serum (FBS) of mPBI-FM-E for 24 h at 37° C. The peak in emission at 640 nm indicated
that pi-stacking was maintained after 24 h (Figure 2-14C). Thus, mPBI-FM are likely to be stable

after exposure to physiologically relevant fluids such as blood in vivo.

I next assessed whether this shift in fluorescence emission corresponds to a morphological
transition of the mPBI-FM upon oxidation. I conducted these studies using mPBI-FM-E, which
had the greatest shift in fluorescence after oxidation with physiological levels of H2O». I first
tracked their apparent hydrodynamic diameter and polydispersity index with dynamic light
scattering (DLS) after treatment with 5 M H»O, for 48 h. DLS is most useful for characterizing
the hydrodynamic diameter and polydispersity index of spherical structures, so I measured relative
shifts in these parameters to monitor the “cylinder-to-sphere” morphological transition.*! A
decrease in the apparent hydrodynamic diameter and polydispersity index of the mPBI-FM
solution was observed over 48 h of oxidation (Figure 2-14D, Table 2-10). This result suggests that
the abundance of small monodisperse spherical structures in the solution was increasing over time,
which is consistent with mPBI-FM transitioning into spherical MC upon oxidation. Furthermore,

I monitored the morphology of mPBI-FM-E with SAXS at different timepoints after treatment
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with 5 M H0,. After 0 minutes and 45 minutes of oxidation, mPBI-FM-E maintained a
filamentous morphology as the scattering profiles best fit a flexible cylinder model (Figure 2-14E).
However, the contour length shortened from over a micron to 815.9 nm after 45 minutes of
oxidation, further suggesting that the cylinders were budding into MC (Table 2-11). After 90
minutes of oxidation, changes in the scattering profile were observed and best fit a micelle model,
which confirmed that the mPBI-FM were undergoing a morphological transition into a population
of predominantly MC (Figure 2-14E). The morphological parameters of mPBI-FM-E in this
degradation study, as modeled by SAXS, are presented in Table 2-11 and 2-12. Their
morphological transition to MC was further confirmed by TEM. After 2 h of treatment with 5 M
H>0,, FM fragments and micelles (marked by arrows) were observed (Figure 2-14F). I therefore
concluded that mPBI-FM undergo shifts in fluorescence and a morphological transition to MC
after oxidation as aggregation and pi-stacking of the PBI is disrupted. The fluorescence shifts
correlate with the kinetics observed through TEM, SAXS, and DLS. These unique features of
mPBI-FM further enable the characterization of “cylinder-to-sphere” transition kinetics by
monitoring fluorescence emission without requiring loading of additional fluorescent dyes or using

more low-throughput characterization techniques.

2.4.11. mPBI-FM Fluorescence Intact after Triton-X Incubation

Besides oxidation, I assessed whether the addition of a surfactant can disrupt mPBI-FM
nanostructures. Generally, polymer bilayers are solubilized by detergents, which can lead to
disruption of the nanocarrier morphology.'® Addition of 0.1% Triton X-100 for 10 minutes has

been utilized to disrupt PEG-b-PPS PS to release enzymes encapsulated in the nanocarriers.®’
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Interestingly, the fluorescence emission peak at 640 nm of mPBI-FM-E did not change after
addition of the surfactant, 0.1% Triton X-100 for 30 min (Figure 2-16). This suggests that the
addition of detergent did not disrupt PBI pi-stacking at this timepoint, and that the pi-stacking
enhanced the stability of the nanocarriers, making them less sensitive to detergents compared to
PEG-b-PPS PS. However, further characterization with TEM imaging of mPBI-FM after longer
incubation times with Triton-X is needed to confirm that the addition of detergent did not disrupt

mPBI-FM morphology.

Triton X incubation
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Figure 2-16. Emission spectra of mPBI-FM-E before and after incubation with the

detergent 0.1% Triton X-100 for 30 min.

2.5. Conclusions
While FM nanocarriers have great potential as delivery vehicles for medicine due to their
unique filamentous morphology, reproducible and scalable formation of FM has remained

challenging. Taken together, I have developed a filamentous pi-stacking nanomaterial, which
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allow for rapid, scalable self-assembly of FM via FNP and permitted control over FM flexibility.
Scalable FM formation via FNP and control over flexibility was achieved by co-assembling PBI
tetrablock copolymers containing pi-stacking moieties with diblock copolymers, a strategy that is
potentially applicable across different BCP systems. The pi-stacking ability of these polymers
enhanced the stability and shelf-life of the resulting mPBI-FM, as the mPBI-FM maintained their
filamentous morphology after a month in storage at 4° C. PBI incorporation also increased the
acceptable fprg range of BCP that forms FM via TFH and FNP (fpec=0.22 to 0.35). Depending on
the overall fpeg of the BCP, ratio of PBI tetrablock copolymers incorporated, and self-assembly
method, mPBI-FM with varying flexibilities and contour lengths were formed. The mPBI-FM
were less flexible than (-)PBI-FM in all cases. Incorporation of PBI also offered a high-throughput
method to evaluate the oxidation-induced “cylinder-to-sphere” morphological transition of mPBI-

FM by monitoring changes in fluorescence emission dependent on the extent of PBI aggregation.
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CHAPTER 3
3. Investigation of the Effect of Filament Flexibility on Immune Cell Internalization
and Activation

3.1. Abstract

The shape and flexibility of nanocarriers affect their cellular internalization, circulation time,
and transport through the body. Co-assembling the pi-stacking PBI tetrablocks and PEG-5-PPS
diblocks at different molar ratios resulted in mixed PBI-containing FM (mPBI-FM) with tunable
length and flexibility, allowing the investigation of the effect of filament flexibility on immune
cell uptake and macrophage activation. The flexibility of the filamentous nanocarriers affected
their cytotoxicity profile, with the most rigid mPBI-FM exhibiting the greatest toxicity in murine
macrophages in vitro. The flexibility of mPBI-FM was also optimized to decrease uptake by
macrophages in vivo, leading to increased circulation time compared to (-)PBI-FM without PBI
tetrablocks after intravenous administration in mice. Lastly, filament flexibility affected
macrophage activation, with the most rigid mPBI-FM eliciting the greatest upregulation of
surface markers characteristic of classically activated macrophages. Thus, FM flexibility can be
engineered to enhance passive targeting of immune cell subtypes, increase systemic circulation

times, and to induce immune cell activation.

3.2. Introduction

This chapter concerns the investigation of how filament flexibility affects interactions with
immune cells, particularly macrophages, which are largely involved in nanocarrier clearance in
vivo. To provide some background, the concepts of 1) how the chemical properties of PBI

derivatives affect their cellular interaction, 2) how macrophages are activated and involved in
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nanocarrier clearance and 3) how nanocarrier flexibility or elasticity affects cellular interactions

and immune cell activation is briefly summarized.

In this chapter, to better understand how the tunable physical properties of FM influence
their performance as drug delivery vehicles, I examined the relationship between mPBI-FM
flexibility and their uptake by cells in vitro, as well as their organ and cellular level biodistribution
in vivo. I also investigated how FM flexibility affected activation of murine macrophages in vitro

and serum cytokine and biomarker levels in vivo.

3.2.1. Interaction of PBI Derivatives with Cells

The fluorescent dye PBI has been utilized as pigments in nonpolar solvents for industrial
applications such as automotive finishes, due to their chemical inertness and thermal stability,
since the 1950s.'” More recently, PBI derivatives with enhanced water solubility have been
developed for biological applications, especially as photostable fluorescent dyes. Increased
solubility of PBI has been achieved by introducing hydrophilic groups or polymers at the imide
positions or bay region.'®® The size, shape, electric charges and chemical composition of these PBI
constructs have been found to influence their cellular interactions and toxicity.'® PBI constructs
have been synthesized as DNA intercalators, and PBI constructs with a small molecular weight,
highly polar substituents, and increased number of charges from the addition of amines were able
to enter the cell nucleus and inhibit the growth of HeLa cancer cells more effectively.!'® 17
Conversely, attaching two amphiphilic diblock copolymers to PBI to form a tetrablock copolymer

led to the formation of mPBI-PS that exhibited no cellular toxicity in vitro in RAW 264.7

macrophages.'>® These mPBI-PS served as immunotheranostic tools to visualize and quantify
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nanoparticle disassembly upon internalization.'® These examples illustrate how the chemical
properties and ability of PBI constructs to form supramolecular structures can be engineered for

different biomedical applications.

3.2.2 Effect of Filament Length and Flexibility on Cellular Internalization and Circulation
Times

The effect of polymeric filament length and flexibility on cellular internalization is not well
understood. Many studies have focused on spherical particles, where generally stiffer particles
demonstrate increased uptake in immune cells.'*® For filamentous nanostructures, the impact of
length and flexibility in vitro depends on the nanomaterial system. Mullner et al. found that
cylindrical polymer brushes with a length of 1.2 um had almost 3 times higher cellular association
with RAW 264.7 macrophages compared to 250 nm brushes.!”! Cylindrical polymer brushes that
were made more rigid through the addition of a PCL core, when compared with more flexible
brushes, were found to have similar cell association with RAW 264.7 macrophages in vitro.!”! In
contrast, Geng et al. found that longer and more flexible self-assembled FM (3 um) were
internalized by activated human macrophages at lower rates in vitro compared to 1.8 pm FM.%
These studies suggest that filaments with a length between 1-2 um are internalized by macrophages

at higher rates.

Filament length has had varying effects with regards to circulation times in vivo. Increasing
the aspect ratio of cylindrical polymer brushes increased plasma clearance and increased uptake in

the spleen and liver after intravenous administration in rats.!”!

Conversely, longer degradable
PEG-b-PCL FM ranging from 2-18 pum in length exhibited increased circulation times in vivo;

however, these FM fragmented over time due to shear forces, so the persistent circulation observed
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was not only due to the FM length.>® Indeed, inert PEG-5-PEE FM that had a starting length of
3.5 um had similar circulation times as 8 um degradable FM. With respect to filament flexibility,
in general decreasing the flexibility shortened circulation times. Increasing the rigidity of the
polymer brushes led to rapid clearance from plasma, with a greater uptake of the brushes observed
in the liver.!”" Similarly, increasing the rigidity of degradable PEG-»-PEE FM led to shorter
circulation times in rats.® Of note, if the persistence length of the filamentous nanostructures is
not measured, it is difficult to compare the effect of filament flexibility across different
nanomaterial platforms. Further studies, especially with systematic characterization of the
persistence length of the nanomaterials, are thus needed to better elucidate how the properties of

filamentous nanostructures affect their biological performance in vivo.

3.2.3. Murine Macrophage Activation and Polarization

Macrophages are a member of the innate immune system and engulf pathogens to present
antigens to the adaptive immune system. In response to various stimuli and the local tissue
environment, macrophages become activated and differentiate into diverse populations with
different immune effector functions, including the secretion of pro or anti-inflammatory
cytokines.'” While there is a spectrum of macrophage populations, the phenotype of murine
macrophages has generally been categorized into a two categories on different ends of this

3

spectrum.!” Macrophages that are activated by proinflammatory cytokines and pathogen-

associated molecular patterns (PAMPs), such as IFN-y and LPS, are known as classically activated
or M1 macrophages.!” These macrophages are pro-inflammatory, ready to quickly defend against
an infection, and have enhanced phagocytic and intracellular bactericidal activity, as evidenced by

173

their production of nitric oxide. In contrast, alternatively activated macrophages or M2
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macrophages have an anti-inflammatory phenotype and are activated by anti-inflammatory
cytokines such as IL-4 and IL-13, parasitic infections, and danger signals known as damage-
associated molecular patterns (DAMPs).!> M2 macrophages resolve the inflammatory response
to promote tissue repair and wound healing and may be more vulnerable to intracellular
infection.!” They have induced arginase activity leading to production of ornithine, and typically
secrete the anti-inflammatory cytokine IL-10.!7* M2 macrophages have been further classified
into four different subtypes with different effector functions that include promoting angiogenesis,

regulating the immune response, and removal of debris.!"

3.2.4 Effect of Nanocarrier Morphology and Flexibility on Immune Cell Activation
Nanocarrier shape and flexibility not only influence their cellular uptake, but also their
ability to activate immune cells.!”®> For rod-like nanostructures, the general trend is that shorter
rods induce less of an immune response. Rod-shaped aluminum oxide nanoparticles with a longer
aspect ratio more effectively induced expression of CD80 and CD86 on splenocytes after
intravenous injection in ICR mice, compared to shorter rods.!”® In RAW 264.7 macrophages,
longer cylindrical glyconanoparticles of 215 nm induced a greater inflammatory response with
increased IL-6 secretion compared to shorter cylindrical nanoparticles (99 nm in length).!”” In
another study by Sato et al., longer carbon nanotubes (825 nm) induced greater inflammation than
shorter carbon nanotubes (220 nm) as quantified by histology after subcutaneous injection in
rats.!”® While the length effect of rods has been characterized, the effect of flexibility of polymeric
filamentous nanostructures on immune cell activation has not been studied and needs to be

investigated.!”
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3.3. Materials and Methods

3.3.1. DNA Intercalation Assay

5 uM of PBI tetrablock copolymer was incubated at 25°C in 1xPBS with 0, 5, 10, and 15
uM of dsDNA. The DNA consisted of plasmid DNA (pL-CRISPR.EFS.tRFP, Plasmid # 57819
from Addgene) extracted from DHS alpha competent cells with the ZymoPURE II Plasmid
Maxiprep Kit (Zymo Research). The fluorescence spectra were measured after excitation at 485

nm with the Shimadzu RF-6000 Spectrofluorometer.

3.3.2. Fabrication of DiR-loaded Nanocarriers

0.5 weight % of DiR (50pg DiR/ 10 mg polymer) was added to the organic solvent during
nanocarrier fabrication with either FNP or TFH as described in Chapter 2, sections 2.3.4 and
2.3.5. After formation, the formulations were filtered in a Sephadex LH-20 (Sigma-Aldrich)
column to remove free DiR. The nanocarriers were spin-concentrated to the desired
concentration using Amicon Ultra-4 Centrifugal Filter Units (Millipore Sigma). Nanocarrier

fabrication and purification were performed under sterile conditions for in vivo studies.

3.3.3. Cell Culture

The RAW 264.7 murine macrophage cell line was obtained from the American Type Culture
Collection (ATCC, Rockville, MD, USA). The cells were cultured in DMEM supplemented with
10% fetal bovine serum, 100 IU mL™! of penicillin and 100 pg mL ' streptomycin at 37°C in a
humidified incubator with 5% CO; and 95% air. RAW-Blue macrophages (InvivoGen) were

cultured in DMEM supplemented with 10% fetal bovine serum, 100 IU mL"! of penicillin, 100
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ng mL! streptomycin, 100 pg mL™! Normocin and 200 pg mL™! Zeocin (every other passage) at

37°C in a humidified incubator with 5% CQO> and 95% air.

3.3.4. MTT Assay
RAW 264.7 cells were seeded at a density of 30,000 cells in 100 pL of media per well in

a 96-well plate and let to adhere overnight. Nanocarriers were then added to each well for final
concentrations of 0, 0.0625, 0.125, 0.25 and 0.5 mg mL™"). After 24 h, 12 pL of 5 mg mL™"' of
MTT (thiazol blue tetrazolium bromide) was added per well, and the cells were incubated at
37°C for 4 h. The media was removed and 150 uL of DMSO was added to each well to dissolve
the formazan crystals. The absorbance was measured at 570 nm. The absorbance of any cell
debris at 630 nm was subtracted from the absorbance at 570 nm, and the percent cell viability

was determined by normalizing the absorbance by the negative control (PBS-treated cells).

