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ABSTRACT

MERGING SYNTHETIC AND NATURAL COMPONENTS
INTO FUNCTIONAL POLYMER ZWITTERIONS

MAY 2023
LE ZHOU, B.ENG., ZHEJIANG UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
PH.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Todd Emrick

Polymer zwitterions represent an emerging class of materials with enormous
potential to advance technologies closely related to people’s lives, such as biomedical
development and electronic applications. This thesis exploited innovative synthetic
designs to incorporate useful functionalities into polymer zwitterions, particularly
fluorinated and reactive groups, and successfully expanded their properties and
applications. The core of this thesis relies on the development of novel fluorinated choline
phosphate (FCP) monomers, in which the fluorocarbons are directly embedded into the
zwitterionic moieties. These novel FCP monomers, in combination with conventional
zwitterionic monomers and fluorinated monomers, allow the construction of a library of
fluorinated polymer zwitterions with well-controlled compositions and architectures. The
FCP polymers proved advantageous for applications ranging from 19F magnetic
resonance imaging to fluid-fluid interface stabilization and antifouling coatings. The
unique combination of fluorocarbon and zwitterions inspired further study to gain a
deeper understanding of the surface properties of FCP polymers. Zwitterionic, FCP, and
fluorinated polymer brushes were grafted from Au substrates using surface-initiated atom

transfer radical polymerization, and comprehensive wettability and surface energies study

viii



were conducted with these functionalized surfaces, with results demonstrating a distinct
responsiveness of FCP polymers to the contacting fluid environment. Remarkably, these
dynamic FCP coatings afforded similar or better resistance to protein fouling in
comparison to conventional zwitterionic or fluorinated polymer-modified surfaces.
Furthermore, the FCP polymers were used in a polymer-based DNA packaging system,
which was built on previous work on DNA delivery in the Emrick group. The presence
of FCP polymers imparted the DNA packaging system with desirable colloidal stability
under biologically relevant conditions, partially screened the cationic charge that might
cause cytotoxicity, and enabled the tuning of binding affinity for DNA. This polymeric
vector formulation holds great potential to improve the safety and efficacy of gene
delivery, which is currently the major challenge of field. In addition to fluorinated
polymer zwitterions, novel reactive polymer zwitterions containing 1,2-dithiolanes and
alkenes were synthesized and used to prepare hydrogels with strain-stiffening properties
that are of interest for tissue engineering. Overall, this thesis successfully prepared an
array of functional polymer zwitterions with unique designs that hold promise for
imaging, therapeutic delivery, and coating applications. Importantly, the novel monomers
and polymers established here inspire opportunities and interests to pursue the
development of new materials and advance fundamental understanding of their

properties.
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CHAPTER 1
INTRODUCTION: POLYMER ZWITTERIONS: FROM

SYNTHETIC DESIGNS TO FUNCTIONAL MATERIALS

1.1 Polymer Zwitterions

Biocompatible polymers play an essential role in advancing medicine and
biotechnologies. Such polymers maybe composed of natural materials and or may rely
upon the ability of chemists to replicate or mimic Nature’s functionalities with synthetic
variants. As a result, polymers have become critically important components of materials
in biomedical and pharmaceutical applications, with utility as therapeutic delivery
vectors,! medical device coatings, and implantable structures.>* Zwitterions, defined as
inner-salts with equal numbers of oppositely charged ions within its covalent framework,
are recognized as crucial components of biological systems. For example,
phosphorylcholine (PC) lipids constitute the cell membrane surface, while betaine and
taurine have important functions in metabolic activity and cell protection.>® Synthetic
chemists, inspired by these natural molecules and integrated zwitterionic moieties into

synthetic monomers to create polymer zwitterions (Figure 1-1). The zwitterionic
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Figure 1-1. Bioinspired polymer zwitterions as functional materials.



structures confer a number of useful properties to the polymers, including substantial
hydrophilicity, fouling resistance, and pH responsiveness, generating novel structures
that comprise an important class of growing interest for bio-related applications.

PC, sulfobetaine (SB), and carboxybetaine (CB) represent the most commonly
used zwitterionic moieties in polymeric structures;’ indeed, just this three zwitterions
comprises thousands of published papers focusing on the chemistry, physics, or material
performance of polymer zwitterions. Zwitterionic polymers have been prepared in
various forms, ranging from soluble linear polymers to crosslinked networks,® to
nanoparticles,® to surface grafted brushes!®. Moreover, detailed studies have been
conducted with polymer zwitterions to probe their interaction with water, thus providing
better understanding of their antifouling properties. Distinct from polyethylene glycol
(PEG), which interacts with water via hydrogen bonds, the hydrophilicity of polymer
zwitterions is attributed to ion-dipole interactions with water, forming a tighter and denser
hydration layer at the polymer-fluid interface.* The hydration layer acts as an effective
barrier against adsorption of proteins, cells, and bacteria, and since polymer zwitterions
exhibit superior antifouling properties, they are considered promising materials for
biomedical applications as alternatives to PEG. For example, Li, et al. reported that
poly(carboxybetaine) (PCB)-conjugated proteins induced negligible anti-PCB
antibodies, whereas quantitative correlation of anti-PEG antibody with immunogenicity
of the protein was observed for PEG-conjugated proteins.*?> While many applications-
oriented studies of zwitterionic polymers are still in the early stages, such promising
outcomes speak to their potential for significant impact in medicine and pharmaceutical

science. For example, Kawaguchi and coworkers grafted ploy(2-methacryloyloxyethyl



phosphorylcholine) (PMPC) brushes on polyethylene (PE) surfaces by photoinitiated
polymerization, and this technology is used to modify the PE surface of hip acetabular
liners of the joint replacement product, Aquala®. The hydrophilicity of PMPC brushes
greatly enhances the lubricity and wear resistance of this implant.13!* Recently, Zhang et
al. showed that poly(carboxybetaine acrylamide) (PCBAA) afforded better prevention of
post-operative adhesion of the injured sites relative to Interceed (oxidized regenerated
cellulose; FDA-approved solid antiadhesion films; Johnson & Johnson) in three
challenging clinically relevant models.*®

The library of polymer zwitterions continues to expand by employing new
anion/cation species, varying separation distances between charged moieties, and
differing dipole orientation (Figure 1-2).1%" Some of these novel structures exhibited
superior antifouling properties compared to conventional polymer zwitterions, while
others generated new features. For example, Li, et al. described trimethylamine N-oxide
(TMAO)-based zwitterionic polymers, which achieved ultralow protein fouling against
undiluted blood plasma (<0.3 ng/cm?).2® In another example, polymers containing
sulfonium sulfonate zwitterions were reactive and showed strong interzwitterion
interactions, such that sticky droplets and droplet-based fibers could be produced.*®-%
More recently, Brown, et al. presented the first example of phosphonium-containing

zwitterionic monomers, with tunable solubility of the resultant polymers (in water and
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Figure 1-2. Recently developed new polymer zwitterions.



organic solvents) enabled by selection of the substituents on the phosphonium cation.’
Additionally, the impact of spacer length between the charged groups, substituents on the
cations, and dipole orientation on solution behaviors and antifouling properties were
described for SB based polymers.?2%* Overall, the chemical versatility of polymer
zwitterions offers a platform to examine new structures and construct advanced materials,
with even further potential realized when merging with other types of chemical structures,
opening opportunities for widespread of implementation and technological

breakthroughs.

