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Polymer drug delivery vehicles are diverse and powerful tools to modulate biodistrubution,
cellular uptake, and dosing of therapeutics. As our understanding of the biological barriers
improves, the challenges facing the field of precision nanomedicine have become more
nuanced requiring specific engineering design. On the other hand, the therapeutic landscape is
rapidly evolving to compass a wide range of biologic drugs, in addition to traditional small
molecules. As the definition of a therapeutic continues to expand, drug delivery vehicles
must be versatile using simple techniques to achieve a broad range of functionality. This
work highlights achievements both in improving the understanding of biological barriers, and
engineering conjugation techniques to load a variety of therapeutic cargo. First, a brief
overview of polymeric nanomaterial drug delivery systems, therapeutic drug cargo, biological
barriers, and synthesis techniques are reviewed (Chapter 1). With these design criteria in
mind, a panel of anionic polymers was synthesized and screened to optimize passive targeting
to kidneys (Chapter 2). We further investigated these anionic polymers by synthesizing novel
boronic ester-based polymer-drug conjugates of polyphenolic drugs to specifically treat
fibrotic tubular epithelial cells (Chapter 3). While these unimer systems are effective for drug
delivery to the tubular epithelial cells of the kidney, we developed a more generalized boronic
ester drug delivery approach by encapsulating polyphenolic drugs into micellular
nanoparticles and tuning drug release with neighboring tertiary amines (Chapter 4). Finally,
we demonstrate the diverse utility of these boronic acid copolymers for enhanced intracellular
delivery of peptides, proteins, and nucleic acids (Chapter 5). The work concludes with a
summary of major findings and suggestions for future projects (Chapter 6).
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Chapter 1

Polymeric drug delivery vehicles: cargo, design, and
synthesis

Abstract

As the complexity of biomedical therapeutics continues to increase, the demands for smart
drug delivery vehicles to precisely regulate biodistribution, cellular uptake, and drug dosing
grow more stringent. The rise of biologics, recently with mRNA vaccines and historically
with monoclonal antibodies, is taking the pharmaceutical industry by storm. These new
therapeutics necessitate nanomaterial vehicles that can strike a balance between versatility
and specificity. The field of nanomedicine failed to deliver on early promises because the
heterogeneity of biological barriers was underestimated. However, with advances in
controlled polymerization techniques, polymeric materials can meet these increasingly
complex requirements due to unprecedented customization on both the molecular and
macroscopic levels. In this new era of precision polymer nanomedicine, each aspect of the
carrier is tuned independently of the associated cargo, and by optimizing size, morphology,
solubility, charge, pKa, hydrolysis, enzyme degradation, and a host of other material
properties, new therapeutics utilizing unstable small molecules or cell impermeable biologics

are quickly becoming a reality.



1.1 Overview of Polymer Nanomaterial Drug Delivery and Synthetic Techniques

1.1.1 Therapeutic Cargo

The landscape of biomedical therapeutics has changed dramatically over the past
couple decades. Where once synthetic small molecules dominated the scene, now treatments
encompassing a broad range of biologics and even cellular therapies are continuing to gain
popularity. From 1989 to 2012 the number of biotechnology products increased from 13 to
210.1 As recently as 2019, biologics already composed 25% of the global pharmaceutical
market and this fraction is projected to increase over the coming years.? The rise of biologics,
specifically, peptide, protein and nucleic acid, therapeutics can be attributed to improved
manufacturing practices and discoveries in basic biology.>® However, while these novel
approaches provide access to previously undruggable targets they suffer many of the same
drawbacks as traditional small molecule therapeutics: poor stability, short circulation half-
lives, off target toxicity, and inadequate accumulation in the tissue or cell of interest.53
Many promising drug candidates for cancers or infectious diseases fail to improve patient
outcomes due to one or more of these shortcomings listed above.!* For example, the small
molecules, bromodomain and extra-terminal motif protein inhibitors (BETis) are a potent
class of cancer therapeutics that decrease expression of key proteins (e.g. c-MYC) but caused
severe toxic side effects, resulting in termination of clinical trials.®>" In this case, the
combination of systemic delivery and the high concentrations required for appropriate dosing
to the cancer tissue caused catastrophic side effects. This story is well worn in the field of
cancer research but similar examples can be found in the world of infection disease.
Particularly in the developing world where adherence can be poor and logistical obstacles

push small molecule stability to the limit, even drugs that show efficacy in clinical trials can



fail to solve human health challenges.'®° For example, highly active antiretroviral therapy
(HAART), a combination of multiple small molecule nucleoside reverse transcriptase
inhibitors, has a high success rate of reducing HIVV/AIDS viral load. Unfortunately, only 33%
of individuals who are prescribed HAART use the medication as indicated.?° One of the main
causes of this poor adherence is the complexity and frequency with which these drugs must
be consumed.?! With these examples of the challenges still facing small molecules in mind,

the hurdles facing the successful translation of biologics are daunting indeed.

1.1.2 Peptide Drugs

Peptides, proteins, and nucleic acids are susceptible to the shortcomings of their small
molecule counterparts, but also possess unique biologic challenges. Peptides are arguably the
first class of biologics to be isolated and used medically with the first case of a therapeutic
peptide treatment being insulin in 1922. However, it was not until the early 2000s that
multiple peptide therapeutics would translate to the clinic. Advances in synthetic techniques,
high throughput screening, and a growing library of naturally occurring peptides have led to
the stead rise of peptide drug approvals.?? Currently 80 peptide drugs are available to treat
cardiovascular, reproductive, gastrointestinal, central nervous system, metabolic, hormonal,
and oncologic diseases.?>?* While there is much to be excited about in the field of peptide
therapeutics, a major limitation is the need to inject these drugs directly into the blood stream
to avoid the first pass metabolism.?> Moreover, the rapid degradation, short half-life, and poor

membrane permeability of peptides means that these injections must be frequent.



1.1.3 Protein Therapeutics

Peptide and protein therapeutics have significant overlap, but for the purpose of this
discussion, proteins will be defined as macromolecules containing 50 or more amino acids.
As a result of these size differences, peptides and proteins having different manufacturing
practices, biodistribution, and molecular targets. Currently, over 100 protein drugs are on the
market and can be broadly classified into three categories enzymes/regulatory proteins,
antibodies, and foreign proteins.?” Several successes in enzyme replacement, administering a
functional protein to treat individuals that are deficient or abnormal in expression of specific
protein, include gaucher’s disease, severe combined immunodeficiency (adenosine deaminase
deficiency), and cystic fibrosis, or delivering proteins to repair genetic diseases.?®3! The
second category, consisting mainly of monoclonal antibodies, has been used for blocking
receptors important to cancer proliferation (bevacizumab, cetuximab, trastuzumab) or arthritis
(adalimumab, infliximab, rituximab).?’ Additionally, antibodies can mark cells for
destruction, or stimulate signaling pathways. Monoclonal antibodies have been developed
against entire cell types, specific signaling pathways or even secreted small molecules.
Isolation of viral or bacterial proteins for use as vaccines has been effective for preventing
hepatitis B and human papillomavirus infections.3>3 Lastly, ribonucleoproteins (RNPs) for
gene editing hold tremendous promise for treating a wide range of genetic diseases, but
translation has been hindered by the need to delivery proteins and nucleic acids
simultaneously.33¢ Overall, protein drugs have enormous therapeutic potential in large part
due to their highly specific macromolecular organization. This structural complexity comes
with a cost, as many of these drugs are unstable at ambient temperature, must be directly

injected, and have limited cellular permeability.?”*” While stability and administration issues



limit access to protein therapeutics, the inability of protein drugs to enter the cytosol leaves

the entire world of intracellular machinery as “undruggable” targets.

1.1.4 Nucleic Acid Gene Therapies

Taking one step back from peptide and protein drugs, nucleic acids offer a different
approach for replacing malfunctioning proteins and augmenting signaling pathways. Nucleic
acid therapies are composed of DNA or RNA, with the purpose of either eliciting protein
expression or suppressing it.!**® Plasmids and minicircles are double stranded DNA
molecules that upon entering the nucleus can cause protein expression for long periods of
time, up to months or years. The RNA analog, mRNA, is single stranded and when present in
the cytosol the nucleic acid is translated into the protein of interest. While the end result of
these DNA and RNA therapies is similar, the duration of protein expression (months vs.
days) and the intracellular compartment (nucleus vs. cytosol) required for activity are
different.3®4! The applications for this category of therapeutic span from inherited genetic
diseases like muscular dystrophy and cystic fibrosis, to acquired health issues such as
cardiovascular diseases, neurological diseases, improper wound healing and cancer.*>->°
Additionally, delivery of mMRNA that encodes for foreign proteins, for example viruses, has
recently gained attention due to the coronavirus pandemic. Both short development times and
large-scale production of the Moderna and Pfizer mRNA vaccines are a direct result of the
unique advantages afforded by nucleic acid vaccines.>*? The second class of nucleic acid
therapeutics, target intracellular mRNA expression resulting in either degradation or
alternative splicing. siRNA or antisense oligonucleotides (ASOs) can form duplexes with
single stranded mRNA in the cytosol causing degradation by RNA-induced silencing

complex (RISC) or RNase H respectively. Splice switching oligonucleotides can restore



correct production of proteins in rare diseases by sterically hindering cellular splicing
machinery. This inhibition redirects the RNA to a different processing pathway allowing the
proper splice variants to be made. The aforementioned gene therapies are the most common
approaches, but over the past decade there have been several other therapeutics developed
using nucleic acids. For further discussions of these topics the reader is referred to these
excellent reviews.'%4! Similarly to protein and peptide therapeutics, nucleic acids have
exquisite biological specificity and provide opportunities to reprogram malfunctioning cells.
Unfortunately, clinical success of nucleic acid therapies has been limited due to extremely
poor stability (half life of seconds to minutes) and, again, poor intracellular uptake.4-5354
Significant progress had been made to modify nucleic acids chemically to increase their
serum stability, such as 2” methylation, phosphorothioate linkages, and modification of the 3’
and 5” ends, however long circulating nucleic acids can cause toxic side effects and trigger

adverse immune responses. >

1.2 Nanomaterials for Drug Delivery

Despite the diversity of mechanistic approaches undertaken by state-of-the-art
biomedical therapeutics, ranging from small molecules and peptides all the way to proteins
and nucleic acids, universally, target specific delivery remains a major barrier to clinical
translation. To realize the full potential of these various therapies it is necessary to design
drug delivery systems that decouple biodistribution, stability, and intracellular uptake from
the properties of the active drug itself (Figure 1.1). The field of nanomedicine has promised
to overcome these challenges consistently over the past 50 years, however the early success

of liposomal formulations oversimplified the barriers to personalized precision



nanomedicine.>® For example, the discovery the enhanced permeation and retention (EPR)
effect in animal models, which postulated that nanoparticles (NPs) of a specific size would
passively accumulate in the leaky vasculature of tumors; led to a flurry of exciting NP based
cancer therapies. Upon further study and several failed clinical trials the extent of EPR in
human subjects is still hotly debated 30 years after its initial documentation.>”>® This example
highlights the difficulties in studying basic biological interactions with NPs. Unfortunately,
the picture is complicated even further by the constantly changing landscape of human health.
Specifically, one of the initial successes of nanomedicine was the development of “stealthy”
drug delivery vehicles. These NPs contained a hydrophilic coating of polyethylene glycol
(PEG) that prevented protein adsorption to the particle surface, resulting in these particles
avoiding the mononuclear phagocytic system (MPS).%°%° The MPS is the main pathway by
which NPs are cleared from the blood stream, and for most therapeutics would be considered
off target accumulation.®® Inclusion of PEG (known as PEGylation) shows significant
advantages in biodistribution and circulation time especially for protein therapeutics, but
unfortunately the ubiquitous use of PEG in commercial products has lead to as much as 72%
of the population producing anti-PEG antibodies.®? The evolution of PEG from a biologically
inert polymer to an immunogen highlights that biological barriers to nanomedicine are not
static, but ever evolving. As the understanding of nanomaterial interactions with the human
body grows, it is clear that NPs are not the one-size fits all, silver bullet that was once

promised.

1.2.1 Polymeric Nanomaterials

While the field of nanomedicine has suffered setbacks over the past 20 years, the

continued development of precision synthesis techniques has led to an unprecedented level of



molecular control.®3%* Along with improved understanding of the biological mechanisms that
compose the barriers to therapeutics, this molecular control allows for rational design and
engineering of nanomaterials. Specially, improved polymerization reactions (section 1.3)
enable scientists to synthesize materials with various chemical compositions, architectures,
and drug cargoes.%>% Acknowledging the complexity of the barriers to drug delivery,
precision polymeric nanomedicine aims to leverage synthetic simplicity and versatility to

rationally design materials to overcome disease specific biological barriers.
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Figure 1.1 Overview of biological barriers that nanomaterials must overcome and various
therapeutic opportunities that are enabled by successfully navigating these barriers. The main
barriers described are navigating the vasculature, extravasation into the target tissue, and
cellular uptake. Figure adapted from Mitchell et al. 2!



1.2.1.1 Polymer Structures and Chemical Compositions
Architectures

Polymeric nanomaterials are unique in their versatility because the chemical
techniques used to synthesize them allow for finely tuned control of both architecture and
chemcial functionality. With regards to architecture, polymeric nanomaterials can be
classified into two main groups, unimers and self-assembled structures. Unimers encompass a
broad range of water-soluble single molecule polymers. Linear polymers between 5,000 and
40,000 Da have long circulation times, dispersities near one, and relatively small
hydrodynamic radii (~5-15 nm).%>7® These polymers have various backbone chemistries
ranging from biodegradable polyesters and polyamides to biointert polyolefins. Single
unimers were used as early as the 1950s to deliver small molecules and are commonly used
today to improve the biodistribution of protein drugs.”*"® In addition to linear unimers,
branched single polymer nanoparticles such as bottle-brushes, stars, or dendrimers can have
similar backbone compositions, but approach sizes of 10-100 nm, at masses between 100,000
to 10,000,000 Da.l"®37* The dispersity of these materials varies depending on the synthetic
approach, but can be as low as one in the case of dendrimers. Increasing polymer size can
prevent rapid clearance of therapeutics by the renal system and can increase uptake in
specific cell types such as macrophages.”® Just considering unimers, the potential to modulate
nanomaterial size across orders of magnitude while maintaining a consisting chemical
composition makes polymeric materials an attractive option for precision medicine. Self-
assembled polymers can adopt a variety of morphologies but for drug delivery the most
common are micelles, polymersomes, and solid nanoparticles.?®737> These structures are held
together by the hydrophobic forces exerted by aliphatic or aromatic groups in multiblock

copolymers. Micelles contain two major regions, a hydrophobic core and a hydrophilic



corona. As such simple structures, there are very few design limitations to micelle
compositions.”® These materials have been used to deliver hydrophobic drugs via
encapsulation, peptides via conjugation or nucleic acids via electrostatic complexation to
name a few.””~8 The size and stability of micelles is highly dependent on the hydrophobicity
and the molecular weight of the polymers that compose them. The dependence of the
structural properties of micelles on molecular composition enables precise tuning of size and
stability. Polymersomes are similar to liposomes in that they have a bilayer of hyphophobic
material that encapsulates a hydrophilic core. Both hydrophilic and hydrophobic cargo can be
efficiently encapsulated in polymersomes, but engineering a stable bilayer structure requires
specific formulation conditions and polymers.®? Lastly, solid polymer nanoparticles, most
often composed of poly-lactic-co-glycolic acid (PLGA), have been used to non-covalently
encapsulate a broad range of therapeutics. Unfortunately, these PLGA particles rely
exclusively on hydrolysis for drug release, which severely limits the control of drug
pharmacokinetics. 8 Overall, polymer nanomaterials can take on a broad range of structures
enabling precise engineering of the delivery vehicle to the application.
Polymer Solubility

The chemical versatility of polymeric nanomaterials allows scientists to control bulk
properties (charge, solubility, and biodegradation) and specific drug/targeting group
conjugation. More importantly, these properties can all be modulated in vivo in response to
biological stimuli, such as pH, heat, reactive oxygen species (ROS), or enzymes.3488
Polymeric nanomaterials for drug delivery must inherently be hydrophilic, but the exact
nature of this hydrophilicity can vary dramatically. Polymers containing PEG,
poly(dimethylacrylamide) (pDMA), hydroxyproypl methacrylamide HPMA), glycydiyl

monomethacrylate (GmMA) or various sugars moieties are all neutrally charged. These
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materials are not all encompassing but they do cover the functional groups that impart neutral
hydrophilic properties: ethers, amides, and hydroxyls. Charged hydrophilic polymers can be
cationic (containing tertiary amines), anionic (containing carboxylic acids) or zwitterionic
(most often quaternary amines, sulfates, or phosphates). The biological implications of these
various hydrophilic functional groups will be covered in section (Chapter 2). Polymer
solubility can be modulated by contrasting hydrophilic components with hydrophobic
aliphatic or aromatic groups. The choice of hydrophobic group can dramatically affect the
stability of self-assembled structures but can also impact drug loading, such as the pi-pi
stacking of aromatic rings.2%° For example, inclusion of highly hydrophilic mannose
methacrylates in copolymers with extremely hydrophobic small molecule drug monomers can
dramatically increase drug solubility.
Stimuli Responsive Chemistry

However, more important than the ability to tailor a static set of chemical
characteristics, many polymeric drug delivery vehicles take advantage of stimuli responsive
technologies. Changes in pH, temperature, reducing environment, or the presence of enzymes
can impact polymer solubility and stability.®® For example, inclusion of tertiary amines with
pKas near 6 in the hydrophobic block of polymeric micelles, results in a stable hydrophobic
core at neutral pH and dissolution of the micelles due to the formation of positively charged
tertiary amines under acidic conditions.®>*? For temperature dependent responses, polymer
lower critical solution temperature (LCST) or upper critical solution temperature (USCT) can
be leveraged. Polymers that exhibit LCST behavior under biologically relevant conditions,
are highly soluble at room temperature, but begin to aggregate and crash out of solution at
temperatures around 37 °C. Polymers with USCTs are the opposite, exhibiting hydrophilic

properties at higher temperatures but aggregating a lower temperatures.®®> The most well
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know thermally responsive polymer is poly-N-isopropyl acrylamide (NIPAAm), which
displays LCST behavior around body temperature.®* Interestingly, PEG also has a LCST near
70-100 °C depending on the molecular weight. With regards to reducing conditions,
polymeric micelles that contain disulfides or thioether crosslinks are stable during circulation,
but upon entering the cytosol, are degraded due to the presence of glutathione (GSH).%%°
Polymers containing amide or ester bonds in the backbone can also be enzymatically
degraded either nonspecifically over time, or quickly in response to specific enzymes with the
use of peptide motifs. 19192 One of the most exciting applications of these stimuli responsive
technologies is the development of size switchable NPs that remain large during circulation,
but fall apart into smaller structures in tumors to increase tissue penetration. 1%
Linker Chemistry

While modulating the macroscopic properties of drug delivery vehicles is
fundamental to improving biodistrubtion and targeting, the ability to tune drug release
Kinetics via covalent linker chemistry is key to the success of polymer therapeutics. The most
common covalent drug linkage is an ester, which hydrolyzes over time in aqueous media.
Importantly, the stability of the ester bond formed between the polymer and the drug can be
finely tuned. For example, phenolic esters cleave rapidly (complete release in hours) whereas
aliphatic esters can have half-lives between days and months. 1"*° Another common category
of cleavable linkers is pH sensitive bonds. For example, hydradzones, aconityl and acetal
functional groups are all stable at neutral pH but degrade under acidic conditions.®
Additionally, while disulfide and thioethers were previously mentioned as crosslinking
groups, these functionalities are common used as intracellularly cleavable bonds for peptides
containing cysteine residues.® Additionally, borrowing from the design of antibody drug

conjugates, polymeric materials with enzyme cleavable linkers can easily be

12



synthesized.1%%192 These materials show promise as cancer therapeutics due to the increased
expression of cathepsin B and matrix metalloproteinases, which result in selective release of
the drug payload in tumors. These various stimuli responsive linker technologies have been
used extensively to deliver small molecule therapeutics. Recently more interest has developed
in applying these techniques to biologics, particularly for the development of polymer protein
conjugates. 8
Active Targeting

For therapeutic cargo, drug release, or breaking of covalent bonds, is vital to efficacy.
In contrast, stable conjugation of targeting moieties to polymeric nanomaterials improves
both tissue and cellular specific accumulation. Polymeric materials have been actively
targeted to cells or tissues with a broad range of molecules including, sugars, aptamers,
peptides, antibodies, proteins, and small molecules.’% 1% The ease and diversity of
conjugation approaches, including post-polymerization modification and polymerization of
functional monomers, has made actively targeted polymeric materials successful for treating

cancer, improving hemostasis, and curing bacterial infections. 9-100.107.108

1.3 Biological Barriers

With the variety of surface chemistries, sizes, drug release profiles, and stimuli
responsive techniques available to polymer chemists, developing tailor made nanomaterials
to solve specific therapeutic challenges has been the major focus of the field. Polymeric
nanomaterials are positioned to apply the lessons learned from the nanoparticle field at large
over the past 50 years, including recent data regarding the EPR effect and antiPEG

antibodies, to dramatically improve delivery of biologics, vaccines, and the treatment of
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infectious diseases.’®">109110 The key aspects for improving current therapies are
biodistribtion and cellular internalization. Biodistribution has several components, including
circulation, stability, tissue accumulation, and clearance. Cellular uptake requires
internalization of the nanomaterial and release of the cargo. General strategies for
customization of biodistribution and cellular internalization will be discussed in following

section.

1.3.1 Biodistribution

Due to the systemic nature of nanomaterial therapies, interactions during circulation and with
structures in the clearance organs dominate tissue level accumulation. After injection, NPs
are immediately diluted by orders of magnitude, subjected to shear forces, and bombarded
with serum proteins. A clear advantage of single molecule (unimeric) nanomaterials is that
there is minimal change in overall stability upon dilution. By contrast, self-assembled
structures, particularly micelles, are held together by hydrophobic interactions, the strength of
which interactions are concentration dependent. The stability of micelles is described by the
critical micelle concentration (CMC). Below a micelle’s CMC there is no longer sufficient
hydrophobic force to hold the structure together and the polymer dissolves into single
unimers.28 The CMC of micelles is effected by both the hydrophilic and hydrophobic block
and commonly values around 0.01 mg / mL prove to be stable in vivo. % If the micellular
assembly does not have a sufficiently low CMC, the micelle can be physically or chemically
crosslinked.*'*12 Once stable NPs are in circulation, the materials will experience shear
forces as a result of fluid flow through blood vessels.**® These forces can be leveraged to
control distribution of materials within the vasculature by tuning the aspect ratio of the NPs.