3.3.5. In vitro Uptake Studies
mPBI-FM (no dye): RAW 264.7 cells were seeded at a density of 1.3 x 10 cells/well on a 24-

well plate and cultured overnight. The cells were incubated in media with 0.5 mg mL™! of mPBI-
FM for 4 hr and 24 h timepoints. Cells incubated in media only were used as a control. The
media was discarded and the cells were washed three times with 1 x PBS. The cells were
harvested, stained with Zombie NIR Fixable Viability Dye (BioLegend), and fixed in 4%
paraformaldehyde. Cells incubated in media only were left unstained or stained with Zombie
NIR dye only as controls. The samples were analyzed on a LSR Fortessa flow cytometer (BD

Biosciences) and the data was analyzed with Cytobank Community software.
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DiR-loaded mPBI-FM: RAW 264.7 cells were seeded at a density of 1.3 x 10> cells/well on a 24
well plate and cultured overnight. The cells were incubated in media with 0.25 mg mL"' of DiR-
loaded FM for 4 hr and 24 h timepoints. Cells incubated in media only were used as a control.
The media was discarded, and the cells were washed three times with 1 x PBS. The cells were
harvested, stained with Zombie Violet Fixable Viability Dye (BioLegend), and fixed in 4%
paraformaldehyde. Cells incubated in media only were left unstained or stained with Zombie
Violet dye only as controls. The samples were analyzed on a 3-laser Aurora Spectral Flow
Cytometer (Cytek). After spectral mixing was performed using Spectroflo software, the data was

analyzed with Cytobank Community software.

3.3.6. Confocal Microscopy
mPBI-FM (no dye): RAW 264.7 cells were seeded at a density of 2 x 10° cells/well and cultured

for 24 hours. The cells were then incubated in 0.5 mg mL"! of mPBI-FM for 4 h and 24 h
timepoints. Cells incubated in media only were used as controls. The cells were then washed
three times with 1 x PBS, stained with NucBlue Live Ready Probes Reagent (ThermoFisher
Scientific), and imaged with a Leica TCS SP8 confocal microscope with a 63x (NA=1.4)

objective.

DiR-loaded mPBI-FM: RAW 264.7 cells were seeded at a density of 2 x 10° cells/well and
cultured for 24 h. The cells were then incubated in 0.25 mg mL™' of DiR-loaded FM for 24 h.
Cells incubated in media only were used as controls. The cells were then washed three times

with 1 x PBS, stained with LysoTracker Blue DND-22 (ThermoFisher Scientific) at 1:2000
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dilution for 2 h, and imaged with a Leica TCS SP8 confocal microscope with a 63x (NA=1.4)

objective.

3.3.7. Quanti-blue Assay on RAW-blue Cells

RAW-blue cells (100,000 cells/well) were incubated with nanocarriers (final concentration
0.5 mg mL™) or LPS (1 pg mL™") for 24h. Cell supernatant was then incubated with QUANTI-
Blue solution (InvivoGen) at 37°C for up to 6 h. The absorbance was then measured at 620-655

nm.

3.3.8. ELISAs
The Mouse Th1/Th2 Uncoated ELISA kit (Invitrogen) was utilized. Briefly, ELISA plates

were coated with the capture antibody overnight at 4°C. The wells were then washed 3 times with
Wash Buffer (1xPBS, 0.05% Tween-20), blocked with ELISA/ELISPOT diluent for 1 hour at
room temperature, then the plate was washed again. The sample or standards were added to the
wells. Standard curves were included in duplicate and 1:10 and 1:2 dilutions of the samples were
performed. The plate was then incubated at room temperature for 2 h, washed 5 times, incubated
with detection antibody at room temperature for 1 h, washed 5 times, incubated with Streptavidin-
horse radish peroxidase at room temperature for 30 min, washed 5 times, incubated with TMB
solution for 15 minutes, and then Stop solution was added. The absorbance was then measured at

450 nm.

3.3.9. Macrophage Surface Receptor Expression

RAW 264.7 cells were seeded overnight at a concentration of 2x10° cells/well. The cells

were then incubated with nanocarriers at a final concentration of 0.25 mg mL"! or LPS (1 pg mL-
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Y for 24 h. The cells were then washed with PBS and single cell suspensions were prepared.
For cellular staining, the cells were washed with 1xPBS, FcR binding was blocked with anti-
mouse CD16/32 (BioLegend), and then stained with Zombie Violet dye (Biolegend) for 20 min
at 4°C. After a wash with 1xPBS, the cells were then stained with the antibody cocktail
(Biolegend) for 45 minutes, and fixed. The antibody cocktail consisted of FITC CD80
(#104706), PE/Dazzle 594 MHC 1I (#107648), and APC/Fire 750 CD86 (#105046). Unstained
samples, single-colored controls, and full panel controls were prepared for spectral unmixing.

Flow cytometry was performed with the Cytek Aurora 3-laser Spectral Flow Cytometer.

3.3.10. In vivo Organ-level Biodistribution Study
Male, 90-day old C57BL/6J mice (The Jackson Laboratory) were fed a standard diet. All

in vivo experiments were conducted according to protocols approved by the Institutional Animal
Care and Use Committee at Northwestern University. 150 uL of 1x PBS (control group) or DiR-
loaded FM (mPBI-FM-C, mPBI-FM-D, or (-)PBI-FM at 5 mg mL"! concentration) were
administered by retroorbital intravenous injection to the mice. The PBS control group had 3 mice
while the FM experimental groups had 7 mice. 6 h after injection, 150 pL of whole blood was
collected through retro-orbital bleeding in the opposite eye for serum analysis. 24 h after
injection, the mice were sacrificed and whole blood was collected into Eppendorf tubes through
cardiac puncture. After whole-body perfusion with heparinized PBS, the liver, spleen, kidneys,
lungs, brain, and heart were collected into a petri dish for each mouse. The organs and tubes of
whole blood were imaged by the IVIS in vivo imaging system (PerkinElmer) with an excitation

wavelength of 745 nm, emission wavelength of 800 nm, and exposure time of 0.5 seconds. The
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liver, kidneys, and spleen were saved to prepare single-cell suspensions for flow cytometry, and

the whole blood was saved for serum analysis.

IVIS data was analyzed using Living Image software (PerkinElmer). A circular region of
interest (ROI) was drawn over each organ, and a background ROI was drawn in an empty area of
the petri dish for each mouse. For the whole blood tubes, the tubes from each group were imaged
together, and a background ROI was drawn in an empty area of the image for each group. The
radiant efficiency, RE, ((p/s/cm2/sr)/(uW/cm2)) was determined for each ROI. The adjusted
radiant efficiency was obtained by subtracting from the RE of the organ the RE of the
background, which was defined as average RE of the background ROI multiplied by the area of
the organ ROI and a factor calculated as the REof the organ/(average RE x area of the organ
ROI). To calculate the relative biodistribution of each FM among the different organs and whole
blood, for each mouse the adjusted RE for all the organs and whole blood were summed to
calculate a total RE. The adjusted radiant efficiency for each organ in that mouse was divided by
this sum to obtain the percentage of the total radiant efficiency for each organ. For the images of
the organs, the color scale minimum was adjusted until the plate autofluorescence disappeared
for all images and the images were displayed with the same logarithmic color scale for each

organ.

Serum fluorescence analysis: Whole blood was spun down at 3000 rpm for 25 min at 4°C and the
supernatant was collected as the serum. For each sample, the serum was diluted 1:40 and the DiR
fluorescence spectra was measured with a Shimadzu RF-6000 Spectrofluorometer with

excitation wavelength of 745 nm and emission wavelengths of 750 nm to 900 nm. The serum
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fluorescent intensity for each mouse sample was multiplied by the dilution factor. The serum
fluorescence was then normalized by the initial fluorescence of each FM formulation before
injection as follows. The integrated fluorescent intensity (area under the curve) of the DiR
emission peak from 765 nm to 8§15 nm was calculated for each FM formulation mPBI-FM-C,
mPBI-FM-D, and (-)PBI-FM at 0.25 mg mL™' and divided by the lowest integrated fluorescent
intensity to obtain a normalization factor that was applied for each FM group. The integrated
fluorescent intensity of the control group (PBS injection) was then subtracted to account for

background fluorescence.

3.3.11. In vivo Cellular-level Biodistribution Study

Single-cell suspensions were prepared from the liver, spleen, and kidneys for flow
cytometry as previously described.®* For cellular staining, the cells were washed with 1xPBS,
FcR binding was blocked with anti-mouse CD16/32 (BioLegend), and then stained with Zombie
Aqua dye (Biolegend) for 20 min at 4°C. After a wash with 1xPBS, the cells were then stained
with the antibody cocktail (Biolegend) for 45 minutes, and fixed. The antibody cocktail consisted
of BV421 CD45 (#103133), BV605 Ly-6C (#128035), BV785 CD11b (#101243), PE/Dazzle
594 F4/80 (#123146), PerCP/Cy5.5 CD11c (#117328), FITC CD3 (#100204), Alexa-fluor 700
Ly6-G (#127622), and APC MHC-II (#107614). Unstained samples, single-colored controls,
and full panel controls were prepared for spectral unmixing. Flow cytometry was performed as
above with the Cytek Aurora 3-laser Spectral Flow Cytometer. A minimum of 500,000 single
cell events were recorded for spleen samples, 300,000 single cell events for the kidney samples,
and 100,000 single cell events for the liver samples. Live, single cells were gated using FSC,

SSC, and Zombie Aqua viability dye. The percentage of DiR positive cells was determined using
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a 2% false positive rate set by gating against cells from the PBS-injected control group. The
gating strategy and cell markers for the various cell populations is shown in Table 3-1. Data for

a cell population was only reported if the cell count was greater than 100 for that population.

3.3.12. Serum Biomarker Analysis

Serum creatinine was measured with the Mouse Creatinine Assay Kit (Crystal Chem
#80350). Serum alanine aminotransferase was measured with the Alanine Transaminase Assay

kit (ScienCell Research Laboratories #8478).

3.3.13. Statistical Analysis

Any pre-processing of data including normalization and background subtraction are
described above in the relevant methods subsection. Unless otherwise noted in the figure
captions, the mean was presented with error bars representing the SEM. Statistical significance
was determined by ANOV A with post hoc Tukey’s test to correct for multiple comparisons for
data with a normal distribution and equal variances. All statistical analyses used a 5%

significance level and were performed with GraphPad Prism software (version 9.0.2).

Table 3-1. Definitions of cell populations for in vivo cellular biodistribution study. Gates for
all cell populations were set on population of live single cells using FSC, SSC, and Zombie Aqua

viability stain (Zombie Aqua low).

Organ Cell Type Markers for Flow cytometry

Spleen Non-immune cells CD45-
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T cells
Macrophages

Dendritic cells

CD45+, CD3+
CD45+, CD3-, Ly6C-, CD11b+, F4/80+

CD45+, CD3-, Ly6C-, CDI11b-, CDIllc+,
IA/IE+

Patrolling Monocytes CD45+, CD3-, CD11b+, Ly6C ", SSC"°
Liver Non-immune cells CD45-
T cells CD45+, CD3+
Macrophages and Kupffer cells CD45+, CD3-, Ly-6G-, CDl1c-, CDI1b+,
F4/80+
Dendritic Cells CD45+, CD3-, Ly-6G-, CD1l1c+, TA/IE+
Monocytes CD45+, CD3-, Ly-6G-, CDllc-, CD11b+,
F4/80-
Neutrophils CD45+, CD3-, Ly-6G+
Kidneys Non-immune cells CD45-
T cells CD45+, CD3+
Macrophages (CD11c+) CD45+, CD3-, Ly-6G-, F4/80+, CDIl11b+,

Macrophages (CD11c-)

Dendritic Cells

Granulocytes

CDllc+

CD45+, CD3-, Ly-6G-, F4/80+, CDIl11b+,
CDllc-

CD45+, CD3-, Ly-6G-, F4/80-, CDllc+,
IA/IE+

CD45+, CD3-, Ly-6G+
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3.4. Results and Discussion

3.4.1. Assessment of DNA Intercalation Ability of PBI Tetrablock Copolymers

To assess whether PBI tetrablock copolymers can intercalate DNA, the fluorescence of the
PBI tetrablocks after incubation with different concentrations of DNA was assessed. The
fluorescence intensities of PEG7PPS19PBIPPS19PEG17 and PEG7PPS;2PBIPPS3;PEG17
tetrablocks did not substantially decrease after incubation with concentrations of up to 15 uM of
DNA (Figure 3-1). PBI derivatives that intercalate well with DNA exhibit a dose-dependent
decrease in the fluorescent intensity as the DNA concentration increases.'® Xu et al., observed
an almost 4-fold decrease in fluorescence after incubation of their PBI DNA intercalator with 15
uM of dsDNA.'® These results demonstrate that PBI tetrablock copolymer do not intercalate
DNA, most likely due to the steric hindrance of the large PEG-b-PPS diblocks attached to the PBI.

The PBI tetrablock copolymer is thus unlikely to localize in nuclei and inhibit cellular growth.

A PBI 19 Fluorescence B PBI 32 Fluorescence
250 250

> > — PBS
g 200 g 200 — DNA 15 uM only
£ £ — PBI +0 uM
o 150 o 150
o o — PBI +5uM
=4 c /
§ 100 § 100 PBI + 10 uM
] [} -
S 50+ 5 50 PBI +15 uM
3 = 3
[T (S

0 1 1 1 1 1 1 0 I T 1 T 1 1

450 500 550 600 650 700 750 450 500 550 600 650 700 750

Wavelength Wavelength

Figure 3-1. Fluorescence spectra of PBI tetrablock copolymers after incubation with

different base-pair concentrations of double-stranded DNA.
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3.4.2. mPBI-FM Shift in Fluorescence after Intracellular Oxidation

In previous studies, mPBI-PS exhibited a shift in fluorescence in vitro after oxidation-
induced disassembly within the endolysosome.!”® 1 therefore studied whether the shift in
fluorescence of mPBI-FM can also be observed under physiological oxidation conditions in vitro
in RAW 264.7 murine macrophages. The shift in fluorescence of mPBI-FM-E after uptake in
murine macrophages was quantified through flow cytometry after incubation with the nanocarriers
for 4 h and 24 h timepoints, as compared to unstained controls and cells stained with Zombie
Fixable Viability Dye. The percent uptake of mPBI-FM into the macrophages increased from 4 h
to 24 h, as 41% of the cells were positive for red fluorescence at 24 hours (Figure 3-2A). At 24
hours, 6 percent of the cells were positive for green fluorescence as well as red fluorescence,
demonstrating that mPBI-FM can undergo oxidation and morphological transition in vitro (Figure
3-2A). The median fluorescence intensity of red and green fluorescence also increased over time
from 4 to 24 hours as more of the mPBI-FM were endocytosed and oxidized (Figure 3-2B). This
shift in fluorescence upon cellular uptake and oxidation in vitro was further confirmed by confocal
microscopy imaging of the cells at 4 and 24 h timepoints. At 4 hours, red and to a lesser extent
green fluorescence could be observed intracellularly as discrete puncta, and at 24 hours, more
green fluorescence was observed intracellularly (Figure 3-2C). These studies demonstrate that
the morphological transition of mPBI-FM after oxidation in vitro can be observed by measuring

the shift in fluorescence emission from red to green fluorescence.
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Figure 3-2. mPBI-FM undergo a red to green fluorescence shift in vitro in RAW 264.7 mouse
macrophages. a) Percent uptake and b) median fluorescence intensity of mPBI-FM-E (0.5mg/mL)
by RAW 264.7 cells after incubation for 4 h and 24 h as measured by flow cytometry, compared
to controls that were unstained or stained with Zombie Aqua Viability Dye (n=3). Statistical
significance was determined by ANOVA with post hoc Tukey’s test to correct for multiple
comparisons with a 5 percent significance level (**p<0.01, ****p<(0.0001) The mean is displayed
together with error bars representing the standard deviation. ¢) Confocal microscopy images of

RAW 264.7 macrophages incubated with mPBI-FM-E for 4h and 24 h as compared to a control
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incubated with PBS. Intact FM had red fluorescence, oxidized FM had green fluorescence, and

areas of overlap of red and green are shown in yellow.
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Figure 3-3. Differential cytotoxicity and uptake profiles of mPBI-FM having distinct L¢/Lp
in RAW 264.7 murine macrophages. FM formulations from Table 2-7 are ordered in terms of
increasing flexibility. (-)PBI-FM is included for comparison. a) Viability of RAW 264.7 cells
after incubation with different FM formulations for 24 h as measured by the MTT assay (n=4).
The viability was compared to cells treated with PBS (100% viability). b) Percent cell uptake
(DiR+ live cells) by RAW 264.7 cells after incubation for 4 h and 24 h with DiR-loaded FM
formulations in Table 2-7 (0.25 mg mL™") as measured by flow cytometry (n=3-6). Statistical
significance was determined by ANOVA with post hoc Tukey’s test to correct for multiple
comparisons with a 5 percent significance level (*p<0.05, ****p<0.0001). The mean is displayed

together with error bars representing the SEM.