1.2 Synthetic strategies to functional polymer zwitterions

A variety of synthetic strategies have been employed to incorporate reactive and
stabilizing moieties into polymer zwitterions, all of which rely on the development of
novel monomers and initiators, as well as advanced polymerization techniques (Figure 1-
3). Progress in polymer chemistry has introduced numerous monomers that are available
commercially or can be prepared readily at an appreciable scale, and which enable control
over the composition and architecture of polymer products, such as by controlled
polymerization techniques and especially atom transfer radical polymerization (ATRP)
and reversible addition fragmentation chain transfer (RAFT) polymerization.?>2®
Therefore, copolymerizing zwitterionic monomers with other functional monomers
presents a convenient and common method to synthesize functional polymer zwitterions
and has yielded materials with applications spanning both the biological sciences and
electric materials. For example, Pagaduan, et al. prepared copolymers consisting of
methyl methacrylate (MMA) and sulfobetaine methacrylate (SBMA) units, which as

polymer films modulated the work function of graphene; moreover, incorporation of



benzophenone units enabled spatial control over work function using lithographic
patterning techniques.?’” When incorporating reactive groups, the polymers can be further
converted to impart desirable functionalities including crosslinks and therapeutic
molecules, via post-polymerization modification or even during polymerization, offering
a route to incorporate structures not normally compatible with polymerization conditions.
For example, Chen, et al. synthesized PMPC-doxorubicin and PMPC-camptothecin
prodrugs by one pot ATRP/click chemistry, where the presence of CuBr enabled
polymerization also induced TMS-deprotection, liberating alkynes for cycloaddition with
azide-modified drugs.?®? In another example, post-polymerization reaction of dopamine
and polycyclooctenes containing PC units and pentafluorophenyl esters yielded polymer
zwitterions functionalized with catechol groups. When these polymers were employed to
stabilize fluid droplets, they exhibited an unusual property to transport nanoparticles via

a “pickup and drop-off” process under fluid-driven flow.
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Figure 1-3. Examples of synthetic strategies to achieve functional polymer zwitterions.

In addition to having the zwitterionic unit and functional groups in separate
monomer units of the polymers, an alternative design is to embed functionalities directly
into the zwitterionic moieties, which can be achieved by 1). post-polymerization
modification and 2). synthesizing novel functional zwitterionic monomers. The later

approach is the only feasible route to 100% functional group incorporation and effectively



combines the properties of each structure. In one example, Chang, et al. synthesized allyl
substituted 1,3-propanesultones, which reacted with dimethylamino ethyl methacrylate
(DMAEM) to yield SBMA containing unsaturated pendent groups. Homopolymers made
by RAFT polymerization of allyl-functionalized SBMA were aqueous soluble and
distinctly salt responsive with respect to surface activity, whereas copolymers of SBMA
and n-butenyl methacrylate showed no salt-responsive behavior.3* While incorporating
functional groups into the chain-end quaternary ammonium group of PC structures is not
trivial, the choline phophosphate (CP) structure (i.e., an inverted PC), opens opportunities
to achieve such structural variability and therefore has been examined in several studies.
Functional CP methacrylates (MCPs) are prepared by ring-opening of substituted cyclic
phosphates with DMAEMA giving access to MCPs with methyl, n-butyl, and n-butenyl
substituents on the phosphate group. Polymers prepared from methyl substituted MCP
purportedly induced aggregation of red blood cells (RBCs), whereas MCP polymers
(polyMCP) with n-butyl pendant groups caused no such RBC aggregation.3>33 Moreover,
polyMCP with n-pentenyl or alkynyl groups provided accessibility to material
crosslinking and drug conjugation, and the alkenes can be converted to other
functionalities such as epoxide and halogenated groups.®* Notably, the ring opening
reaction of the cyclic phosphate with DMAEMA can occur through an exocyclic pathway
that produces salt byproducts, or an endocyclic pathway that gives the desirable MCP
monomers. The substituents on the cyclic phosphates largely determine the preference of
the reaction pathways as discussed further in Chapter 2.3

These synthetic strategies have generated a number of functional polymer

zwitterions, each of which possess their own potential advantages. Copolymerization of



zwitterionic monomers with other functional monomers provides a facile route to expand
the library of available polymer structures with readily available monomers, though some
structures may not tolerate specific polymerization conditions. Post-polymerization
modification confers a route to include structures incompatible with polymerization
conditions; however, limited solubility of polymer zwitterions may constrain the variety
of applicable chemistry and the degree of functionality is unlikely to be controlled as
precisely as in copolymerization pathway. Importantly, directly attaching organic
functional groups to zwitterionic moieties provides access to novel structures that retain
the features of zwitterions and presents new opportunities to advance application areas.
As will be described, my thesis work employed PC, CP, and SB-based polymer
zwitterions, using synthetic strategies that yield a series of new polymers, and hydrogels,

and surface coatings.