Shapes such as rods and ellipsoids with high aspect ratios will tumble towards vessel walls
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increasing the likelihood of extravasation.''* Spherical particles do not experience this flow
induced rolling and remain in circulation longer. If a NP remains in the blood for an extended
period of time, interactions between the surface of the material and serum proteins will cause
the formation of a protein corona. > Both the accumulation of specific proteins and the
folding state of those proteins is highly influenced by the surface chemistry.''” NPs with
neutral and hydrophilic surfaces (PEG, zwitterions, or hydroxyls) show the least tendency to
accumulate a protein corona. Conversely, charged or hydrophobic surfaces tend to aggregate
and denature proteins on their surfaces.”® While this protein corona can result in uptake and
clearance, reducing circulation half-life, for certain applications these surface proteins may
act as targeting groups or therapeutics.*'® Moreover, there is growing appreciation for impact
of adhered protein structure on overall biodistribution. °

The other major barriers to effective tissue targeting of NPs are the renal system and
mononuclear phagocytic system (MPS).*2%121 The renal system is composed of a blood filter
(called the glomerular basement membrane) that rapidly removes nanomaterials with sizes
below 10 nm.'?? Additionally, materials with anionic charge accumulate passively in the
tubules of the kidneys.*?® To avoid the renal system most therapeutic NPs have hydrodynamic
diameters of 20-100 nm and neutral surface charges. The MPS is a multi-organ system
predominately composed of phagocytic cells in the liver (Kupffer cells) and spleen (splenic
macrophages).*?#1%> Non-specific internalization of nanomaterials in response to the protein
coronas discussed earlier can result in over 95% of NPs accumulating in the liver and
spleen.'?® Materials with positive surface charges have the greatest affinity for cells in the
MPS, while neutrally charged hydrophilic surfaces (due to less protein adsorption) have the
longest circulation times.126:127

The versatile nature of polymeric NPs makes it easy to design materials that avoid
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these adverse interactions during circulation. In addition to avoiding off target effects,
polymeric nanomaterials can also take advantage of a variety disease induced changes to the
tissue microenvironment to increase specific accumulation. As previously discussed, the EPR
effect was long thought to be the prime example of harnessing leaky vasculature to increase
drug delivery to tumors.>”*® While the effectiveness of this approach has been debated, in
animal models it remains a good example of size dependent biodistrubtion. Interestingly, size
can also impact uptake into phagocytic cells with dendritic cells preferentially internalizing
50 nm NPs and macrophages internalizing predominantly micrometer-sized particles.?6:12
Additionally, NPs can also leverage the acidic environment created by tumors and the wound
healing process for triggered morphology chances.'®® This approach has also been utilized to
take advantage of the elevated temperatures at wound sites, using thermoresponsive
polymers.” Overall, polymeric nanomaterials can be designed to avoid clearance after

injection and passively accumulate in tissues of interest.

1.3.2 Cellular Internalization

Polymeric nanoparticles primarily enter cells through energy-mediated endocytosis.
Endocytosis can be mediated by nonspecific charge interactions between NPs and cell
membranes, or specific receptor ligand interactions. There are five main endocytotic
mechanisms: clathrin-coated pit mediated (CME), fast endophilin-mediated (FEME),
clatharin-independent carrier (CLIC) [/ glycosylphosphatidylinositol-anchored protein
enriched early endocytic compartment (GEEC), macropinocytosis, and phagocytosis. CME,
FEME, and CLIC/GEEC can internalize particles with diameters between 30 - 200 nm.*?° If
the NPs are below 30 nm, some evidence suggests that the cell membrane will not effectively

wrap around the particle.®*® For these small NPs receptor ligand interactions determine the
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route of uptake. For example, transferrin is internalized by CME, dopamine and acetylcholine
by FEME, and hyaluronic acid by CLIC/GEEC.**"1% Larger particles (greater than 200 nm)
are only internalized by macropinocytosis and phagocytosis.*?® Not all cell types can perform
macrophinocytosis and phagocytosis, so uptake of large particles occurs most often in
macrophages and dendritic cells.’3*** Interestingly, in cultured cell lines macropinocytosis is
often upregulated due to the presence of growth factors.**® While there is still much to be
understood about the various endocytotic pathways, numerous reports indicate that 50 nm
diameter materials have the most internalization.”

Once nanoparticles enter the cell via one of the previously discussed pathways, they
will most often enter early endosomes (via a Rab5/EEA1-dependent pathway).**” While it is
possible for these early endosomes to be recycled back to the cell surface, the majority of
reports show that early endosomes containing nanoparticles progress to late endosomes and
eventually lysosomes.'?® Especially, for the biologic drugs discussed in previous sections, the
harsh conditions of the lysosome (low pH, ROS, nucleases, and proteases) will result in
degradation.'® It is imperative that the therapeutic cargo escapes the endosome before the
lysosome is fully formed to deliver intact cargo to the correct intracellular compartment. The
main strategies for endosomal escape are the proton sponge effect, anionic membrane
destabilization, and pore formation.?® The proton sponge effect has been observed when
amine-containing polymers become protonated under the increasingly acidic conditions of the
endosome. The influx of hydrogen ions is followed by chloride ions, which dramatically
increases the osmotic pressure. When the osmotic pressure reaches a critical threshold, the
endosomal compartment bursts, releasing its contents into the cyotosol.**® The proton sponge
effect has been used to great effect to deliver nucleic acids into the cyotosol.**? Despite some

success, the proton sponge effect remains controversial with several mechanistic studies
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being unable to confirm the proposed effects of buffering and increased pressure.'%42 The
second approach to endosomal escape, anionic membrane destabilization, takes advantage of
the pKa of carboxylic acids. At neutral conditions polyanions are hydrophilic and do not
interact with lipid membranes. However, below the pKa of the carboxylic acid groups, the
polyanion loses its negative charge and becomes hydrophobic. Specific hydrophobic
copolymers have shown pH dependent membrane lytic activity and have been used to escape
endosomes.*31% The last approach for endosomal escape, pore formation, is inspired by the
pH-triggered display of lytic proteins by viruses. By sequestering membrane lytic peptides
into the cores of tertiary amine containing micelles, only upon acidification of endosome does
the micelle disassemble and release the peptide. One of the most active peptides for pore
formation that results in endosomal escape is melittin, the main component in honeybee
venom.%145146 |n suymmary, both the processes of cellular internalization and endosomal
escape are critical to the development of successful therapeutics. Unfortunately, while there
are many examples of polymeric nanomaterials that accomplish both of these tasks, the

underlying mechanisms responsible for these successes remain obscure.”®147
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1.4  Controlled Polymerization*

A polymerization has three distinct steps: initiation, propagation and termination. In a
controlled polymerization, initiation is rapid, propagation is slow (by comparison), and
termination events are extremely minimal or nonexistent. These criteria can best be met under
chain growth, the mechanism by which individual monomers are added to the growing
polymer chain one at a time. The polymerization techniques covered in this section, atom
transfer radical polymerization (ATRP), reverse addition fragmentation chain transfer
polymerization (RAFT), ring-opening polymerization (ROP), and ring opening metathesis
polymerization (ROMP) proceed by chain growth mechanisms and exhibit “living
characteristics” (Figure 1.2). Criteria used to characterize the control of a polymerization (and
the “livingness) are low dispersity (D < 1.2), predictable molecular weight, and chain end
fidelity. Furthermore, while it is difficult to perform a textbook “living” polymerization
(requiring a total absence of termination events) these techniques have the aforementioned
“living characteristics”. The potential for these polymerizations to yield precise molecular
weight distributions with unique properties holds great promise for therapeutic biomedical
applications. The advantages and drawbacks of ATRP, RAFT, ROP and ROMP for

controlled synthesis of polymers will be highlighted.

*Adapted with permission from Lee, Daniel C., Lamm, Robert J., Prossnitz, Alexander N., et al. Dual
Polymerizations: untapped potential for biomaterials. Advanced healthcare materials, 8, (2019). Copyright 2019
Wiley.
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Figure 1.2 Schematic overview of polymerization mechanisms for ATRP, RAFT, ROP and
ROMP. Double arrows indicate propagation. Figure adapted from Lutz et al. (Section 1.2 °)

1.4.1 Reversible Deactivation Radical Polymerization (RDRP)

RDRP techniques seek to obtain control over radical polymerizations by dramatically
reducing the concentration of free radicals. After initiation of a radical polymerization,
growing polymer chains will have an active chain end consisting of a free radical. These
radical chain ends are highly reactive, causing irreversible termination reactions
(disproportionation and chain end coupling). Irreversible termination reactions result in
polymers with broad dispersities, unpredictable molecular weights, and loss of chain end
functionality. Two mechanistically distinct approaches, reversible deactivation and
degenerative transfer, have been developed to reduce the free radical concentration, limiting
termination reactions and resulting in a controlled polymerization. During reversible

deactivation the active radical chain end reacts reversibly to form a covalent bond, causing in
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deactivation. With regards to degenerative transfer, the active radical on the chain end is
relocated to a dormant polymer chain (one that was previously deactivated by the same
mechanism). However, these low concentrations of radicals can be quickly scavenged by
atmospheric oxygen, halting polymer propagation. This obstacle can be easily overcome by
performing the reactions under inert atmosphere by purging, sparging, or utilizing a glove
box. This review will address ATRP and RAFT, two of the most widely used RDRP
techniques for bioapplications and block copolymers.
Chain Transfer

In addition to termination events, reactions between the active chain end and the
polymer backbone, called chain transfer, can scramble a polymer’s sequence and increase
dispersity. While chain transfer is present in all polymerizations, it impacts ROP and ROMP
more than ATRP and RAFT, because in both ring-opening systems, the polymer backbone
contains the same reactive functionality as the monomer (esters and amides in ROP and

olefins in ROMP).

1.4.2 Atom Transfer Radical Polymerization (ATRP)

A reversible deactivation radical polymerization (RDRP) technique pioneered by
Krzysztof Matyjaszewski in 1994, ATRP utilizes a transition metal complex to both activate
and deactivate the growing polymer chain.*® This radical polymerization is commonly used
in bioapplications for the highly controlled synthesis of polymethacrylates and polyacrylates,
but can tolerate a host of polar vinyl monomers if only moderate control is necessary. While
it is feasible to perform aqueous ATRP, challenges such as high rates of activation
(increasing radical concentration), ionic interactions between charged monomers and the

transition metal complex, and catalyst degradation via disproportionation make it a daunting
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task.141%0 Polymers synthesized with ATRP will generally have aliphatic backbones linked
to functional groups via ester bonds. Due to solvent restrictions, many ATRP monomers
exhibit hydrophobic moieties, but ethylene glycol, hydroxyl, and tertiary amine containing
monomers can be polymerized under these conditions with reasonable success. Overall,
ATRP is a robust technique for the synthesis of polar and hydrophobic polyacrylates and
polymethacrylates. !

In the initiation step of ATRP, a halogen is abstracted from the alkyl halide initiator
by a low oxidation state transition metal (most often Cu(l)X, where X is Br or CI). This
reaction generates a radical (a process referred to as activation) that will polymerize vinyl
monomers. However, the growing polymer chain is rapidly deactivated by the reverse
reaction. This mechanism is an example of RDRP by reversible deactivation. This activation
and deactivation results in an equilibrium, which under ideal circumstances greatly favors the
deactivated species. In early applications of ATRP, the use of Cu(l) alone to catalyze the
polymerization meant that this equilibrium was not established until after the start of the
reaction. This initial burst of radicals, created before the deactivating equilibrium is
established, led to irreversible termination events. This observation highlights the importance
of maintaining a low Cu(l) to Cu(Il) ratio throughout the polymerization.

Advances over the past 20 years have focused on both reducing the necessary amount
of Cu(l) and increasing the ratio of Cu(ll) to Cu(l) to improve control. These advances
include: reverse ATRP, activators regenerated by electron transfer (AGET) ATRP, initiators
for continuous activator regeneration (ICAR) ATRP, and supplemental activators and
reducing agents (SARA) ATRP. Additionally, ATRP can be externally controlled with the
use of electrochemical potential (eATRP), light (photoATRP) and ultrasound

(mechanoATRP).1511%2 For example, in reverse ATRP, Cu(ll) can be added to the reaction
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instead of Cu(l) and a radical initiator can be used to slowly convert the Cu(ll) into the active
Cu(l). In eATRP an applied potential induces an electrochemical one-electron transfer to

reduce the copper resulting in the active species.

1.4.3 Ring Opening Polymerization (ROP)

By far the oldest approach mentioned in this review, (the first recorded ROP of N-
carboxyanhydrides (NCA) was performed in 1906), this technique has the greatest variety of
unique synthetic approaches. Specifically, ROP constitutes a large category of nucleophilic
ring opening propagation reactions of cyclic electrophilic monomers. For the sake of
simplicity and due to their applicability to medicine, only ROP of lactones, lactides and
NCAs will be discussed. First the various types of ROP (anionic, cationic, organometalic, and
enzyme catalyzed) will be discussed and then these approaches will be analyzed in the
context of each monomer. The key advantage of these polyesters and polyamides is their
biodegradability. These materials are commonly used in the core of biocompatible self-
assembled structures since high molecular weight polyesters and polyamides can be quite
hydrophobic, particularly with regards to block copolymers in aqueous solvents.

lonic polymerizations of ring-strained monomers can be either cationic or anionic.
The cationic polymerization is catalyzed by the presence of an acid and anionic
polymerization is catalyzed by the addition of base.®*!%* While both techniques were
originally developed with strong acid (ex. trifluoromethanesulfonic acid) and strong base (ex.
potassium tert-butoxide and butyllithium), recent advances have enabled the use of milder
reagents.'®® Specifically, cationic polymerization has been conducted using diphenyl
phosphate with various alcohols as the initiators.®®® The milder analog of anionic

polymerization is known as nucleophilic ROP. Nucleophiles such as amines, phosphines, and
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N-heterocyclic carbenes (NHCs) can polymerize cyclic monomers.**® Generally anionic and
nucleophilic ROP provide significantly more control over a broader range of molecular
weights compared cationic ROP.

Organometallic catalysis of ROP will be addressed with regards to lactones and NHCs
following this brief introduction. The use of transition metal complexes to accelerate ROP
has enabled mass production of polylactic acid and polyglycolic acid. Mechanistically, these
catalysts coordinate to the esters present in the cyclic monomers and act as Lewis acids,
activating the monomers for nucleophilic attack and polymer propagation.t°3157.158

Lastly, the formation of polyesters can be catalyzed enzymatically by lipases. These
enzymes actively hydrolyze lactones and lactides, forming an acyl enzyme intermediate.
These enzyme-activated monomers are subsequently cleaved from the enzyme by water. This
process produces a hydroxycarboxylic acid, which can act as an initiator. This initiator
attacks additional enzyme-activated monomers, forming a polymeric hydroxycarboxylic acid.
Again, this initiator (now polymeric) can continue to attack enzyme-actived monomers,
resulting in propagation.*®

Lactones and lactides are structurally similar, and as such, the mechanism and
reaction considerations are comparable. Industrially, polyesters are synthesized with the
organometallic catalyst tin(Il) octanoate and an alcohol initiator by coordination insertion
polymerization. While this ROP strategy is fast (minutes to hours) and easy to use, due to its
high reactivity, the resulting polymers also have high dispersity, of about 2, because of intra
and intermolecular transesterification reactions.>® Anionic and nucleophilic ROP of lactones
and lactides provides much tighter control over dispersity at the cost of usability and scale. It
is possible to perform cationic ROP to synthesize polyesters but to date it remains the least

common technique.®3

24



Poly(NHCs) are predominately synthesized by one of two nucleophilic ROP
mechanisms: amine or activated monomer. In the amine ROP of NHC, the base performs a
nucleophilic attack on the anhydride, breaking the ring. The resulting carbamic acid
undergoes decarboxylation, yielding another primary amine to continue propagation. In the
activated monomer mechanism, a base deprotonates the nitrogen in the NHC, rendering it
nucleophilic, causing propagation. Interestingly, transition metal catalysts containing cobalt,
nickel, and platinum have shown efficiency at performing ROP of NHCs. However, further
discussion of those mechanisms is beyond the scope of this discussion, 14157158

Overall, there is a vast amount of literature exploring the various techniques for
performing ROP. For the purpose of synthesizing block copolymers using lactides, lactones

or NHCs, nucleophilic ROP affords the greatest control and simplicity.

1.4.4 Ring Opening Metathesis Polymerization (ROMP)

ROMP is unique to the other approaches mentioned in this discussion because it is a
combination of a ROP and olefin polymerization. Metathesis polymerization of ring-strained
olefins began in the 1960s making use of ill-defined catalysts (aluminum, titanium, tantalum)
and well defined catalysts (tungsten and molybdenum), but it was not until the 1990s with the
discovery of ruthenium-based catalysts that ROMP became feasible for bioapplications.1616
Until the ruthenium-based system (known as Grubbs catalyst), ROMP had poor functional
group tolerability and was highly moisture sensitive. Importantly, not only can Grubbs
catalyst polymerize functional (containing aldehyde, ketone or alcohol) ring-strained olefins
but also it can do so in protic media and aqueous solvents.*621% This unprecedented stability
facilitated the widespread adoption of ROMP. The ring-strained olefin, norbornene, is the

most common ROMP monomer due to its controlled polymerization kinetics and wide
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variety of functional analogs. ROMP has been used to synthesize a variety of bioactive
polymers containing peptides, nucleic acids, and small molecules. The mechanism of chain
growth that occurs during ROMP remains largely unaffected by the size of the monomers,
even large bioactive functionalities.’®! In the context of comb, brush, and bottle-brush
polymers, Grubbs catalyst enables grafting densities of close to 100% and can be achieved
with side chains up to 7,000 Da.'®? To summarize, ROMP is a highly versatile technique to
prepare polymers with unsaturated backbones and broad bioactive functionality.
Mechanistically, ROMP proceeds with an active chain end and is mainly driven by
the enthalpic release of ring-strain from the cyclic monomers. Polymerization begins once
one of the two ligands bound to the ruthenium catalyst dissociates, allowing coordination of
the catalyst to the olefin containing monomer. This monomer then undergoes a [2+2]-
cycloaddition, resulting in an unstable four-membered transition state and a subsequent
cycloreversion. This process yields a metal alkylidene complex consisting of the ring-opened
monomer and the active Grubbs catalyst. Due to the high chain end fidelity, these
polymerizations must be terminated by the addition of a quenching agent. Most often, vinyl
ethers are used as the guenching agent because the resulting metal-alkylidene renders the

ruthenium catalyst metathesis inactive and displaces it from the chain end.*621¢0

1.4.5 Reverse Addition Fragmentation Chain Transfer (RAFT)

Similar to ATRP, RAFT is an RDRP technique used for the polymerization of vinyl
monomers. RAFT was first reported by the CSIRO group in 1998.6% While initial studies
focused on elucidating the RAFT mechanism, more recent work has been targeted at
expanding usability (both for laboratory and commercial settings) and expanding

applications. Since RAFT is a fully organic system (no metal) it is highly customizable. By
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combining various chain transfer agents (CTASs) and radical initiators, RAFT can be
biocompatible, performed in aqueous or organic solvents, and is not affected by the presence
of charges or ions. For example, RAFT polymerizations have been done directly on the
surface of living cells and in complex aqueous solvents (including, beer, wine, and
liquor).1®4185 This broad compatibility translates directly to the monomer scope of this
technique, which includes methacrylates, acrylates, methacrylamides, acrylamides, vinyl
esters, and vinyl amides.'® In short, RAFT is a powerful and versatile tool for the synthesis
of most vinyl monomers.

RAFT maintains a low concentration of propagating species by degenerative transfer,
(radicals are moved from a propagating polymer to a dormant polymer). This fundamentally
different mechanism begins with the generation of free radicals (by thermal, redox, or
photoinitiation).'®® These radicals react quickly with CTAs that sequester the radicals for a
short time before fragmenting. Upon fragmentation (also a radical producing process),
monomers will start to polymerize. However, because the CTA is much more reactive
towards radicals than the monomer, before a second monomer can be added to the growing
chain, the CTA will trap and transfer the radical to a different monomer. As a result, during
an ideal RAFT polymerization, about one monomer is added per addition/fragmentation
cycle. Therefore, each polymer chain grows at approximately the same rate, producing
polymers with low dispersity. %167 To achieve ideal RAFT polymerization conditions, the
initiator to CTA ratio can be decreased (decreasing the number of active chain ends) and an
optimal CTA for the given monomer can be selected (there are many published guides for
this selection).’®® It is also important to note that as a result of the degenerative transfer
mechanism, the degree of polymerization of the polymer is determined by the CTA to

monomer ratio not the monomer to initiator ratio.
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Abstract

Polymeric drug carriers can alter the pharmacokinetics of their drug cargoes, thereby
improving drug therapeutic index and reducing side effects. Understanding and controlling
polymer properties that drive tissue-specific accumulation is critical in engineering targeted
drug delivery systems. For kidney disease applications, targeted drug delivery to renal cells
that reside beyond the charge- and size-selective glomerular filtration barrier could have
clinical potential. However, there are limited reports on polymer properties that might
enhance kidney accumulation. Here, we studied the effects of molecular weight and charge
on the in vivo kidney accumulation of polymers in health and disease. We synthesized a panel
of well-defined polymers by atom transfer radical polymerization to answer several questions.
First, the biodistribution of low molecular weight (23-27 kDa) polymers composed of various
ratios of neutral:anionic monomers (1:0, 1:1, 1:4) in normal mice was determined. Then,
highly anionic (1:4 monomer ratio) low molecular and high molecular weight (47 kDa)
polymers were tested in both normal and experimental focal segmental glomerulosclerosis

(FSGS) mice, a model that results in loss of glomerular filtration selectivity. Through these

Adapted with permission from Liu, G.W. Prossnitz, A. N. et al. Glomerular disease augments kidney
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studies, we observed that kidney-specific polymer accumulation increases with anionic
monomer content, but not molecular weight; experimental FSGS increases kidney
accumulation of anionic polymers; and anionic polymers accumulate predominantly in
proximal tubule cells, with some distribution in kidney glomeruli. These findings can be

applied to the design of polymeric drug carriers to enhance or mitigate kidney accumulation.

2.1 Introduction

Polymeric carriers have been applied in drug delivery to improve circulation time, alter
biodistribution, reduce metabolism, and facilitate cellular internalization of drug cargo [1-5].
The pharmacokinetics of polymeric carriers and their cargo depend on polymer properties
including molecular weight, dispersity, charge, functionalization, and self-assembled size and
shape [6-9]. Studiesinvestigating polymer structure and resulting biodistribution have mainly
focused on exploiting the enhanced permeability and retention effect for cancer applications
[10-12]. However, polymeric carriers for kidney diseases remain relatively understudied
despite the clinical potential of such technologies. For example, targeted drug delivery to
glomerular podocytes could improve the standard of therapy for common glomerular diseases
such as minimal change disease and focal segmental glomerulosclerosis (FSGS), and drug
delivery to tubular epithelial cells may be strategic for acute kidney injury and polycystic
kidney disease treatment [13,14]. The major challenge is that these cell populations reside
beyond the multi-layered glomerular filtration barrier, which comprises the innermost
endothelial cells, a middle glomerularbasement membrane, and the outer podocytes.

Given that the glomerular filtration barrier is both size- and charge-selective, these

two parameters are likely critical when designing drug carriers to target cells past the barrier.
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Nanoparticle studies by the Davis group have revealed that gold nanoparticles of size ~75 nm
target the Kkidney mesangium [15], and polycation- siRNA polymeric nanoparticles
accumulate and disassemble in the anionic glomerular basement membrane [16]. However,
the polymer physical properties required to cross this barrier for kidney targeting applications
remain to be critically defined. Kamada et al. observed that hydrolyzed
poly(vinylpyrrolidone-co-dimethyl maleic anhydride) copolymers of molecular weight
approximately 10 kDa were anionic and distributed in kidneys up to 4 days after
administration, with uptake primarily in proximal tubule cells [17]. Similarly, Borgman et al.
reported that N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers, functionalized with
cyclo(RGDfK) targeting peptides and anionic penta-carboxylic acid residues, distributed
preferentially in the kidneys compared to the designed target, tumors, and were retained up to
10 days after administration [18]. Recently, Bruni et al. reported on a panel of poly-¢-capro-
lactone and poly(ethylene glycol) methyl ether methacrylate star co-polymers (10-27 kDa),
which exhibited evidence of kidney clearance in vivo [19]. While these reports have revealed
in broad strokes that polymers with anionic charge and molecular weight less than 50 kDa
accumulate in the kidneys, a rigorous evaluation of the individual and combined effects of
polymer molecular weight and charge has yet to be reported.