3.4.3. mPBI-FM Flexibility Affects Cell Uptake in Murine Macrophages in vitro

Taking advantage of my ability to form FM with a range of flexibilities, I conducted a
systematic investigation into whether FM flexibility affects cytotoxicity and cellular
internalization. I first assessed viability of the macrophages after incubation with the FM
formulations in Table 2-7 at different concentrations up to 0.5 mg mL™' for 24 h using an MTT
(methyl-thiazolyl-tetrazolium) assay. Dose-dependent cytotoxicity was observed with the least
flexible FM, mPBI-FM-A and mPBI-FM-B, while the more flexible FM, particularly mPBI-FM-
C and (-)PBI-FM, were found to be non-toxic (Figure 3-3A). Of note, the most rigid FM (types
A and B) contained 50 mol% of PBI tetrablock copolymer compared to 20 mol% for types C and
D. To confirm that the cytotoxicity observed is due to FM rigidity and not the concentration of
PBI tetrablock copolymer the cells are exposed to, macrophage viability was again assessed with

mPBI-FM-C and mPBI-FM-D, but at the same concentration of PBI tetrablock copolymer as
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mPBI-FM-A and mPBI-FM-B (Figure 3-4). The percent viability was not dependent on the dose
of the mPBI-FM, so the cytotoxicity observed with mPBI-FM-A and mPBI-FM-B was not related
to the amount of PBI tetrablock copolymer in the formulation (Figure 3-4), but to the properties of
the FM. The cytotoxicity observed with the most rigid FM may be similar to cytotoxicity observed
with multiwalled carbon nanotubes (MWCNTSs) which are generally very rigid with L/ L, <1.17°
It is known that MWCNTs having thin and rigid physical properties exhibit cytotoxic effects in

mouse macrophage cell lines. '8 18!

I then assessed cellular uptake of the FM at a concentration of 0.25 mg mL™! with RAW
264.7 macrophages through flow cytometry at 4 h and 24 h incubation timepoints. The FM were
loaded with DiR, a hydrophobic NIR dye, to enable fluorescence detection and tracking of the
nanocarriers. The percentage of FM positive (FM+) cells increased from 4 h to 24 h for all
formulations (Figure 3-3B). In addition to this consistent time-dependent increase in FM uptake,
the level of nanocarrier internalization was found to differ for the different FM types examined.
The least flexible, cytotoxic mPBI-FM-A and mPBI-FM-B exhibited high levels of cell uptake
(Figure 3-3B). For mPBI-FM types C to E and (-)PBI-FM, cell uptake increased with increasing
FM flexibility (Figure 3-3B). Interestingly, mPBI-FM-C and mPBI-FM-D, having moderate
flexibilities of L¢/ Lp of 5.5 and 9.0 respectively, were internalized by macrophages at a
significantly lower rate compared to mPBI-FM-E and (-)PBI-FM (p<0.05). Confocal microscopy
revealed that the FM were internalized by the macrophages and were not merely associated with
the cell surface (Figure 3-5). These results are comparable to previous studies with FM self-
assembled from PEG-b-polyethylenethylene (PEG-b-PEE), where FM nanocarriers having a

length greater than 3 um, or a L¢/ L, of 6, led to decreased phagocytosis in an activated human
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macrophage cell line after a 24 h incubation period in static culture.’® PEG-b-PEE FM less than 3
pm in length (Lo/ L, <6) were phagocytosed at a greater rate by the activated human
macrophages.”® In summary, these studies demonstrate that differences in flexibility affect the
cytotoxicity and cell uptake profiles of FM in vitro. The least flexible FM (mPBI-FM types A and
B) were cytotoxic, while FM in the middle range of flexibilities studied here (mPBI-FM types C

and D) reduced nanocarrier uptake by macrophages.

100- B mPBI-FMC

= mPBI-FM D
80—

Percent Viability

W SIS LIS SR SIS

Qo Qo Qo Qo Qo Qo \0
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Figure 3-4. Viability of RAW 264.7 cells after incubation with increased concentrations of
mPBI-FM-C and mPBI-FM-D, as measured by the MTT assay (n=4). The viability was

normalized by cells treated with PBS (100% viability).
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mPBI-FM D (-)PBI-FM
Figure 3-5. mPBI-FM loaded with DiR, a near infrared (NIR) dye, are internalized by RAW
264.7 macrophages. Confocal images were obtained after 24 h of incubation with the nanocarriers

(polymer concentration of 0.25 mg/ mL) with (-)PBI-FM and PBS as controls. Lysosomes are
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labeled with Lysotracker (blue) and DiR is shown in yellow. Colocalization of Lysotracker and

DiR is white.
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Figure 3-6. PBI incorporation into FM alters nanocarrier biodistribution in vivo. a)
Schematic of the experimental design of in vivo studies. mPBI-FM-C, mPBI-FM-D, and (-)PBI-
FM loaded with NiR dye DiR were administered intravenously in C57BL/6J mice (n=7). Mice
injected with PBS were included as controls (n=3). Serum was collected 6 h and 24 h after
injection. At 24 h, organs and whole blood were collected for IVIS, and the liver, spleen and
kidneys were processed for cellular-level biodistribution analysis by flow cytometry. b)
Representative fluorescence images obtained via IVIS for the liver, spleen, kidneys, lungs, heart
and brain 24 h after IV injection. c) Relative biodistribution of each FM for each organ and whole
blood, as the percentage of the total adjusted RE. d) Integrated fluorescence intensity of DiR in the
serum at 6 h and 24 h post-injection. e) FM association with various immune cell populations (DiR
positive cells) in the spleen, liver, and kidneys. Within each organ or timepoint, statistical
significance was determined by ANOVA with post hoc Tukey’s test to correct for multiple
comparisons with a 5 percent significance level (¥*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

The mean is displayed, with error bars representing the SEM.

3.4.4. PBI Incorporation Modulates FM Biodistribution in vivo

As mPBI-FM types C and D led to decreased cell uptake in RAW 264.7 macrophages in
vitro, I hypothesized that these mPBI-FM formulations would have decreased uptake in the
mononuclear phagocyte system (MPS) resulting in increased circulation times in vivo compared
to (-)PBI-FM. The MPS, a network of phagocytic cells including blood monocytes, tissue

macrophages, and dendritic cells, is important for clearance of nanoparticles and filamentous
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viruses.’® 82 ] therefore investigated the biodistribution of these FM at the organ and cellular levels
in a common mouse model (Figure 3-6A). I injected C57B1/6J mice intravenously with DiR-
loaded mPBI-FM-C, mPBI-FM-D, (-)PBI-FM or PBS, which served as the negative control. The

FM maintained their morphology after DiR loading as confirmed by TEM (Figure 3-7).

Figure 3-7. mPBI-FM maintained a filamentous morphology after loading DiR in the FM

core. TEM micrographs of negatively stained specimens are displayed.

At the organ-level, I assessed the relative biodistribution of the FM among the different
organs, which accounts for any inherent differences in fluorescence of the three FM formulations
prior to injection. Fluorescence images of representative organs are displayed in Figure 3-6B, with
images of collected whole blood presented in Figure 3-8. For each mouse, the adjusted radiant
efficiency of the liver, spleen, kidneys, lungs, heart, brain, and whole blood were summed to

determine the total radiant efficiency, and the percentage of the total radiant efficiency for each
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organ was calculated (Figure 3-6C). (-)PBI-FM had a similar biodistribution as seen in previous
studies with the most uptake observed in the liver.”* For all the FM formulations, after the liver,
the blood had the highest fluorescence levels, ranging from 9-27% of the total radiant efficiency.
mPBI-FM-C, which was less flexible, had statistically significant differences in relative
biodistribution compared to mPBI-FM-D and (-)PBI-FM 24 h after intravenous injection. mPBI-
FM-C had significantly less accumulation than mPBI-FM-D in the spleen (Figure 3-6C).
Compared to both mPBI-FM-D and (-)PBI-FM, significantly less accumulation of mPBI-FM-C
was observed in the liver, while a higher percentage of mPBI-FM-C was observed in the lungs,
brain, and blood (Figure 3-6C). A statistically significant increase in fluorescence was also
observed in the serum with mPBI-FM-C and mPBI-FM-D compared to (-)PBI-FM (Figure 3-6D).
Both mPBI-FM-C and mPBI-FM-D had significantly less accumulation in the kidneys compared
to (-)PBI-FM, suggesting reduced renal clearance (Figure 3-6C). The oxidation of PPS in PEG-b-
PPS block copolymers into more hydrophilic sulfoxides and sulfones leads to nanocarrier
disassembly allowing for kidney clearance of the block copolymer.'®* Based on our in vitro
analyses in oxidative conditions, the enhanced stability of mPBI-FM after oxidation compared to
(-)PBI-FM (Figure 2-6) most likely reduced oxidation-induced nanocarrier disassembly in vivo

leading to decreased clearance by the kidneys.

These results demonstrated that incorporation of PBI into FM can shift the biodistribution
of nanocarriers away from the liver, kidneys, and spleen and increase FM in circulation to 27% of
the total radiant efficiency 24 h after intravenous injection. The less flexible mPBI-FM-C (L¢/ L=
5.5) had increased persistence in circulation compared to the more flexible (-)PBI-FM (L./ L,=

22). These findings regarding circulation time are similar to previous in vivo studies in rats by
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Geng et al. utilizing FM that are much longer (2 to 18 um), but have similar diameters and L./ L,
to the FM in the present study.’® Geng et al., found that inert PEG-b-PEE FM with Lo/ L= 7
persisted in circulation for up to a week, while degradable PEG-b-PCL FM with L/ L, ranging
from 8 to 36 disappeared from circulation more quickly.’® FM flexibility thus is an important
parameter that influences circulation time and organ-level biodistribution in vivo. Developing
nanocarriers with increased circulation time has implications for diverse fields including cancer
nanomedicine, where decreased clearance by the MPS enhances nanocarrier accumulation in solid

tumors. %4

To better understand how modulation of FM flexibility through PBI incorporation affects
clearance by the MPS in vivo, I assessed FM biodistribution on a cellular level among various
CD45+ immune cell populations along with CD45- cells in the liver, spleen, and kidneys 24 h after
intravenous injection (Figure 3-6E). For the three FM formulations, the cell populations with the
most nanocarrier uptake in each organ were generally macrophages. In the spleen, preferential
uptake for the FM with levels similar to splenic macrophages was also observed in the reservoir
of patrolling monocytes.'®> However, there were clear preferences in uptake dependent on FM
flexibility on the cellular level. mPBI-FM-C, the least flexible FM, was not preferably internalized
by any cell population, aside from some enhanced uptake by dendritic cells (DCs) in the spleen
(p<0.05) when compared to (-)PBI-FM. This corresponds with the mPBI-FM-C having the lowest
accumulation on the organ level in the spleen, liver, and kidneys. In contrast, (-)PBI-FM with the
highest flexibility had significantly higher uptake compared to both mPBI-FM types in CD45-
cells and Kupffer cells in the liver. mPBI-FM-D, with an intermediate flexibility, had significantly

increased uptake by DCs in the liver. This increase in uptake in DCs and decrease in uptake in
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Kupffer cells in the liver may explain how there was no significant decrease in uptake at the organ
level in the liver for mPBI-FM-D compared to (-)PBI-FM (Figure 3-6C). In the kidneys, immune
cell populations generally preferred mPBI-FM-D compared to mPBI-FM-C and (-)PBI-FM, with
significant increases observed in granulocytes and CD11c+ macrophages. mPBI-FM-D also had
significantly higher uptake in T cells in the kidney compared to the more flexible (-)PBI-FM, and
kidney DCs preferred mPBI-FM-D over the less flexible mPBI-FM-C. This suggests that the

flexibility of mPBI-FM-D is optimal for uptake by multiple immune cell populations in the kidney.

Overall, differences in cellular biodistribution were observed between the three FM
formulations, demonstrating that changes in the flexibility of FM having identical surface
chemistry influences their cellular interactions. Notably, mPBI-FM-C and mPBI-FM-D had
significantly reduced clearance by Kupffer cells in the liver. As Kupffer cells encompass the
majority of tissue resident macrophages and play an important role in nanoparticle clearance, '+
1% this most likely led to the bioavailability increases observed for mPBI-FM-C and mPBI-FM-D
in the blood. Furthermore, these nanocarriers demonstrate passive targeting of immune cells, as
mPBI-FM-D had increased uptake in DCs in the liver and multiple immune populations in the
kidneys, including granulocytes and DCs. These observations are intriguing, since they suggest
the flexibility of nanocarriers can be modified to passively target immune cell subpopulations that
play key roles in disease. For example, liver DCs are important in promoting tolerance, so

immunomodulation of these cells can be effective in preventing liver transplant rejection.'®’
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Figure 3-8. Characterization of whole blood fluorescence using IVIS. Fluorescence images of
whole blood samples collected 24 h after intravenous administration of DiR-loaded FM

nanocarriers in C57Bl/6 mice. A PBS treatment group was included as a negative control.