1.3 Fluoropolymers: biological utilities and remediation

A major part of this thesis examined the synthesis and properties of novel
fluorinated polymer zwitterions (FPZs). To date, fluorinated polymers have been
instrumental materials in a myriad of technologies, ranging from fluoropolymers such as
Teflon™ and Nafion™, to polymers with fluorinated side chains. This class of polymers
includes those that fall into per- and polyfluoroalkyl substances (PFAS) category and
which have come under scrutiny for environmental and health concerns.>% Nonetheless,
fluorination has been found to be an essential component of materials design for a number
of biological applications, including molecular imaging, therapeutic delivery, and tissue
engineering.>" % For example, *°F magnetic resonance imaging (MRI) is a powerful

technique in preclinical biomedical research and can complement *H MRI to enhance



diagnostic capabilities.3’*! Perfluorocarbon (PFC) emulsions used today as °F MRI
probes have disadvantages regarding stability, heterogeneity, and in vivo accumulation.*?
Polymeric MRI agents can overcome these challenges, with added advantages that
include targeting and drug moieties for therapeutic purposes. However, aggregation of
fluorocarbon groups in aqueous environments may attenuate the desired signal and thus
require new designs to improve the aqueous solubility of fluoropolymers.®” In addition,
amphiphilic fluorinated polymers can stabilize PFC emulsions, making them useful for
ultrasound imaging and as artificial blood substitutes.*>** Remarkably, several reports on
fluorinated polymers for gene delivery show preservation of efficient delivery and
transfection in the presence of serum, attributed to their ability to resist protein adsorption,
and thus enhancing cell uptake and endosomal escape, while influencing the binding
strength with DNA. %7 However, the authors note that the detailed mechanisms of
polyplex internalization, and polymer-DNA interactions, requires more detailed
investigation.*?

As research continues to reveal the importance of fluoropolymers for a breadth of
essential applications, concerns over the accumulation of PFAS in animals and humans
are escalating, and significant effort is now devoted to discovering methods to eliminate
PFAS from environment.*® Methods employed today to remove PFAS from water include
treatment with granular activated carbon, ion exchange resin, or membrane filtration.*°
However, each of these treatments lacks specificity and has limited removal efficiency
(i.e., loading capacity). New reports describe cases where the hydrophobic F-F
interactions allows fluorinated materials to function as effective sorbents.>® For example,

Dichtel and coworkers prepared cyclodextrin networks that were crosslinked with



fluorinated molecules, and the obtained adsorbent removed perfluorooctanoic acid
(PFOA), a notorious PFAS, under environmentally relevant conditions, reducing its
concentration from 1 pg/L to 10 ng/L.>® More recently, Leibfarth and coworkers
crosslinked DMAEMA using a fluorinated dimethacrylate, and the resultant ionic
fluorogel resins exhibited high affinity for PFAS, with removal efficiency over 80% for
PFOA, perfluoro-1-octanesulfonic acid (PFOS), and perfluoro-2-propoxypropanoic acid
(GenX).*! In addition, a number of studies have utilized fluoropolymers to capture PFAS
from aqueous environments, and ‘°F nuclear magnetic resonance (NMR) and molecular
dynamic simulations identified the importance of both F-F interactions and electrostatic
forces between PFAS compounds and polymers.52% Overall, use of fluoropolymers
remains essential to applications that span from industrial engineering, medicine and
electronic materials, while the concerns about persistence and effects on health grow.
Going forward, development of novel fluoropolymers that are benign to the environment
and human health will alleviate the current dilemma between essential utility and the
drawbacks. In Chapter 2 of this thesis, the preparation of a library of fluorinated polymer
zwitterions is described as the first example of inserting fluorocarbon groups directly into
zwitterions. The utility of these polymers in °F MRI, surface modification, and DNA

packaging are discussed in Chapters 2-4, respectively.

1.4 Polymeric vectors for nucleic acid delivery

Gene therapy strategies using DNA and RNA, with the objective of correcting or
altering genetic malfunction, continue to evolve as researchers seek safe and efficient
methods for encapsulation and delivery of genetic material.>*>® The ultimate success of

nucleic acid-based medicine will largely depend on the safety and effectiveness of the



delivery system, and as such a vast literature is devoted to delivery vectors—both viral
and nonviral—with evaluation of their toxicity and ability to deliver genetic material of
interest in vitro and in vivo.*® According to the Gene Therapy Clinical Trials Worldwide
database (provided by The Journal of Gene Medicine), viral vectors are used in over 60%
of current clinical trials, the large majority of which involve adenovirus, adeno-associated
virus (AAV), retrovirus, and lentivirus.>” However, consistently problematic issues
associated with viral vectors include their toxicity, which stems from immunogenic
response that compromises therapeutic efficacy,*® as well as their genotoxicity that arises
from insertional mutagenesis (where an exogenous DNA sequence integrates within the
genome of a host organism), which may lead to leukemia and, in severe cases, death.
Other issues hindering wide clinical adoption of viral vectors include difficulties
associated with targeting to certain tissues in systemic treatments.®® Therefore, loading
capacity in terms of nucleic acid size is limited,®"5? and the cost of production and quality
control are high.®® Further investigation into the fundamental features of viral capsids is
needed to optimize all aspects of gene therapy — from vector design to encapsulation
efficiency to production technology.®* Nonetheless, recent progress is encouraging, such
as for the gene therapy products Luxturna and Zolgensma that have been approved by the
U.S. Food and Drug Administration (FDA) for treating retinal and spinal disease,
respectively.®

Ongoing clinical gene therapy trials using nonviral vectors,®® such as lipids,
nanoparticles, and polymers, represent alternatives to viral vectors with advantages of
reduced immunogenicity, easier preparation and scalability, and accessibility to large

payloads. With nonviral vectors, synthetic design strategies often borrow structural
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features of proteins and peptides to retain characteristics of viral systems but in simpler
synthetic constructs. Moreover, synthetic routes to non-viral vectors open opportunities
to rationally design their structure-property relationships, with the goal of optimizing cell
entry and in many cases nuclear localization. Currently, research activities involving
nonviral vectors are dominated by lipids and polymers. Lipid-based gene delivery is the
most thoroughly examined of nonviral delivery system, with distinct advantages—
biocompatibility, biodegradability, and amenability to surface functionalization—
countered by drawbacks of short shelf-life and low transfection efficiency.®” Notably, the
recent application of lipid nanoparticles in SARS-CoV-2 mRNA vaccines reflects major
progress in lipid-enabled delivery, which is likely to motivate further research and clinical
translation.%®