Advances in controlled radical polymerization techniques haveenabled polymer
synthesis with precise control over molecular weight, dispersity, architecture, and chemical
composition [20]. In this work, we used atom transfer radical polymerization (ATRP) to
synthesize a panel of polymers to examine the effect of anionic charge density and molecular
weight on kidney accumulation and distribution in mice. We first tested the effect of charge
using a panel of low molecular weight (LMW) polymers, and then examined the effect of

molecular weight in normal mice and mice with experimental FSGS, a model that results in
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loss of filtration size-selectivity and proteinuria [21]. Here, we report that highly anionic,
LMW polymers preferentially accumulate in the kidneys and are internalized into proximal
tubule cells. Conditions of experimental FSGS enhance accumulation of anionic LMW

polymers.

2.2  Results

2.2.1 Polymer panel synthesis and characterization

We synthesized a panel of copolymers with varying ratios of anionic and neutral monomers
by ATRP, with different degrees of polymerization (Table 1). Importantly, this approach
yields well-defined polymers with tailored anion densities and molecular weights while
keeping other properties constant. The hydrophilic, small molecular weight (~300 Da)
monomer oligo(ethylene glycol) methyl ether methacrylate (OEGMA) was selected, as
OEGMA-based polymers have been shown to exhibit favorable circulation times, low
protein-binding properties, and reduced immunogenicity due to shorter ethylene glycol
repeats [22-25]. The second monomer, tert-butyl methacrylate (tBuMA), yields methacrylic
acids (MAA, anionic in charge) after deprotection. The monomer tBuMA was selected as an
alternative to direct MAA polymerization, as MAA is insoluble in many organic solvents.
Organic ATRP presents several advantages over aqueous ATRP, and results in
polymerizations with less synthetic complexity and higher quality materials.

By varying the ratio of the two monomers and the polymeri-

zation time, p(OEGMA-co-MAA) copolymers with defined OEGMA:MAA ratios and
molecular weights were synthesized (Table 1 and Fig. 1). Polymers with fixed molecular

weight but varying anionic MAA content (0%, 50%, and 80%) were prepared to test the effect
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of charge on biodistribution. Two target molecular weight ranges were synthesized: low
molecular weight (LMW) polymers of 20e25 kDa, and high molecular weight (HMW)
polymers of 45e50 kDa. These two molecular weight regimes, which are either below or
approximately at the renal filtration cutoff of ~50 kDa [26], respectively, were utilized to
investigate the effect polymer molecular weight on kidney distribution. For biodistribution
and tissue distribution analyses, polymers were fluorescently labeled with Cy3 fluorophore
via a stable thioether bond by reduction of the disulfide bond of the pyridyl disulfide-
terminated ATRP initiator and subsequent reaction with Cy3-maleimide (Fig. 1).
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Figure 2.1 Schematics of polymer synthesis and composition. A. Concise synthesis scheme
of polymers. Polymerization was performed with a pyridyl disulfide (PDS)-terminated ATRP
initiator and OEGMA and tBuMA monomers. Deprotection and fluorophore conjugation of
polymers yield p(OEGMA-co-MAA)-Cy3. B. Cartoon schematic of the tested polymers.
Polymers were named based on molecular weight and monomer composition. LMW, low
molecular weight; HMW, high molecular weight; 1:0, polymer comprising 100% OEGMA
monomer; 1:1, polymer comprising 50%/50% of OEGMA and MAA, respectively; 1:4,
polymer comprising 20%/80% of OEGMA and MAA, respectively. Blue lines represent
OEGMA monomer, and red lines represent MAA monomer.

LMW polymers ranged in number average molecular weight (Mn) from 23 to 27 kDa, and
HMW polymers had Mn of 47 kDa, as determined by gel permeation chromatography (GPC).

All polymers exhibited dispersity (B) < 1.5. Within a molecular weight regime, the MAA
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monomer fraction during polymerization was varied at 0%, 50%, and 80%, resulting in
polymer OEGMA:MAA ratios of 1:0 (homopolymer pPOEGMA), 1:1, and 1:4, respectively.
Monomer ratios within the copolymers, as determined by 'H nuclear magnetic resonance
spectroscopy (NMR), were in good agreement with the feed ratios and suggest similar
reactivity of the two co-monomers under the polymerization conditions used (Table 1 and

Fig. S1).

2.2.2 Biodistribution of LMW polymers in normal mice

The effect of polymer charge on kidney accumulation was first determined by evaluating the
biodistribution of LMW 1:0, 1:1, and 1:4 copolymers 7 days post intravenous injection. This
time point issignificantly past the circulation half-life of similarly sized polymers (generally
tip < 24 h) [27,28] and was intentionally selected to measure organ accumulation.
Fluorescence intensities of the three polymers prior to injection were comparable (Fig. S2).
Polymer distribution to major organs (heart, lungs, liver, spleen, kidneys) was determined by

whole organ fluorescence imaging after perfusion.

Table 2.1 Summary of p(OEGMA-co-MAA) copolymers. Number average molecular weight
(Mn) and dispersity (B) values were determined by gel permeation chromatography. Polymer
compositions were determined by H

Polymer Compaosition OECMA:tBuMA feed ratios OECMA:tBuMA measured ratios Mp(Da) £

LMW 1:0 P(OEGMA;4)-PDS 100:0 NfA 23,000 1.125
LMW 1:1 p(OECMAgg-co-MAA;q }-PDS 50:50 1:1.1 27,000 1.140
LMW 1:4 p(OECMAag-co-MAA, 5)-PDS 20:80 1:3.5 25,000 1.370
HMW 1:4 P(OEGMAz4C0-MAA44)-PDS 20:80 1:5.4 47,000 1.400

The LMW polymers exhibited a statistically significant increasing linear trend (p-value <
0.0001) in both kidney and liver fluorescence trending with MAA content (anionic charge),
withLMW 1:4 > 1:1 > 1:0 (Fig. 2A and B). Preferential kidney accumulation was quantified

by normalizing the fluorescent signal in the kidneys by that in the liver. LMW 1:4 exhibited
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the greatest kidney/ liver fluorescence ratio compared to other treatments (Fig. 2C). The
distribution of labeled polymers in the kidney was determined by confocal microscopy.
Fluorescence was primarily detected in the kidney cortex, intracellularly in proximal tubule
cells as identified by morphology and proximity to glomeruli structures (Fig. 3). LMW 1:4
copolymers exhibited the most fluorescent staining as well as deposition in kidney glomeruli.
In further confirmation of the role of anionic charge on kidney accumulation, N-(2-
hydroxypropyl)  methacrylamide (HPMA) copolymers modified with  anionic
diethylenetriaminepentaacetic acid chelator (DTPA) exhibited greater Kkidney/liver

fluorescence compared to HPMA control polymers (Fig. S3).
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Figure 2.2 Organ distribution of low molecular weight (23 - 27 kDa) polymers in normal mice.
A. Representative fluorescent images of major organs 7 days after intravenous administration of
PBS or fluorescent polymers. B. Region of interest quantification of tissue fluorescence
normalized by tissue weight. All treatments were n = 6. C. Kidney/liver normalized fluorescent
signal ratio. Statistical analysis was performed using a one-way ANOVA with post-hoc Tukey's
multiple comparisons test, and a post-hoc linear trend test. Bars represent means + SEM. *p-
value < 0.05.
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Figure 2.3 Kidney distribution of low molecular weight (23e27 kDa) polymers in normal mice.
Representative fluorescent images of kidneys 7 days after intravenous administration of PBS or
fluorescent polymers obtained by confocal microscopy. Kidney glomeruli are denoted by dashed white
lines. Blue, DAPI; red, Cy3-labeled polymers. Individual DAPI and Cy3 channels are shown to the
right of their respective images.

2.2.3 Biodistribution of HMW and LMW polymers in normal andexperimental FSGS mice

We hypothesized that glomerular kidney disease may alter the polymer accumulation in this
organ due to loss of filtration selectivity. As highly anionic LMW 1:4 (80% MAA content)
copolymers exhibited the most fluorescence in the kidneys, HMW 1:4 (M= 47 kDa)
and LMW 1:4 (M, = 25 kDa) copolymers were tested to determine the effect of molecular
weight on biodistribution in normal mice and mice with experimental FSGS. To induce

FSGS, a cytotoxic anti-podocyte antibody that causes podocyte loss was administered to mice
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[21]. Damage to glomeruli and disruption of the glomerular filtration barrier was confirmed
histologically (Fig. S4) and by proteinuria, which peaked on day 7 (Fig. 4A) and persisted up
to day 14. Polymers were injected on day 7 at peak proteinuria, and polymer distribution
assessed 7 days post-polymer administration (Fig. 4A).

In normal animals, LMW 1:4 copolymers exhibited greater fluorescence in the kidneys than
HMW 1:4 copolymers (Fig. 4B and C). Experimental FSGS increased kidney and liver
fluorescence of LMW 1:4 copolymers, but not HMW 1:4 copolymers (Fig. 4C). Generally,
LMW 1:4 copolymers exhibited greater kidney/liver fluorescence ratios compared to HMW
1:4 polymers in normal and experimental FSGS conditions (Fig. 4D). Kidney tissue
distribution patterns were similar to the initial LMW polymer panel, with no remarkable

differences noted in mice with experimental FSGS (datanot shown).

2.2.4 In vitro characterization of polymers in proximal tubule cells

The LMW 1:4 polymer was then characterized for internalization, cytotoxicity, and uptake
mechanism using an immortalized human proximal tubule cell line, HK-2, which exhibits key
features of primary proximal tubule cells [29]. By confocal microscopy, polymer-treated cells
exhibited punctate polymer fluorescence within the cell body (Fig. 5A). Treatment of HK-2
cells with 1 mM polymer for up to 7 days did not cause significant differences in viability
compared to untreated cells, as determined by MTS/PMS assay (Fig. 5B). To investigate the

mechanism of polymer internalization, polymer uptake was measured after incubation in
either 37 O C or 4 O C using flow cytometry, as reduced temperature is known to effectively
inhibit active endocytosis [17,30]. Incubation of cells on ice (4 © C) significantly reduced

polymer fluorescence (p- value < 0.0001) compared to cells maintained at 37 0 C (Fig. 5C).
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Moreover, in a competition uptake experiment with anionic dextran sulfate (500 kDa),
incubation of polymer in an excess of dextran sulfate significantly reduced polymer

fluorescence intensity to ~46% compared to control (p-value <0.0001, Fig. 5D).

2.3 Discussion

In engineering intravenous polymeric drug carriers for targeted drug delivery applications,
careful consideration of polymer properties must be taken to understand and control “passive
targeting” effects, inadvertent or intentional [20]. Ideally, materials are designed with
properties that enhance accumulation at target tissue, and avoid characteristics that enhance
accumulation in off-target tissues. This is especially true when considering the kidneys,
which filter up to 180 liters of blood per day, and are a major clearance organ with intimate
contact with the circulatory system. However, polymer design guidelines to either enhance or
avoid kidney targeting have been limited.

Here, we systematically interrogated the effect of polymer anionic charge density and
molecular weight, as well as glomerular filtration barrier integrity, on polymer accumulation
in the kidneys. Polymers were synthesized by living radical polymerization to control
composition and molecular weight. By using a pyridyl disulfide-terminated initiator, polymer
chains were fluorescently labeled with a single Cy3-maleimide resulting in ~1:1 dye:polymer
ratio, enabling direct comparison of fluorescent signals for the polymers tested. Thioether
linkages have been reported in a variety of in vivo applications, including cellular nanoparticle
“backpack” conjugation [31] and antibody-drug conjugates [32]. Whole-organ fluorescence

imaging was selected due to ease of fluorophore conjugation and throughput. While this

50



method presents limitations to accurate quantification due to tissue light-scattering [33,34], it

still provides a semi-quantitative means of evaluating biodistribution.
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Figure 2.4 Organ distribution of polymers in normal and experimental FSGS mice. A.
Top: treatment schedule of normal and experimental FSGS mice. FSGS mice were
administered a cytotoxic anti-podocyte antibody on days 1 and 0. Both normal and FSGS
mice were administered PBS or fluorescent polymers on day 7 and sacrificed on day 14 for
analysis. Bottom: urine albumin/creatinine ratios of animals administered the cytotoxic
anti-podocyte antibody (red, FSGS, n = 5) or not (black, normal, n = 4). All mice were
administered PBS on day 7. Statistical analysis was performed using a two-tailed Student's
t-test compared to normal animals. B. Representative fluorescent images of major organs
analyzed onday 14. C. Region of interest quantification of tissue fluorescence normalized by
tissue weight. All antibody treatments were n = 6; otherwise n = 5. D. Kidney/liver
normalized fluorescent signal ratio. Statistical analysis was performed using a one-way
ANOVA with post-hoc Tukey's multiple comparisons test. Bars represent means + SEM.
*p-value < 0.05.
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In an initial panel, polymers with fixed molecular weights (23-27 kDa), but varying
anionic charge, were examined in normal mice. Cationic polymers were not tested due to the
toxicity of these materials [35]. The molecular weights were well below the renal filtration
cutoff of 50 kDa, allowing passage of these polymers through the glomerular filtration barrier
via filtration. A polymer with M, 25 kDa and high (80%) anionic monomer content localized
the most in the kidneys, and was internalized specifically in proximal tubule cells. This was a
surprising result, as both the glomerular endothelial cells and the glomerular basement
membrane of the filtration barrier are highly negatively charged due to glycocalyx and
anionic heparan sulfate proteoglycans, respectively, and presumably repel the polymers [36].
Other uptake mechanisms, such as secretion and reabsorption, may also result in polymer
uptake. Moreover, HPMA polymers containing anionic DTPA also exhibited kidney-specific
accumulation, indicating that the observed biodistribution is not unique to MAA monomer
and likely generalizable to other anionic monomers.

We utilized a cytotoxic anti-podocyte antibody to induce experimental FSGS. This antibody
method is well-reported and specifically causes apoptosis of glomerular podocytes [21,37-
47], leading to albuminuria, a clinical signature of a dysfunctional glomerular filtration barrier
and loss of size-selective filtration [48]. This model was used to test the effects of polymer
molecular weight with fixed anionic charge density (80%). Experimental FSGS increased the
kidney fluorescence of LMW 1:4 polymer (25 kDa) but not HMW 1:4 polymer (47 kDa),
providing some evidence that LMW 1:4 polymer kidney distribution is driven partly by
filtration while HMW 1:4 is not. Moreover, these findings suggest that there is an optimal

molecular weight for kidney delivery applications.
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Figure 2.5 In vitro LMW 1:4 polymer characterization. A. Representative fluorescent
images of HK-2 cells after incubation with fluorescent polymer. Cells were incubated with
polymers for 2 h prior to imaging. Blue, DAPI; red, Cy3-labeled polymers. B. HK- 2 cell
viability after polymer treatment at various days (n = 5). C. Polymer uptake, measured by

mean fluorescence intensity (MFI), after 1 h incubation with polymer at 37 or 40C (n =
4). D. Polymer uptake, measured by mean fluorescence intensity (MFI), after 1 h
incubation with polymer in media or in the presence of dextran sulfate (n = 3). Bars

represent means = SEM. Statistical analysis was performed using a two- tailed Student's t-
test. *p-value < 0.05.

Our observation that experimental FSGS enhanced LMW 1:4 polymer distribution
suggests that disease conditions resulting in loss of filtration size-selectivity may be exploited
to enhance material targeting to the kidneys, similar to the enhanced permeability and
retention effect observed in animal models of tumors [20].

These two size regimes, low-molecular weight (~25 kDa) and high-molecular weight (~50

kDa), were selected to test the kidney distribution behavior of polymers below and near the
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filtration cutoff for linear polymers (~50 kDa). Many reports have shown that circulation half-
life increases significantly for linear polymers of size ~50 kDa compared to those of size 20
kDa [49,50], indicating that the filtration cutoff is near 50 kDa. Our study corroborates these
findings. Given that the polymer backbones studied here are non-degradable and the clinical
importance of eliminating nondegradable materials [51], we therefore studied these molecular
weights as an intrinsic control point for elimination rate.

The immortalized human proximal tubule cell line, HK-2, was

used to study polymer features in vitro, as these cells exhibit similar phenotype, function, and
toxicity responses compared to primary cells [29]. LMW 1:4 polymers were internalized into
punctate structures as early as 2 h after polymer treatment, and polymer treatment (1 mM) did
not inflict significant toxicity, even at extended exposure times (7 d). Notably, this
concentration and timescale is significantly higher and longer than what would be
encountered in vivo, as the injected polymer concentration (40 mM) should be rapidly diluted

and cleared after intravenous injection and  tissue  distribution.  In  subsequent

experiments, polymer internalization was found to be significantly reduced at 4 © C and inthe
presence of excess anionic dextran sulfate, a known competitor of scavenger receptors,
indicating that uptake is driven primarily by active endocytosis and/or non-specific scavenger
receptors [17,52]. Proximal tubule reabsorption of macromolecules such as albumin and 1gG
is well-reported, with multi-ligand scavenger receptors megalin and cubilin responsible for
uptake [53,54]. Indeed, variousstudies have shown that knockdown of megalin and/or cubilin
results in reduced kidney uptake of synthetic peptides [55], albumin [56], and nanoparticles
[57]. These receptors may mediate uptake of the polymers in the kidneys. Polymer uptake

correlating with increasing anionic charge was also observed for the liver, albeit to a lesser
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degree compared to the kidneys. Liver endothelial and Kupffer cells express scavenger
receptors SR-Al and SR-AII that broadly recognize polyanionic ligands [58-60]. These non-
specific scavenger receptors may mediate liver uptake of the polymers studied in this work.

While the polymers studied here did not exhibit significant podocyte uptake in the
context of glomerular disease, these findings may still be useful for glomerular disease
applications. As these polymers seem to be filtered, functionalization of these polymers with
ligands that recognize podocyte receptors may enable cellular binding and internalization as
these polymers travel through the glomerular filtration barrier. Moreover, targeted drug
delivery to proximal tubule cells during glomerular disease may improve renal health.
Proteinuria causes tubular cell atrophy and fibrosis due to protein overload, which contributes
to worsening chronic kidney disease [61]. Therefore, delivery of pro-survival molecules may

be astrategic method of halting tubular necrosis.

2.4 Conclusions

By examining a panel of synthetic polymers, we have determined that polymers with
molecular weight ~25 kDa and high anionic monomer content are taken up in kidney
proximal tubule cells up to 1 week after injection, with enhanced accumulation observed in
conditions of loss of glomerular filtration barrier integrity. These guidelines may inform the
development of improved polymeric materials for a variety of applications. For
chemotherapeutics such as cisplatin that inflict serious renal toxicity [62], polymeric drug
carriers should potentially avoid high anionic monomer content to mitigate uptake into

proximal tubule cells. In kidney diseases such as polycystic kidney disease where tubule cells
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are principally afflicted [63], anionic polymeric drug carriers may be considered to improve

the therapeutic profile of drugs.

2.5 Concise methods

2.5.1 Materials

Poly(ethylene glycol) methyl ether methacrylate monomer (average molecular weight = 300
Da, OEGMA), N,N'-dicyclohexylcarbodiimide  (DCC),  2,2-bipyridyl  (BPY), 2-
mercaptoethanol, copper (I) bromide, 4-dimethylaminopyridine (DMAP), and N,N,N’,N",N -
pentamethyldiethylenetriamine (PMDETA) were purchased from Sigma-Aldrich. 2,2-
dipyridyl disulfide and tert-butylmethacrylate monomer (tBuMA) were purchased from TCI
America. a-bromoisobutyric acid was purchased from Fluka. OEGMA and tBUMA were
passed through a basic alumina column to remove inhibitors before polymerization. Cy3-

maleimide was purchased from Lumiprobe.
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2.5.2  Polymer synthesis and characterization

A pyridyl disulfide-terminated ATRP initiator was synthesized as previously described [64].
The initiator was purified by column chromatography, and purity was confirmed by *H NMR.
In a typical polymerization, the ATRP initiator, ligand (PMDETA or BPY), and monomers
(OEGMA and tBuMA) were dissolved in solvent and added to a round-bottom flask. The
solution was purged with Ar gas for 10 min. After, solid CuBr was rapidly added, and the
solution was purged again. The following reaction conditions were carried out for each
polymer (mole ratios): Q) LMW 1:4 and HMW 1:4,

initiator:PMDETA:OEGMA:tBuMA:Cu(l) %2 1:1:40:160:1, [monomer] = 3 M, in anisole, 60

OC for 4 or 8 h, respectively; (ii) LMW 1:1,
initiator:PMDETA:OEGMA:tBuMA:Cu(l) = 1:1:400:400:1, [monomer] = 2 M, in methyl

ethyl  ketone, room temperature for 2 h; (ii) LMW 1:0,

initiator:BPY:OEGMA:tBUuMA:Cu(l) = 1:1.2:667:0:1, [monomer] = 2 M, in ethanol, 50 ©C
for 6 h. HMW and LMW 1:4

polymers were precipitated into cold hexanes; LMW 1:1 and LMW PEG polymers were
precipitated in cold ether. Polymers were collected by centrifugation and vacuum-dried for at
least 24 h, and characterized for molecular weight and dispersity (D) via gel permeation
chromatography (GPC) as previously described [65]. Purity and monomer ratios in the
statistical copolymers were assessed with 'H NMR. The integrated signals of the terminal
methyl groups of the OEGMA (3 protons) and the tert-butyl groupsof the tBuMA (9 protons)

were compared.
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For the synthesis of the HPMA copolymers, the co-monomers N- (2-hydroxypropyl)
methacrylamide (HPMA) [66], N-meth- acryloylaminopropyl-2-amino-3-(isothiourea-
phenyl)propyl-cyclohexane-1,2-diamine-N-N,N’,N’,N’’, N "’-pentaacetic acid (APMA-CHX-
AO0_-DTPA)[67], and 5-[3-(methacryloylaminopropyl) thioureidyl] rhodamine (APMA-
rhodamine) were synthesized using established methods. APMA-rhodamine was adapted
from the synthesis of APMA-FITC [68], substituting rhodamine-isothiocyanate instead of
fluorescein-isothiocyanate.  Copolymerization was performed wusing free radical
copolymerization, using azobisisobutyronitrile (AIBN) as an initiator. The reaction was

carried out in a nitrogen-purged sealed glass ampule for 24 h and 50 °C. For the control

copolymer, the following feed ratio in mole percent was used: HPMA:APMA-CHX-A""-

DTPA:APMA-rhodamine (98:0:2). For the DTPA-containing (anionic) copolymer the

following  ratic  was  used:  HPMA:APMA-CHX-A"-DTPA:APMA-rhodamine
(88:10:2). Initiator concentration was 5 mg of initiator per 100 mg total monomers in both
syntheses, in 500 mL of MeOH. Copolymers were purified through dialysis against dH>O and
lyophilized. Copolymers were characterized for molecular weight and dispersity using size
exclusion chromatography. Co-monomer content was measured using UV-Vis spectroscopy.
For the control copolymer, rhodamine fluorescent label content was determined to be 0.156
mmol/g. For the anionic copolymer, rhodamine content was determined to be 0.863 mmol/g

and DTPA monomer content was found to be 0.598 mmol/g.
2.5.3 Polymer deprotection and fluorescent labeling

Polymers containing tBuMA were deprotected in trifluoroacetic acid, to remove the tert-

butyl groups and reveal carboxylic acids, for 2 h with stirring. After, polymers were

58



precipitated in cold ether, collected by centrifugation, and vacuum-dried overnight.
Polymerswere then dissolved in molecular-grade H>O pH 8, dialyzed againstdH2O for 24
h, and lyophilized. The deprotected polymers were prepared for dye conjugation by
reducing the disulfide bond present in the initiator. Polymers were dissolved in PBS-
EDTA, purgedwith Ar for 10 min, and a 1000-fold molar-excess of dithiothretriol (DTT)
was added. The reaction was left overnight. Polymers were desalted using a PD-10
desalting column (GE), dissolved in a 2:1 PBS-EDTA:DMSO solution, purged, and a 5
molar-excess of Cy3-maleimide dye (Lumiprobe) dissolved in N,N-dimethylformamide

was added. After 24 h, labeled polymers were dialyzed against dH>O for 1.5 wk.