3.4.5. Effect of filament flexibility on murine macrophage activation in vitro

I investigated whether filament flexibility had an effect on murine macrophage activation
in vitro by measuring NF-kB activation, quantifying surface marker expression, and assessing
cytokine release after RAW 264.7 cells were incubated with mPBI-FM types A through E. (-)PBI-

FM, (-)PBI-PS, and mPBI-PS-A were included for comparison, and lipopolysaccharide (LPS), a
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Toll-like receptor 4 (TLR4) agonist, was utilized as the positive control. I used the Quanti-Blue
assay to measure NF-kB activation of RAW-Blue cells, which are murine RAW 264.7
macrophages modified with a secreted embryonic alkaline phosphatase (SEAP) reporter construct
induced by NF-kB and activator protein 1 (AP-1). I found that none of the mPBI-FM formulations,
similar to PBS and (-)PBI-FM and (-)PBI-FM PS, induced NF-kB activation in RAW-blue cells
after incubation for 24 h compared to the positive control of 1 pug/mL of LPS (Figure 3-9A). This
demonstrates that mPBI-FM do not activate microbial pattern-recognition receptors (PRRs)
expressed by RAW-Blue cells including TLRs, NOD-like receptors, RIG-I-like receptors and C-
type lectin receptors, and did not elicit a strong inflammatory response in vitro. Similarly, high
levels of IL-10, a cytokine expressed by macrophages after recognition of PRRs, was only
produced by RAW 264.7 macrophages after incubation with the positive control of LPS, with none
of the nanocarrier formulations inducing IL-10 secretion (Figure 3-9B). As IL-10 expression is
induced by TLR signaling (TLR2, TLR3, TLR4, and TLR9) and C-type lectin receptors, ' these
results further suggest that mPBI-FM do not induce TLR and C-type lectin receptor signaling in
murine macrophages. Interestingly, incubation with mPBI-FM and mPBI-PS formulations led to
upregulation of CD80 and MHC II in RAW 264.7 macrophages compared to the PBS control
(Figure 3-10). The most rigid mPBI-FM (types A and B) also led to the most upregulation of
CD86, while mPBI-FM-E, mPBI-PS-A, and (-)PBI PS slightly upregulated CD86 compared to the
PBS control (Figure 3-10). While NF-«B activation was not observed, low IL-10 secretion and
upregulation of MHC II and the costimulatory molecules CD80/CD86 suggest that mPBI-FM,
particularly the most rigid types A and B, can activate macrophages toward the classically-

activated macrophage phenotype and are not inducing polarization toward an anti-inflammatory
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regulatory macrophage phenotype.!” In addition, FM flexibility affects macrophage surface
marker expression levels, as mPBI-FM with intermediate flexibility (types C and D) generally
showed lower levels of CD80, CD86, and MHC II compared to the most rigid mPBI-FM types A
and B. Further assessment of secretion of proinflammatory cytokines such as TNF-a, IL-6, and
IL-1p, and quantification of nitric oxide production can shed more light on whether mPBI-FM are
inducing activation of pro-inflammatory, M1-like macrophages or a distinct mixed M1/M2

phenotype.!7*
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Figure 3-9. Effect on filament flexibility on NF-kB activation and IL-10 cytokine production
in murine macrophages in vitro. a) NF-«xB activation of RAW-Blue cells (modified RAW 264.7
cells) after incubation with 0.5 mg mL™! of different mPBI-FM formulations for 24 h as measured
by the Quanti-Blue Assay (n=4). Statistical significance was determined by Brown-Forsythe and
Welch ANOVA tests with post hoc Dunnett’s test to correct for multiple comparisons with a 5

percent significance level (**p<0.01). b) IL-10 cytokine release in vitro by RAW 264.7 cells after
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24 h of incubation with mPBI-FM formulations (n=3). 1 pg/mL of LPS served as the positive
control. Statistical significance was determined by one-way ANOVA with post hoc Tukey’s test
to correct for multiple comparisons with a 5 percent significance level (****p<0.0001). The mean

is displayed, with error bars representing the SEM for both A and B.
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Figure 3-10. Surface marker expression of CD80, CD86, and MHC II on RAW 264.7
macrophages after 24 h incubation with mPBI-FM and mPBI-PS (n=3). (-)PBI-FM and
(-)PBI-PS were included for comparison. 1 pug mL™' of LPS served as the positive control.
Statistical significance was determined by one-way ANOVA with post hoc Tukey’s test to correct
for multiple comparisons with a 5 percent significance level (**p<0.01,

*H%p<(0.001,****p<0.0001). The mean is displayed, with error bars representing the SEM.

3.4.6. Effect of filament flexibility on serum cytokine levels and biomarkers in vivo
To assess the effect of filament flexibility on immune cell activation, the serum was
collected 24 h after intravenous administration of DiR-loaded FM nanocarriers, and cytokine levels

of [L-10, IFN-y, IL-2, and IL-4 were measured to evaluate whether a Th1 or Th2 immune response
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had been elicited. None of the mice injected with FM (mPBI-FM-C, mPBI-FM-D, or (-)PBI-FM)
had a significant difference in cytokine levels compared to the PBS or free DiR control mice
(Figure 3-11). These results demonstrate that a strong Thl or Th2 response was not elicited by
FM administration at this time point and suggests that mPBI-FM types C and D of medium
flexibility, similar to PEG-b-PPS nanocarriers, are non-immunogenic after intravenous

administration in vivo.3? 189190

The serum biomarkers of alanine aminotransferase (ALT) and creatinine (Cr) for
hepatotoxicity and renal toxicity respectively, were also measured 24 h after intravenous
administration of DiR-loaded FM. No significant elevations in ALT and Cr were observed
compared to the control group of mice injected with PBS (Figure 3-12), suggesting that the FM,
similar to PEG-b-PPS nanocarriers developed previously,’” 1° did not lead to hepatotoxicity and

renal toxicity in vivo at this timepoint.
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Figure 3-11. Cytokine concentrations in mouse serum collected 24 h after IV injection of
DiR-loaded FM nanocarriers in vivo in C57Bl/6 mice (n=3). Statistical significance was
determined by ANOVA with post hoc Tukey’s test to correct for multiple comparisons with a 5

percent significance level. The mean is displayed, with error bars representing the standard

deviation.
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Figure 3-12. Biomarker levels in serum collected 24 h after IV injection of DiR-loaded FM
nanocarriers in vivo in C57Bl/6 mice. A) Serum creatinine (Cr), a biomarker for renal toxicity.
B) Serum alanine aminotransferase (ALT), a biomarker for hepatotoxicity. Statistical significance
was determined by ANOV A with post hoc Tukey’s test to correct for multiple comparisons with

a 5 percent significance level. The mean is displayed, with error bars representing the SEM.

3.5. Conclusions

As nanocarrier elasticity affects cellular internalization, with softer spherical nanoparticles
generally reducing internalization in immune cells,!*® !°! this ability to modulate FM flexibility
can be harnessed to control FM cellular interactions. Control over flexibility was achieved by co-
assembling PBI tetrablock copolymers containing pi-stacking moieties with diblock copolymers,

a strategy that is potentially applicable across different block copolymer systems.

The flexibility of FMs affected their cytotoxicity, with the greatest toxicity observed for
the most rigid mPBI-FM. The mPBI-FM with an optimal flexibility of L¢/L, from 5.5 to 9 were

selected for their decreased toxicity and decreased uptake by murine macrophages in vitro. Notably,



145

the selected mPBI-FM loaded with the hydrophobic NIR dye DiR exhibited different
biodistribution profiles at both an organ level and cellular level in vivo, including significantly
decreased uptake in Kupffer cells, resulting in increased circulation time compared to (-)PBI-FM.
As the flexibility and length of FM affect their performance in vivo, my work enabling the
formation of FM with a range of flexibilities allows for better understanding of morphology-
dependent differences on biodistribution and improved rational design of nanocarriers for
biomedical applications. The loading and delivery of a model hydrophobic small molecule DiR by
mPBI-FM in vitro and in vivo also demonstrates the potential of these filamentous nanocarriers

for drug delivery.

While increased levels of key Th1 and Th2 cytokines were not observed in the serum after
intravenous administration of mPBI-FM types C and D in vivo, my work with RAW 264.7 murine
macrophages in vitro suggests that mPBI-FM, particularly the most rigid types, may activate
macrophages as upregulation of MHC II and costimulatory molecules CD80/CD86 were observed.
Further studies can elucidate the activation profile of macrophages after treatment with mPBI-FM

with varying flexibilities.
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CHAPTER 4

4. Exploration of Potential Applications of Polymeric Filamentous Nanocarriers

4.1. Abstract

Filamentous nanocarriers have advantages for nanomedicine, as their unique morphology
enables increased circulation time, high drug loading capacities, and enhanced avidity for drug
delivery compared to spherical nanocarriers. In addition, FM are amenable to “cylinder to sphere”
morphological transitions for sustained drug delivery. In this chapter, I explore applications of
PEG-b-PPS FM in improving antiparasitic drug delivery and in passive targeting of tumor-draining
lymph nodes for applications in cancer nanomedicine. I loaded PEG-b-PPS nanocarriers of both
spherical and filamentous morphologies with benznidazole (BNZ), an anti-parasitic drug for
Chagas disease, and assessed the cytotoxicity and trypanocidal activity of these drugs in vitro. I
also developed a new method to form BNZ-loaded FM hydrogels and began assessing the
feasibility of sustained release BNZ systems for Chagas disease prophylaxis. In a different
application of cancer nanomedicine, I investigated the biodistribution of different nanocarrier
morphologies after intratumoral injection in vivo, including their accumulation in the tumor-
draining lymph node. These studies lay the groundwork for PEG-5-PPS FM as nanocarriers in

two different applications: infectious disease and cancer.

4.2. Introduction
In this chapter, I explore potential applications of FM in two mouse disease models: Chagas
disease and a B16F10 melanoma model. The concepts introduced in this chapter include

background on Chagas disease, why nanocarrier approaches are needed for prevention and
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treatment of Chagas disease, and why nanocarriers are advantageous for cancer nanomedicine,

particularly for the application of targeting tumor-draining lymph nodes for immunomodulation.

4.2.1. Chagas Disease

Chagas disease, or American trypanosomiasis, is a neglected tropical disease caused by the
obligate intracellular protozoan parasite, 7rypanosoma cruzi, and usually transmitted by triatomine
insect vectors.!°? Chagas disease affects more than 6 million people globally with an incidence of

30,000 new infections per year.'>

While the disease is currently endemic in 21 countries mostly
in Latin America, the CDC estimates that more than 300,000 people are currently infected in the

United States.'®® ' (Cases in the United States are predominantly from imported chronic
p y p

infections of T cruzi, with some local transmission cycles in the southern United States.'*®

Transmission of Chagas disease occurs when feces from the infected vector (triatomine
insects) enter through the bite site, a skin abrasion, or the mucosa of a mammalian host.!'?
Mammalian reservoirs for 7. cruzi include opossums, dogs, and rodents. 7. cruzi infection can
also be spread through blood transfusions, organ transplantation, consumption of food
contaminated by the vector, and congenitally from the mother to fetus.!”® During the 7. cruzi life
cycle, the parasite has three distinct developmental forms: amastigotes, epimastigotes, and
nonreplicative trypomastigotes.'’ Infective metacyclic trypomastigotes, after entry to the body
through the feces of the triatomine reduviid bug, invade nucleated cells in a vacuole that fuses with
a lysosome. The acidic pH within the vacuole causes the trypomastigote to differentiate into the
intracellular amastigote form which migrates to the cytosol in 8-16 hours.!*® In the cytosol, the

amastigotes undergo asexual replication for 4-6 days to form pseudocysts, which are
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predominantly found in cardiac, smooth, and skeletal muscles and the cells of the mononuclear
phagocyte system. The amastigotes then differentiate into trypomastigotes that are released into
the blood stream or lymphatic system after cell lysis. The blood-feeding triatomine bugs then
ingest the trypomastigotes, where they differentiate into epimastigotes after transformation to an
intermediate spheromastigote form in the midgut. This differentiation is induced by decreasing
levels of glucose during blood digestion. The epimastigotes replicate by binary fission in the
hindgut and then travel to the rectum, where they differentiate into infective metacyclic

trypomastigotes.'®

The clinical manifestations of Chagas disease include an acute phase, which begins 1-2
weeks after infection and lasts for 8 weeks, followed by indeterminate (asymptomatic) and chronic
phases.!”> During the acute phase, an abscess known as a chagoma at the site of infection and
unilateral eyelid swelling known as the Romafia sign can be observed.!”® The eyelid swelling is
caused by parasite entry through the conjunctiva or allergic reactions to triatomine antigens.?? In
rare cases, severe symptoms such as myocarditis, pericardial effusion, or meningoencephalitis can
occur with a high risk of mortality, and are more common with oral transmission.?’!-2> However,
most patients are asymptomatic or have mild symptoms such as fever, and thus most infections are
not diagnosed during the acute phase. In the indeterminate phase, parasitemia levels fall and
become undetectable by light microscopy. An estimated 20 to 30% of patients will develop
chronic Chagas cardiomyopathy over the following years to decades, with a high risk of

2

mortality.!”?>  Clinical manifestations include palpitations, syncope, pulmonary emboli, and

arrhythmias.?”> While less common, chronic disease can also involve the gastrointestinal tract,
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where patients may present with a range of symptoms including dysphagia, esophageal reflux,

weight loss, constipation, bowel ischemia, and megacolon.?*

4.2.2. Nanocarrier Approaches for Chagas Disease Prevention and Treatment

T. cruzi infection is life-long without treatment.'”> The two trypanocidal drugs available
for treatment of Chagas disease are nifurtimox and benznidazole (BNZ). Benznidazole was FDA-
approved in 2017 for the treatment of children ages 2-12 and nifurtimox was approved by the FDA
in 2020 for the treatment of children from birth to 18 years of age.?*>: 2% Both drugs are available
in oral formulations. For BNZ, the dose for adults and pediatric patients is 5-7 mg/kg and 8-10
mg/kg daily, respectively, for 30-60 days.?"” The dose of nifurtimox is 8-10mg/kg daily for adults,
12.5-15 mg/kg for adolescents, and up to 20 mg/kg for pediatric patients for at least 60 days.?%®
While both treatments are effective, with an 80-90% cure rate during the acute phase of
infection,?” patients experience serious side effects, which can lead to discontinuation of treatment.
These side effects include rash, edema, fever, and polyneuropathy for BNZ and headache, amnesia,
psychiatric symptoms, weight loss, anorexia, and nausea for nifurtimox.?% Both of these drugs are
generally poorly soluble in water leading to decreased bioavailability, requiring large daily doses.
BNZ is a Class II or IV drug with reduced solubility according to the Biopharmaceutical
Classification System, and has a log P of 0.7.2!% Nifurtimox is a Class III drug with high solubility

and low permeability and a calculated log P (CLog P) of 0.02.%!!

Nanocarrier approaches for delivery of antitrypanosomal drugs can decrease systemic
toxicity of the drugs by altering their biodistribution, increasing circulation time, and improving

drug solubility, stability, and permeability.?°>2'? The trypanocidal activity can also be enhanced



151

by passive and/or active targeting and intracellular delivery of nanocarriers to specific tissues or
cells to increase local effective drug concentrations.?!®> Because their size and morphological
properties resemble that of viruses, nanocarriers generally have enhanced uptake in immune cells,
facilitating immunomodulation for disease prevention and treatment.?'* Nanocarriers can also be
engineered to enable sustained release of a drug, reducing dosing frequency. Lastly,
nanomedicines may overcome antimicrobial drug resistance, by delivering the drug through

different mechanisms and thus avoiding mechanisms of resistance such as efflux pumps.2!®

Different nanoparticle platforms have been explored for the delivery of BNZ and
nifurtimox, including polymeric nanoparticles, liposomes, oil nanoemulsions, nanocrystals, and
mesoporous silica nanoparticles, with varying efficacy in mice models.?'? 2! Previous work in
the Scott Lab demonstrated that BNZ-loaded PS self-assembled from the triblock copolymer
(PEG17-b-PPSe0-b-PEG17) had enhanced potency against intracellular amastigotes compared to
free BNZ in H9¢2 cardiomyoblasts.?!” Two doses a week apart of 1.5 mg/kg BNZ-PS led to
decreased blood parasitemia comparable to the 100 mg/kg oral BNZ control with no detectable
hepatotoxicity. In addition, 1.5 mg/kg BNZ-PS significantly decreased heart inflammation
compared to 100 mg/kg oral BNZ. This study demonstrated that PEG-5-PPS nanocarriers can

enhance the potency of BNZ in vivo while reducing cardiac inflammation and hepatotoxicity.