Cationic polymers represent another major class of nonviral gene therapy vectors,
with a wide variety of chemical designs investigated to date. Especially prominent are
poly(ethylenimine) (PEI), poly-L-lysine (PLL), and polyamidoamine (PAMAM)
dendrimers — just this small group of polymers comprises thousands of reports on gene
delivery.5°7° Detailed cell culture experiments and animal studies have been conducted
with these polymers, with focus on structure-property relationships leading to the
development of “benchmark™ polycationic vectors, such as SuperFect® (PAMAM
dendrimer), PEI 25k (PEI with Mw of 25000 g/mol), and jetPEI®.®® Such amine-rich
polymers, when protonated, form complexes with nucleic acids by electrostatic
interactions that are typically referred to as ‘polyplexes’. This polycation/polyanion
combination is described experimentally by defining the N:P stoichiometric ratio, which

refers to the number of protonated amines from the polymer relative to the number of
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phosphate groups in the nucleic acids. During experimental optimization of a particular
delivery system, the literature describes use of systems comprising a wide range of N:P
ratios. N:P values will be greater than 1 to ensure complete complexation of the genetic
cargo and impart on the polyplex a net positive charge. Most typically, polyplexes are
formed at higher N:P ratios (greater than 2 and often greater than 5), which may be
advantageous for producing polyplexes of smaller size with minimized propensity to
aggregate into undesirably large structures. While the excess cations of polyplexes
facilitate cell internalization and endosomal escape, cell membrane damage and an
inability to release cargo lead to cytotoxicity and insufficient therapeutic effects.’
Therefore, cationic polymer delivery vectors face their own dilemma associated with an
efficiency/toxicity tradeoff, and are not nearly optimized for widespread clinical use.
Researchers are actively pursuing synthetic designs to improve the safety and
efficacy of polyplexes, through tuning of polymer architecture and composition, which
in turn impacts the binding strength between polycations and nucleic acids, and the
interactions of polyplexes in complex biological environments in vitro and in vivo. The
effect of polycation structure on polyplex performance has emerged through numerous
studies, with particular focus on macromolecular architecture as well as the chemical
composition of the hydrophobic and hydrophilic sub-units of the polymer. Such studies
have significantly expanded the library of polymers available for transfection
experiments going far beyond the frequently investigated PLL and PEI structures.
Previous work by the Emrick group has developed oligolysine-grafted polycyclooctenes
as safe and efficient DNA carriers, giving comparable to better transfection as

commercial benchmark agents with high cell viability (>80%), with incorporation of
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zwitterions and nucleus-targeting peptides influencing the binding strength and cell

internalization to further improve transfection results (Figure 1-4).7>-"
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Figure 1-4. Examples of oligopeptide grafted polycyclooctenes developed by Emrick and
coworkers for gene delivery: (a) reconfiguration of PLL into tetralysine-grafted
polycyclooctene greatly improved transfection; Reprinted from Biomaterials, 32,
Sangram S. Parelkar, Delphine Chan-Seng, and Todd Emrick, Reconfiguring polylysine
architectures for controlling polyplexbinding and non-viral transfection, 2433, Copyright
(2011), with permission from Elsevier; (b) In vivo ultrasound-assisted DNA delivery
using polycyclooctene with pendent rNLS oligopeptides. Reprinted with permission from
ref. 73. Copyright (2014) American Chemical Society. (c) Incorporation of zwitterions
into the polycations weakened binding strength with DNA which facilitated release.

Reprinted with permission from ref. 74. Copyright (2016) American Chemical Society.
Recently, fluorination has emerged as a powerful strategy to improve the delivery

efficiency of cationic polymer vectors. The F-F interaction and low surface energy
characteristics of the fluorocarbons are thought to contribute to polyplex stability in
biological conditions and facilitate penetration through biological barriers. Inspired by

these exciting results and building on the previous synthetic platform of the Emrick
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group, work in Chapter 4 describes the synthesis of polycyclooctenes containing both
oligopeptide and fluorinated pendant for encapsulating DNA and investigating the impact

of FPZs on the properties of the polyplex system.

1.5 Thesis outline

This thesis focuses on the synthesis of novel functional materials by merging
synthetic chemistry with Nature-inspired zwitterionic structures to produce functional
polymer zwitterions. Novel fluorinated CP monomers were prepared, in which the
fluorinated groups were embedded directly into the zwitterionic moieties. Constructing
fluorinated polymer zwitterions with the FCP monomers yielded polymers viewed to be
applicable as °F MRI imaging agents, surfactants, and surface coatings. In combination

with polyolefins containing both fluorinated and oligopeptide pendent groups, the utility
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Figure 1-5. Overview of research presented in this dissertation centering on functional
polymer zwitterions; including fluorinated polymer zwitterions for bioimaging (top left),
DNA complexation (top right) and surface coatings (bottom left), fluorinated cationic
poly(cyclooctenes) for DNA complexation (top right), and alkene/disulfide containing
polymer zwitterions for making dynamic hydrogels.
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of fluorinated polymer zwitterions augmented DNA packaging strategies. In addition,
polymer zwitterions were functionalized with crosslinking groups to afford hydrogels
with strain-stiffening properties. Each of these synthetic objectives hinges on the ability
to successfully integrate useful and desirable functionality into polymer zwitterions, via

syntheses that extend well beyond the conventional methods known today.

Chapter 2 describes the attachment of fluorinated alkyl groups to CP moieties,
yielding fluorinated zwitterionic monomers that proved amenable to controlled free
radical polymerization and the production of a new set of CP-containing fluorinated
polymers, as well as copolymers with phosphorylcholine (PC) zwitterions. This
combination of fluorinated hydrocarbons and zwitterions affords novel, water soluble
polymer amphiphiles that were then examined at fluid interfaces, as coatings, in cell
culture, and in magnetic resonance imaging.”

In Chapter 3, the impacts of fluorinated CP polymers on surface properties were
investigated further by conducting surface grafting (i.e. “grafting-from” chemistry) using
fluorinated polymer zwitterions by surface-initiated atom transfer radical polymerization
(SI-ATRP). The resultant polymer-coated metal substrates exhibited wetting
characteristics intermediate between those of zwitterionic and fluorinated brushes, with
unusually large contact angle hysteresis values indicative of surface rearrangement in
response to the contacting fluidic environment. Surfaces functionalized with fluorinated
polymer zwitterions exhibited impressive resistance to fouling from aqueous protein
solutions, such as bovine serum albumin and lysozyme.

Chapter 4 expanded the application of fluorinated polymer zwitterions to DNA

packaging, which is envisaged as useful in future gene therapy strategies.
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Polycyclooctenes containing both fluorinated and oligopeptide pendent groups were
prepared and used in DNA complexation to form polyplexes. The presence of fluorinated
polymer zwitterions, and adjustable fluorocarbon length and incorporation ratio in the
polycyclooctenes, were found to influence the size and binding strength of the polyplexes,
both of which are key factors to the success of transfection. These strategies allowed
formulating the polyplexes system into PFC nanoemulsions that augment this delivery
platform with desirable characteristics such as imaging ability and ultrasound
responsiveness.