2.5.4 Polymer biodistribution studies

All animal experiments were executed in compliance with the University of Washington
IACUC guidelines. For the initial LMW polymer biodistribution study, polymers (4 nmol)
dissolved in PBS were injected in 7-week old mice via retro-orbital route. After 7 d, animals
were sacrificed, perfused with PBS, and major organs (heart, lungs, liver, spleen, and
kidneys) were harvested. Organ fluorescence was quantified by a Xenogen IVIS using ex/em
535/ 580 nm. Regions of interest were drawn across each organ for quantification, and total
radiant efficiencies were normalized by organ weight. Statistical analyses were performed
using GraphPad Prism and R software. Experimental FSGS was induced in 9-week old male
BALB/c mice (Jackson Laboratory) via two intraperitoneal injections (10 mg/20 g mouse) of
a cytotoxic anti-podocyte antibody 24 h apart. HMW and LMW polymers (4 nmol) were
injected as above on day 7 after disease induction, and animals were sacrificed for organ

fluorescence quantification on day 14 as described above.
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2.5.5 Tissue processing and imaging

Kidney tissues were fixed in 4% PFA, washed with PBS, and incubated overnight with 30%

sucrose/PBS at 4 O C. Tissues were then embedded in OCT and frozen in an ethanol/dry ice
bath. Aftercryosectioning, tissues were stained with DAPI and mounted with Fluoromount-G
(SouthernBiotech). Confocal images were taken as previously reported [37]. Images were
captured using a Leica TCS SPE Il laser scanning confocal microscope (Solms, Germany)
with aHCX PL APO 40 /1.30 oil objective, at 1024 1024 pixel format with 8-bit intensity
resolution. Sets of 8 serial images werecollected at 2-mm step size. The acquisition
wavelengths were: DAPI excitation 405 nm, emission 380-468 nm; Cy3 excitation 561 nm,
emission 576-644 nm. Masson's trichrome and silver staining were performed using standard

methods. Images were collected at600 X magnification.
2.5.6  Urine albumin and creatinine quantification

Spot urines were collected on various days before and throughout experimental FSGS
induction. Urine albumin content was quantified by radial immunodiffusion as previously

described [69], and creatinine quantified using a creatinine assay kit (Cayman Chemical).

2.5.7 HK-2 cell culture and polymer characterization

The human proximal tubule cell line HK-2 was cultured in K-SFM (ThermoFisher Scientific)

and maintained as described by ATCC. For confocal imaging of polymer uptake, HK-2 cells
X

were seeded on bovine collagen | (Corning)-coated glass coverslips in a 24-well plate at 4

10* cells/well. After overnight incubation, media was replaced with fresh media or polymer
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dissolved in media to 1 mM for 2 h. After, cells were washed three times with PBS, and then
fixed and stained with DAPI using standard methods. Confocal images were collected as
described above.

For viability studies, HK-2 cells were plated in a 96-well plate at 5 x 10% cells/well. After
overnight incubation, media was replaced

with fresh media or polymer dissolved in media to 1 mM. After 1, 3, or 7 d treatment, cells
were washed with PBS, and viability was assayed by MTS/PMS (Promega) according to
manufacturer instructions.

HK-2 cells were plated in a 24-well plate at 3 - 4 x 10* cells/well for uptake characterization
studies and tested after overnight incubation. To test the effects of temperature on uptake,

media was replaced with polymer dissolved in media to 1 mM, and cells were incubated for

1hat379C or on ice (4 9C). Cells were then washed 3 x with PBS, lifted with trypsin,
resuspended in 1% BSA/PBS, and analyzed by flow cytometry. For competition studies, cells
were first incubated with 1 mg/mL dextran sulfate (Sigma-Aldrich) in media for 30 min, and
then incubated with 1 mM polymer in the presence of 1 mg/mL dextran sulfate for 2 h. Cells
were then processed for flow cytometry as described above. Flow cytometry was performed
using an Attune NxT Flow Cytometer (ThermoFisher Scientific). At least 1 x 10* cells were
analyzed by FlowJo software, using mean fluorescence intensity as a measure of polymer

uptake.
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Chapter 3

Targeted delivery of polymer-drug conjugates to tubular
epithelia to prevent progression of kidney disease

Alexander N. Prossnitz*, Lucy Yang*, Pinh Nguyén, Diana G. Eng, Stuart J. Shankland, and

Suzie H. Pun

Abstract

Incidence of chronic kidney disease is rapidly increasing globally. Current clinical
interventions such as steroids or angiotensin receptor blockers, can only slow disease
progression, meaning that all patients eventually succumb to kidney failure or end stage renal
disease. While it is difficult to prevent acute kidney injury, the initial insult to the
architecturally complex glomerulus, studies show that prevention of the resulting
inflammatory signal cascade can cause the tissue to enter a regenerative state. We aim to
reverse this inflammatory response, specifically the epithelial to mesenchymal transition that
occurs in tubular epithelial cells, by directly delivering antifibrotic drugs to the injured cells.
Our previous work established that 25 kDa anionic polymers accumulate selectively in these
tubule cells. Here we conjugate the antioxidant drug epigallocatechin gallate via a reversible
boronic ester bond to these anionic polymers. In vitro results show that the antioxidant can

prevent the epithelial to mesenchymal transition in human tubule cells. Completion of this
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work will require testing of the polymer-drug conjugates both in vitro, in human and mouse

cell lines, and in vivo, in an antibody induced murine kidney disease model.

3.1. Introduction

Focal segmental glomerular sclerosis (FSGS) is the leading cause end stage renal disease
(ESRD) globally. Genetic predispositions, infections, medication, or circulating factors can cause
acute kidney injury, damaging the functional cell of the glomerulus (the podocyte) (Figure 3.1).
Podocytes are terminally differentiated cells with an intricate three-dimensional structure, that
once damaged, are replaced with nonfunctional extracellular matrix (ECM) proteins in a process
called glomerulosclerosis. If the insult to the podocytes cannot be alleviated, as is the case for
ESRD or chronic kidney disease (CKD), the buildup of scar tissue in the glomerulus eventual

leads to loss of entire nephrons and kidney failure.!
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Figure 3.1 Overview of kidney structure and organization. The kidney (a) has over 1 million
functional units called nephrons (b). Within the nephron, blood is filtered by the glomerulus (c),
consisting of a selective barrier composed of the interdigitating foot processes of podocytes.
After filtration, ions and remaining nutrients are reabsorbed in the proximal tubules by tubular
epithelial cells (d) prior to excretion. Figure adapted from Tanabe et al. 2

The prevalence of FSGS among adults is increasing and as a result, global prevalence of
CKD has increased 30% from 1990 to 2017.2* Since current treatments only slow the
progression of CKD, most patients eventually become reliant on dialysis or kidney
transplantation. The rise of CKD has corresponded with a similar increase in these procedures.
Over the same time period, dialysis and kidney transplantation increased by 43% and 34%
respectively.? Despite the initial success of these interventions, patients still face high mortality
and morbidity rates.®> Over 1 million people died from CKD in 2017, and even though

intervention incidence has increased, mortality has increased by 41% over the past 30 years.® Not
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only are dialysis and kidney transplantation ineffective, but in 2015 Medicare spending for these
procedures exceeded $100 billion.’

The main contributing factor to the increasing incidence, mortality, and high cost of CKD
is the inability of current clinical practices to halt or reverse disease progression. The most
common treatment for CKD is angiotensin-converting enzyme (ACE) inhibitors or angiotensin
receptor blockers (ARBSs) because most disease is proteinuric and hypertensive in nature.
Unfortunately, even when patients respond well to the therapy, CKD progression is only slowed,
not halted.® For individuals with FSGS induced CKD, glucocorticoid steroids,
immunosuppressive drugs, are the frontline therapy and again these treatments only delay
disease advancement. Due to serious side effects such as obesity, hypertension, infection, and
nephrotoxicity patients will often halt treatment. These breaks result in over 50% of patients
relapsing.>*° There is currently an unmet clinical need to develop therapeutics for CKD with
potential to reverse or at a minimum halt disease progression.

A key part of CKD advancement is the destruction and injury of the tubular epithelial
cells (TECs).!! TECs are highly metabolically active and this high mitochondria content makes
them susceptible to damage from hypoxia, proteinuria, and metabolic disorders. Chronic insults
to the TECs directly cause cell death and upregulation of pro-inflammatory and pro-fibrotic
mediators (Figure 3.2).%'12 The resulting infiltration of immune cells and continued
upregulation of inflammatory pathways increases kidney scarring and proteinuria.'®* As damage
to the tubules accumulates, the TECs undergo an epithelial to mesenchymal transition (EMT)
and become a-smooth muscle actin (a-SMA) myofibroblasts. These myofibroblasts not only lose
the ability to perform the functions of TECs, but also have aberrant secrotomes, which continue

to increase inflammatory signaling. Preserving TEC function by preventing EMT was found to
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protect mice from several kidney injury models.**® Specifically, knocking out transcription
factors Twistl or Snail reduced kidney fibrosis and rescued TECs resulting in repair of the
tubular basement membrane. This discovery presents the EMT pathway as a drugable target for

development of new CKD therapeutics.
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Figure 3.2 Acute kidney injury (AKI) induces tubular cell death and damage. Both reduction in
the number of TECs and conversion of remaining TECs into mesenchymal cells dramatically
increases inflammation, immune cell infiltration, and scarring. Figure adapted from Ruiz-Ortega
etall

Here, we pursued a combination approach using the anionic polymers developed in
chapter 2 for passive targeting of TECs and delivering the anti-EMT drug epigallocatechin-3-
gallate (EGCG). Anionic polymers with molecular weights of 25 kDa preferentially accumulate
in the proximal tubule cells of mice with FSGS.'® Modifying these polymers with stimuli
responsive boronic acid (BA) functional groups enables pH sensitive intracellular drug release of
EGCG. Due to the catechol moieties on EGCG, this drug will form strong dynamic covalent

boronic esters with the BAs on the polymer.!” Once the polymer-drug conjugates are

70



endocytosed, the acidic environment of the endosome will cleave the boronic ester, releasing
unaltered EGCG. This drug prevents EMT by reducing oxidative stress, TGF-B1, vimentin, and
a-SMA. Importantly, EGCG also increases expression of E-cadherin and antioxidant enzymes
that protect TECs from further injury.®® We hypothesize that these polymer-drug conjugates

will be able to reduce markers of EMT in TECs both in vitro and in vivo.

Herein the first half of this work is detailed, validating EGCG activity in vitro and synthesizing
the EGCG-conjugated anionic polymers. Future work determining the targeting and efficacy of

the polymer-drug conjugates for treating FSGS is also proposed.

3.2. Results and Discussion

3.2.1. Efficacy determination of EGCG in vitro

To validate the effects of EGCG on EMT in TEC cells, the human derived proximal renal tubule
cell line (HK-2) was selected. These cells were cultured in Dulbecco’s Modified Eagle’s medium
(DMEM), supplemented with penicillin-streptomycin 1%, and 10% inactivated fetal bovine
serum (FBS), and kept at 37 °C with 5% CO.. First, the half maximum inhibitor concentration
(ICs0) of a 48 h EGCG treatment was determined by measuring cell viability (MTS/PMS assay,
Promega). Concentrations of EGCG from as low as 50 nm to 300 uM were tested (Figure 3.3).
We found that doses up to 10 uM were extremely well tolerated and the maximum tolerable dose

was 40 uM.
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Figure 3.3 Determination of 1Cso value of EGCG in HK-2 cells after 48 h exposure. Cell
viability determined by measuring absorbance at 490 nm after 4 h treatment with MTS/PMS.

Next, we chose to assess the ability of EGCG to prevent EMT in HK-2 cells. As previously
mentioned, several changes in protein expression including, vimentin (a filament protein
expressed in mesenchymal cells), Twistl (a transcription factor responsible for EMT), and a-
SMA (an isoform of actin present in myofibroblasts) can indicate loss of the TEC phenotype. In
tissue culture, EMT induced by supplementation of the cells’ media with TGFpB, an
immunomodulatory cytokine that is produced during inflammatory reactions. After 48 hours of
exposure to TGFp, increases in vimentin expression can be quantified by measuring the
intracellular mMRNA levels with reverse transcriptase quantitative PCR (RT-qPCR). Fold changes

in expression were quantified relative to housekeeping gene GAPDH (Figure 3.4).
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Figure 3.4 Quantification of vimentin expression after induction of EMT with TGFp. EGCG
decreases vimentin expression and prevents TGFB from increasing expression across all
concentrations tested.

A high dose of EGCG, 40 uM, administered 1 h prior to TGF3 dramatically reduced expression
of vimentin in HK-2 cells, despite the addition of various concentrations of TGFp. This
preliminary study convinced us that the previously reported effects of EGCG were robust and
reproducible.'®%® This confirmation was particularly important after our first attempt to validate
the Twistl inhibitor, harmol, failed (data not shown).

Expanding on the previous experiment, we chose to explore if EGCG would decrease
vimentin expression in a dose dependent manner, and if Twistl would show similar trends

(Figure 3.5).
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Figure 3.5 Treatment with EGCG decreases vimentin and Twistl expression in a dose dependent
manner. RT-qPCR experiment was performed with 1 biological replicate and 3 technical
replicates. Average values determined from 1 RT reaction and error bars represent the standard
deviation of technical replicates.

While low doses of EGCG (5 uM) did not decrease expression of vimentin and twistl below
baseline, these treatments did prevent the TGF( dependent increase in expression. At higher
doses, both vimentin and twistl expression decreased in a dose dependent manner, regardless of
TGFp presence. By downregulating the expression of multiple proteins associated with EMT,

EGCG looks to be a promising drug for the prevention and protection of TECs.

3.2.2. Anionic polymer synthesis

To translate these early in vitro successes of EGCG to in vivo experiments, we needed a polymer
platform to both deliver the drug to TECs and increase the drug stability. To this end, we
synthesized an anionic polymer capable of targeting TECs both in normal and FSGS mice.® For
this efficacy focused study, quantitative labeling was unnecessary, but improved polymerization
control and large scale synthesis would be key to successful translation. As a result, we chose to
switch from ATRP to a RAFT polymerization. RAFT polymerizations of methacrylates are well

controlled (often with dispersities lower than 1.1) and can be run to high conversion.?%? Due to
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the large number of carboxylic acids (>100), we chose to modify this polymer with BAs after
polymerization via an activated ester and amine coupling. This approach facilitates easy
substitution of the BA moieties to tune the pH sensitivity of the boronic ester bond, and
ultimately the drug release kinetics. Additionally, by using the same base polymer and
independently changing the drug release kinetics, the effects of specific drug linkers profiles can
be directly correlated with disease outcomes.

A trithiocarbonate and ABCVA were selected for this RAFT polymerization due to increased
solubility in polar solvents and the high aqueous stability of trithiocarbonates compared to

dithiobenzoates (Figure 3.6).2?
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Figure 3.6 Scheme for RAFT polymerization of highly anionic polymer for TEC targeting.

The same monomers as chapter 2, tBuMA and OEGMA300, Were copolymerized in dioxane at
CTA:I:tBUMA:OEGMA ratios of 1:0.2:200:50 (labeled MOB). The conversion, 78%, was
determined by 'H NMR after halting the reaction via exposure to air. The theoretical Mw after
deprotection of the t-Buyl groups was 23,365 Da and the ratio of tBUMA to OEGMA was 4.70.
Since the conjugation with BA will both increase the Mw and decrease the number of anionic
charges, (moving both values closer to those previously determined for optimal TEC targeting,
25 kDa and 4 respectively), we decided to move forward. Next the tBuyl protecting groups were
removed by dissolving the polymer in neat TFA. Complete deprotection was observed by

measuring the disappearance of the *H NMR peak at 1.4ppm (Figure 3.7).
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Figure 3.7 *H NMR spectra showing the complete deprotection of tBUMA via the disappearance
of the peak at 1.4 ppm. The triplet at 1.1 is residual diethyl ether from precipitation.

We also synthesized a more hydrophilic anionic polymer by substituting OEGMA300 with
OEGMAg0 in a RAFT polymerization otherwise identical to the one above (MOB2). Importantly
the ratio of PEG to tBuMA was kept constant, but the relative theoretical number of methacrylate
backbone repeats decreased from 189 to 153, increasing the hydrophilicity of the polymer. We
found that the absolute molecular weight, determined by size exclusion chromatography (SEC)
(Figure 3.8), of the OEGMAg polymer before deprotection was 36,500 Da, which
corresponded to DPs of the tBuMA and OEGMAgoo of 170 and 13 respectively at a ratio of 5:1
(where each OEGMA is multiplied by 3 to compare against the previous polymers synthesized
with OEGMAGz00). For initial optimization of the post polymerization modification of the anionic
polymers with BA, MOB was used. The final preparation of functional materials was all done

with MOB2.
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Figure 3.8 SEC chromatogram for MOB 2 polymer, with calculated My = 36,050 Da and b =
1.05.

3.2.3. Boronic acid conjugation

We have previously demonstrated that post polymerization modification of polymethacrylamides
with BA functional groups enabled pH sensitive drug release of catechol drugs.!” To adapt this
approach to anionic (carboxylic acid) polymers, we attempted using EDC/NHS coupling of
amine functionalized phenyl boronic acids (PBAs) (Figure 3.9a). Compared to the relatively
efficient reactions observed in the previous work, minimal conversion was observed after a 24 h
reaction of the aniline boronic acid with EDC/NHS (4.4%, Table 3.1). We assumed that the
overwhelming presence of acidic residues in combination with the poor nucleophilicity of the
aniline moiety were resulting in the poor yield. So next we attempted the same reaction with a
primary amine BA that was also pinacol protected (Figure 3.9b). With a similarly poor yield, we
then explored converting the carboxylic acids in the polymer to acid chlorides with oxalyl
chloride (Figure 3.9c). The extremely harsh nature of this reaction and difficult work up

ultimately prevented any BA modified polymer from being recovered. Finally, we resorted to the
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most reactive peptide coupling reagent on the market, HATU. Preactivation of the polymer with
HATU and DIPEA followed by addition of the primary amine BA achieved a remarkable 80%
conjugation efficiency (Figure 3.9, and Table 3.1). The extent of BA modification was
quantified by comparing the ratio of OEGMA (methyl peak, 3H, at 3.4ppm) with the aromatic

protons of the BA (benzyl peaks, 4H, at 7-8ppm) (Figure 3.10).
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Figure 3.9 Post polymerization modification of methacrylic acid containing anionic polymer
with a) EDC/NHS aniline PBA b) EDC/NHS amine PBA c) Oxalyl Chloride d) HATU/DIPEA
peptide coupling reaction.
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Figure 3.10 'H NMR spectra of anionic polymers after various conjugation reactions with amino
PBAs.

Table 3.1 Efficiency of coupling reactions between amino phenyl boronic acids and carboxylic
acid polymers.

Reaction Type Efficiency

EDC/NHS Aniline 4.4%
EDC/NHS Amine 4.8%
Oxalyl Chloride N/A

HATU/DIPEA 80.0%

Subsequently, the pinacol protection groups on the BA were removed by adding a 6-fold
excess of sodium periodate (relative to BA) in aqueous solution. Importantly, sodium periodate

is a potent oxidizing agent, which degrades regenerated cellulose, preventing its removal by
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dialysis. However, in the presence of excessive sodium hydroxide sodium periodate and its
byproducts precipitate, allowing purification by centrifugation, followed by dialysis to remove
NaOH. The final poly(methacrylic acid-co-OEGMA900-co-phenyl  boronic  acid
methacrylamide) or MOB polymer was obtained after lyophilization. For measuring intracellular

uptake and biodistribution, the MOB polymer was also labeled with Cy5-amine (Figure 3.11).
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(o] (o] o] RT, PBS (o] (o] o]
o] HO HN 0 HN HO HN
2 2 } Cys
/0 15 /0 15
HO-B\ HO—B\
OH OH

Figure 3.11 Conjugation of fluorescent Cy5 amine to MOB polymer.

As a quick proof of concept, Quercetin, a yellow catechol drug that fluoresces when
bound to a BA, was added to a small stock solution of MOB polymer. If residual sodium
periodate remained in the sample the catechol would immediately oxidize to a black color, but if
quercetin complexed to the boronic acid the solution would turn bright orange. After this
optimized purification, the MOB polymer complexed to quercetin, without any detectable traces

of sodium periodate.
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Figure 3.12 'H NMR spectra of EGCG, MOB polymer, and purified EGCG-MOB polymer-drug
conjugate. Additional aromatic peaks of EGCG are clearly visible in addition to the PBA peaks
in the polymer.

3.2.4. EGCG conjugation

To prepare EGCG and MOB polymer-drug conjugates, equal masses of drug and
polymer were mixed in DI water. The use of excess EGCG to the BA in the polymer ensures a)
minimal crosslinking since EGCG has two catechols per drug and b) the maximum amount of
drug is loaded. After purification of the conjugate by spin filtration, (this technique is preferable
to dialysis because EGCG is unstable in aqueous environments at RT on the time scale of hours)
the material was lyophilized, and the drug loading was measured by NMR (Figure 3.12).
Specifically, the aromatic peaks of EGCG were compared to the aromatic protons of the BA

groups and the drug percent by weight was determined (35%) (Figure 3.13).
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Figure 3.13 A) 'H NMR spectra of the aromatic region of EGCG B) Annotated protons for
MOB polymer EGCG conjugate and relative integrations for the calculation of drug percent by
weight (35%).
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3.3.  Conclusions

Here we synthesized a novel polymer-drug conjugate engineered for targeted delivery
and specific release of EGCG in TECs. Anionic polymers were synthesized by RAFT
polymerization, with a ratio of anionic to neutral monomers of 5:1. These polymers were
deprotected, and the conjugation of PBA moieties was optimized with a final efficiency of 80%.
These anionic polymers modified with PBA (MOB polymers), complexed to the catechol drug
EGCG, resulting in a high maximum drug loading of 35% by weight. This polymer-drug
conjugate has the potential to halt the progression of FSGS and CKD by protecting fragile TECs
from injury and the resulting EMT.

Our preliminary data shows that free EGCG can decrease the expression of two markers
for EMT, even in the presence of an inflammatory signaling molecule, TGFp. The next steps of
this project are to determine efficacy of the anionic polymer EGCG conjugate, which will be

validated for both in vitro and in vivo.

3.4. Future Work

The first part of this project, synthesis of a labeled anionic polymer conjugated to EGCG has
been successfully completely. Here an outline for the second half, delivery of EGCG to TECs

and improving disease outcomes in vivo in models of FSGS, is proposed.

3.4.1. EMT prevention in vitro

In similar experiments to those described in section 3.2.1, the activity of the polymer
EGCG conjugate will be tested in HK-2 cells. In brief, vimentin and twistl expression will be

measured by RT-gPCR after of treatment with the conjugates and 48 h exposure to TGFp.
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Various concentrations (5, 10, and 40 uM by drug) of the polymer-drug conjugate will be
compared against equal concentrations of free EGCG.

Next we will compare the results of this human derived cell line with a murine proximal
tubular cell line (MCT).?® The same RT-qPCR experiment comparing the effects of free drug and
polymer-drug conjugate will be conducted. Even though human cell lines are more relevant to
translation, it is important to validate the therapeutic in a small animal model which will require

activity in murine cells.