These findings are especially relevant in the context of chronic Chagas disease, particularly
for chronic Chagas cardiomyopathy, where the clinical benefit of BNZ treatment is less clear.?!®

BNZ treatment does not reduce the development of cardiac disease in patients with

cardiomyopathy but does reduce progression from the indeterminate form of Chagas disease to
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cardiomyopathy.?18220 As

Chagas cardiomyopathy is thought to involve parasite persistence in
cardiac tissue and inflammation induced by the parasite and self-antigens, improved therapies that

both eradicate parasites and decrease inflammation is needed.

PEG-b-PPS nanocarriers have proven to be advantageous for immunomodulation, as the
nanocarriers themselves are non-immunogenic, providing a “blank slate” platform for delivery of
immunomodulatory drugs.??!  PEG-b-PPS self-assembles into nanocarriers of various
morphologies with preferential uptake by different immune cells, allowing for passive targeting of
immune subtypes, such as antigen-presenting cells.”* PEG-b-PPS nanocarriers have been utilized
to deliver the anti-inflammatory drugs Vitamin D and celastrol for treatment of atherosclerosis,
leading to reduced inflammatory cells and plaque area in mice. 2*>?*3 Sustained release of Vitamin
D from a PEG-b-PPS FM depot also induced high levels of regulatory T cells in an ApoE-/- mouse
model of atherosclerosis.®® Thus, a combined approach utilizing PEG-b-PPS to deliver both anti-
parasitic drugs and anti-inflammatory agents has great potential for the prevention and treatment

of chronic cardiomyopathy in Chagas disease.

4.2.3. Nanocarrier Approaches to Improve Cancer Nanomedicine

Nanocarrier formulations have already been used clinically for cancer nanomedicine and
are effective in decreasing the systemic toxicity of chemotherapeutics.??* For example, Doxil, the
PEGylated liposomal formulation of doxorubicin, is known as the first nanoformulation approved
by the FDA for AIDS-related Kaposi’s sarcoma, ovarian cancer, metastatic breast cancer, and
multiple myeloma.’”® The main advantage of Doxil over free doxorubicin is its ability to modify

the biodistribution of the drug to reduce side effects, particularly cardiac toxicity. Nanocarriers
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also have the advantages of allowing for encapsulation of multiple drugs, increasing drug
accumulation in the tumor through both passive and active targeting, and enabling stimuli-

responsive drug release at the tumor site.?**

Besides enhancing tumor delivery of chemotherapeutics, nanocarriers have been used to
improve the imaging of tumors for cancer diagnosis and stratification. The enhanced permeation
and retention effect, where tissues have increased vascular permeability, is highly heterogeneous
depending on the tumor and the patient.??® Nanocarriers can thus provide imaging assistance to
assess nanocarrier biodistribution and tumor accumulation in preclinical models, as well as stratify
patients and characterize the extent of the EPR effect for the specific tumor in the clinic. In a
complementary approach, nanocarriers can enhance delivery of immunotherapies that can
stimulate the immune system to mount antitumor responses.??’” Nanocarriers have been used to
target the adaptive immune system through T cell activation, polarizing tumor-associated
macrophages toward a more anti-tumor (M1-like) phenotype, and promoting immunogenic cell
death to recruit T cells to the tumor.??® The innate immune system can also be targeted by
nanocarriers by activating Pattern Recognition Receptors (PRRs), receptors that detect the
presence of pathogens through pathogen-associated molecular patterns (PAMPs) and cellular
damage through damage-associated molecular patterns (DAMPs).?2% 3% This leads to a type I
interferon response that also increases T cell migration to the tumor. In another approach to target
innate immunity, nanocarriers can deliver drugs to bone-marrow myeloid cells to boost their
antitumor response by inducing metabolic and epigenetic changes in the cells to activate the innate

immune memory known as “trained immunity.”??® An effective cancer nanotherapy will most
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likely require a combination of these approaches, and ramp up the immune system while delivering

chemotherapeutics to the tumor.

4.2.4. Advantages of FM for Advancing Cancer Nanomedicine

Nanocarrier properties, including their size, shape, charge, and surface chemistry, affect
their ability to reach and penetrate tumors.?** Filamentous nanocarriers, as summarized in Chapter
1, have many advantages for nanomedicine, including improving chemotherapeutic delivery to
tumors in vivo because of their increased systemic circulation times compared to spherical
particles, high drug loading capacities, ability to penetrate tumors more deeply than spherical
particles, and enhanced avidity for targeted tumor delivery.’> 3¢ FM, because of their unique
morphology, have also been shown to target sites of metastases, such as the lungs in a metastatic
breast cancer model after intravenous injection.?*! Thus, FM have been used to improve treatment

of cancer including in models for malignant glioma, lung cancer, and breast cancer.>32-23

4.2.5. Nanocarrier Targeting of Tumor-draining Lymph Nodes for Inmunomodulation

One approach in cancer immunotherapy is to target immunomodulatory drugs to the tumor-
draining lymph nodes. Lymph nodes are sites of the adaptive immune response and thus contain
specific immune cell subtypes including dendritic cells, macrophages, B cells, and T cells.?*
Targeting lymph nodes is useful in the context of cancer vaccines, where antigens and co-
stimulatory agents are delivered to antigen-presenting cells (APCs), such as dendritic cells and
macrophages, to activate the adaptive immune response.?*® In the case of a tumor draining lymph
node, the lymph node already contains tumor antigen, so delivery of an adjuvant can induce an

immune response against the tumor.?** Immunomodulatory drugs can also be delivered directly to
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lymphocytes to regulate their activation and function. In addition, lymph node targeting allows

for targeting and eradication of lymph node-resident cancers such as lymphomas and metastases.>*’

Different nanocarrier platforms have been explored for targeted delivery to the lymph
nodes, including micelles, dendrimers, liposomes, inorganic nanoparticles, and sustained release

hydrogels.?’

The nanocarriers can be targeted to the lymph node via different mechanisms:
through lymphatic uptake, by targeting peripheral APCs that then migrate into the lymph nodes,
targeting circulating lymphocytes, and through the bloodstream.?*® Nanocarriers with increased
flexibility (flexible macromolecules vs. rigid spheres), increased diffusivity through the ECM,
and with a size of 10-100 nm are most efficiently taken up into the lymphatic system.?*® Targeting
lymphatic uptake is especially of interest for targeting tumor draining lymph nodes, as transport
through the afferent lymph can increase accumulation in the draining lymph node by a 1000-fold
compared to transport through systemic circulation.?** Many different APCs reside in the periphery,
including cutaneous dendritic cells and Langerhans cells in the skin, lung APCs and mucosal APCs,
which can be targeted through intradermal delivery, pulmonary delivery, and oral delivery

respectively.240-242

For targeting circulating lymphocytes, lymphocytes can be removed,
covalently attached to nanocarriers, and returned to “backpack” the cargo to the lymph nodes.?*’
To target the lymph node through the bloodstream, nanocarriers can target T cells which are able
to transmigrate through high endothelial venules into the lymph nodes.?*® The bloodstream also

can target lymph node tumors as metastatic lymph nodes generally have enhanced permeability

due to changes in vasculature.>**
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4.3. Materials and Methods

4.3.1. Fabrication of BNZ-loaded and Vitamin D-loaded Nanocarriers
BNZ-loaded nanocarriers were formed with 0.5 mg of BNZ (Cayman Chemicals # 29090)

added for 10 mg of polymer. BNZ-PS, and BNZ (-)PBI-FM were self-assembled via TFH, as
described in Chapter 2. BNZ-PS were extruded 5 times through a 0.2 uM membrane after
formation. BNZ-MC and BNZ-mPBI-FM-C were formed via FNP with 1 impingement in PBS
and H>O respectively. For Vitamin D-MC, 100 ng of active Vitamin D3 or calcitriol (Cayman
Chemicals # 71820) was added to 1.5 mg of polymer and Vitamin D-MC were self-assembled via
FNP in PBS with 1 impingement. Zeba spin columns with a 7 kDa MW cutoff were utilized to

remove free BNZ and Vitamin D.

4.3.2. Transmission Electron Microscopy

After 400 mesh formvar/carbon coated copper grids were glow-discharged, 3 uL of the
sample (5-10 mg mL™! concentration) were applied to the grid. The grid was then gently blotted,
washed 2x for 5 seconds each in Milli-Q water, submerged in 1.5% uranyl formate stain for 15-20
seconds, and then blotted and allowed to air-dry. Images were collected with a Jeol 1400 120 kV
transmission electron microscope at a range of 5000-30,000 x nominal magnification. Micrographs
were acquired using a Gatan 4k x 4k Ultrascan CCD camera and Gatan Digital Micrograph
software.

4.3.3. DLS and Zeta-potential Measurement

DLS and zeta-potential measurements were taken with a Zetasizer Nano (Malvern
Instruments) with a 4mW He-Ne 633 laser. For DLS, samples were diluted 1:100 in PBS. The

number average diameter and polydispersity index were calculated. For zeta-potential
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measurements, samples were diluted in 0.1x PBS to a final concentration of 0.1 mg mL"!. For each

sample, 3 separate measurements were taken.

4.3.4. Quantification of BNZ Encapsulation Efficiency

Unfiltered sample and filtered sample were incubated in a cocktail of 95% acetonitrile and
5% water overnight with shaking. The samples were then diluted 1:10 and the absorbance was
measured at 325 nm. The cocktail (95% acetonitrile and 5% water) was used as the blank and this
background absorbance was subtracted. The encapsulation efficiency was calculated as

absorbance of filtered sample/absorbance of unfiltered sample multiplied by 100.

4.3.5 Cell Culture and Parasite Purification

The RAW 264.7 murine macrophage cell line was obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA). The cells were cultured in DMEM (Gibco)
supplemented with 10% heat-inactivated fetal bovine serum (FBS-Gibco), 100 IU mL™! of
penicillin and 100 pg mL! streptomycin (Gibco) at 37°C in a humidified incubator with 5% CO.
and 95% air.

B16F10 cells (ATCC CRL-6475) were cultured in DMEM supplemented with 10% fetal
bovine serum, 100 IU mL™! of penicillin and 100 pg mL! streptomycin at 37°C in a humidified
incubator with 5% CO; and 95% air.

3T3-L1 murine fibroblasts (ATCC CL-173) were grown until 80-100% confluency in
DMEM supplemented with 10% heat-inactivated FBS and 100 IU mL"! of penicillin and 100 pg
mL! streptomycin, and then differentiated into adipocytes. The differentiation procedure
consisted of 48 h of growth in differentiation medium 1 (DMEM supplemented with 10% FBS,

1.5 uM of insulin from bovine pancreas (Sigma-Aldrich), 1.0 uM dexamethasone (G-Biosciences)
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and 0.5 mM iso-butylmethyl-xanthine (Sigma-Aldrich)). The differentiation medium was
replaced with Adipocyte Maintenance Medium (DMEM supplemented with 10% FBS and 1.0 uM
bovine insulin (Sigma-Aldrich)). For full differentiation, Adipocyte Maintenance Medium was
replaced every 72 h for 15 days after induction, until lipid droplets could be observed by Oil Red
O staining (Sigma-Aldrich). The cells were cultured at 37°C in a humidified incubator with 5%
CO; and 95% air.

HO9c2 rat myoblasts (ATCC CRL-1446) were cultured in RPMI supplemented with 5%
FBS, 100 IU mL™! of penicillin, 100 pg mL"! streptomycin and 2 mM L-glutamine) at 37°C in a
humidified incubator with 5% CO; and 95% air.

The CL Brener strain of 7. cruzi expressing the Photinus pyralis luciferase mutant (Ppy
RE9) was used for all experiments. Epimastigotes were cultivated at 28 °C in Liver Infusion broth
supplemented with 4 g L'! NaCl, 0.4 g L"! KCI, 6.0 gL' sodium bicarbonate anhydrous, 2 g L™!
glucose, 5g L tryptose, 15 g L' yeast extract, 25 mg L' hemin, 10 mg L' folic acid, and 10%
heat-inactivated FBS, pH 7.2. After 15 days, a few trypomastigotes were observed in epimastigote
culture flasks. H9c2 rat myoblasts were cultivated with a suspension of
trypomastigotes/epimastigotes (10% v/v), at 37 °C, 5% CO., for 24 h. The cell flask was washed
with PBS repeatedly to remove non-internalized parasites and incubated with DMEM with 2 mM
L-Glutamine (Sigma-Aldrich) under the same conditions. After 5-7 days, trypomastigotes were
observed in the supernatant. Trypomatigotes were purified from culture supernatants through
245

standard centrifugation methods.

4.3.6. MTT Assay
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RAW 264.7 cells were seeded at a density of 30,000 cells in 100 puL of media per well in
a 96-well plate and allowed to adhere overnight. 11 uL of nanocarriers at various concentrations
were then added to each well for final nanocarrier concentrations of 0, 0.0625, 0.125, 0.25 and 0.5
mg mL™. For the free BNZ formulation, BNZ was dissolved in water with 1% DMSO. After 48
h, 12 pL of 5 mg mL™" of MTT (thiazol blue tetrazolium bromide) was added per well, and the
cells were incubated at 37°C for 4 h in the dark. The media was removed and 150 uL of DMSO
was added to each well to dissolve the formazan crystals.>*¢ The absorbance was measured at 570
nm. The absorbance of any cell debris at 630 nm was subtracted from the absorbance at 570 nm,
and the percent cell viability was determined by normalizing the absorbance by the negative

control (PBS-treated cells).

4.3.7. Determination of IC50 for Intracellular Amastigotes

RAW 264.7 macrophages, H9¢c2 myoblasts, and 3T3-L1 adipocytes were seeded in 16 well
Nunc Lab-Tek II (Thermo Fisher Scientific) chamber slides at a concentration of 30,000 live cells
per well. After 24 h, the cells were infected by 1x10° T. cruzi trypomastigotes per well, incubated
for another 24 h, then washed to remove non-internalized trypomastigotes. The infected cells were
then incubated with different concentrations of nanocarriers and free BNZ dissolved in water and
<1% DMSO for 48 h, and the slides were fixed with methanol (Sigma-Aldrich) and stained with
10% Giemsa stain (Gibco). Under a light microscope, 100 cells were counted and the number of
infected cells and amastigotes were used to determine the Survival Index (percentage of infected

cells x mean number of amastigotes/infected cell) for each sample, including the untreated



160

control.?*” Non-linear regression in GraphPad Prism 9.2.0 was used to calculate the IC50 based

on a log concentration versus response curve.