Chapter 5 describes novel synthetic functional polymer zwitterions containing
1,2-dithiolane and alkene moieties, which produced hydrogels that exhibit strain-
stiffening behavior. Irreversible crosslinking induced by thiol-ene chemistry yielded
hydrogel networks with well-defined moduli without the need for addition of an external
crosslinking component. The availability of residual thiol groups confers a route to
secondary crosslinking through interchain disulfide bond formation, which was
facilitated when subjected to mechanical strain thereby stiffening the polymer network.
These strain-stiffening hydrogels were studied in a collaboration with Professor Shelly
Peyton (UMass Chemical Engineering), represent potential biomaterials that benefit from
mechano-responsive behavior, which is needed in emerging applications of tissue
engineering. Finally, Chapter 6 documents experimental procedures for the synthetic and

characterization work performed to complete this thesis.
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CHAPTER 2
FLUORINATED POLYMERZWITTERIONS: CHOLINE PHOSPHATES AND

PHOSPHORYLCHOLINES

2.1 Introduction

Polymer zwitterions, such as poly(2-methacryloyloxyethyl phosphorylcholine)
(polyMPC), have proven exceptionally useful in applications where biocompatibility,
hydrophilicity, and non-fouling effects are desired.! Combining early reports of
phosphorylcholine (PC)-based polymer syntheses, such as by Nakabayashi and Ishihara,?
with advances in controlled free radical polymerization of hydrophilic monomers, has
afforded new routes to polymer-drug conjugates,®’ polymer-grafted substrates,®® and
aqueous polymer assemblies.’® The bio-friendly, non-fouling properties of PC and other
zwitterions are derived from the extensive hydration associated with the zwitterionic
groups,'! while copolymerization methodology involving zwitterionic monomers lends
rich chemical versatility beyond that of conventional hydrophilic polymers, such as
poly(ethylene oxide).

Most polymer zwitterions reported to date integrate zwitterionic moieities from
biology directly into the polymer sidechain, such as PC, sulfobetaine (SB), and
carboxybetaine (CB)-containing structures.'? One drawback to these structures is a lack
of direct accessibility to functional group integration. However, recent reports by us and
others described the preparation of polymers with “inverted” PC groups, referred to as
choline phosphate (CP) structures, that readily lend themselves to functional group
incorporation.’*® The preparation of CP-substituted methacrylates consists of: (i)

conversion of ethylene chlorophosphate to functional cyclic phosphates and (ii) ring-
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opening of the phosphate with methacrylate-containing nucleophiles (endocylic reaction)
while avoiding undesired salt formation (exocyclic reaction) (Figure 2-1). The
preference for endo vs. exocyclic reaction mechanisms is influenced by steric and
electronic factors associated with the R-substituent of the cyclic phosphate; in cases
where a product mixture is obtained, the undesirable salt by-product must be removed

(for example by ion exchange chromatography).t’
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Figure 2-1. Reaction pathways for CP-monomer syntheses.

Prior work by Emrick and coworkers showed that the CP-synthetic strategy
represents an opportunity to prepare novel CP-polymers with embedded alkenyl and
alkynyl groups, affording polymer zwitterions which retain their desired hydrophilicity
and biocompatibility and that are amenable to attachment of drugs and other moieties

without sacrificing their zwitterionic character.!>'® Here, our synthesis of fluorinated
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Figure 2-2. Chemical structures of fluorinated CP monomers described in this Chapter.
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choline phosphate (FCP)-substituted methacrylates, shown in Figure 2-2, gives access to
a novel array of fluorinated polymer zwitterions as described below.

We recognize this CP-synthetic strategy as an opportunity to prepare novel
polymers that combine zwitterions and fluoroalkanes within each subunit of the polymer
structure. Like hydrophilic polymers, fluorinated polymers tend towards non-fouling
surface properties, but for reasons associated with surface energy rather than
hydrophilicity.**!8 Using fluorinated polymers in water is of interest biologically for *°F
magnetic resonance imaging (*°F MRI) contrast agents (CAs), though aggregation of the
fluorinated units in water is problematic since this causes depletion of the signal. Recent
activity along these lines is highlighted by the preparation of water soluble fluorinated
sulfoxide polymers, as well as fluorinated poly(2-oxazoline) that possess favorable MRI
contrast properties.'®>?! Perfluorocarbons, such as perfluorobutane (PFB) and perfluoro-
n-octyl bromide (PFOB), are commonly used CAs for **F MRI and ultrasound imaging.
Encapsulation of perfluorocarbons as the oil phase in emulsions requires small molecule
or polymer surfactants, many of which are themselves fluorinated amphiphilic
polymers.22-24

With this motivation to combine zwitterions with fluorinated moieties, we
sought to prepare novel fluorinated CP monomers, and following from that a series of
fluorinated CP/PC-substituted polymers, such as illustrated in Figure 2-3. While
fluorinated hydrocarbons are rarely combined with zwitterions in polymer structures, 2526
we anticipate that new syntheses that directly embed fluorine character into zwitterionic

units hold promise across a breadth of both materials and biological applications.
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Figure 2-3. Chemical structures of CP- and PC-containing fluorinated zwitterionic
polymers, P1-P4, described in this Chapter.

2.2 Monomer Synthesis

Fluorinated CP monomers TFE-CP, HFIP-CP, and PFH-CP were prepared in
multigram scale using the synthetic route shown in Figure 2-1. First, ethylene
chlorophosphate was reacted with a fluorinated alcohol (R-OH) in the presence of
triethylamine, yielding the fluorinated cyclic phosphate product in high yield (~75-90%)
after isolation by filtration and solvent evaporation. The 3P NMR spectra of these
products showed a single, clean resonance at ~17 ppm. Ring-opening with
dimethylaminoethyl methacrylate (DMAEMA\) in acetonitrile yielded the fluorinated CP
monomers in up to 70% vyield after precipitation and purification by several
washing/centrifugation cycles using acetonitrile and ether. Performing the reactions
under anhydrous conditions was essential to avoiding by-product formation, while the
presence of 4-methoxyphenol prevented premature radical polymerization. The isolated
monomers, obtained as white solids, produced clean NMR spectra in solution, as shown
in Figure 2-4a for monomer HFIP-CP, with *H NMR spectroscopy showing the
characteristic methacrylate olefin signals as well as the methine proton peak of the

hexafluoroisopropyl group (5.27 ppm), and the 3'P spectrum showing a single resonance
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at -3.12 ppm (shifted slightly from the resonance of MPC which appears at -0.44 ppm).
A trace amount of the salt by-product was observed in the 3P NMR spectrum (19.10
ppm) of the crude product following the synthesis of monomer PFH-CP; this was
completely removed during purification, as confirmed by 3P NMR spectroscopy (Figure
2-4b). High-resolution mass spectrometry also confirmed the formation of the desired
products (HFIP-CP: C13H20FsNOgP, calcd [M+Na]*, 454.0825; found 454.0829; PFH-
CP: CigH23F13NOsP, calcd [M+Na]*, 650.0949; found 650.0947). The fluorinated CP
monomers proved soluble in both polar and fluorinated solvents, including pure water,

methanol, 1,1,1-trifluoroethanol (TFE) and 1,1,1,3,3,3-hexafluoroisopropanol (HFIP).