Expected Outcomes

We expect that the polymer-drug conjugate will show efficacy, but that the potency might be
reduced. The current understanding is that free EGCG enters cells both passively by diffusion
and actively as a ligand to the 67 kDa laminin receptor.!®?* Since the polymer conjugate will
only delivery EGCG via endocytosis, which is a slower process, we expect to need a slightly

higher drug concentration to achieve the same effect as free drug.

Alternative Approaches

If the polymer-drug conjugate does not perform well at the same concentrations as the free drug,
first we will measure a the 1Cso for the conjugate as previously done for free EGCG. If the ICso
of the conjugate is higher than free EGCG, we will try higher concentrations of the conjugate in
the EMT prevention assay. Second, we will measure uptake over 48 hours via flow cytometry
and confocal microscopy. If the polymer is not internalized, we will try to increase the negative

charge by increasing the DP of the tBuMA monomer. Lastly, if we still observe no effect of the
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polymers on protein expression, we will stain and image cells for fibronectin, which will be

present if the EMT occurs, but will be minimally visible if EMT is prevented.'®

3.4.2. FSGS rescue in vivo

First, we will confirm that the biodistribution of the polymer-drug conjugates is similar to the
previously described anionic polymers in both normal and FSGS mice. FSGS will be induced by
antibody treatment and the biodistribution of the polymers labeled with a Cy5-amine fluorophore
will be tracked to as previously described.'® Second, analogous to determining the 1Cso in vitro,
we will determine the maximum tolerated dose (MTD) of both free EGCG and polymer-drug
conjugate. Increasing concentrations of the therapeutics will be injected intravenously, and the
animals will be monitored for complications or toxicity by measuring weight and body
temperature. Once the MTD is determined, we will evaluate the efficacy of the free drug and
polymer in the experimental model of FSGS. Every 3 days the animals will be injected with 25%
of the MTD for 18 days. The animals will be left to recover for 10 days until euthanasia. The
kidneys from these animals will be collected and studied via flow cytometry and histology. Upon
digestion of the kidney into single cells, cells will be labeled with various antibodies (anti-CD45,
anti-granzyme, anti-CD3, anti-FoxP3 etc.), and gated to determine the composition of immune
cell populations.®® For histological analysis, kidneys will be fixed, sectioned and stained with
H&E, Masson’s trichrome, and picrosirius red. By determining both the cell populations in the
kidneys and the gross morphology of the tissue we will be able to assess the efficacy of both

EGCG and the polymer-drug conjugates.
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Expected Outcomes

We expect both the free EGCG and polymer-drug conjugates to decrease progression of FSGS
by limiting damage to TECs. Since EGCG is highly unstable in serum (half-life < 30min), we
would expect the protection of the drug via conjugation to result in increased activity.?*
Additionally, we expect the accumulation of the polymer-drug conjugates in the proximal
tubules to greatly increase the local drug concentration. Overall, we expect the polymer-drug

conjugates to outperform the free EGCG in vivo due to increased stability and targeted delivery.

Alternative approaches

If the polymers are accumulating in the proximal tubules but we do not see decreased fibrosis we
will try to increase drug loading by including additional BA groups and try to increase stability
by using boronic acids with lower pKas. If both free EGCG and polymer-drug conjugate do not
show any efficacy in vivo, we will a try a different catechol drug, quercetin or baicalin, which

have both shown efficacy at preventing EMT via multiple pathways.?52

3.5.  Experimental

3.5.1. Materials

All reagent grade materials and solvents were purchased from Sigma Aldrich, Tokyo Chemical
Industry (TCI), Fisher, Boron Molecular or Cayman Chemical and used as received. Snake skin

dialysis tubing (16 mm diameter) was used for all dialysis purification.
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3.5.2. Instrumentation

Nuclear Magnetic Resonance (NMR) Spectroscopy

'H NMR spectra were obtained using a Bruker AVance 300 MHz instrument. Solvents used in
this study were obtained from Cambridge Isotope Laboratories and included: deuterium oxide,
deuterated methanol, deuterated sodium hydroxide, deuterated dimethylsulfoxide, and deuterated

chloroform. Data was processed with MestReNova 10.0.

Size exclusion chromatography (SEC)

The molecular weight (Mn sec) and dispersity were determined using 100% mass recovery and
multiangle light scattering (MALS) SEC. The running solvent was N,N-dimethyl formamide
(DMF) with 1 g/L LiBr (flow rate: 0.8 mL/min) heated to 60 °C and samples were prepared at 5
mg/mL. Separation was done through three columns Tosoh TSKgel alpha 4000, Tosoh TSKgel
alpha 3000 and Phenomenex Phenogel 5 pm 10E3 A and data was collected by a Wyatt
miniDAWN Treos and Wyatt Optilab T-rex. For data analysis, specifically determination of
absolute molecular weight and dispersity, Wyatt ASTRA software was used. The RI traces were

normalized using Prism 10.

3.5.3. Methods

Anionic polymer synthesis

As an example reaction, a 50 mL round bottom flask (RBF), 4-((((2-
carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid (CCC) (50 mg, 0.16 mmol), 4,4-
Azobis(4-cyanovaleric acid) (ACVA) (9.12 mg, 0.033 mmol), tert-butyl methacrylate (t-BuMA)

(5.29 mL, 32.57 mmol), oligoethyleneglycol methacrylate-900 (OEGMAgw) (2.42 g, 2.54
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mmol), dioxane (40.0 mL) and a magnetic stir bar were added. Then 150 uL of DMF was added
to the reaction, as an internal standard, and the solution was stirred until homogenous. A 50 pL
solution aliquot was removed and frozen and the remaining reaction was sparged with argon gas
vigorously for 30 minutes. Then the reaction was heated to 70 °C for 18 hours and halted with
exposure to atmosphere. The conversion, DP, and M meo Were determined by comparing the *H
NMRs in CDCls of the initial aliquot and the final reaction mixture. The polymer was purified by
3 sequential precipitations into hexanes and dried under vacuum.

t-BuMA Deprotection

The protected prepolymer (5 g) was dissolved in 15 mL of neat trifluoroacetic acid (TFA) in a 20
mL scintillation vial and stirred until a homogenous liquid was obtained. After deprotecting for
24 h, the TFA/polymer mixture was precipitated into diethyl ether at a volume ratio of 1:10.
After redissolving in methanol and precipitating 2 more times, the protonated and deprotected
carboxylic polymer was dried under vacuum. It is important to purify this polymer via
precipitation and not dialysis to ensure that it remains soluble in polar organic solvents for post
polymerization modification.

AminoPBA conjugation reactions

EDC/NHS Aniline PBA

To a 1.5 mL eppendorf tube, polymer (48 mg, 0.29 mmol of carboxylic acid), 1-ethyl-3-(-3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC, 42 mg, 0.22 mmol), N-hydroxy-
succinimide (NHS, 25 mg, 0.22 mmol), 4-aminophenyl boronic acid, (Aniline PBA, 32 mg, 0.15
mmol) and 0.48 mL of DMSO were added and reacted at RT for 24 h. The polymer PBA
conjugate was purified by addition of NaOH to the reaction and dialysis against DI water for 24

h followed by Iyophilized. The extent of modification was measured by *H NMR in D20 with
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NaOD by comparing the ratio of the methyl protons from the OEGMA (3.4 ppm) to the aromatic
protons of the PBA (7-8 ppm).

EDC/NHS Amine PBA

To a 20 mL scintillation vial, polymer (210 mg, 1.35 mmol of carboxylic acid), EDC (388 mg,
2.0 mmol), NHS (233 mg, 2.0 mmol), 4-aminomethyl phenyl boronic acid pinacol ester, (Amine
PBA, 182 mg, 0.67 mmol), and 10.5 mL DMSO/THF were added and reacted at RT for 24 h.
The polymer PBA conjugate was purified by addition of NaOH to the reaction and dialysis
against DI water for 24 h followed by lyophilized. The extent of modification was measured by
'H NMR in DO with NaOD by comparing the ratio of the methyl protons from the OEGMA
(3.4 ppm) to the aromatic protons of the PBA (7-8 ppm).

Oxalyl Chloride

To a 7 mL scintillation vial, polymer (56 mg, 0.40 mmol of carboxylic acid) was dissolved in
3.38 mL of DMF and after completely dissolving, oxalyl chloride (37 uL, 0.44 mmol) and
triethylamine (TEA, 73 L, 0.52 mmol) were added in a pre-activation step for 30 min. Then 4-
aminomethyl phenyl boronic acid pinacol ester, (Amine PBA, 10.4 mg, 0.05 mmol) was added
and reacted at RT for 24 h. The polymer PBA conjugate was purified by addition of NaOH to the
reaction and dialysis against DI water for 24 h followed by lyophilized. The extent of
modification was measured by *H NMR in D,O with NaOD, but unfortunately, no polymer was
detected, only small molecules.

HATU/DIPEA Amine PBA

To a 7 mL scintillation vial, polymer (186 mg, 1.20 mmol of carboxylic acid) was dissolved in
3.72 mL of DMF and after completely dissolving, 1-[Bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate (HATU, 408 mg, 1.0 mmol) and N,N-
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diisopropylethylamine (DIPEA, 520 pL, 3.0 mmol) were added in a pre-activation step for 30
min. Then 4-aminomethyl phenyl boronic acid pinacol ester, (Amine PBA, 161 mg, 0.60 mmol)
was added and reacted at RT for 24 h. The polymer PBA conjugate was purified by precipitation
into ether first, and then addition of NaOH to the reaction and dialysis against DI water for 4
days. The extent of modification was measured by *H NMR in DO with NaOD by comparing
the ratio of the methyl protons from the OEGMA (3.4 ppm) to the aromatic protons of the PBA
(7-8 ppm).
Pinacol Deprotection
After dialysis of the polymer PBA conjugate, directly to the agueous polymer solution, 700 mg
of NalOs (6-fold excess to pinacol protected PBA) was added at RT for 24 h. To precipitate the
remaining NalOs excessive NaOH (5-10 pellets) as added to the solution and the NalOs was
removed by centrifugation. The remaining highly concentrated aqueous NaOH and polymer
solution was dialyzed against DI water for 3 days and lyophilized. The final deprotected polymer
of poly(methacrylic acid-co-OEGMA900-co-phenyl boronic acid methacrylamide) or MOB
polymer stored at RT for further use.
Cy5 Amine Labeling
To MOB polymer (120 mg, 0.65 mmol) in 2.5 mL of DMSO, EDC (250 mg, 1.3 mmol), NHS
(150 mg, 1.3 mmol), and Cy5 amine (1.75 mg or 35 pL of a 50 mg/mL stock, 0.006 mmol) were
added and reacted for 24 h at RT. The labeled MOB polymer was purified by dialysis for 24 h
and lyophilization.
EGCG conjugation and drug loading calculations

To load the MOB polymer with EGCG, 50 mg of polymer and 50 mg of EGCG were

mixed in 1 mL of DI water. After complete dissolution of the drug, the mixture was sonicated at
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RT for 2-3 h, and then diluted 1:10 in DI water and purified via a 10 kDa MWCO Amicon spin
filter. The solution was filtered at 4500 x g for 12 min, 2 times and then reduced to 1 mL of final
volume. The 1 mL solution was frozen and lyophilized, and then drug loading was determined
via 'H NMR in D20 by comparing 2 EGCG protons at 6.1 ppm to the entire aromatic region,
which encompasses 4 more EGCG protons and 4 PBA protons from the polymer. From these
values the ratio of EGCG to PBA was determined and with knowledge of the PBA DP and
theoretical polymer molecular weight, the percent by weight EGCG was calculated.
Baicalin Loading

The protocol for loading of the hydrophobic polyphenolic drug, Baicalin, was similar to
EGCG. First, 23 mg of baicalin was dissolved in 400 pL of DMSO and added to 200 pL DI
water solution containing 20 mg of MOB polymer. After complete dissolution of the drug, the
mixture was sonicated at RT for 2-3 h, and then diluted 1:10 in DI water (keeping the DMSO
concentration below 10%) and purified via a 30 kDa MWCO Amicon spin filter. The solution
was filtered at 4500 x g for 20 min, 2 times and then reduced to 1 mL of final volume. The 1 mL
solution was frozen and lyophilized. The resulting drug content of the conjugate was determined

using a similar method to EGCG, and found to be 17%.
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Chapter 4

Modulating boronic ester stability in block copolymer
micelles via the neighbor effect of copolymerized tertiary
amines for controlled release of polyphenolic drugs

Alexander N. Prossnitz and Suzie H. Pun

Abstract

Boronic esters have been exploited for a variety of controlled release applications but still suffer
from low stability under physiologically relevant conditions and synthetically demanding
optimization to tune drug release profiles. The boronic acid functional group is an attractive
conjugation chemistry for polymer-drug conjugates because it forms dynamic covalent bonds
with catechols at neutral pH, which can then be reversibly cleaved under acidic conditions. We
hypothesized that the high ¢ atechol affinity and boronic ester stability of Wulf type boronic
acids could be mimicked by copolymerization of phenyl boronic acid with a tertiary amine and
subsequent micellization. We found that these copolymer micelles have higher affinity for
catechols, such as polyphenolic drugs, than homopolymers, and that this affinity could be tuned
to control drug release. These findings demonstrate that copolymerization of boronic acid and
tertiary amine monomers is a powerful modular approach to improving boronic ester chemistry

for drug delivery applications.

Adapted with permission from Prossnitz et al. Modulating boronic ester stability in block copolymer micelles
via the neighbor effect of copolymerized tertiary amines for controlled release of polyphenolic drugs. ACS
Macro Letters 11, 276-283 (2022). Copyright 2018 American Chemical Society.



4.1 Introduction

Polymer-drug conjugates offer unique opportunities to enhance the biodistribution,
pharmacokinetics, and ultimately the efficacy of both small molecule drugs and biologics.*™* Key
contributors to the success of these hybrid materials are stimuli-responsive linkers that release
drug in specific biological contexts.>® For example, the majority of macromolecular carriers are
internalized in gradually acidifying (pH 7.4 to 4.5) vesicles via endocytosis.®® The ubiquity of
this internalization process has spurred tremendous efforts to develop acid-sensitive linkers for
intracellular delivery using hydrazone, acetal, cis-aconityl, and Schiff base chemistries.®* These
approaches give polymer-drug conjugates stability and acid-triggered burst release at distinct pH
values, often at the cost of extensive drug modification and the inability to tune release kinetics.®
By comparison, the release kinetics of hydrolytic linkers have been extensively engineered to
deliver relevant drug doses of chemotherapeutics, antibiotics, and antidiabetics to great in vivo
success.**>16 Additional pH-sensitive conjugation approaches that are simple, traceless, and
tunable are needed to replicate the success of hydrolytic linkers intracellularly.

The use of dynamic covalent bonds, particularly between boronic acids and diols, is a
promising drug conjugation approach that is both pH-sensitive and traceless.!” Polymers with
pendant boronic acid functional groups are promising materials for drug delivery due to the
highly reversible and tunable stability of boronic ester bonds.!® For example, Messersmith and
coworkers conjugated bortezomib (BTZ) to a catechol-functionalized polyethylene glycol (PEG)
and illustrated that BTZ was effectively released at in vitro at pH 5.0.2° Still, instability of
boronic ester conjugates at physiologic conditions, due to low binding affinity, has prevented the
use of this linker chemistry in drug delivery systems.’®?! One option for overcoming this

obstacle is to utilize the library of modified phenyl boronic acids (PBAs) with pKas ranging from
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5-9 to modulate both the catechol affinity and pH sensitivity.?2?* However, depending on the
properties of the specific catechol drug, changes to the substituents on the PBA (even if the pKa
changes) may not alter affinity or drug release.?! The complexity of synthesizing multiple
substituted PBA polymers as well as the inability to finely tune the affinity of these polymers for
their drug cargo has hindered the adoption of boronic-ester chemistry as a pH-sensitive drug
linker.

A common approach to increase the functionality of polymer-drug conjugates is to design
block copolymers that self-assemble into micellar nanoparticles (NPs).?> Sequestration of drug
cargo into the hydrophobic micellar core, enables drug release to be controlled by both linker
chemistry and micelle disassembly.?® Consequently, polymeric micelles are a mainstay of
modern drug delivery technology for improving circulation time, stability, and specific drug
release.>2 pH-sensitive micellar systems can also control drug release without the use of
linkers.?>2 For example, transistor-like pH-sensitive nanoparticles (NPs) undergo rapid micelle
degradation at a target pH value.®**¢ These pH-sensitive micelles have been utilized to increase
tumor penetration, gene delivery, and vaccine potency.3" %

To expand the toolbox of pH-sensitive linkers for polymer-drug carriers and leverage the
flexibility of micellar NPs, we developed self-assembling block copolymers composed of PBA
and tertiary amines to efficiently load and release catechol drugs. While investigating PBAs with
high catechol binding constants, the Wulf type caught our attention.** This subclass of PBA has
high catechol affinity, which is surprising given the absence of electron withdrawing substituents
on the phenyl ring.?>*42 While the exact mechanism of the phenomenon has been debated,
recent work has demonstrated that the presence of tertiary amines increases diol affinity by both

decreasing the pKa of PBA and intermolecular acid catalysis of the solvent leaving group.*® We
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hypothesized that micelles with hydrophobic cores composed of PBA and tertiary amines would
result in similar intermolecular and intramolecular interactions to the Wulf type BAs and
increase the catechol binding affinity in the physiologic range. By comparing catechol affinity,
micelle disassembly, and drug release of diblock copolymers with only PBA (BA) to polymers
containing PBA and a tertiary amine (DB), we found that the DB polymers and micelles had
higher affinity for catechols and increased stability. To the best of our knowledge, this is the
first study to elucidate the neighbor effect of tertiary amines on boronic ester stability in micelles
and show monomer ratio-dependent drug release kinetics. Herein, we report the synthesis and
characterization of tunable PBA and tertiary amine diblock copolymer micelles that efficiently

load, stabilize, and release polyphenolic drugs.

4.2 Results and Discussion

4.2.1 Polymer Synthesis and micelle characterization

We utilized the reverse addition fragmentation chain transfer (RAFT) polymerization of
dimethylacrylamide (DMA) and acrylamidophenyl boronic acid (APBA) developed by Sumerlin
and coworkers to synthesize diblock copolymers with various hydrophobic block lengths (Figure
1A, 1B, and S1).**% Micellization occurred most efficiently when twice as much DMA mass
relative to the APBA mass (5.7 kDa and 2.4 kDa respectively) was present (Table S1). For the
tertiary amine-functionalized monomer, we chose N,N-dibutylaminoethylacrylamide (DBEAA),
which has a sharp transition from hydrophobic to hydrophilic at ~ pH 6.5.39464 Wwe
hypothesized that the hydrophobic nature of DBEAA at neutral pH would facilitate drug
encapsulation and that the hydrophilic transition at acidic pH would overcome the

hydrophobicity of the APBA, leading to micelle disassembly. We polymerized the APBA and
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DBEAA monomers at a ratio of approximately 1:1.5 to ensure Lewis Acid-Base pairing of the
two monomers, and that the solubility properties of the DBEAA monomer would dominate.
Successful copolymerization of DBEAA and APBA from the DMA macro chain transfer agent
(MCTA) was confirmed via *H NMR (S2) and size exclusion chromatography (SEC) (Figure
1C).** BA functional groups must be protected before chromatography (S2), which slightly
increases the measured molecular weight over the theoretical value (Table 1).*> The DMA-block-
APBA (BA) and DMA-block-APBAcoDBEAA (DB) polymers were nanoprecipitated into

phosphate buffered saline (PBS) to form uniform micelles with diameters of 60 nm (BA) and 55

nm (DB) (Figure 1D ).
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Figure 4.1 A) Synthesis scheme for diblock copolymers BA and DB using sequential RAFT
polymerization. B) Comparison of SEC chromatograms of DMA mCTA and chain extended
APBA copolymer after pinacol protection of the boronic acid. C) Comparison of SEC
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chromatograms of DMA mCTA and chain extended APBAcoDBEAA copolymer after pinacol
protection of the boronic acid. D) DLS determination of micelle size after nanoprecipitation of
BA and DB diblock copolymers.

Table 4.1 Degree of polymerization and molecular weight of polymers synthesized by RAFT
polymerization

Label Polymer APBA? DBEAA? M, theon” M, sec® DP*

N/A 6,534 6,684  1.01

BA P( -b-APBA) 19 10,220 14,870 1.22
P( -b-

APBA, 16 15,470 16,710  1.12

aDetermined via NMR and calculations of conversion after halting the polymerization. ®Determined with SEC and, in the cases where
the polymers contained boronic acid, the polymer was protected with pinacol functional groups.

4.2.2 Determination of catechol affinity of polymeric boronic acids via *°F NMR

Next, we compared the effects of the copolymerization on catechol binding and affinity. The
standard assay, quantifying the fluorescence of alizarin red, is not suitable for our polymer systems due
to altered fluorescence of the dye in the presence of base and a failure to describe avidity effects in
compounds with multiple boronic acids.22,49,50 Recently, 19F NMR measurements of 3-fluorocatechol
(F-Cat) in the presence of boronic acids have illustrated exquisite sensitivity, quantitatively
differentiating free and bound catechols.50-52 In particular, Larcher et al. illustrated that distinct
fluorine peaks could be differentiated for each F-Cat bound to a multi-functional boronic acid and
confirmed the identity of these boronic ester species with 11B NMR.50 We investigated boronic ester
formation of a model small molecule boronic acid (carboxyphenyl boronic acid, CPBA), and the
polymers (BA and DB) in organic solutions to eliminate interference from micellization. CPBA only
achieved a 46% conversion of F-Cat to boronic ester, even in the presence of 20-fold molar excess of

CPBA (S5A). In contrast to CPBA, the DB polymer showed quantitative conversion of all boronic acids
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to boronic esters while the F-Cat remained in excess, and complete conversion of the F-Cat to ester
when the boronic acid was in excess (Figure 2A and S4B). To compare the binding affinities of CPBA,
DB, and BA, we graphed the percent of F-Cat bound to boronic acid as a function of the ratio of boronic
acid to catechol (Figure 2B). We observed low maxima in catechol binding for both the CPBA and BA
polymers (49% and 33% respectively), while the DB polymer reached 100%. This data provides strong
evidence that copolymerization of a tertiary amine monomer dramatically increases the affinity of

boronic acid monomers for catechols.
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Figure 4.2 A) Equilibrium of F-Cat and DB polymer complex at various boronic acid to catechol ratios
measured by °F NMR and normalized to free F-Cat signal. B) Schematic depicting higher binding
affinity and quantitative binding of catechols to DB polymer compared to the mixture of bound and
unbound catechols in the presence of BA polymer and CPBA. Percent of F-Cat bound to boronic acid
and converted to boronic ester as a function of boronic acid to catechol ratio for DB polymer, BA
polymer, and CPBA.