4.3.8. Chagas Disease in vivo Study

Seven-week-old male BALB/c mice (The Jackson Laboratory) were fed a standard diet.
All in vivo experiments were conducted according to protocols approved by the Institutional
Animal Care and Use Committee at Northwestern University (IS00014998). The mice were
injected with sterile BNZ-MC, blank MC, or free BNZ (2% DMSO) as indicated in Table 4-3.
The mice were infected with 10* trypomastigotes via intraperitoneal injection. The weights of the
animals were measured weekly, and bioluminescence detection and blood collection for blood
parasitemia measurement were completed 2 times a week. For bioluminescent detection, 15 mg
mL™! D-luciferin potassium salt (Cayman Chemicals) was injected intraperitoneally into mice.
Each animal received 150 mg D-luciferin/kg. After 15 min, the bioluminescence was detected on
IVIS (PerkinElmer). Data was analyzed on Living Image Software (PerkinElmer) and the
background was subtracted for each image. To estimate the blood parasitemia, 3 uL of blood were
collected from the tail vein and analyzed under a light microscope using the Pizzy-Brener
method.?*® The mice were euthanized after 25 days and the serum, heart, spleen, liver, kidneys,
large intestine, and adipose tissue were collected for bioluminescence detection by IVIS.
4.3.9. BNZ-loaded FM Hydrogel Formation

100 mg mL! of BNZ-loaded FM were self-assembled as in Table 4-4, with 0.5 mg of BNZ
added per 10 mg of polymer. 40 uL of BNZ-loaded FM sample were then mixed with 7.5 puL of

100 mg mL™! 8-arm PEG-vinyl sulfone (MW=10k) and 7.5 pL of 100 mg mL™"! 8-arm PEG-SH
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(MW=10k), and then placed in a Teflon mold. After incubation at 37°C for 30 minutes, the gels

were removed from the mold.

4.3.10. Rheology Measurements on FM Hydrogels
Rheology was conducted using a dynamic oscillatory rheometer (HR-2 DHR, TA

instruments) equipped with an 8 mm flat bottom cone and plate geometry. Frequency dependence

of the storage and loss moduli were analyzed in oscillatory mode with an applied strain of 1%.

4.3.11. Fabrication of DiR-loaded Nanocarriers

0.5 weight % of DiR (50pg DiR/ 10 mg polymer) was added to the organic solvent during
nanocarrier fabrication with either FNP (PS: 5 impingements in PBS, mPBI-FM-C: 1 impingement
in water, BCN: 1 impingement in water) or TFH (MC and (-)PBI-FM rehydrated with PBS). After
formation, the formulations were filtered in a Zeba spin column with 7k MW cutoff (Thermo
Fisher Scientific) to remove free DiR. Nanocarrier fabrication and purification were performed
under sterile conditions for in vivo studies.

4.3.12. Measurement of DiR Encapsulation Efficiency

Filtered and unfiltered samples were incubated with 0.1% sodium dodecyl sulfate for 30
minutes with shaking. The fluorescence intensity at an excitation wavelength of 750 and emission
wavelength of 780 was measured with a Shimadzu RF-6000 Spectrofluorometer. The
encapsulation efficiency was calculated as fluorescence of filtered sample/fluorescence of

unfiltered sample multiplied by 100.

4.3.13. Cancer Biodistribution in vivo Study

Female 6-8 week old C57BL/6J mice (The Jackson Laboratory) were fed a standard diet.

All in vivo experiments were conducted according to protocols approved by the Institutional
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Animal Care and Use Committee at Northwestern University. The mice were injected
subcutaneously in the right flank with 10° B16F10 melanoma cells. After 7 days, the mice received
an intratumoral injection of 50 pL of DiR-loaded nanocarriers (1 pg of loaded DiR), PBS, or free
DiR. Each group had 3 mice. At the designated time point for each group (24 h, 3 days, or 7 days
after intratumoral injection), the mice were sacrificed. After whole-body perfusion with
heparinized PBS, the liver, spleen, kidneys, lungs, tumor, and tumor-draining inguinal lymph node
were collected into a petri dish for each mouse. The organs were imaged by the IVIS in vivo
imaging system (PerkinElmer) with an excitation wavelength of 750 nm and emission wavelength
of 780 nm.

IVIS data was analyzed using Living Image software (PerkinElmer). A circular region of
interest (ROI) was drawn over each organ, and a background ROI was drawn in an empty area of
the petri dish for each mouse. The radiant efficiency, RE, ((p/s/cm2/sr)/(uW/cm?2)) was determined
for each ROI. The adjusted radiant efficiency was obtained by subtracting from the radiant
efficiency of the organ the radiant efficiency of the background, which was defined as average RE
of the background ROI multiplied by the area of the organ ROI and a factor calculated as the
radiant efficiency of the organ/(average radiant efficiency x area of the organ ROI). For the images
of the organs or mice, the color scale minimum was adjusted until the plate autofluorescence
disappeared for all images and the images were displayed with the same logarithmic color scale.

4.3.14. Statistical Analysis

Any pre-processing of data including background subtraction are described above in the

relevant methods subsection. Unless otherwise noted in the figure captions, the mean was
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presented with error bars representing the SEM. All statistical analyses used a 5% significance

level and were performed with GraphPad Prism software (version 9.0.2).

4.4. Results and Discussion

4.4.1 Characterization of BNZ-loaded and Vitamin D-loaded Nanocarriers

I first aimed to assess the effect of nanocarrier morphology on BNZ drug delivery. BNZ-
loaded nanocarriers with different morphologies were formed including MC, PS, mPBI-FM types
C and D, and (-)PBI-FM, with 0.05 mg of BNZ added per mg of polymer during self-assembly.
The encapsulation efficiencies of the nanocarriers are shown in Figure 4-1. MC and (-)PBI-FM
had the highest encapsulation efficiencies of around 60%, and MC and FM formulations all had
significantly higher encapsulation efficiencies compared to PS. mPBI-FM and (-)PBI-FM
maintained their filamentous morphology after loading with BNZ (Figure 4-2). The nanocarriers

all had a near-neutral or negative zeta-potential after BNZ loading (Table 4-1).

The active form of Vitamin D3, also known as calcitriol, was also loaded into MC and used
in these studies, as they are representative of MC released from FM hydrogels. The rationale was
that if Vitamin D MCs, in combination with BNZ nanocarriers, are effective in reducing
parasitemia while decreasing inflammation, then sustained release of BNZ-MC and Vitamin D-
MC from a FM hydrogel system should be explored for Chagas disease treatment. The Vitamin
D-MC had an average diameter of 20.7 nm with a low PDI of 0.1 as expected of PEG-5-PPS MC

(Table 4-1).
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Encapsulation efficiency (%)

Figure 4-1. Encapsulation efficiency of BNZ-loaded nanocarriers. Statistical significance was
determined by ANOVA with post hoc Tukey’s test to correct for multiple comparisons with a 5

percent significance level (*p<0.05). The mean is displayed together with error bars representing

the SD (n=4-12).

Figure 4-2. TEM images of BNZ-loaded FM formulations. a) (-)PBI-FM b) mPBI-FM-D c)

mPBI-FM-C.
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Table 4-1. Nanocarrier diameter measured by DLS and Zeta-potential.

Diameter PDI Zeta-Potential (mV=SD)
(nm=SD)

BNZ-MC (PEGas-b-PPS40) 17.8 £5.7 0.1 0.2+5.7

Vitamin D-MC (PEGas-b- 20.7 £6.5 0.10 -2.44+4.0

PPSa40)

BNZ (-)PBI-FM N/A N/A -1.742.2

BNZ-mPBI-FM-C N/A N/A -4.942.0

BNZ-PS (PEG17-b-PPS34) 80.6 £71.7 0.79 -4.9+0.8

4.4.2 Cytotoxicity of BNZ-loaded Nanocarriers

I next evaluated the cytotoxicity of BNZ-loaded and Vitamin D-loaded nanocarriers for
RAW 264.7 macrophages and H9¢2 rat cardiomyoblasts, two cell types known to be infected by
parasites in Chagas disease. After 48 h of incubation with the nanocarriers at different
concentrations up to 0.5 mg mL!, cell viability was assessed by the MTT assay. Blank
nanocarriers were included for comparison. (-)PBI-FM formulations over a month old (Old
(-)PBI-FM) were included to represent MCs released from FM over time, as after a month (-)PBI-
FM transition to MC. All of the nanocarrier formulations were generally non-toxic in RAW 264.7

cells and H9c2 cells, with no dose-dependent toxicity observed (Figure 4-3).
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Figure 4-3. Cytotoxicity profiles of BNZ-loaded and Vitamin D-loaded nanocarriers. The
nanocarriers were incubated with a) RAW 264.7 murine macrophages and b) H9c2 rat

cardiomyoblasts for 48 h, and cytotoxicity was measured by the MTT assay. Blank nanocarriers



167

without BNZ were included as comparison. The viability was normalized to cells treated with PBS
(100% viability). The polymer concentrations from left to right for each formulation were 0.0625
mg mL, 0.125 mg mL!, 0.25 mg mL"!, and 0.5 mg mL"!. The mean is displayed together with

error bars representing the SEM (n=8).

4.4.3. Trypanocidal Activity of BNZ-loaded Nanocarriers in vitro

The trypanocidal activity of BNZ-loaded nanocarriers in vitro was then assessed. The host
cells of RAW 264.7 macrophages, H9c2 rat cardiomyoblasts, and differentiated 3T3-LI
adipocytes were infected with a bioluminescent CL Brener 7. cruzi strain, which expresses the
red-shifted Photinus pyralis luciferase gene (Ppy RE9). These cell types were chosen because
macrophages and cardiomyocytes promote inflammatory responses after parasitic infection,
especially in chronic Chagas Disease, and parasites have been shown to persist in adipose tissue
for decades leading to chronic inflammation.?*»2%° The cells were then treated with 2.5 uM, 5 uM,
10 uM, or 20 pM of BNZ-loaded in nanocarriers for 48 h, the number of parasites in culture was
counted, and the half-maximal inhibitory concentration (IC50) was calculated. Free BNZ was
included as a positive control. For RAW 264.7 macrophages, none of the nanocarriers had a
significantly different IC50 from free BNZ, except for BNZ loaded mPBI-FM-C, which had a
significantly higher IC50 (Figure 4-4). This is likely because of the lower uptake of these more
rigid FM in RAW 264.7 macrophages as seen in Chapter 3. For the adipocytes and myoblasts, all
of the nanocarriers had a comparable IC50 for intracellular amastigotes compared to free BNZ.
These results suggest that no specific nanocarrier morphology is better for intracellular delivery of
BNZ to these three cell types in vitro, and that BNZ-MC have a similar IC50 as BNZ-PS. In

addition, the combination of Vitamin D-MC and BNZ-MC had similar IC50 values compared to
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BNZ-MC alone in macrophages and cardiac myoblasts, suggesting that the addition of an anti-
inflammatory drug does not affect the parasite killing potential of BNZ. While the nanocarriers
did not have an effect on the IC50 in vitro, nanocarrier delivery of BNZ is still warranted for
investigation in vivo as they alter the biodistribution of the drug, and facilitate delivery to immune

cells through passive targeting.*
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Figure 4-4. IC50 of BNZ-loaded nanocarriers on intracellular amastigotes after 48 h of
incubation with infected RAW 264.7 macrophages, H9¢2 cardiomyoblasts, and 3T3-L1
adipocytes. Statistical significance was calculated with the Welch ANOVA test with post hoc
Dunnett’s T3 multiple comparisons test. The mean is displayed together with error bars

representing the SD (n=2).
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Table 4-2. IC50 values (uM) of BNZ-loaded nanocarriers after 48 h of incubation on

intracellular amastigotes in RAW 264.7 macrophages, H9¢c2 cardiomyoblasts, and 3T3-L1

adipocytes.
BNZ-MC BNZ BNZ (-) BNZ-PS BNZ- BNZ Vit D-
mPBI- PBI- MC+Vit MC
FM-C FM D-MC
Macrophages 5.56+3.78 9.96+0.02 6.47+£5.3 5.89+0.82 5.12+£2.43  1.74+0.03
3
Cardiomyoblasts ~ 11.47+1.86 25.13+4.8 33.02446 8.87+0.18 6.68+1.20  7.06+3.56
8 37
Adipocytes 7.20+0.57 6.07+1.14  7.44+235

4.4.4. Effect of BNZ-loaded MC on Parasitemia and Parasite Load in vivo

PEG-b-PPS FM hydrogel systems have previously been utilized for the sustained delivery
of Vitamin D-loaded MC to induce regulatory T cells in a mouse model of atherosclerosis.>*' To
evaluate the potential of a sustained release hydrogel depot for BNZ to prevent or treat Chagas
disease, I aimed to evaluate the efficacy of different injection regimens of BNZ-MC for
prophylaxis of Chagas disease in a mouse model. As 1.5 mg/kg of BNZ encapsulated in PS
administered weekly by intravenous injection was shown to be effective for suppressing
parasitemia after infection previously,?!” 1 investigated whether BNZ-loaded MC at this dose
could prevent parasitemia. The treatment groups for this study is summarized in Table 4-3 and
Figure 4-5. Subcutaneous (SC) administration of two doses of 1.5 mg/kg BNZ loaded in MC was
included to mimic sustained release of MC from a subcutaneous FM depot. A retroorbital

intravenous injection of 1.5 mg/kg BNZ loaded in MC one day before infection was included to
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assess whether this dose is effective for Chagas disease prophylaxis. In group 3, 1.5mg/kg of BNZ
loaded in MC was administered 7 days post injection(dpi) and 14 dpi for two weeks, in the same
dosing regimen as reported previously with PS, to assess if this dose is also effective for Chagas
disease treatment when encapsulated in a different nanocarrier morphology. 100 mg/kg of BNZ
daily delivered through oral administration served as the gold standard BNZ treatment and positive
control. Blank MC, 1.5 mg/kg of free BNZ, and a no treatment group were included as negative
controls. BALB/c mice (n=3 for each group) were infected with the CL Brener strain of 7. cruzi,
which expresses the Photinus pyralis luciferase gene Ppy REY, by intraperitoneal injection. A
group of 3 mice was not infected and included as another control. The weight of the animals,
blood parasitemia, and 7. cruzi bioluminescence were measured over the course of 25 dpi. The
mice were sacrificed 25 dpi, and the serum, heart, spleen, liver, kidneys, large intestine, and

adipose tissue were collected and the bioluminescence of these organs was measured.
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Figure 4-5. Schematic of experimental design of in vivo study to assess effect of BNZ-MC on
preventing or treating Chagas disease. The injection schedule for the treatment groups is shown.

The BALB/c mice (n=3) were infected with the CL Brener strain of 7. cruzi on Day 0.

Table 4-3. Treatment groups to assess effect of BNZ-MC on preventing or treating 7. cruzi

infection in a Chagas disease mouse model.