(a) . ' H NMR (b) . 'HNMR
P NMR ! Wt 43 TP MMRE ! Wi
) I(>2=§:0 W2 =0
a
| < S
e ”-1 U-p,U(:) SERS ’2 1 B %—5:0
1 5 U"\J a ,7 &
‘ ‘ : 43 17 Fe, ' s ’L e w?: '
1 S LT,
ULJL\_U\___L_—. L.L»J-u ‘L._A__J.__
7 6 1 B 1

chemsical Shif‘: (ppm)3 2 Chemiswl Shif: (|:»pm)3
Figure 2-4. *H NMR and *!P NMR (insets) spectra of (a) HFIP-CP and (b) PFH-CP in
CD30D (signals at 3.32 ppm and 4.87 ppm arise from residual CH3OH).

2.3 Polymer synthesis

Polymerization of the fluorinated CP monomers was performed by reversible
addition—fragmentation chain-transfer (RAFT) polymerization in TFE at 70 °C using 4-
cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPPA) as the chain-transfer agent and
4,4’-azobis(4-cyanovaleric acid) (ACVA) as initiator. Under these conditions,
polymerization of HFIP-CP was well-controlled, as indicated by plotting In([M]o/[M]n)
as a function of time, shown in Figure 2-5a for a typical reaction where [M]o= 0.8 M and

[M]o:[CTA]o:[1]o=50:1:0.2. Following a short incubation period, propagation proceeded
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at a constant rate until high monomer conversion was reached. By *H NMR evaluation of
aliquots taken from the reaction mixture, monomer conversion reached or exceeded 90%
at t = 4 h (Figure 2-5b). Polymer molecular weight was determined by gel permeation
chromatography (GPC) equipped with refractive index (RI) detection, using TFE as the
mobile phase and PMMA calibration standards. The GPC traces shifted to higher
molecular weight (shorter retention time) as the reaction proceeded (Figure 2-5c), and
molecular weight increased nearly linearly with monomer conversion, while the
polydispersity index (D, defined as Mw/Mn) was maintained in the 1.2-1.3 range (Figure
2-5d). By 'H NMR spectroscopy, the degree-of-polymerization (DP) was calculated to
be ~25-115, as judged by integrating the methine resonance (-CH(CFz3)2) at 5.29 ppm
against the aromatic chain-end (this DP value correlated closely to the monomer-to-CTA

feed ratio). After the polymerization, purification by precipitation, dialysis, and
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Figure 2-5. Homopolymerization of HFIP-CP: (a) first kinetic plot; (b) monomer
consumption as a function of time; (c) GPC traces for poly (HFIP-CP) eluting in TFE
att =60 min, 90 min, and 4 h; and (d) Mn and D at different conversions.
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lyophilization afforded P1 in ~80% yield with M, of 2-15 kDa. FCP P1 proved readily
soluble in polar protic solvents (water and methanol) as well as fluorinated solvents (TFE
and HFIP). The GPC-estimated M, recorded in TFE, was significantly lower than the My
derived from the DP calculated by the *H NMR spectroscopy (Table 2-1). That the NMR
and GPC-derived molecular weights differ significantly is not surprising in light of the
unusual structure of these polymers (containing both the zwitterionic and fluoroalkyl
groups) and their potential impact of polar interactions with the stationary phase on GPC

measurements.

RAFT polymerization of PFH-CP proceeded similarly to that of HFIP-CP
(Figure 2-6) and in high monomer conversion and isolated yield. Monomer conversion
reached 84% at t = 6 h while polymer molecular weight increased almost linearly with
conversion. Polymers were obtained in ~65-70% yield after purification by precipitation

and vacuum drying, with M values of 11-13 kDa estimated by GPC and 18-44 kDa
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Figure 2-6. RAFT homopolymerization of PFH-CP: (a) monomer conversion as a
function of time, (b) Mn and D at different extents of monomer conversion, (c) first
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calculated by 'H NMR spectroscopic integration. Interestingly, the higher fluorine
content of P2 (relative to P1) made it sparingly soluble in methanol and insoluble in
water, while both P1 and P2 were readily soluble in TFE and HFIP. To this point, we
have observed chemical stability of P1 in pH 7.4 PBS buffer, with no sign of hydrolytic

degradation that would release small molecule PFAS structures.
Table 2-1. Characterization data of homopolymers P1 and P2.

Polymer Conv (%) M, NMR Mn,cpc b
80 10.8 2.2 1.27
P1 94 215 6.7 1.25
88 49.6 15.5 1.23
96 18.8 11.6 1.14
P2
88 43.9 13.1 1.23

Polymerizations involving PC, CP, and fluorinated monomers proved
exceptionally versatile for preparing random copolymers P3 and P4 and, as illustrated in
Figure 2-7, block copolymers P5-P7. For example, RAFT copolymerization of MPC
and monomer PFH-CP proved successful for the preparation of random and block

copolymers. Samples of random copolymer P3, with narrow D (1.1-1.2), were obtained
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Figure 2-8. GPC traces of polyMPC macroCTA before and after chain extension
reactions for the preparation of block copolymers P5, P6, and P7.
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by copolymerization of PFH-CP and MPC in TFE to achieve 20-80 mole percent
incorporation of PFH-CP. These polymers formed homogenous solutions in water with
up to 50 mole percent incorporation of PFH-CP. Block copolymers P5-P7 were also
prepared in order to deepen our understanding of structure-property relationships of
polymers containing zwitterionic (PC or CP) and fluorinated units. These were made from
acommon polyMPC macroCTA (Mn,crc 15 kDa) with the corresponding chain-extending
monomer, targeting a 1:1 molar ratio of the MPC blocks and the additional block. The
preparation of P5 utilized a commercially available fluorinated acrylate, 1H,1H,2H,2H-
tridecafluoro-n-octyl acrylate (TDFOA), as the second block. According to the first order
kinetic plot (Figure 2-8) of the chain extension, propagation occurred at a constant rate,
over about three hours, to reach about 80% conversion. The *H NMR spectrum of P5 in
CDs30D confirmed the incorporation of TDFOA, with the monomer ratio calculated by
integrating methylene resonances from 4.53-3.96 ppm (for both blocks) and at 3.75 ppm