4.2.3 Drug loading optimization of DB micelles with EGCG, Quercetin, and EA

We next loaded the DB polymer with a variety of polyphenolic drugs.>® Specifically, we selected
epigallocatechin gallate (EGCG), quercetin, and ellagic acid (EA) as therapeutic polyphenols of
interest.>4%! These drugs span a range of solubility, from the hydrophilic EGCG to the hydrophobic

quercetin, and finally the extremely insoluble EA (aqueous solubility of 10 pg/mL%?). DB-drug micelles
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(~40 nm) were formed by simple mixing, nanoprecipitation, and dialysis (Figures 3A and 3B). The
spectroscopic profiles of the drug-loaded micelles revealed increases in absorption upon drug-loading
(~400 nm for quercetin and EA, and ~312 nm for EGCG, Figure 3C). We varied the drug weight
percent in the formulation and determined the maximum drug loading by quantifying this spectroscopic
shift (Figure 3D). Drug concentration did not linearly correlate with drug loading due to drug
aggregation at high concentrations, as quantified by monitoring turbidity at 750 nm (Figure 3E). We
observed aggregation at loadings as low as 20% weight for EA and 30% weight for quercetin. The
hydrophilic EGCG also had a maximum drug loading at 30% weight despite remaining soluble at this
concentration. In contrast to the micellar formulations of quercetin or EA, which maintained diameters <
100 nm, the DB-EGCG conjugates more than doubled in diameter at 30% weight (from 93 nm to 217
nm) and continued to increase as more drug was added (Figure 3F). We hypothesize that excess EGCG
in the solution caused intramolecular crosslinking of micelles into gels, decreasing the drug loading for
the EGCG conjugates at higher weight percentage. To summarize, we determined that EGCG and
quercetin could be stably loaded into DB micelles at amounts as high as 20% by weight, and that even
the extremely insoluble EA could be loaded effectively at 10% weight. To our knowledge, this approach

is the only reported nanoparticle system to covalently load EA.%
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Figure 4.3 A) Representation of complexing polyphenolic drugs Quercetin, EA and EGCG with the
boronic acids in the DB polymer. B) Determination of micelle size in PBS after nanoprecipitation of
each polymer drug conjugate loaded with 10% weight drug. C) UV-Vis spectra for each polymer drug
micelle at 10%, 20%, 30%, 40% and 50% weight drug. D) Comparison of normalized absorbance
intensity at the wavelength characteristic to the polymer drug conjugate (EGCG, 312 nm), (Quercetin,
400 nm), and (EA, 400 nm) at various weight percentages. E) Transparency of micelle solutions at
various weight percentages. F) Diameter of soluble micelles at various weight percentages.

4.2.4 pH sensitive micelle disassembly

We then compared the pH sensitivity and drug protection of BA and DB micelles. First, we used
the solvatochromic dye Nile Red, which is fluorescent inside the lipophilic core of micelles, but not in
aqueous solvents.?®> We were particularly interested to learn if protonation of the DBEAA monomer
would overcome the hydrophobicity of the APBA monomer and trigger micelle disassembly under
acidic conditions (Figure 4A). At neutral pH, both BA and DB micelles had high Nile Red fluorescence
reflecting micellar encapsulation, but the fluorescence of the DB micelle decreased with pH, indicative
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of micelle disassembly in acidic conditions. In contrast, the BA polymer fluorescence remained
relatively constant between pH 5.5 and 7.4 (Figure 4B). Additionally, at the basic pH of 11 (above the
pKa for APBA) the BA micelles disassembled into unimers while the DB micelles remained intact,

likely due to increased hydrophobicity provided by the DBEAA monomers at this pH.

4.2.,5 Optimization of tertiary amine content in DB block copolymers

To optimize the APBA and DBEAA ratio, we synthesized a second polymer with ~50% more
DBEAA (DB 2.5). While the DB 2.5 micelles remained pH sensitive (S6), we observed significant
decreases in both drug loading and stability for all three drug formulations (S7). We hypothesized that at
higher DBEAA to APBA ratios, the increased hydrophobicity of the second block and the presence of
drugs caused precipitation. Supporting this hypothesis, we found that increasing the APBA content also
led to aggregation and precipitation (Table S2). Given these limitations in addition to those established

for the BA polymers, we continued to study the original DB polymer (1.7 DBEAA to APBA).

4.2.6 Prevention of radical scavenging due to high binding affinity DB polymer

Subsequently, we investigated the functional effect of this high drug affinity by comparing the
radical scavenging activity and polyphenol stability of both polymer-drug conjugates. The radical
scavenging activity of catechol drugs is primarily due to free phenols and is significantly reduced when
bound to boronic acid. We hypothesized that the higher affinity of the DB polymers would result in
larger decreases in the radical scavenging activity of the bound catechol. We used the 2,2 diphenyl-1-
picrylhydrazyl (DPPH) to assess radical scavenging activity, correlating antioxidant activity with
decreased absorbance at 517 nm (Figure 4C). 4% We found that the DB polymers dramatically reduced
the scavenging ability of EA, and even decreased the reactivity of EGCG (Figure 4D and E). The DB
polymer is more effective at preventing EA reactivity likely because all the phenols of EA can be

complexed to boronic acids. In the EGCG-polymer conjugate, at best, only 50% of the phenol groups
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can be protected by esterification. Quercetin conjugates were not tested due to interference from its

extremely high absorbance values when complexed to boronic acids (S5).

4.2.7 Increased catechol affinity enhances polyphenol stability

Additionally, we explored the stability of the drug-loaded micelles by monitoring polyphenol
oxidation in a forced degradation experiment. Forced degradation experiments determine the stability of
drugs or therapeutics under harsh conditions to rapidly compare properties of different formulations.5®
The main pathway for polyphenol degradation is oxidation of the phenols, which occurs quickly, even at
neutral pH.®"% We exposed EA, selected due to its clear shift in absorbance at 425 upon oxidation, BA-
EA, and DB-EA micelles to increasing amounts of NaOH (Figures 4F,G,H). We expected the formation
of boronic esters to prevent oxidation of EA in a manner proportional to the binding affinity. The BA
micelles slightly increased the ECso value of oxidizing agent (NaOH) from 4.2 mM to 5.3 mM, whereas
the DB micelles more than doubled the ECso to 9.4 mM (Figure 41). Thus, nanocarriers synthesized by
copolymerization of APBA and DBEAA can help overcome the inherent instability of polyphenol

therapeutics.
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Figure 4.4 A) Scheme of pH dependent transition in ionization state of DB polymer. B) Determination
of micelle stability between pH 5.5 and 11 for BA and DB polymers. The increased fluorescence of
solvatochromic dye Nile Red indicates the presence of micelles. C) Depiction of DPPH assay for
determining antioxidant potential. D) Comparison of radical scavenging activity of EA, polymers, and
polymer-drug conjugates at 10% weight drug in methanol. E) Comparison of radical scavenging activity
of EGCG, polymers, and polymer-drug conjugates at 10% weight drug in methanol. F) UV-Vis of free
EA at 425 nm as a function of increased NaOH concentration and drug oxidation. G) UV-Vis of BA-EA
conjugate at 425 nm as a function of increased NaOH concentration and drug oxidation. H) UV-Vis of
DB-EA conjugate at 425 nm as a function of increased NaOH concentration and drug oxidation. I)
Percent oxidation of EA in solution, BA micelles or DB micelles at various NaOH concentrations. ECso
values were determined by normalization and nonlinear curve fitting.
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4.2.8 Monomer ratio dependent drug release Kinetics

Since the BA and DB copolymers have dramatic differences in catechol affinity, we were
interested in exploiting these interactions to tailor drug release profiles. We hypothesized that
DB micelles would release minimal drug at physiologic pH (7.4), but that BA micelles would
slowly release a substantial amount of drug. To test if the drug release rate was proportional to
the tertiary amine content of the micelle, we compared the release rate of 20% weight quercetin
loaded BA, DB, and 1:1 DB to BA mixed micelles using the dialysis method at pH 7.4 and 4.5
(Figure 5A).25 We chose quercetin because it had the lowest limit of detection, due to the high
absorbance of the free drug at 380 nm. At neutral pH, we found that the BA micelles indeed
released a substantial amount of cargo (20%) while both micelles containing the DB polymer
released half that amount (~10%) over 24 h (Figure 5B). At pH 4.5, again we saw the BA
polymer release the most drug over 24 h at 43%. The 1:1 mixed micelle released up to 34% of
the encapsulated drug, which was much greater than the release from the DB micelles of 19%
(Figure 5C). Comparatively, the mixed micelles released 3-fold more drug under acidic
conditions while both the BA and DB polymers only showed a 2-fold increase. The lower
affinity of the mixed micelle for the catechol drugs (compared to the DB micelle) combined with
the pH sensitive disassembly (compared to the BA micelle) may cause the increase in pH-
dependent drug release. These results illustrate that the drug release rate from boronic acid

micelles can be incrementally tuned by titrating a tertiary amine comonomer.
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determined by dialysis of BA, a 1:1 mix of BA and DB, and DB micelles over 24 hours at pH

4.5.

4.3 Conclusions

We illustrated that boronic acid affinity for catechols in micellar systems can be tuned
using the neighbor effect of tertiary amines. We successfully synthesized diblock copolymers
that can encapsulate polyphenols, agnostic of solubility, up to 20% by weight. Compared to
copolymers without the tertiary amines, these DB polymers showed higher binding affinity to
catechols, disassembled at acidic pH, and protected polyphenolic drugs from degradation.
Additionally, these drug-loaded DB micelles exhibit higher stability at neutral pH and tunable

drug release profiles. These results highlight a paradigm shift in the design of boronic acid
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micelles for drug delivery, whereby disassembly and drug release can be modularly controlled
simply by varying comonomer ratios. The potential of the DB platform for drug delivery is
underscored by the successful loading, stabilization, and release of several polyphenolic drugs.
With applications in treating cancer, preventing neurodegeneration, and protecting against
oxidative stress, effective polyphenolic delivery vehicles must be designed with release profiles
specifically tailored to the drug and target disease.>®>®"8616970 Fytyre work will explore
translation of these tailored and drug-loaded DB micelles to treat cancer and protect cells from
oxidative stress in vitro and in vivo.
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4.5 Supporting Information
45.1 Materials

All reagent grade materials and solvents were purchased from Sigma Aldrich, Tokyo Chemical
Industry (TCI), Fisher or Cayman Chemical and used as received. DMF was dried over activated
mole sieves twice and under argon atmosphere for 3 days. Snake skin dialysis tubing (16 mm

diameter) was used for all dialysis purification and experiments.
4.5.2 Instrumentation

Nuclear Magnetic Resonance (NMR) Spectroscopy

H NMR spectra were obtained using a Bruker AVance 300 MHz instrument. Solvents used in
this study were obtained from Cambridge Isotope Laboratories and included: deuterium oxide,
deuterated methanol, deuterated sodium hydroxide, deuterated dimethylsulfoxide, and deuterated

chloroform. Data was processed with MestReNova 10.0.

Size exclusion chromatography (SEC)

The molecular weight (Mn sec) and dispersity were determined using 100% mass recovery and
multiangle light scattering (MALS) SEC. The running solvent was N,N-dimethyl formamide
(DMF) with 1 g/L LiBr (flow rate: 0.8 mL/min) heated to 60 °C and samples were prepared at 5
mg/mL. Separation was done through three columns Tosoh TSKgel alpha 4000, Tosoh TSKgel
alpha 3000 and Phenomenex Phenogel 5 pm 10E3 A and data was collected by a Wyatt
miniDAWN Treos and Wyatt Optilab T-rex. For data analysis, specifically determination of
absolute molecular weight and dispersity, Wyatt ASTRA software was used. The RI traces were

normalized using Prism 10.
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Dynamic Light Scattering (DLS)
The hydrodynamic diameter and dispersity of polymeric micelles were determined with a Wyatt
DynaPro NanoStar. Samples between 0.1 — 1 mg/mL in PBS were centrifuged at 10,000 rpm for

2 minutes to remove dust and then 10 measurements were taken and averaged.

UV-Vis Spectroscopy
All UV-Vis spectra were taken on a Thermofisher Scientific NanoDrop, using 2 pL of sample, a

1mm path length and a baseline measurement at 750 nm.

Absorbance and Fluorescence

All absorbance and fluorescence measurements were collected on 200 pL solutions in a 96-well

plate using a Tecan Infinite M1000 Pro plate reader, at 25 °C.

118



45.3 Methods

Synthesis

45.3.1 DMA macroCTA synthesis

To a 25 mL round bottom flask (RBF), 4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-
cyanopentanoic acid (CCC) (162 mg, 0.53 mmol), 4,4-Azobis(4-cyanovaleric acid) (ABCVA)
(14.28 mg, 0.05 mmol), N,N-dimethaylacrylamide (DMA) (3.62 mL, 35.18 mmol), nanopure
water (7.0 mL) and a magnetic stir bar were added. The solution was stirred until it was a
homogenous and then sparged with argon gas vigorously for 20 minutes. Then the reaction was
heated to 70 °C for 2 hours and halted with exposure to atmosphere. The conversion, DP, and
Mn,theo Were determined by *H NMR in methanol-ds of the reaction mixture. The polymer was
dialyzed against DI water for 24 hours with 3.5 kDa molecular weight cutoff (MWCO) dialysis

tubing and then lyophilized.

4.5.3.2 DMA chain extension with APBA

These polymers were synthesized according to previous reports.t As an example polymerization,
DMA MacroCTA (248.5 mg, 3.8 x 10 mmol), ABCVA (1.06 mg, 3.8 x 10° mmol), 3-
acrylamidophenylboronic acid (APBA) (144.5 mg, 0.76 mmol), dioxane ( 0.95 mL), nanopure
water (0.24 mL) and a magnetic stir bar were added to a 5 mL RBF. Once fully dissolved a 50
ML aliquot was removed and frozen. The reaction was sparged vigorously for 10 minutes and
then heated to 70 °C. After 2.5 hours, the reaction was stopped by exposing it to air and the
conversion, DP, and Mn e Were determined by *H NMR in methanol-ds. The copolymer was

purified by precipitation into cold diethyl ether. To remove trace amounts of the remaining
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APBA monomer, two more precipitations were done by dissolving the precipitate in methanol
and reprecipitating into fresh diethyl ether. The weight percent of APBA in the final polymer

(42%) was confirmed by using levofloxacin as an NMR standard.

4.5.3.3 DBEAA monomer synthesis

The following method was adapted from a published procedure.?® In brief, N,N-
dibutylethylenediamine (DBEDA) (16 g, 93 mmol) was added to 150 mL of chloroform and
cooled with an ice bath. Acryloyl chloride (15.01 mL, 186 mmol) in 25 mL of chloroform was
added to the DBEDA solution dropwise over 30 minutes. Then the ice bath was removed and the
reaction was left at RT for 1.5 hours. The crude reaction was washed with 1IN NaOH (3x100
mL), dried with sodium sulfate and concentrated under reduced pressure. To remove any trace
amine impurities, a flash column with pure ethyl acetate was run. Final yield of N-(2-

(dibutylamino)ethyl)acrylamide (DBEAA) 15 g (71%).

4.5.3.4 DMA chain extension with APBA and DBEAA

As an example polymerization, DMA MacroCTA (307 mg, 4.9 x 102 mmol), ABCVA (4.57 mg,
1.6 x 10 mol), APBA (398.7 mg, 2.10 mmol), DBEAA (818 mg, 3.62 mmol), dioxane (8.17
mL), nanopure water (0.82 mL) and a magnetic stir bar were added to a 25mL RBF. Once fully
dissolved a 50 pL aliquot was removed and frozen. The reaction was sparged vigorously for 20
minutes and then heated to 70 °C for 24 hours. After exposing the reaction to air, the conversion,
DP, and Mo Were determined by comparing the *H NMR spectra of the aliquot (taken at 0
minutes) and the final reaction. The copolymer was purified by precipitation into cold diethyl

ether. To remove trace amounts of the remaining monomers, two more precipitations were done
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by dissolving the precipitate in methanol and reprecipitating into fresh diethyl ether. The weight
percent of APBA in the final polymer (22%) was confirmed by using levofloxacin as an NMR
standard.

Experimental

4.5.3.5 Pinacol protection of APBA containing copolymers

The following method was adapted from a published procedure.* In brief, DMA-bI-APBA (124
mg, 1.2x 10 mmol) and pinacol (650 mg, 5.5 mmol) were dissolved in dry DMF (12 mL) and
heated to 105 °C for 48 hours. The solution was cooled to RT, precipitated into cold diethyl ether

and dried under vacuum overnight.

4.5.3.6 Micelle formulation

First, stock solutions of polymer (50 mg/mL in methanol) and drug (25 mg/mL) were prepared.
For EGCG and Quercetin, using DMF as the solvent, whereas EA was only soluble in N-methyl
pyrrolidone (NMP). To prepare approximately 1.2 mg of micelles, 1 mg of polymer (20 pL) was
mixed with either 10% or 20% drug by weight, 4.4 pL or 10 L respectively. DMF was added to
raise the volume to 100 pL and then the mixture was sonicated for 30 minutes. After sonication,

the solutions were nanoprecipitated into 1 mL of PBS (pH 7.4).

4.5.3.7 Drug loading measurements
Micelle samples were used without dilution (1 mg/mL polymer). To remove aggregates and only

measure soluble micelle-drug conjugates, all samples were centrifuged at 13,000 rpm prior to
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measurement. The UV-Vis spectra were then recorded on the nanodrop for all 15 micelle

solutions.
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4.5.3.8 Transparency

To determine the extent of micelle aggregation and precipitation, the absorbance of micelle
solutions was measured at 750 nm on the plate reader. 200 pL of 1 mg/mL micelles solutions
were vortexed and sonicated to suspend particulates and the 1 mg/mL polymer solutions were

measured without dilution.

4.5.3.9 Micelle disassembly

Determination of pH dependent micelle dissociation was adapted from a previously published
report. ° In brief, polymers were dissolved at 25 mg/mL in 0.1N NaOH. These stock solutions
were diluted to 0.4 mg/mL in 500 pL of DI water and the mixed with 0.2 M sodium phosphate
buffer (at various pH values) that contained 1 uM Nile Red. After waiting for 30 minutes for the
dye to enter micelles, the fluorescence intensity was measured (ex. 556, em. 625). The results
were unchanged over a period of 24 hours, so these short time points were used. Due to
variations in the absolute fluorescence intensity across polymer compositions, most likely a
result of the structural variation in the hydrophobic core of the different micelles, the values were

normalized.

4.5.3.10 Boronic ester equilibrium determination with *°F NMR
Boronic ester formation of CPBA was measured in DMSO-ds, DMF-d7, and methanol-ds.
DMSO was found to have the highest conversion, followed by DMF and methanol where no

conversion was observed. This finding is corroborated by Larcher et al. who also found higher
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affinity in DMSO compared to a buffer mixture.® Due to polymer solubility constraints the DB
polymer binding affinity was measured in a poor boronic ester forming solvent, methanol-da.
Interestingly, the BA polymer affinity was so low that no boronic ester formed in pure organic
solvents and only in a 60/40 DMSO/buffer (phosphate 7.4) mixture was any complexation
observed. For 1°F NMR measurements stock solutions of 1 mg/mL F-Cat, 50 mg/mL CPBA, 100
mg/mL DB polymer and 100 mg/mL BA polymer were prepared. The boronic acid solution
(CPBA, DB, or BA) was then added to the F-Cat solution at the target molar ratio and serially
diluted to obtain concentration dependent binding affinity. Samples were allowed to equilibrate
for 1 h prior to taking the *®F NMR spectra. The limit of detection in these studies was 5%

boronic ester complex (or 0.05 mg of F-Cat).

To better visualize the ratios of F-Cat (catechol), boronic acid, and boronic ester moieties in the
19 NMR measurements, we graphed the ratio of boronic ester to boronic acid as a function of the
ratio of boronic acid to catechol (Figure S4B). When the ratio of boronic ester to boronic acid
approaches 1 all the free boronic acid has been converted to the ester. Interestingly, with excess
F-Cat in the reaction, the boronic acids in the DB polymer are quantitatively and completely
converted to esters. However, for the CPBA only 75% of the boronic acid becomes boronic ester
and for the BA polymer only 50% even in the presence of excess F-Cat. The lowest
concentration of boronic acid was determined by the limit of detection of the boronic ester

complex.
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4.5.3.11 Radical scavenging activity

Stock solutions of DPPH (10mg/mL in DMF), polymers (50 mg/mL in methanol) and drug (25
mg/mL in DMF for EGCG and in NMP for EA) were prepared. Polymer-drug conjugates were
formulated by mixing 20 pL of polymer with either (10 pL of EGCG or 4.4 puL of EA) and
diluted with methanol to 100 puL. Methanol prevents self-assembly of the polymers, isolating the
effects of boronic acid affinity without the confounding variable of micellization. After 30
minutes of sonication, free drug, polymer, or polymer drug conjugates were diluted into 1 mL of
methanol at approximately the ECso. EA solutions were prepared at 30 uM and EGCG solutions
at 10 uM. Polymer only samples were added in equal amounts to the polymer drug conjugates.
Once all the solutions were prepared, in quick succession, 6 pL of DPPH was added to every

sample. After 10 minutes the absorbance at 517 nm was measured on the plate reader.

4.5.3.12 Forced degradation of EA

Serial dilutions of NaOH at concentrations ranging from 100 mM to 0.78 mM were prepared in
DI water. Equal concentrations of 10% EA loaded micelles with either the DMA-bI-APBA or
DMA-bl-APBACODBEAA, were diluted with a one-to-one volume of the various NaOH
solutions. After 10 minutes the UV-Vis spectra of all the samples was collected, and ECso values
were determined using the normalized absorbance for degraded drug at 425 nm and the nonlinear

fit in Prism 10.

4.5.3.13 Drug release: dialysis method
Concentrated solutions of polymer and drug (20% by weight quercetin) were prepared and

nanoprecipitated at 1 mg/mL polymer concentrations, at a scale of 5 mg. After a 30 minute
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equilibration of the micelles at room temperature, 5mL from each of the 1 mg/mL micelle
solutions was added to a 10 kDa MWCO dialysis membrane. The membranes were then placed
in a 30 mL solution of 200 mM sodium acetate buffer (pH 7.4 or 4.5) with 0.1% tween. At every
timepoint 1 mL of the sink was removed, frozen, and replaced with 1 mL of fresh buffer. At the
end of the study all the timepoints were thawed and the absorbance at 360 nm was measured and
compared to a standard curve for quercetin. Total drug release values were adjusted based on the
mass of drug removed at each time point. Due to the instability of quercetin in aqueous solutions,

we could not measure drug release for longer than 24 hours without significant errors.
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4.5.4  Supporting Figures
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Figure S1. The 'H NMR spectra of BA polymers in basic D2O. Expanded view of aromatic
region illustrates increasing content of APBA. All spectra were normalized to the peaks of the
PDMA macroCTA.

Table S1. Characterization of DP, molecular weight, hydrophobicity, and micelle solubility in
PBS of BA polymers
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Polymer . Hydrophobic to Micelle
Composition Conion Hydrophilic (Mass) Mn, theory (Da) - B Solubility
PDMAs; 70% N/A 5700 1.2 N/A
PDMAGs,-bl-APBA 15 24% 0.66 8,100 N/A 03
PDMAGs,-bl-APBA3, 55% 1.2 11,500 N/A X
PDMAs,-bl-APBA49 95% 1.78 16,000 N/A X
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Figure S2. The *H NMR of pinacol protected BA polymer in methanol-da.
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Figure S3. The *H NMR of DB polymer in methanol-da.
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Figure S4. A) Conversion of F-Cat to boronic ester in the presence of 20-fold excess of CPBA in
DMSO-ds measured by °F NMR. B) Ratios of boronic acid to boronic ester complex as a
function of boronic acid to catechol ratio were plotted. Values near 1 indicate quantitative
conversion of boronic acids to boronic esters in the presence of catechol.
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Figure S5. A) Distinct absorbance shift for EGCG when conjugated to boronic acids in DB
polymer from 280 to 312 nm. B) Increased absorbance of Quercetin at 400 nm when conjugated
to boronic acids in the DB polymer. C) Distinct absorbance shift for EA when conjugated to
boronic acids in DB polymer from 360 to 400 nm.
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Table S2. Characterization of DP, molecular weight, amine content, and drug loaded micelle
stability in PBS of DB polymers. DB 2.5 and DB 0.8 precipitated when complex with EGCG,

Quercetin, and EA at 10% weight drug-loading.