Group | Dose Timing Method | Purpose
1 1.5 mg BNZ 1 day before SC Mimic subcutaneous sustained release
MCl/kg infection, day 14 FM depot for prophylaxis
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1.5 mg BNZ 1 day before v Assess prophylaxis dosage
MCl/kg infection
1.5 mg BNZ Day 7 and 14 v Assess if BNZ-MC perform similarly
MC/kg to BNZ-PS in previous paper*!’
100 mg Day 1 (daily) oral Gold standard BNZ treatment
BNZ/kg
Blank MC 1 day before v Negative control

infection
1.5 mg/kg 1 day before v Negative control
Free BNZ infection
Infected, no N/A N/A Negative control
treatment
Uninfected N/A N/A Control

No differences in weight were observed among the different infected groups, compared to
the uninfected mice (Figure 4-6). The gold standard oral treatment of 100 mg/kg BNZ suppressed
blood parasitemia (Figure 4-7). Large variability in blood parasitemia levels was observed in all
the treatment groups besides the no treatment group and oral BNZ group. The only statistically
significant difference in blood parasitemia detected for all the IV and SC treatment groups was in
BNZ-MCs two doses IV (group 3) compared to the untreated group 14 dpi (Figure 4-7). On day
25 after infection, the parasite load in the heart, spleen, liver, kidneys, large intestine and adipose
tissue was measured with IVIS. No significant differences in parasite load were observed between

any of the groups in all the organs (Figure 4-8).
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For total parasite load in the mice as measured by IVIS, again no parasites were detected
in the body on IVIS after the oral BNZ treatment was started (Figure 4-9). Of note, the parasite
load on day 0 after infection varied greatly for the different treatment groups (Figure 4-9) even
though the same number of parasites (10%) were injected intraperitoneally in each mouse. To adjust
for the variability in parasite load on Day 0, the 7. cruzi luminescence on day 0 was subtracted
from subsequent time points, showing the parasite load after infection in relation to initial parasite
load at infection (Figure 4-10). As expected, a significant difference in luminescence compared
to the untreated group was seen for the control oral BNZ group 14, 17, 20, and 23 dpi (Figure 4-
10). A significant difference in luminescence was also observed on day 20 for the BNZ-MC SC
prophylaxis treatment compared to the untreated group (Figure 4-10). This suggests that
subcutaneous injections of BNZ-MC have the potential to reduce parasite load, and that a
subcutaneous hydrogel depot for sustained release of BNZ-MC warrants further investigation and

optimization.

Some approaches to address the wide variability of parasitemia or parasite load within
groups is to increase the sample size and to change the injection procedure, such as utilizing tail
vein IV injections instead of retroorbital injections. The untreated group had the lowest intragroup
variability, suggesting that mouse handling and anesthesia required for the injections in the
treatment groups may be impacting the mice’s immune responses leading to greater variability in
parasitemia. An oral route of parasite infection can be compared with intraperitoneal infection to
see whether the route of infection affects variance in parasitemia levels at day 1. A higher dose of
BNZ-MCs and a more frequent schedule of SC BNZ-MC injections (Day before infection and 7

dpi instead of 14 dpi) can also be assessed.
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Figure 4-6. Weekly weights of the mice during the study. The weights of the BALB/c mice

were measured once a week for a total of 5 timepoints (Day -1, Day 6, Day 12, Day 18, and Day

23) (n=3). The mean is displayed with error bars representing the SEM.
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Figure 4-7. Blood parasitemia for different BNZ-MC regimens. Blood samples were collected
twice a week on Day 4, Day 7, Day 10, Day 14, Day 17, Day 20, and Day 23. Blank MCs, free
BNZ IV (1.5 mg/kg), and untreated mice served as negative controls, and 100 mg/kg oral BNZ
daily served as the positive control. Statistical significance was determined by two-way ANOVA
with post-hoc Dunnett’s multiple comparison test. The mean is represented (n=3) and the error bar

above each point represents the SEM.
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Figure 4-8. T. cruzi luminescence in the organs of BALB/C mice 25 days post infection for
different BNZ-MC regimens. The background was subtracted from the total flux to obtain the
adjusted total flux. Statistical significance was determined by one-way ANOVA with post-hoc

Dunnett’s test. The mean is represented (n=3) and the error bars represent the SEM.
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Figure 4-9. T. cruzi luminescence in BALB/c mice as measured on IVIS over 25 days for
different BNZ-MC regimens. The luminescence was measured twice a week starting on the day

of infection (Day 0). The mean is displayed with the error bars representing the SEM (n=3).
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Figure 4-10. T. cruzi luminescence in BALB/C mice treated with different BNZ regimens
over 25 days in relation to baseline parasite load on day 0. The mean of the total flux on day
0 was subtracted from the mean of the total flux for all subsequent timepoints to account for
varying levels of parasite load for each animal upon infection. The blank MC group is not
displayed as it had much larger flux values than the other groups. Statistical significance was
determined by two-way ANOVA with post-hoc Dunnett’s test (***p<0.001,**p<0.01, *p<0.05
compared to the untreated group). The mean is represented (n=3) and the error bar above each

point represents the SEM.

4.4.5. Characterization of Novel BNZ-loaded PEG-b-PPS FM Hydrogel Platform

As a subcutaneous sustained release system for BNZ is promising for reducing parasitemia,

I aimed to form a BNZ-loaded FM hydrogel system. In the (-)PBI-FM hydrogels previously
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developed by the Scott Lab by Karabin ef al., the FM themselves were crosslinked through the
reaction of 8-arm-PEG-thiol with vinyl sulfone-functionalized PEG-b-PPS FM (Figure 4-11A).%°
I hypothesized that a FM hydrogel can be formed without requiring crosslinking of the FM. I thus
developed a new PEG-b-PPS FM hydrogel platform where high concentrations (100 mg/mL) of
different BNZ-loaded FM are encapsulated within a scaffold or net of crosslinked 8-armed PEG-
vinyl sulfone (MW 10K) and 8-arm PEG-thiol (MW 10K), as summarized in Figure 4-11B. The
molar amount of the FM block copolymer was around 3 times greater than the molar amount of 8-
armed PEG crosslinkers that encapsulated the FM (Table 4-4). The hydrogels are pictured in
Figure 4-12. The encapsulation efficiency of the BNZ for the various FM formulations is shown
in Figure 4-13, and the encapsulation efficiency of gel B (37%) was lower than that of the other
gels, but was similar to mPBI-FM C and D (Figure 4-1). The greater EE observed for Gel C may
be due to the formation method of FNP and also the incorporation of a PBI tetrablock copolymer

with a longer hydrophobic PPS chain length.
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Figure 4-11. Schematic comparing the formation of distinct PEG-5-PPS FM hydrogel
platforms. A) In the PEG-b-PPS FM hydrogels developed by Karabin et al.,** vinyl-sulfone
functionalized PEG-b-PPS FM were crosslinked with 8-arm PEG-thiol to form a hydrogel in situ.

Reprinted with permission from [39]. B) In the PEG-b6-PPS FM hydrogels developed in this thesis



181

by Li, the FM themselves are not crosslinked. Instead, the FM are trapped in a PEG scaffold or

net formed from the crosslinking of 8-arm PEG-thiol with 8-arm PEG-vinylsulfone.

I then assessed whether the incorporation of PBI tetrablock copolymer also affected the
viscoelastic properties of the resulting FM hydrogels with dynamic oscillatory rheology. For the
crosslinked FM hydrogels previously developed by Karabin et al., viscoelastic gels were formed
with storage moduli that increased as the percentage of vinyl-sulfone incorporated increased from
10% to 30%, demonstrating that the hydrogels exhibit more elastic behavior with increasing cross-
linking density.>® For the FM hydrogels that I developed, I found that for all the gels, the storage
modulus was greater than the loss modulus, demonstrating that the gels are more elastic in nature
(Figure 4-14A). A frequency dependence was observed, with both the storage and loss moduli
increasing in the higher frequency range of 10 to 100 rad/s. The storage modulus also was greater
in the mPBI-FM gels (Gels B and C) compared to (-)PBI-FM gel A for the lower frequencies of
0.1 to 10 rad/s (Figure 4-14B). Gel C, which was a mPBI-FM formulation formed from FNP, had
the greatest storage modulus at the same angular frequency, most likely due to the increased
rigidity of mPBI-FM formed from FNP compared to those of the same polymer composition
formed from TFH (Table 2-7). These results demonstrate that PBI incorporation increases the

elastic behavior of FM hydrogels compared to (-)PBI-FM hydrogels.

Table 4-4. Composition and formation method of BNZ-loaded FM hydrogels.
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PEG,,PPS3,PBIPPS3,PEG, ,

Gel Composition Formation Molar ratio  Mass ratio
method of block of block

copolymer copolymer
to 8-armed to 8-armed
PEG PEG

A PEG,PPS , benzyl TFH in PBS 3.1 2.7

B 50 mol % PEG,,PPS . benzyl and 50 mol%  TFH in PBS 2.7 2.7

PEG,,PPS;,PBIPPS;,PEG ,
C 50 mol % PEG,,PPS . benzyl and 50 mol%  FNP in H,O 2.7 2.7

Figure 4-12. Image of hydrogels formed by encapsulating BNZ-loaded FM in crosslinked

PEG. From left to right: Gel A, Gel B, Gel C.
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Figure 4-13. Encapsulation efficiency of BNZ for the FM formulations in Table 4-4.
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Figure 4-14. Rheology measurements of BNZ-loaded FM hydrogels. a) Storage modulus (G’)

and loss modulus (G’’) as the angular frequency increased from 0.1 rad/s to 100 rad/s (n=1). b) G’

when the angular frequency was held constant at 10 rad/s. The mean is shown with error bars

representing SD (n=20 measurements).
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I thus developed a new PEG-b-PPS FM hydrogel platform utilizing a net of crosslinked 8-
arm PEG to entrap a high concentration of BNZ-loaded FM. This “net” method of hydrogel
formation enables hydrogel formation without requiring functionalization of the FM. This
simplifies FM hydrogel formation as separate synthesis of functionalized PEG-b-PPS or lipid tail
constructs are not required, and the hydrogels can be formed from commercially available
functionalized 8-arm PEG constructs. Other advantages of this new FM hydrogel platform include
the ease of co-entrapment of different mPBI-FM and (-)PBI-FM formulations within the same
scaffold for co-delivery of drugs. In addition, other crosslinkers, such as alginate, can potentially
be used to form the net entrapping the FM. Bulk hydrogel properties can therefore be quickly
modulated by changing the properties of the net, and FM can then be utilized for sustained

nanocarrier delivery in other established hydrogel systems.

4.4.6. Characterization of DiR-loaded Nanocarriers for Cancer Biodistribution Study

In Chapter 3, I found that FM flexibility affected their biodistribution in vivo in C57Bl/6J
mice. Thus, I aimed to investigate how FM flexibility affected their biodistribution after
intratumoral injection in vivo in a BI6F10 mouse disease model of melanoma. FM are of interest
in cancer nanomedicine as summarized in Chapter 1 because of their increased circulation times

and their ability to penetrate into tumors.>¢

To compare the effect of nanocarrier morphology and FM flexibility, PEG-b-PPS
nanocarriers of different morphologies (PS, MC, (-)PBI-FM, mPBI-FM-C, and bicontinuous

nanospheres (BCN)) were loaded with the fluorescent dye DiR and characterized. The diameter
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and PDI of spherical particles as measured by DLS and the DiR encapsulation efficiency is shown

in Table 4-5.

Table 4-5. Average diameter and DiR encapsulation efficiency for various PEG-b5-PPS

nanocarrier morphologies.

Samples Average diameter £+  Polydispersity DiR encapsulation
SD (nm) index (PDI) efficiency = SD (%)
" MC (PEGus-b-PPSy))  62.3+50.7 0,293 11010 2.7 |
PS (PEG17-b-PPS32) 117.5+26.0 0.237 97.5 +2.7
(-)PBI-FM N/A N/A 87.4 +10.6
BCN (PEG17-b-PPS75)  214.9+37.2 0.232 72.0 +14.1
mPBI-FM-C N/A N/A 89.4+1.1

4.4.7. Nanocarrier Biodistribution after Intratumoral Injection

After 7 days of tumor growth in the right flank of C57Bl/6] mice, the DiR-loaded
nanocarriers were injected into the tumor. A PBS and a free DiR group were included as controls.
At 3 different timepoints (1 day, 3 days, and 7 days after intratumoral injection), the mice were
sacrificed, the tumor, tumor-draining inguinal lymph node, liver, kidneys, spleen, and lungs were
collected, and DiR fluorescence was measured by IVIS. Representative images of the organs are
shown in Figure 4-15. In the tumor, significant nanocarrier uptake compared to the PBS control
group was observed on Day 1 for PS and BCNs (Figure 4-16). For the tumor-draining lymph

node, significant accumulation of MC and (-)PBI-FM were observed on Day 3, while significant
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accumulation of PS, (-)PBI-FM, mPBI-FM-C, and DiR was seen on Day 7. For the other organs,
MC traveled to the liver, kidneys, spleen, and lungs at the highest levels after intratumoral injection.
Significant levels of FM were also observed in the liver, spleen, and lungs. In terms of FM
flexibility, in general the more flexible (-)PBI-FM had greater accumulation in the liver and
kidneys compared to the less flexible mPBI-FM-C. This trend was similar to the biodistribution
data in Figure 3-6, where significantly less uptake was observed in the spleen and liver for mPBI-
FM-C compared to (-)PBI-FM after intravenous administration. Similar levels of accumulation
were observed for both FM formulations in the lungs. These results suggest that MC, (-)PBI-FM,
and mPBI-FM-C are entering systemic circulation after intratumoral injection leading to
significant levels of accumulation in the liver, kidney, and lungs compared to the PBS control, and
thus have potential for targeting tumor metastases to these organs. PS, mPBI-FM-C, and (-)PBI-
FM also exhibit passive targeting to the tumor-draining lymph node at the day 7 timepoint and so
have potential to target immune cells in the lymph node for applications in cancer immunotherapy.
Lastly, the effect of filament flexibility was again exhibited as differences in biodistribution were

observed between the two FM formulations in this disease model.

Day 1

Day 3

Day 7
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Figure 4-15. Representative fluorescence images of the tumor, tumor-draining inguinal
lymph node, lung, spleen, kidney, and liver obtained via IVIS 1 day, 3 days, and 7 days

after intratumoral injection in a B16F10 melanoma mouse model in C57BL/6J mice.
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Figure 4-16. Organ-level biodistribution of DiR-loaded nanocarriers of various

morphologies after intratumoral injection in a B16F10 melanoma mouse model in CS7BL/6J



189

mice. Statistical significance was determined by ANOV A with post hoc Tukey’s test to correct for
multiple comparisons with a 5 percent significance level (*p<0.05, **p<0.01, ***p<0.001,

*#%%p<0.0001). The mean is displayed (n=3), with error bars representing the SEM.

4.5. Conclusions

In this chapter, I explored potential applications of FM in nanomedicine in Chagas disease
and cancer. For Chagas disease, I found that PEG-5-PPS nanocarriers of different morphologies
loaded with BNZ, an anti-parasitic drug, had similar cytotoxic and trypanocidal profiles. I then
assessed the feasibility of FM hydrogel systems that enable controlled release of MC over time for
Chagas disease prophylaxis. I formed and characterized BNZ-loaded FM hydrogels and found
that 2 subcutaneous doses of BNZ-loaded MC significantly reduced parasite load in vivo 20 days
after infection compared to untreated mice. This suggests that further exploration and
development of a sustained release system for BNZ for the prevention of Chagas disease is

warranted.