(for the polyMPC block). Notably, the GPC trace of P5 with TFE as the mobile phase
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Figure 2-9. Chain-extension of a polyMPC macroCTA with TDFOA: (a)TDFOA
conversion as a function of time; (b) evolution of Mn and P during the polymerization;

(c) first-order kinetic plot.
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showed only a slight shift towards higher molecular weight. Block copolymer P6 was
prepared by extension of the macroCTA with PFH-CP in 1:1 MeOH:TFE, with GPC
analysis confirming successful chain-extension. For both random and block copolymers
of MPC and PFH-CP (P3 and P6), the incorporation of PFH-CP was calculated by
integrating the methylene resonance of the CP monomer unit at 2.62 ppm against the
MPC methylene signal at 3.74 ppm (or against the backbone protons from 0.68-2.45
ppm), giving results consistent with the monomer feed ratios employed. Moreover, P7,
a block copolymer was prepared from MPC and the n-butyl-substituted CP monomer
(MBP),*® with the GPC trace again shifting significantly towards lower retention volume
(higher molecular weight). We speculate that the similar GPC profiles seen for P5 and
its macroCTA precursor may be due to polar interactions between the fluorinated
hydrocarbon and the stationary phase, an effect that is eliminated in the all-zwitterionic
diblock copolymers P6 and P7. As is typical, these GPC analyses provide estimates of
molecular weight that depend in part on the selected calibration standards (PMMA in
these cases). Therefore, we also report molecular weights observed by end-group analysis
by 'H NMR spectroscopy, by integrating peak intensity of the CTA protons against

selected protons of the polymer chain (Table 2-2).
Table 2-3. Characterization data of P3-P7.

MPC (mol%) M,
Polymer : Mn,cpc b
target actual NMR
20 18 25.6 16.5 1.18
P3 50 45 309 20.5 1.14
80 82 34.6 20.7 1.14
P4 50 53 20.0 17.3 1.10
m::r'ﬁ leP: 100 100 78 150  1.08
P5 50 46 19.5 16.5 1.10
P6 50 55 20.6 17.7 1.08
P7 50 48 169 19.4 1.09
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2.4 Fluorinated CP polymers as *°F MRI contrast agents

We anticipate the utility of this combination of zwitterionic and fluorinated
groups across a breadth of materials and biological applications. DLS experiments
performed on aqueous solutions of P1 (2 mg/mL) indicated structures of ~7 nm diameter,
while *H NMR spectroscopy showed no attenuation of the signal for the methine proton
adjacent to the CF3 groups (Figure 2-9a). Moreover, the fluorine NMR resonances of
P1 were narrow and intense in both D2O and CD30D (Figure 2-9b). In contrast, for

poly(MPC-co-TFEMA) (Figure 2-9c), a random copolymer of MPC and trifluoroethyl-
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Figure 2-11. Stacked (a) *H NMR and (b) °F NMR spectra of P1 in CD3OD and D20;
(c) chemical structure of Poly(MPC-co-TFEMA); stacked (d) *°F NMR and (e) *H NMR
spectra of poly(MPC-co-TFEMA) in D20 and CD30D.

substituted methacrylate, the proton resonance of the methylene group nearest the CF3
diminished greatly in DO relative to CD30OD, and the fluorine signals broadened in D2O

(Figure 2-9 (d-e)). Such signal attenuation, suggestive of solution aggregation, is a noted

32



challenge when designing polymeric **F MRI agents.'® Thus, the high fluorine content
(26 wt%) and water solubility (over 100 mg/mL) of P1 may be advantageous in this
regard. Using inversion—recovery and CPMG pulse sequences,?’?® spin-lattice (T1) and

Table 2-5. Relaxation times of P1 as a function of molecular weight.

Polymer Conv (%) M, umr/kDa M./kDa 2] Tims T:ims
80 10.8 2.2 1.3 442 83
P1 94 215 6.7 1.2 420 43
a8 49.6 15.5 1.2 415 32

spin-spin (T2) values of ~415-442 ms and ~32-83 ms were obtained, respectively, for P1,
with a molecular weight dependence (Table 2-3) that attributed to solution mobility of
the polymers.2®% In general, shorter T1 and longer T values are desirable for enhancing
signal intensity;'® among the FCPs prepared in this thesis, the acrylate-based polymers
P8 and P9, shown in Figure 2-10 (a-b), appear to have the most favorable magnetic

resonance properties. In preliminary studies along these lines, *F MR imaging of aqueous
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Figure 2-12. °F NMR spectra and relaxation times of (a) P8 and (b) P9 in D,O/PBS (1/9
v/v) (10 mg/mL), °F MR images of solutions of P8 and P9 at different concentrations
obtained using (c) fast spin echo sequence, (d) first slice and (e) eleventh slice obtained
from multi echo spin echo sequence.
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solutions of P8 and P9 at different concentrations was performed ona 11.7 T MRI scanner
(Figure 2-10 (c-e)). Using a fast spin echo sequence, T1 weighted images of P8 were
brighter images (stronger signal) due to its shorter T1 and higher fluorine content (Figure
2-10c). By a multi echo spin echo sequence, the P8 image was brighter than P9 at shorter
echo times (Figure 2-10d), due to its higher fluorine content, and as echo time increased

(weighted towards T>), the P9 signal intensified (Figure 2-10e).