Drug-loaded
Nickname Polymer APBA DBEAA DBtoBA M, ey (Da)  Micelle
Stability
PDMA;-bl-
APBA., 19 2.5 22,721 X
PDMA,-bl-
APBA,, 16 17 15,470 v
PDMA;-bl-
APBA.,, 27 0.88 16,897 X

100

50

Micelle stability of DB 2.5

Normalized Nile Red Fluorescence
o
@

pH

Figure S6. pH responsive micelle disassembly of DB 2.5 as determined by Nile Red fluorescence

assay.
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Figure S7. A) Schematic representing increased DBEAA (tertiary amine) content in DB 2.5
polymers compared to DB 1.7 (DB 1). B) Comparison of normalized absorbance intensity at the
wavelength characteristic to the polymer drug conjugate (EGCG, 312 nm), (Q, 390), and (EA,
400 nm) at various weight percent after centrifugation. C) Drug loading ability of DB 1 and DB
2.5 compared at various weight % of EGCG. D) Drug loading ability of DB 1 and DB 2.5
compared at various weight % of EA.
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Figure S8. The 'H NMR spectra of BA polymers in basic D,O. Expanded view of aromatic
region illustrates increasing content of APBA. All spectra were normalized to the peaks of the
PDMA macroCTA.

Table S3. Characterization of DP, molecular weight, hydrophobicity, and micelle solubility in
PBS of BA polymers
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Polymer . Hydrophobic to Micelle
Composition Conion Hydrophilic (Mass) Mn, theory (Da) - B Solubility
PDMAs; 70% N/A 5700 1.2 N/A
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PDMAs,-bl-APBA49 95% 1.78 16,000 N/A X
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Figure S9. The *H NMR of pinacol protected BA polymer in methanol-da.
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Figure S10. The *H NMR of DB polymer in methanol-da.
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Figure S11. A) Conversion of F-Cat to boronic ester in the presence of 20-fold excess of CPBA
in DMSO-ds measured by '°F NMR. B) Ratios of boronic acid to boronic ester complex as a
function of boronic acid to catechol ratio were plotted. Values near 1 indicate quantitative
conversion of boronic acids to boronic esters in the presence of catechol.
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Figure S12. A) Distinct absorbance shift for EGCG when conjugated to boronic acids in DB
polymer from 280 to 312 nm. B) Increased absorbance of Quercetin at 400 nm when conjugated
to boronic acids in the DB polymer. C) Distinct absorbance shift for EA when conjugated to
boronic acids in DB polymer from 360 to 400 nm.
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Table S4. Characterization of DP, molecular weight, amine content, and drug loaded micelle
stability in PBS of DB polymers. DB 2.5 and DB 0.8 precipitated when complex with EGCG,
Quercetin, and EA at 10% weight drug-loading.

Drug-loaded
Nickname Polymer APBA DBEAA DBtoBA M, ey (Da)  Micelle
Stability
PDMA;-bl-
APBA., 19 2.5 22,721 X
PDMA,-bl-
APBA,, 16 17 15,470 v
PDMA;-bl-
APBA.,, 27 0.88 16,897 X
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Figure S13. pH responsive micelle disassembly of DB 2.5 as determined by Nile Red
fluorescence assay.
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Figure S14. A) Schematic representing increased DBEAA (tertiary amine) content in DB 2.5
polymers compared to DB 1.7 (DB 1). B) Comparison of normalized absorbance intensity at the
wavelength characteristic to the polymer drug conjugate (EGCG, 312 nm), (Q, 390), and (EA,
400 nm) at various weight percent after centrifugation. C) Drug loading ability of DB 1 and DB
2.5 compared at various weight % of EGCG. D) Drug loading ability of DB 1 and DB 2.5
compared at various weight % of EA.
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Chapter 5

Boronic acid copolymers for intracellular delivery of
proteins, peptides, and nucleic acids

Alexander Prossnitz, Karthikeya Gottimukkala, David Liu, Nataly Kacherovsky, lan Cardle, and

Suzie Pun

Abstract

The therapeutic potential of gene delivery has received a second wind in light of both mRNA
based COVID19 vaccines and the continued evolution of CRIPR/Cas9 editing technology. This
renewed interest has highlighted the need for new approaches to overcome the major barriers to
successful gene therapies, intracellular delivery and endosomal escape. We utilized the affinity
boronic acid functional groups for cellular membrane sugars to improve intracellular delivery of
proteins and nucleic acids. By synthesizing two distinct copolymers, we were able to encapsulate
proteins and peptides with high efficiency (>80%), and complex plasmid DNA. These
nanomaterials demonstrated high internalization, despite low cationic surface charge. Future
studies will determine the extent to which encapsulated protein retains their structure and
function, the ability of encapsulated cargo to escape the endosome, and ultimately the efficiency

of these platforms for gene therapy.
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5.1 Introduction

5.1.1 Intracellular delivery of biologics for gene therapy

Broadly gene therapeutics can be classified into two distinct groups, nucleic acids (DNA
and RNA) and ribonucleoproteins (RNPs, such as CRISPR, prime editing, etc.). A detailed
discussion of nucleic acid therapeutics was included in chapter 1 so only a summary will be
included here. Non-viral delivery of both DNA and RNA, transiently effects protein expression
on the time scales of months and days respectively. The induction or silencing of protein
expression can induce potent immune response to novel pathogens, replace a critical missing
protein, or endow novel functionality to an ex vivo engineered cell.'3 On the opposite side of the
spectrum, delivery of gene editing RNPs enables permanent changes to cellular protein
expression profiles.* For example, the CRISPR-Cas9 system, when complexed to a guide RNA
(gRNA), can selectively knock out gene expression via non-homologous end joining (NHEJ).
The same protein when delivered with gRNA and a donor DNA strand can repair nonfunctional
coding DNA, restoring protein expression.® While the benefits to creating gene therapeutics that
can be directly administered are immense for a host of diseases, the field has been unable to
design delivery vehicles that can simultaneously overcome all of the in vivo delivery barriers,
such as adverse immune responses, the RES, enzymatic degradation, colloidal stability in serum,
selective cellular internalization, and endosomal escape.’

One of the most promising applications of gene delivery is in chimeric antigen receptor
(CAR) T cell cancer therapies. In this cancer treatment, T cells from the patient are purified from
the blood and genetically engineered ex vivo to express a novel cancer targeting T cell receptor
(TCR).13!* There exist a multitude of approaches to genetically engineer cells ex vivo, but

current state-of-the-art CAR T cell manufacturing uses viral vectors to deliver plasmids encoding
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for CARs. While highly efficient, these vectors are expensive to use both due to manufacturing
of the virus itself, but also due to the additional quality control required to remove residual virus
from the product cell therapy.'® As a result of this limited capacity to genetically modify primary
T cells, only a few highly specialized centers can even provide CAR T cell therapy, while access
to most patients is blocked by cost.!® Substituting polymeric gene delivery agents for the viral
vectors would dramatically reduce production costs and increase the safety of CAR T cell
therapy.® Unfortunately, T cells are difficult to transfect with polymers due to low nonspecific
internalization and less acidic endosomes.!” While overcoming these T cell specific barriers is
not trivial, the reduced complexity of ex vivo gene delivery makes this application an impactful
and ideal proving ground for novel gene delivery vehicles.

With regards to RNPs, there has been significant research efforts to develop nanomaterial
systems capable of delivering proteins intracellularly, but progress has been slow due to the dual
challenges of cellular uptake and endosomal escape.'®!® Current commercially available
materials for cytosolic delivery of CRISPR/Cas9 leave much to be desired compared to recent
highly engineered dendrimers or cationic polymers.?>2?® Specifically, these BA based polymers
for drug delivery showed high protein loading, and endosomal escape.?>?* Interestingly, the
interactions between the phenyl BA and several nitrogen containing protein functional groups
(lysine and arginine) caused the formation of stable nanocomplexes under neutral conditions. We
sought to leverage the utility of this BA approach to increase RNP delivery to T-cells.

Improving upon these previously published systems, we propose co-loading a lytic
peptide, to enhance endosomal escape and ultimately gene editing. Previous studies show lytic
peptides such as melittin can facilitate endosomal escape after cellular uptake.?>%?" With the

understanding that the protein loading is due to amine interactions with the BA functional
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groups, we hypothesized that cationic lytic peptides could also be encapsulated with high
efficiency. In a similar approach, the combination of a lytic protein and therapeutic protein was
successfully used to deliver active Cre recombinase to perform gene editing in vitro and in
vivo.?8 This study illustrates the viability of this strategy while leaving room for improvement in
both cost and utility. By substituting an inexpensive peptide analog for the expensive and toxic
protein, the proposed polymeric nanoassembly will be an efficient tool for intracellular protein
delivery. We used the diblock copolymers developed in chapter 4, to create a nanocomplex of
labeled proteins and peptides with high efficiency and improve delivery of this cargo into a
model human cell line. Future work will determine the functionality of protein cargo after
cellular internalization, and ultimately the ability enhance genetic engineering of T cells with
RNPs.

In a second approach, we explored the use of linear cationic polymers with BA and
lipophilic functional groups to augment T cell internalization and endosomal escape to improve
delivery of plasmid DNA. In these materials, pendent BA groups will be available to bind
proteins and sugars on the cell surface nonspecifically increasing polyplex internalization.
Previous reports have highlighted the ability of BA to facility cellular uptake.?® Additionally,
hydrophobicity has been implicated as a tool to increase membrane association of gene delivery
vectors.>® We synthesized a panel of labeled cationic acrylamides with various compositions of
BAs and hydrophobic dodecyl chains and have started screening Jurkat cells for transfection.
Our preliminary data shows that inclusion of BA increases internalization by two orders of
magnitude, validating our hypothesis that the chemical composition of cationic polymers

dramatically effects gene delivery.
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Herein we first present a comprehensive review of the current polymer systems for
peptide delivery, to highlight successful material designs and techniques that can be applied to
intracellular delivery and endosomal escape. Polymeric materials for intracellular protein and
RNP delivery have been exhaustively reviewed and to date there are still only a few materials
that have been studied.*'#3%35 The field of polymeric nucleic acid delivery has similarly been
reviewed.3%3" The field of peptide delivery is much broader and the lessons learned from the past
two decades of research are directly applicable to protein delivery. Second, the preliminary work
developing micelles with BA functionality for intracellular protein delivery will be presented
along with the synthesis of cationic linear BA polymers for improved nucleic acid delivery to T

cells.

5.2 Results and Discussion

5.2.1 Cytocompatibility of BA and DB micelles

Before expanding the use of the DMA-co-APBA micelles to intracellular delivery of proteins
and nucleic acids, we investigated the biocompatibility of these materials in a non-cancerous cell
line. We chose NIH 3T3 cells because of their availability, rapid doubling time, and
immortalized nature. The cells were exposed to micelles for 1 h at 37 °C in PBS. Then the cells
were washed and incubated overnight before viability was determined with an MTS/PMS assay
(Figure 5.13). Even the highest dose of 0.5 mg/mL showed no signs of toxicity with both DB and

BA micelles maintaining over 90% viability.
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Figure 5.1 MTS viability assay measuring cytotoxicity of micelle doses over 24h.

5.2.2 BA copolymer Synthesis

As previously described in chapter 4 (Experimental) and other references, lableled diblock
copolymers of DMA and APBA were prepared by sequential RAFT polymerizations for cellular
internalization studies.®®° In brief, a 6,200 Da polymer of DMA labeled with RHEA was
synthesized by aqueous RAFT. This macroCTA was chain extended with APBA to create a
second hydrophobic block with a mass of ~3,000 Da. These diblock copolymers were chosen
due to their ability to form stable micelles under dilute nanoprecipitation conditions (50 mg/mL

methanol stock solution into neutral PBS at 1 mg/mL) as shown in chapter 4.

145



5.2.3 Cellular Internalization

While we expected the micelles with outer blocks composed of DMA to be biocompatible, we
were unsure how effectively these materials would be internalized. 42 We used BA micelles
labeled with RHEA to determine the extent of internalization after 1 h of treatment. The same
NIH 3T3 cells were used, and the presence of the polymers within cells was detected with flow
cytometry. All concentrations were highly internalized into 99% of the cells, while the MFI
increased with increasing micelle dose. We were surprised to see rapid and complete
internalization of these micelles since the surface is both neutrally charged, and bare of targeting

moieties.
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Figure 5.2 A) Fluorescence intensity histograms of cellular internalization of rhodamine labeled
BA micelles in NIH 3T3 cells. Cells were treated with micelles at various concentrations 0.5,
0.25, 0.125, and 0.0625 mg/mL for 1 h, stained with zombie violet, and analyzed by flow
cytometry. B) Viability and internalization percentages of NIH 3T3 cells treated with rhodamine
labeled BA micelles
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5.2.4 Effect of micelle surface charge on cellular internalization

Having established the cytocompatibility in a robust cell type (fibroblasts) we evaluated the
acute toxicity and internalization of BA micelles with different degrees of cationic surface
charge in an extremely sensitive neuronal cell line (PC-12). Two new labeled BA diblock
copolymers were synthesized with the cationic monomer DMPA at degrees of polymerization of
5 (DDR5), and 10 (DDR10) (Figure 5.3A). The original labeled BA polymer with no cationic
charge, will be referred to as DRO (Table 5.1). These materials were nanoprecipitated as
previously described and formed stable micelles (Figure 5.3B).

Table 5.1 Degrees of polymerization of monomers in the DR polymers and relative fluorescence
intensity ratios.

Nickname DMA DMPAA APBEA RHEA R,:':}D
DR O 49 17 0.4 2.3
48 25 0.2 2.6

38.5 17 0.2 1
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Figure 5.3 A) Structure of DR polymers including DMA, , RHEA, and APBA. B) DLS
histograms of micelle sizes, with diameters for each micelle DRO (59.3 nm), DDRS5 (102 nm),
and DDR10 (71.2 nm).

We treated PC-12 cells with 0.25 mg/mL concentrations of DRO, DDR5, and DDR10 for 1 hour,
washed the cells extensively, and then measured the intracellular rhodamine fluorescence with
flow cytometry (Figure 5.4A and B). Importantly, all the polymers were non-toxic even to this
sensitive neuronal cell line with cell viability in each sample exceeding 90% (Figure 5.4C).
Interestingly, DRO and DDR10 were internalized in almost 100% of the cells measured. In
contrast, only 76% of cells had internalized DDR5 after the 1 h incubation. Since both the highly
cationic DDR10 and neutral DRO micelles had high uptake, we believe that the reduced
internalization of DDR5 was due to its larger diameter (100 nm, Figure 5.3B). Much to our
surprise, cationic charge seemed to have little effect on BA micelle uptake, with size potentially

being a more important consideration.
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Figure 5.4 A) Fluorescence intensity histograms of PC-12 cells after 1 h incubation with cationic
BA micelles. B) Percentages of cells that internalized BA micelles based on rhodamine
fluorescence. C) Acute toxicity of cationic BA micelles to neuronal cell line after 1 h exposure,
determined by Zombie Violet live/dead staining.

5.2.5 BA — protein nanocomplex formation and characterization

The procedure for the encapsulation of protein cargo in polymeric nanocarriers was similar to the
nanoprecipitation described in chapter 4 but has a key distinction. Importantly, the protein cargo
is hydrophilic and often charged, precluding it from being loaded into the polymer at high
concentrations in organic solution. Instead, the model protein, BSA, was dissolved in neutral
PBS at a concentration of 1 mg/mL. To this solution an equal mass of copolymer was added
slowly from the 50 mg/mL methanol stock solution (20 pL), with rapid stirring.224344 The
interactions between the BA groups and nitrogen containing amino acids cause the polymers to
self-assemble around the BSA forming nanocomplexes. At this equal mass ratio of polymer to
protein in PBS, uniform nanoparticles with diameters of 150 nm were formed (Figure 5.5). Since
BSA itself is a 67 kDa protein, it has a diameter of ~8-10 nm.* The small peak in the DLS

around 10 nm indicates that most of the protein was encapsulated by the BA copolymer.
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Figure 5.5 Dynamic Light Scattering (DLS) measurement of the nanocomplex composed of BA
copolymers and BSA (diameter 150 nm).

5.2.6 Protein and peptide encapsulation efficiency

Next we quantified the efficiency of the BSA encapsulation in the BA copolymer. Particularly, at
these high protein to polymer mass ratios (1:1) only a few systems have achieved greater than
50% encapsulation efficiency.*®* The BSA was labeled with an NHS functionalized Cy5
fluorophore at a 1% by mass ratio. The same procedure for complex formation described in the
previous section was repeated with the labeled BSA, and after a 30 minute equilibration, the
fluorescence of the complex was measured. To determine encapsulation efficiency, free labeled
BSA and BA — BSA nanocomplex were separately centrifuged in 100 kDa Amicon spin filters.
After normalizing the fluorescence measurements to account for the differences in volume
between the flow through and the retained fractions, the percent of the labeled BSA that was
either free or encapsulated was calculated (Figure 5.6). The 100 kDa filter does not retain free
BSA, however when encapsulated in the BA nanocomplex 76% of the protein is retained. For

this formulation strategy the resulting nanocomplexes are roughly 43% protein by weight.
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Figure 5.6 Encapsulation efficiency of labeled BSA in BA copolymer nanocomplex at neutral
pH, resulting in a nanocomplex with 76% encapsulation efficiency. Free protein and complexed
protein were separated by spin filtration with a 100k MWCO filter.

Excited by encapsulating large macromolecules with greater than 50% efficiency, we
investigated if the BA-BSA nanocomplexes would release the protein cargo under slightly acidic
conditions that mirror early endosomal pH. Using the same filtration technique, BA-BSA
nanocomplexes were diluted into either slightly acidic PBS (pH 6.8) or neutral PBS (pH 7.4) and
centrifuged to separate free and encapsulated protein. We found that in as little as 15 minutes in

acidic buffer, the free BSA in solution more than doubled from 17% to 48% (Figure 5.7).
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Figure 5.7 Comparison of encapsulated and free labeled BSA in BA-BSA nanocomplex
formulations at pH 6.8 and 7.4.
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Lastly, with promising results for both encapsulation and release of proteins, we investigated the
ability of BA copolymers to encapsulate peptides. The melittin peptide, the active component of
honey bee venom, was synthesized on a Liberty Blue microwave peptide synthesizer, and
labeled with rhodamine via EDC/NHS conjugation. After removing free rhodamine by dialysis,
the peptide was dissolved at 1 mg/mL in PBS. Following the same procedure for BSA
nanocomplex formation, 1 mg of BA copolymer from concentrated solution was added dropwise
with vigorous stirring. Since the peptide in this study, is 3,300 Da, to determine encapsulation
efficiency a 10 kDa amicon filter was used. After centrifugation the fluorescence of the flow
through and retained fractions was measured and adjusted for changes in volume to calculate the
encapsulation efficiency (Figure 5.8). At this 1:1 weight ratio, 88% of the peptide was

encapsulated, for a total weight percent of 46% peptide in the nanocomplex
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Figure 5.8 Encapsulation efficiency of labeled melittin in BA-melittin nanocomplex at equal
mass loading of peptide and polymer.
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5.2.7 Intracellular protein delivery

Having assessed the ability of BA copolymers to encapsulate both proteins and peptides, we next
evaluated if the protein-polymer nanocomplex could facilitate cellular uptake of labeled BSA.
HelLa cells were washed with serum free media, and then treated with nanocomplex in the same
media for 4 hours. After the incubation, the cells were washed 3 times with PBS and the extent
of internalization was measured using flow cytometry (Figure 5.9). The median fluorescence
intensity averaged over ~20,000 live cell events was used to compare the extent of fluorescent
internalization of free BSA and BA-BSA nanocomplex. At protein doses of 20 ug and 40 pg, the
BA-BSA nanocomplexes increased the internalization of BSA. This preliminary data is
promising because the overall charge of the polymers is neutral and the BSA is negative. As a
result, these nanocomplexes have high translational potential because of the increased stability of

neutral and negatively charged nanomaterials in vivo.
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Figure 5.9 Median FITC signal from fluorescently labeled BSA in HeLa cells after 4 hour
incubation with either free BSA or BA-BSA nanocomplex.

154



5.2.8 Linear cationic and lipophilic boronic acid polymers for gene delivery to T-cells

To improve nonviral gene delivery to primary T-cells we pursued a similar strategy to our
previously published work, but instead of varying polymer architecture, we explored the effects
of polymer composition.t”#" Specifically, we aimed to leverage the ability of boronic acid
functional groups to increase cellular internalization and lipophilic sidechains to increase
association with hydrophobic cell membranes. To this end, we designed a library of linear
polymers with various cationic charges, boronic acid contents, and lipophilic sidechains. To
synthesize these polymers, we used RAFT polymerization, which despite this broad range of
monomer properties can yield accurate molecular weights and low dispersities. Importantly for
scale up, all the functional monomers (DMA, DMPA, DDA, and APBA) are commercially

available, and only the fluorescently labeled monomer had to be synthesized (Figure 5.10).

DMA DMPA DDA APBA RHEA
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Figure 5.10 Structures of the monomers used for the synthesis of linear cationic boronic acid
polymers for nonviral gene delivery.

While it is difficult to achieve high conversion of cationic acrylamides, high concentrations of
acidic buffers mixed with polar organic solvents can dramatically increase reaction rates.*®4° We

found that as the cationic monomer content increased conversion decreased, but that mixtures of
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1 M Sodium Acetate buffer (pH 5.5) with Dioxane (at 1:2 or 1:1) recovered some of this lost
conversion after 20 h (Figure 5.11). Interestingly, reactions without RHEA also polymerized

faster than reactions with the monomer.
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Figure 5.11 Conversion of acrylamide polymerizations with various DMPA content. Increasing
the DMPA content reduced conversion as did adding the fluorescently labeled monomer
(RHEA).

After optimization of the polymerization conditions, a representative polymer without RHEA,
DDA, or APBA was synthesized for SEC characterization (DD50). We chose to synthesize a
polymer with only DMA and DMPA because the majority of the mass of these polymers is DMA
and DMPA, and all the excluded monomers make SEC characterization difficult or impossible.
We used 150 mM Acetate buffer (pH 4.4) as the elutant, and determined the DD50 polymer
(Mn,theory = 24,960 Da) had an absolute molecular weight of 28,450 Da and dispersity of 1.32
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(Figure 5.12). Next, we synthesized a labeled panel of 8, ~20 kDa, polymers varying cationic
charge, lipophilicity, and boronic acid content (Table 5.2). We chose to keep all boronic acid
content at 10% by weight because we did not want to decrease polymer solubility. Additionally,
when we tried to synthesize polymers with cationic content above 50%, we were unable to

achieve high enough conversion to hit the target 20 kDa molecular weight.
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Figure 5.12 SEC of DD50 polymer in 150 mM Acetate buffer (pH 4.4). My, absolute = 28,960 Da
and b = 1.32.
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Table 5.2 Compositions of cationic BA polymers used for nucleic acid delivery to T cells.