For the cancer biodistribution studies, I found that FM flexibility did affect organ level
biodistribution after intratumoral injection in a B16F10 melanoma model. (-)PBI-FM, mPBI-FM-
C, and PS all had significant accumulation in the tumor draining lymph node 7 days after the
injection, demonstrating that these nanocarrier morphologies can passively target the lymph node
for future applications in cancer vaccine development or cancer immunotherapy. In addition, MC,
(-)PBI-FM, and mPBI-FM-C had significant accumulation in the liver and lungs, suggesting that

these nanocarriers may be able to target metastases to these organs. This work led to better
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understanding of the biodistribution of PEG-5-PPS FM nanocarriers in a cancer disease model that

will enable future development of PEG-b-PPS FM in the therapeutic area of cancer nanomedicine.
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CHAPTER 5

5. Conclusions and Future Directions

5.1. Conclusions

In this thesis, I aimed to increase current knowledge on how chemical and physical
properties of filamentous nanocarriers affect their biological performance, and take PEG-b-PPS
filamentous nanocarriers, or PEG-b6-PPS FM, further towards clinical translation. 1 have
developed a new filamentous nanocarrier platform that utilizes pi-stacking to enhance the stability,
scalability and reproducibility of formation, and control over flexibility of PEG-5-PPS FM. I have
demonstrated that modulating PEG-b-PPS FM flexibility affects their cellular uptake and
biodistribution and shown that the flexibility of FM can be controlled to increase their circulation
time and decrease clearance by macrophages in vivo. This pi-stacking FM platform also undergoes
“cylinder-to-sphere” morphological transitions under oxidative conditions, allowing for their use
for sustained delivery of micellar nanocarriers. Lastly, I have demonstrated the potential utility of
FM nanocarriers for drug delivery and laid the groundwork for future applications of these

nanocarriers in the prevention and treatment of infectious disease and cancer.

5.1.1 Rapid, Scalable FM Formation with Tunable Flexibility
Previously in the Scott Lab, the formation of PEG-H-PPS FM was conducted through the

thin film hydration method and required PEGuas-b-PPS with a narrow range of fpec (0.36-0.38).
While the thin film hydration method is an established method for FM in the literature, it is difficult
to scale and can lead to batch-to-batch variability, making it challenging to reproducibly form FM.

The rapid and scalable technique of flash nanoprecipitation has been used extensively for the
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formation of other PEG-b-PPS morphologies including polymersomes, micelles, and bicontinuous
nanospheres; however, it was previously not used for FM self-assembly as it required the synthesis
of PEG17-b-PPS with a specific fpeg of 0.21 and did not reproducibly form FM with the higher
molecular weight PEG4s-b-PPS. I found that the co-assembly of a tetrablock pi-stacking polymer
containing perylene bisimide (PBI) with the diblock PEG-b-PPS polymer led to more reproducible
formation of FM by both self-assembly methods (thin film hydration and flash nanoprecipitation)
and expanded the range of fpeg that is amenable to FM formation. This mixed perylene bisimide
FM (mPBI-FM) platform also enhanced stability in storage compared to PEG-b5-PPS FM without
PBI tetrablocks ((-)PBI-FM) and had tunable flexibility. I thus improved the process of PEG-b-
PPS FM formation and demonstrated that a library of FM with varying lengths and flexibilities
can be reproducibly formed with the incorporation of pi-stacking polymer in the mPBI-FM

platform.

5.1.2. Fluorescence Tracking of “Cylinder-to-sphere” Morphological Transition

Previously, the kinetics of the “cylinder-to-sphere” morphological transition in PEG-b5-PPS
FM after oxidation had to be observed through techniques such as SAXS, which is time-intensive
and requires specialized facilities. I demonstrated that the mPBI-FM maintained their ability to
undergo oxidation-driven “cylinder-to-sphere” transitions for sustained drug delivery applications.
In addition, because of the aggregation-dependent fluorescence of PBI, this morphological
transition can now be tracked by monitoring the fluorescence of the solution, allowing more high-
throughput characterization. I also demonstrated that mPBI-FM with different flexibilities had
distinct “cylinder-to-sphere” transition kinetics, which can be useful in designing FM hydrogels

with different rates of sustained release of micellar nanocarriers.
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5.1.3. Investigation of the Effect of FM flexibility on Immune Cell Interactions

Because of the difficulties in forming FM with the same surface chemistry but with varying
flexibilities, the effect of filament flexibility, particularly for polymeric FM, is not well understood.
With my pi-stacking FM platform, I showed that FM flexibility affected their cytotoxicity and
uptake in murine macrophages, with the most rigid FM exhibiting the most cytotoxicity, and FM
in the medium range of flexibilities tested exhibiting reduced uptake by murine macrophages in
vitro. FM in this medium range of flexibilities also had increased circulation time and different
biodistribution in vivo on a cellular and organ level compared to the more flexible (-)PBI-FM,
which is advantageous for drug delivery and for passive targeting of certain immune subtypes. |
thus demonstrated the importance of FM flexibility as a parameter that can be optimized for

rational design of therapeutic filamentous nanocarriers depending on the biomedical application.

5.1.4 Potential Utility of PEG-5-PPS FM for Drug Delivery

In previous work, PEG-b-PPS FM have been utilized for the sustained release of an anti-
inflammatory agent for the treatment of atherosclerosis.®? I laid the groundwork for explorations
of PEG-b-PPS FM as nanocarriers in the therapeutic area of Chagas disease, and demonstrated
that subcutaneous delivery of micelles, mimicking a sustained release FM hydrogel platform,
significantly decreased parasite load at 20 days post-infection compared to the untreated control
group. These results suggest that further work in optimizing a sustained release platform for
Chagas disease is warranted. In addition, I built on previous biodistribution studies in melanoma
cancer models to demonstrate that FM flexibility affects their biodistribution after intratumoral

injection, providing information for the future development of PEG-b-PPS FM cancer therapeutics.
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5.2. Future Directions

My thesis work brings PEG-b-PPS FM closer toward the possibility of utilizing these
filamentous nanocarriers for drug delivery in the clinic. While I have improved the process of
PEG-b-PPS FM formation and addressed key questions on how FM flexibility affects nanocarrier
biodistribution and circulation time, there are many potential future directions that can be pursued

to further the rational design of PEG-b-PPS FM nanocarriers for biomedical applications.

5.2.1. Effect of mPBI-FM Flexibility on Immune Activation

There are very few studies on the effect of polymeric filament flexibility on immune cell
activation. I found that FM flexibility had interesting effects on the immunological phenotype of
RAW 264.7 murine macrophages. While the mPBI-FM formulations I tested did not lead to NF-
kB activation of RAW-Blue cells, upregulation of the co-stimulatory surface markers of CD80 and
CD86 was observed after incubation with different FM formulations in vitro, particularly in the
most rigid mPBI-FM formulations. In addition, no IL-10 cytokine release was detected,
suggesting that the macrophages were not being polarized toward a M2 phenotype. mPBI-FM
may therefore be activating murine macrophages to a more pro-inflammatory, M1-like phenotype.
This effect is reminiscent of that of rigid carbon nanotubes, which are known to lead to macrophage
activation, depending on their length.?*> Of note, mPBI-PS also led to upregulation of CD80 and
MHC 1II compared to (-)PBI-PS, suggesting that the upregulation was not just due to the
filamentous morphology. As mPBI-PS are much smaller in diameter and expected to be less
flexible than (-)PBI-PS, this suggests that changing the elasticity of spherical nanostructures can
also lead to macrophage activation. Alternatively, perhaps the presence of PBI, a potentially

electroconductive material, is immunomodulatory. Conducting polymer nanostructures have been
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found to induce proinflammatory genes in J774A.1 mouse alveolar macrophages at higher
concentrations, so the presence of the pi-stacking polymer itself may have an immunological

effect.?>

However, further studies will be needed to characterize and better understand the
immunophenotype of macrophages after incubation with FM of varying flexibility. Quantification
of the secretion of proinflammatory cytokines such as TNF-a, IL-6, and IL-1p, assessment of a
wider range of cell surface markers, and assessment of nitric oxide production can provide more
insight into whether the macrophage phenotype that was induced is more similar to a classical M1
phenotype or more representative of a mixed M1/M2 phenotype. RNAseq of the macrophages can
also elucidate which transcriptional pathways are being activated and help explain how pro-
inflammatory surface markers are being expressed. In addition, the effect of FM flexibility on the

activation of other immune cell subtypes, such as dendritic cells, should be explored.

The ability to activate immune cells by modulating FM flexibility or by using mPBI-
nanocarriers without loaded drugs has utility in many different immunoengineering applications,
including in vaccine development and in cancer immunotherapy. mPBI-FM can be used as an
adjuvant for antigen delivery or can be delivered to “cold” tumors to promote a pro-inflammatory

tumor microenvironment.

5.2.2. mPBI-FM Hydrogels for Sustained Delivery of Micelles

My work showed that BNZ-FM hydrogels can be formed with a new crosslinking
technique, where the FM are encapsulated in a “net” of cross-linked 8-armed PEG. As mPBI-FM

themselves have different MC release rates in response to oxidation depending on their flexibility,
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they have the potential to form hydrogels with distinct controlled release rates depending on the
biomedical application. For example, mPBI-FM with different flexibilities can each be loaded
with a unique drug, allowing for sustained release of each drug at different rates from the same
hydrogel. Release studies in vitro and in vivo with different mPBI-FM formulations co-
encapsulated in the same hydrogel can be conducted in order to develop and optimize mPBI-FM
sustained release hydrogels. These hydrogels will then allow for possible drug release profiles
with a burst release of FM as they diffuse out of the gel in the gel periphery alongside concomitant

slower sustained release of MC nanocarriers.

While the incorporation of crosslinkers directly into mPBI-FM hydrogels, such as through
a peptide lipid tail construct, to form crosslinked FM gels as previously described by Karabin et
al., should also be explored,*® the hydrogel formation technique of encapsulation of FM in a “net”
that I developed can be advantageous for the creation of innovative hydrogels. The FM can be
encapsulated in different “nets,” including PEG-acrylate crosslinkers, fibrin gels, and crosslinked
collagen gels. This approach may also be amenable to 3D printing of FM hydrogels, as the FM
can be encapsulated in already characterized hydrogel inks for 3D-printing including Pluronics

and alginate, to form customizable and advanced biomaterials.?>*

The in vivo study of BNZ-MC in a Chagas disease model also suggests that a subcutaneous
sustained release system may be more effective than multiple intravenous injections for prevention
of Chagas disease, so the efficacy of a BNZ-loaded mPBI-FM or (-) PBI-FM hydrogel depot
should be explored after determination of the ideal dose of BNZ-MC needed to prevent parasitemia.

My study demonstrated that a higher dose of BNZ is likely needed to reduce and eradicate the
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parasite load. However, having more frequent subcutaneous injections in the week post infection
may be a better mimic of a sustained release system with a burst release in the first day followed
by a slower release profile, which is the release profile of (-) PBI-FM.° The release profiles of
BNZ-loaded mPBI-FM in vitro combined with in vivo data from subcutaneous MC injections can

then be used to optimize the sustained release system.

In addition, for the treatment of chronic Chagas disease, a combinatorial approach with
delivery of an anti-inflammatory drug alongside delivery of BNZ is hypothesized to be more
effective. I found that the combination treatment of Vitamin D-MC and BNZ-MC did not affect
the trypanocidal activity of BNZ, and so Vitamin D may be a promising drug to pair with BNZ.
In this case, a hydrogel with two different mPBI-FM formulations may be useful to allow for
different release rates, as it may be beneficial to have a burst release of BNZ followed by release

of low levels of an anti-inflammatory agent as the parasite load decreases.

5.2.3. Active Targeting of Immune cells

In my studies, I described how passive targeting based on changing FM flexibility led to
preferential nanocarrier uptake in different cell types, such as enhanced targeting to liver dendritic
cells. While this can be utilized for immunomodulation of specific immune subtypes, one of the
advantages of filamentous nanocarriers is their enhanced avidity when targeting ligands are
attached to the nanocarrier surface. Combined with their increased circulation time and reduced
uptake by macrophages compared to (-)PBI-FM in vivo, mPBI-FM with targeting ligands may
have enhanced cellular targeting. Clayton Rische in the Scott Lab and I have worked on the

attachment of antibodies to PEG-b-PPS nanocarrier surfaces but have not been able to achieve
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consistent, controlled, and specific antibody attachment via direct conjugation approaches using
click chemistry and through noncovalent approaches (Fc binding peptide constructs). Peptide-
lipid tail constructs already developed in the Scott Lab for MC and PS can be optimized for
incorporation into FM and mPBI-FM. Lipid tail linkers that can pi-stack may allow for stable
incorporation into mPBI-FM when mixed in with the block copolymers during self-assembly. In
addition, the Mrksich lab has developed megamolecules that allow for the specific attachment of
anti-CD3 F(ab) fragments to nanoparticles through the binding of an enzyme to an enzyme
inhibitor attached to a lipid tail construct.>> These constructs have great potential as T cell
targeting ligands and can allow for the investigation of how FM flexibility and avidity affect T cell

internalization of nanocarriers.

Active targeting can be beneficial in other applications, such as in Chagas disease, where
intracellular delivery of BNZ is crucial for parasite elimination. Targeting of specific cell types
such as cardiomyocytes and adipocytes, such as through the LDL receptor, can improve the
efficacy of BNZ, as the trypomastigotes use these receptors to enter host cells.?*® In addition,
Debora Scariot and Austeja Staneviciute are working on developing nanocarriers that target the

transferrin receptor expressed on the parasite in order to increase BNZ delivery to the parasite.

5.2.4. Applications of PEG-b-PPS FM in Cancer Nanomedicine

I have demonstrated that (-)PBI-FM and mPBI-FM are able to accumulate in the tumor-
draining lymph node after intratumoral injection, suggesting that FM may have utility for drug
delivery to immune cells in the lymph node for cancer immunotherapy, or delivery of

chemotherapeutics to cancer metastases that arrive in the tumor-draining lymph node. FM also
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accumulated in other organs including the lungs after intratumoral injection, which demonstrates
that FM could potentially be used to target metastases to these organs. A folate-targeting lipid tail
construct has been developed in the Scott Lab for targeting of B16F10 melanoma cells and can be
utilized for the targeting of tumors and metastatic lesions. In future studies, PEG-b-PPS of
different morphologies can also be loaded with immunomodulatory molecules, such as imiquimod,
a TLR-7 agonist with antitumor activity, for applications in cancer immunotherapy. Multi-
pronged approaches where circulating FM targeted to the tumor are combined with sustained

release FM hydrogels with immunomodulatory activity can also be explored.

5.2.5. Evaluating Electrical Conductivity of mPBI-FM for Optoelectronics or Regenerative

Engineering Applications

Perylene bisimide is a n-type semiconductor and thus has utility in optoelectronics
applications, such as in organic field effect transistors (OFETs). As mPBI-FM have been shown
to form stable rods after drying on a grid, their electroconductivity after incorporation into an
OFET can be measured. Increasing the molar fraction of PBI tetrablock copolymer in the FM
formulation may also enhance electroconductivity. Even if mPBI-FM are not conductive enough
for use as transistors, mPBI-FM hydrogels may have some electroconductivity that can be
beneficial for applications in regenerative engineering. Conducting polymers can influence
cellular interactions with a material leading to cellular proliferation and differentiation of cell types
including mesenchymal stem cells, Schwann cells, and neural stem cells, which can facilitate tissue

regeneration.?’

5.2.6. Characterization of FM in Large Animal Models
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Finally, aside from a few peptide filaments and some viral filaments including M13
bacteriophage, most self-assembled filaments are in pre-clinical studies.?* More studies of
polymeric filamentous structures in vivo, especially in larger animal models, like non-human
primates, are needed to better understand their biological performance and improve clinical
translation. While PEG-b-PPS polymersomes have been evaluated in nonhuman primates, other
morphologies including FM have not, so it is not known whether the increased circulation time
compared to spherical nanostructures seen in mice models for FM is translatable to larger animal

models.
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