Named Cationic DMA DMPA APBA DDA Mwy,
weight %

DD50B10 50 79 64 11 --- 20,000
DD25B10 25 142 35 12 --- 22,000
DD10B10 10 182 15 12 --- 22,750
DD25 25 140 30 - --- 18,750
DD25L20 25 110 32 --- 17 20,250
DD50B10L5 50 64 61 10 5 19,250
DD75B10 75 22 75 8 - 15,750
DD75B10L5 75 10 61 7 3 12,750

5.2.9 Boronic acid polyplex cellular internalization

We first isolated the effect of the boronic acid functional group on polymer internalization in
Jurkat T cells, a suspension cell line. This cell line is more predictive of polyplex transfection in
primary T cells than adherent cell lines.*” Polyplexes with DD25 and DD25B10 were prepared
with GFPmax plasmid at N/P ratios of 3, 5, 10 and 15. We compared the transfection of these
polyplex against the previously developed comb polymers. For the new polymers, we measured
both polymer internalization and transfection efficiency with flow cytometry and obtained
promising preliminary results, despite not observing any transfection. Unfortunately, the tested
comb polymers were extremely toxic, killing almost 90% of the T cells. The new polymers
(DD25 and DD25B10) showed remarkably high viability even at N/P ratios of 15 (>90%). While
we could not detect any GFP in the cells treated with the DD25 and DD25B10 polymers, we saw

concentration dependent increases in polymer uptake of the DD25B10 polymers. This
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observation contrasts with the DD25 polymer, which despite increasing the polymer treatment
from 18 to 90 pg was internalized into less than 1% of the Jurkats. Directly comparing
polyplexes with N/P ratios of 15, the DD25B10 polymer was present in 100-fold more cells. This
preliminary study illustrates that functional groups on cationic linear polymers can dramatically

influence internalization into Jurkat cells, and that this approach warrants further study.
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Figure 5.13 Flow cytometry analysis of Jurkat cells treated with polyplexes. A) Cytotoxicity of
polyplex at N/P ratios of 3, 5, 10, and 15. B) Measurements of fluorescence intensity of GFP
(transfection) and polymer internalization (PE).
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5.3 Conclusions

In this chapter, the use of BA copolymers as efficient and highly versatile vehicles for the
intracellular delivery biologics is explored. This strategy utilizes BAs to coordinate with amine
containing amino acids to load peptides and proteins into micelles and takes advantage of BA
binding to membrane bound sugars to increase cellular internalization. Current progress has
confirmed the biocompatibility of these polymers and the high loading efficiency of both
peptides and proteins into nanocomplexes. Additionally, these nanocomplexes increased the
delivery of BSA into HeLa cells, without any cationic charge. Initial experiments also show
promising trends for decreased stability of the complex under slightly acidic conditions. While
continuing to develop micelles for delivery of RNPs, we explored the potential of cationic BA
copolymers to facilitate nucleic acid delivery into notoriously difficult to transfect cells, T cells.
We synthesized 8 labeled linear polymers with various cationic charge, BA content, and
lipophilicity. Preliminary results show the polymer composition dramatically effects uptake into
T cells by up to two orders of magnitude. Overall, BA copolymers have broad utility for the
delivery of biologics into various cell types, with minimal toxicity.

Future work will investigate functional protein delivery, in the form of horse radish
peroxidase (HRP) for fluorescent detection, or RNPs for gene knock out or repair. If the protein
function is retained after intracellular delivery, we will focus efforts on optimizing micelle
charge, size, and composition to perform gene editing on primary T cells. While there is some
evidence phenyl boronic acid itself can mediate endosomal escape 24, we have observed
remarkably high endosomal escape using lytic venom peptides.>® Since BA copolymers can
complex proteins and peptides, if we measure high internalization of nanocomplexes but limited

gene editing, we can add the pH sensitive lytic peptide C6M3 to the formulation to facilitate
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endosomal escape. Additionally, studies comparing the polymers synthesized for nucleic acid
delivery will be used to determine the effect of BA content and lipophilicity on transfection

efficiency in primary T cells.

5.4  Experimental

5.4.1 Instruments

Nuclear Magnetic Resonance (NMR) Spectroscopy

'H NMR spectra were obtained using a Bruker AVance 300 MHz instrument. Solvents used in
this study were obtained from Cambridge Isotope Laboratories and included: deuterium oxide,
deuterated methanol, deuterated sodium hydroxide, deuterated dimethylsulfoxide, and deuterated

chloroform. Data was processed with MestReNova 10.0.

Size exclusion chromatography (SEC)

The molecular weight (Mn sec) and dispersity were determined using 100% mass recovery and
multiangle light scattering (MALS) SEC. The running solvent was N,N-dimethyl formamide
(DMF) with 1 g/L LiBr (flow rate: 0.8 mL/min) heated to 60 °C and samples were prepared at 5
mg/mL. Separation was done through three columns Tosoh TSKgel alpha 4000, Tosoh TSKgel
alpha 3000 and Phenomenex Phenogel 5 um 10E3 A. For cationic polymers, the running solvent
was 150 mM Sodium Acetate buffer with a pH of 4.4, samples were prepared at 5 mg/mL, and
the column used was a Phenomenex GFC-P 4000. Data was collected by a Wyatt miniDAWN
Treos and Wyatt Optilab T-rex. For data analysis, specifically determination of absolute
molecular weight and dispersity, Wyatt ASTRA software was used. The RI traces were

normalized using Prism 10.

162



Dynamic Light Scattering (DLS)
The hydrodynamic diameter and dispersity of polymeric micelles were determined with a Wyatt
DynaPro NanoStar. Samples between 0.1 — 1 mg/mL in PBS were centrifuged at 10,000 rpm for

2 minutes to remove dust and then 10 measurements were taken and averaged.
5.4.2 Methods

5.4.2.1 Viability Assay

For viability studies, NIH 3T3 cells were plated in a 96-well plate at 10,000 cells/well. After
overnight incubation, 200 pL solutions of the BA and DB micelles (prepared as previously
described) in media were added at 0.5, 0.25, 0.125, 0.0625 mg/mL concentrations. After a 1 h
incubation cells were washed with PBS, and fresh media was added. 24 h later viability was

determined by MTS/PMS.

5.4.2.2 Rhodamine Acrylamide (RHEAA) synthesis

0
EDC, DMAP NH
- j .
o

ST DCM
OH

RHEAA synthesis was a adapted from a previous published procedure.>! In brief, Rhodamine B (
1.0 g, 2 mmol), EDC (800 mg, 4 mmol), dimethylaminopyridine (DMAP, 26 mg, 0.2 mmol),
hydroxyethyl acrylamide (HEAA, 480 mg, 4 mmol) were added to a 50 mL round bottom flask
and dissolved in 15 mL of DCM (0.1 M). The reaction was stirred at RT for 24 h, and then

purified via silica plug. The first wash with 5% MeOH/DCM removed the excess HEAA, while
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the second wash with 10% MeOH/DCM removed the RHEAA. The remaining impurities

remained trapped in the silica.

Figure 5.14 'H NMR Spectrum of RHEAA (CDCls)

Block copolymer synthesis

5.4.2.3 DMA macroCTA synthesis

To a 25 mL round bottom flask (RBF), 4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-
cyanopentanoic acid (CCC) (162 mg, 0.53 mmol), 4,4-Azobis(4-cyanovaleric acid) (ABCVA)
(14.28 mg, 0.05 mmol), N,N-dimethaylacrylamide (DMA) (3.62 mL, 35.18 mmol), nanopure
water (7.0 mL) and a magnetic stir bar were added. For rhodamine labeled polymers, a DP of
0.25 was targeted, by adding 2% RHEAA by mass to the polymerization. For cationic micelles,
N,N-dimethyl amino propyl acrylamide (DMPA) was also added to the reaction solution at target
DPs of 5 and 10, and the solvent was switched to 1 M Acetate buffer pH 5.5. The solution was
stirred until it was a homogenous and then sparged with argon gas vigorously for 20 minutes.
Then the reaction was heated to 70 °C for 2 hours and halted with exposure to atmosphere. The

conversion, DP, and M meo Were determined by *H NMR in methanol-ds of the reaction mixture.
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The polymer was dialyzed against DI water for 24 hours with 3.5 kDa molecular weight cutoff

(MWCO) dialysis tubing and then lyophilized.

5.4.2.4 DMA chain extension with APBA

These polymers were synthesized according to previous reports.®> As an example
polymerization, DMA MacroCTA (248.5 mg, 3.8 x 102 mmol), ABCVA (1.06 mg, 3.8 x 103
mmol), 3-acrylamidophenylboronic acid (APBA) (144.5 mg, 0.76 mmol), dioxane ( 0.95 mL),
nanopure water (0.24 mL) and a magnetic stir bar were added to a 5 mL RBF. Once fully
dissolved a 50 pL aliquot was removed and frozen. The reaction was sparged vigorously for 10
minutes and then heated to 70 °C. After 2.5 hours, the reaction was stopped by exposing it to air
and the conversion, DP, and M teo Were determined by *H NMR in methanol-ds. The copolymer
was purified by precipitation into cold diethyl ether. To remove trace amounts of the remaining
APBA monomer, two more precipitations were done by dissolving the precipitate in methanol
and reprecipitating into fresh diethyl ether. The weight percent of APBA in the final polymer

(42%) was confirmed by using levofloxacin as an NMR standard.

5.4.2.5 Cationic Copolymer Synthesis

All polymers were synthesized using RAFT polymerization and conducted similarly to the
following example. To a 25 mL round bottom flask (RBF), CCC (3.68 mg, 0.012 mmol),
ABCVA (1.12 mg, 0.004 mmol), DMA (103 pL, 1 mmol), APBA (30 mg, 0.158 mmol), DMPA
(150 mg, 0.962 mmol), N-dodecyl acrylamide (DDA, 18mg, 0.075 mmol), RHEA ( 3 mg, 0.005
mmol), 1M Acetate buffer (pH 5.5, 367 pL), Dioxane (367 uL) and a magnetic stir bar were

added. The solution was stirred until it was a homogenous and then sparged with argon gas
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vigorously for 10 minutes. Then the reaction was heated to 70 °C for 20 hours and halted with
exposure to atmosphere. The conversion, DP, and Mneo Were determined by *H NMR in
methanol-ds4 of the reaction mixture. The polymer was dialyzed against DI water for 24 hours

with 3.5 kDa molecular weight cutoff (MWCO) dialysis tubing and then lyophilized.

5.4.2.6 Micelle formulation and protein encapsulation

Stock solutions of polymer (50 mg/mL in methanol) were prepared and 1 mg of polymer (20 pL)
was nanoprecipitated into 1 mL of PBS (pH 7.4) and dialyzed against PBS for 24 h.

For protein and peptide encapsulation, prior to nanoprecipitation, the biologics were dissolved in
the PBS at a concentration of 1 mg/mL and then the organic solution of polymer was added
dropwise. These solutions were not sonicated, and were purified with Amicon spin filters (100

kDa MWCO).

5.4.2.7 Polyplex formulation

Polyplexes were formed by adding equal volumes (25 pL) of plasmid DNA (pGFP max, 0.1
mg/mL) and polymer solution (concentration varied depending on N/P ratio). As an example for
an N/P ratio of 5 using the DD25B10 polymer, a 20 mg/mL stock solution was diluted to down
to 1 mg/mL and added to DNA. Complexes assembled after 5 minutes at RT, and were used to

treat cells immediately.

5.4.2.8 Cell Culture
HeLas were cultured in DMEM with 10% fetal bovine serum (FBS) and 1% Pen/Strep. PC-12

cells were cultured in RPMI-1640 with 10% donor equine serum (DHS) and 1% Pen/Strep. NIH
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3T3 cells were cultured in DMEM with 10% FBS and 1% Pen/Strep. Jurkat cells were cultured
in RPMI-1640 with 10% FBS.

Flow cytometry

5.4.2.9 Neutral polymer internalization

One million NIH 3T3 cells per well were seeded overnight in a 6-well plate. The next day, the
media was removed, the cells were washed 2x with PBS and then micelle solutions of 0.5, 0.25,
0.125, and 0.0625 mg/mL in media were added. The cells were incubated with the micelles at 37
°C for 60 min and then washed 3x with PBS. The cells were lifted with trypsin, spun down at 200
x g for 10 min and then resuspended in PBS. The cells were then stained with the live-dead stain
(Zombie Violet) and analyzed by flow cytometry (Attune NXT Flow Cytometer, ThermoFisher
Scientific). At least 10 thousand cells were analyzed by FlowJo software after serial gating, and

mean fluorescence intensity was used as measure of micelle uptake.

5.4.2.10 Cationic Micelle Toxicity and Uptake

One million PC-12 cells per well were seeded into a round bottom 96-well plate. The same day,
the media was removed, the cells were washed 2x with PBS and then micelle solutions of 0.25
mg/mL in media were added. The cells were incubated with the micelles at 37 °C for 60 min and
then washed 3x with PBS by spinning down at 4 °C and 200 x g. The cells were then stained with
the live-dead stain (Zombie Violet) and analyzed by flow cytometry (Attune NXT Flow
Cytometer, ThermoFisher Scientific). At least 10 thousand cells were analyzed by FlowJo
software after serial gating, and mean fluorescence intensity (of rhodamine dye) was used as

measure of micelle uptake.
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5.4.2.11 Protein Delivery

One million HeLa cells per well were seeded overnight in a 6-well plate. The next day, the media
was removed, the cells were washed 2x with PBS and then protein-polymer complex solutions of
20 pg and 40 pg in media were added. The cells were incubated with the micelles at 37 °C for 4 h
and then washed 3x with PBS. The cells were lifted with trypsin, spun down at 200 x g for 10
min and then resuspended in PBS. The cells were then stained with the live-dead stain (Zombie
Violet) and analyzed by flow cytometry (Attune NxT Flow Cytometer, ThermoFisher Scientific).
At least 20 thousand cells were analyzed by FlowJo software after serial gating, and mean

fluorescence intensity was used as measure of protein delivery.

5.4.2.12 Polyplex Uptake and transfection efficiency

200,000 Jurkat cells per well were seeded into a 24 well plate at a concentration of 1 million
cells per mL in Opti-MEM. The same day, the cells were treated with micelle solutions of 0.25
mg/mL in media were added. The cells were incubated with 1 ug of nucleic acid complex to
polyplex at 37 °C for 4 h and then diluted with RPMI with 10% FBS. After 24 h, the cells were
then stained with the live-dead stain (Zombie Violet) and analyzed by flow cytometry (Attune
NXT Flow Cytometer, ThermoFisher Scientific). At least 10 thousand cells were analyzed by
FlowJo software after serial gating, and mean fluorescence intensity (of rhodamine dye) was

used as measure of micelle uptake.
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Chapter 6

Summary of major findings and suggestions for future
work

6.1 Major Findings
6.1.1 Anionic polymers for passive targeting of glomerular disease

Polymer charge and size alter biodistribution and, if optimized, can increase accumulation in the
kidneys. Specifically, we synthesized a panel of polymers in chapter 2, with charges ranging
from neutral to highly anionic and sizes above and below the renal filtration cut off to determine
which properties would enhance passive targeting of the kidneys. Each polymer was singly
labeled with a fluorophore allowing quantitative comparison of the biodistribution between
groups. Seven days after the injection of the polymers we observed significant accumulation of
the low molecular weight and highly negatively charged materials in the proximal tubule cells of
the kidneys. Interestingly, when we compared the biodistribution of these low molecular weight
polymers and their high molecular weight counterparts, in models of FSGS, where kidney
filtration is compromised, we observed increased accumulation of the low molecular weight
polymers in diseased animals, but no difference in the accumulation of the high molecular
weight materials. Overall, we determined that polymers with molecular weights of
approximately 25 kDa and anionic monomer content of 80% passively target kidneys and show

preferential accumulation in diseased kidneys.
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6.1.2 Anionic boronic ester-based polymer-drug conjugates for reversal of EMT

Building on the platform developed in chapter 2, we developed pH-sensitive polymer-drug
conjugates for the targeted delivery of therapeutics to proximal tubule cells. The health of
proximal tubule cells is critical to preserving kidney function after acute injury, but current
therapeutics only delay EMT causing patients to eventual succumb to complete kidney failure.
We sought to improve the therapeutic effect of the polyphenolic drug EGCG, by both actively
targeting the small molecule antioxidant to the cells of interest (proximal tubule cells) and
triggering drug release specifically after internalization. First, we confirmed the efficacy of
EGCG in vitro, by measuring expression of genes associated with EMT. Then we utilized an
anionic polymer functionalized with phenyl boronic acid to efficiently load EGCG (up to 30% by
weight) at neutral conditions. Future work will explore the extent to which the polymer-drug

conjugates improve the efficacy of EGCG in vivo.

6.1.3 Utilizing the neighbor effect of tertiary amines for control of polyphenolic drug release

from boronic esters

The traceless and pH sensitive properties of boronic esters are attractive for the synthesis of
polymer-drug conjugates, but current platforms suffer from both low stability under
physiologically relevant conditions and synthetically demanding optimization to tune drug
release profiles. In chapter 4, we demonstrate the high catechol affinity and stability of Wulff
type boronic acids can be mimicked by copolymerization of phenyl boronic acid with a tertiary
amine and subsequent micellization. This strategy yielded a versatile platform for preparation of
reversible polymer-drug conjugates, which more than doubled the oxidative stability of

encapsulated polyphenolic drug cargo at physiologically relevant pH and enabled simple and
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incremental tuning of drug release kinetics. Moreover, we validated, with 19F NMR, that these
copolymers exhibit uniquely high catechol affinity that could not be replicated by combinations
of similarly functionalized small molecules. Overall, this report demonstrates that
copolymerization of boronic acid and tertiary amine monomers is a powerful and modular

approach to improving boronic ester chemistry for drug delivery applications.t

6.1.4 Boronic acid copolymers for intracellular delivery of proteins, peptides and nucleic acids

As the clinical relevance of cellular therapies grows, nonviral gene delivery vectors that can
deliver both nucleic acids and RNPs can dramatically decrease cost and increase safety. We
evaluated boronic acid copolymers in both diblock and statistical architectures and found that
micelles could encapsulate protein cargo at upwards of 80% efficiency and almost 50% by
weight and that polyplexes had increased cellular internalization by orders of magnitude. The
ability of boronic acid copolymers to efficiently complex both protein and gene cargo, while
simultaneously increasing cellular uptake makes these materials extremely promising for

nonviral gene delivery.

6.2 Recommendations for Future Work

6.2.1 Exploring architecture effects of polycations for gene delivery to T cells

Our previous studies have identified polymer architecture as a key feature of polycations for
effective gene delivery to primary human T cells.? Particularly, comb polymers with high
densities of positive charge and high molecular weights resulted in significantly more gene
expression, than linear and sunflower analogs. Unfortunately, synthesizing polymers with these

sophisticated architectures is synthetically challenging resulting in materials with high
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dispersities (> 1.5) and limited functional group compatibility.? The importance of developing
new synthesis techniques to finely tune polymer composition and size is underscored by the
recent work of Reineke and coworkers, were DMAEMA copolymers with brush architecture
were synthesized by graft through polymerization resulting in low dispersities ( < 1.4). 3 This
report not only confirmed the value of brush/comb polymers for improving gene delivery, but
clearly illustrated correlations between polymer molecular weight and gene transfection. To
continue advancing our understanding of polymer architecture mediated gene delivery, two
alternative synthetic approaches are proposed: self-condensing polymerization of CTA-
monomers and initiation of photo-RAFT from alkyl bromide functionalized multimacroinitators
(MMIs) via the heterogeneous catalyst bismuth oxide.

Self-condensing polymerization of vinyl functionalized trithiocarbonates is a facile
technique to synthesized highly branched polymers with low dispersities.* By polymerizing these
inimers first, highly branched multimacro chain transfer agents can be synthesized with
molecular weights of ~10 kDa. From these branched cores, a second block containing cationic
monomers can be synthesized by chain extension with extremely high molecular weights (~
1,000 kDa) and dispersities as low as 1.3.°> The resulting hyper-branched structures have arm
numbers that are easily tunable based on the polymerization time of the first block. Importantly,
based on our previous results, the larger the number of arms the greater the T cell transfection.
Additionally, by utilizing RAFT instead of ATRP, this approach facilitates the comparison of
different chemical functionalities (such as boronic acids, or lipophilic monomers). Overall, the
use of star polymers synthesized by RAFT polymerization for gene delivery would enable

chemical diversity as well as detailed exploration of arm number effects.
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Recent progress in developing light driven photopolymerizations using bismuth oxide
has enabled exciting opportunities to leverage ATRP initiators for RAFT polymerization. Upon
exposing heterogeneous solutions of bismuth oxide to compact fluorescent light (CFL), the
generated radicals initiate vinyl polymerizations.%’ The most noteworthy application of this
catalyst system was the quantitative initiation of RAFT polymerization from alkyl bromide
species.® Specifically, the photoreduction of the ATRP initiator with bismuth oxide initiates a
free radical polymerization of the vinyl monomers that is quickly halted by the CTA precursor
(Bis-trithiocarbonate). From that point, the continuous generation of radicals causes the
polymerization to proceed similarly to normal RAFT. For the synthesis of comb polymers, this
approached enables the use of MMIs previously for ATRP to be used as initiators for RAFT.
One clear advantage of this approach is that unprotected boronic acid monomers can only be
synthesized by RAFT, not ATRP. The facile functionalization of both small molecules and
macromolecules with alkyl bromide species has long been one of the advantages of ATRP over
RAFT, but with the development of this bismuth mediated photoreduction technique these

functional initiators can be leveraged for RAFT of highly diverse monomers.

6.2.2 Effects of polymer dispersity on gene delivery

While initial efforts to optimize RDRP techniques focused on minimizing polymer dispersity,
there is a growing appreciation for tuning disperity to improve polymer performance for a given
application.® Specifically by mixing two different CTAs with various Z group, polymers with
similar molecular weight can be synthesized with dispersities varying from 1.09 to 2.1. Previous
reports (including ours), often vary molecular weight or polymer composition and as a side effect
dispersity values of the various polymers change.? Using the approached developed by

Anastasaki and coworkers, the dispersity of polycations can be controlled independently of
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molecular weight and composition. Of particular note, for gene delivery applications, polymer
internalization and transfection efficiency are not directly correlated.>® As a result, some
materials with less internalization exhibit higher gene expression. These observations imply that
particular polymers have better internalization while others that are seldom internalized have
higher endosomal escape, and the data begs the question: can formulations composed of multiple
types of polymers achieve both high internalization and endosomal escape? One method to
achieve these heterogenous polyplex formulations would be to use dispersity-controlled RAFT to
synthesize polycations. Linear polymers have consistently performed poorly at gene delivery in
vitro compared to brush or comb architectures, but besides the architectural differences the linear
analogs have much lower dispersity than complex counterparts. To date, no studies have

explored the effect of dispersity on cellular internalization or gene delivery.

6.2.3 DNA-Aptamer modification in organic solvents

The Pun lab has been extremely successful developing multiple DNA-Aptamers for binding of T
cells and SARS-COV2, but in vivo translation of these binders has been limited by rapid
degradation and clearance. A common approach to improve biodistribution and endow additional
functionality to targeting ligands is to conjugate these biomacromolecules to polymers.!
Unfortunately, most approaches to conjugate DNA to polymers are inefficient due to the
insoluble nature of DNA in organic solvents, and the limited effectiveness of aqueous coupling
chemistry.!? While some mixed solvent conjugation approaches have been able to achieve
efficiencies of ~40% (tetrazine and norbornene) for short DNA sequences (~20 nucleotides), the
large size of aptamers (~50) increases the steric hindrance, dramatically decreasing this
efficiency. A promising approach for DNA functionalization was developed by Herrmann and

coworkers, where DNA strands were complexed with cationic surfactants in water. These DNA-
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complexes precipitate in aqueous solutions, but dissolve readily in organic solvents.'®* These
DNA strands could be coupled to polymers or small molecules under anhydrous conditions, and,
in the case of the extremely reactive and aqueous incompatible acid chloride coupling, up to 90%
efficiency was observed. In a similar vein, Ruff et al. developed a cationic PEG resin to
electrostatically immobilize DNA strands allowing for the removal of water and swelling of the
resin in organic solvents.** This solid support enabled completely anhydrous modification of
DNA in organic solutions and simple purification by removal of the organic solvent and
subsequent swelling of the resin in concentrated salt solutions. While neither organic phase
approach mentioned has been tested on DNA strands as long as the Pun Lab’s aptamers, the
opportunity to perform anhydrous coupling reactions would enable NHS conjugation and even

the recently developed pentafluorophenyl-thiol ligation.>16
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