2.5 Interface stabilization with fluorinated polymer zwitterions

To investigate the surfactant properties of FCP polymers, interfacial tension
(IFT) measurements were conducted at the perfluorohexane (PFH)-water interface (45
mN/m) using the pendant drop tensiometry technique (Figure 2-11a). With 1 mg/mL
polymer solutions, the FCPs P1, P3 and P6 led to reduction of the initial IFT value to 19,
22 and 17 mN/m, respectively, while MPC-TDFOA copolymers P4 and P5 produced
relatively modest reduction to 27 and 40 mN/m, respectively (Figure 2-11b). The PFH
emulsions were prepared by vortexing or sonicating polymer solutions with the oil,
producing droplets in the 50-100 micron diameter range as revealed by optical

microscopy (Figure 2-11c). The droplets remained visibly stable for weeks, distinct from
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Figure 2-13. Interfacial tension measurements of polymer solutions. (a) Pendant drop
tensiometry; (b) mean equilibrium interfacial tension (yeq) of PFH/water at 1 mg/mL
(each bar represents an average of three measurements); (c) optical microscope image of
PFH droplets in 2 mg/mL P3 solution prepared by vortexing.
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polyMPC itself which is not surface active. In addition, nanoemulsions (e.g.,from 20 mL
PFH in 4 mL of a 2 mg/mL polymer solution) were prepared using a Branson 150 probe
sonicator (40 kHz frequency and 150 W maximum power) at an amplitude of 35-40% for
2-3 min (operating in pulse mode with alternating cycles of 45 seconds on and 30 seconds
off). This method produced droplets with an initial z-average diameter of ~200-260 nm
and polydispersity index (PDI) below 0.2, as assessed by dynamic light scattering (DLS)
(Figure 2-12a). Further DLS evaluation probed the change in nanoemulsion size over
time.?* For P1, P4, P5, and P6, the droplets coalesced into the micron diameter range
upon aging, while P3-stabilized droplets grew much more slowly, suggestive of Ostwald
ripening.?? At 2 mg/mL, P3 produced the most stable structures, increasing from ~200
nm to ~287 nm over one day and up to about 600 nm in two weeks, and repeating the
sonication re-established the original size distribution (Figure 2-12a). Notably,
increasing the concentration of P3 to 10-20 mg/mL generated smaller droplets (~160 nm
diameter) and further slowed growth (~433 nm after two weeks) (Figure 2-12b). While

the precise structure of these polymers at fluorocarbon-water interfaces is unknown, the
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Figure 2-14. (a) Size of the PFH nanoemulsions stabilized by P1, P3-P6 (2mg/mL) over
time; (b) size of PFH nanoemulsions stabilized by P3 at different concentrations over
time.

enhanced emulsion stability offered by FCP polymers demonstrates one clear benefit of

embedding fluorinated groups directly into zwitterionic components of polymers.
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2.6 Properties of FCP polymer coatings

The FCP polymers described to this point may exhibit interesting surface
properties due to their unusual chemical compositions and the merging of
superhydrophilic (zwitterionic) with low surface energy (fluorocarbon) components.*t3
As a preliminary investigation of such properties, the water insoluble P2 was applied on
a Si wafer by spin-coating from TFE, with comparative property analyses made against
a fluorinated methacrylate polymer coating, namely poly(1H,1H,2H,2H-tridecafluoro-n-
octyl methacrylate) (polyTDFOMA). The wettability of these coated surfaces was
probed using water, hexadecane, and perfluorodecalin by contact angle goniometry
measurements. The impact of the zwitterion on water contact angle (CA) was evident,
with P2 exhibiting lower CA (~92°) than polyTDFOMA(~114°), while when probed with
the organic solvent hexadecane each polymer displayed similar CAs of ~70°. When

probed with fluorocarbon liquids, the zwitterion again exhibited significant influence,

with perfluorodecalin giving a low but measurable contact angle of ~33° on P2-coated Si,
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Figure 2-15. Fluorescence microscopy images of (a) PMMA; (b) PS; and
(c) P2-coated Si substrates after exposure to FITC-BSA solution and
rinsing; (d) MFI values of the images obtained by ImageJ evaluation.
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while spreading completely on polyTDFOMA. Thus, the unique FCP design bridges
materials properties, tempering zwitterion hydrophilicity with fluorocarbon character and
modulating their “fluorophilicity” with zwitterions. The extent to which these distinct
components are ‘“‘switchable” topographically will be probed in future studies.
Preliminary results suggest that FCP-coated surfaces resist absorption of FITC-labeled
bovine serum albumin (BSA). Immersion of Si substrates coated with the water insoluble
P2 in 1 mg/mL of a PBS solution of FITC-BSA for 20 hours produced little fluorescent
signal (minimally greater than a blank control), whereas the same experiment performed
on PMMA and PS-coated substrates led to a notably greater fluorescence from absorbed

protein (Figure 2-13).%

2.7 In vitro cytotoxicity evaluation

Finally, using aqueous soluble versions of FCP polymers in cell culture indicated
low levels of cytotoxicity, at least up to 5 mg/mL levels. As shown in Figure 2-14, the
percent viability of both human breast cancer cells (MDA-MB-231) and human
embryonic kidney 293 cells (HEK293) in the presence of FCP in solution remained high

over a 48-hour evaluation time frame, near to that of the control (i.e., no polymer)
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Figure 2-16. In vitro cytotoxicity evaluation of P1 (M,,GPC = 6.7kDa ), P3 (with 45
mol% incorporation of MPC) and P6 in cell culture of (a) MDA-MB-231 and (b) HEK293
cells.
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samples. With these cell lines, little-to-no negative impact on cell viability was seen,
with only a slight reduction in viability (to ~80%) for HEK293 cells at the highest
concentration (5 mg/mL) of P3. This apparent lack of cytotoxicity in cell culture suggests
future potential for using these polymers in diagnostics and therapeutics, as well as
materials applications where some fluorinated surfactants have been scrutinized.

In summary, this chapter has described the preparation of fluorinated choline
phosphate monomers and examined their controlled free radical polymerization to yield
a new library of fluorinated zwitterionic polymers. The combination of fluorinated and
zwitterionic units within the same structural moiety holds promise in applications ranging
from °F MRI agents to nonfouling coatings and interface stabilization, which are
examined further in Chapters 3 and 4.

Ms. Alexandria Triozzi performed the cell viability tests (section 2.6). Dr. James
Quirk performed magnetic resonance imaging in the Small Animal Magnetic Resonance
Facility in the Mallinckrodt Institute of Radiology of the Washington University St. Louis

School of Medicine.
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CHAPTER 3
FLUORINATED ZWITTERIONIC POLYMERS

AS DYNAMIC SURFACE COATINGS

3.1 Introduction

The rapidly growing library of functional polymers, in combination with advances
in controlled polymerization techniques, represents an exceptionally useful platform for
controlling surface chemistry and topology. For example, surfaces described by their
“extreme wettability”, meaning superhydrophilic or superhydrophobic, exhibit
interesting and useful properties, including antifogging, self-cleaning, and controlled
adhesion.*® Functionalized surfaces equipped to interact selectively with compounds of
interest are useful in separations and sensing.”® Surfaces may also be engineered to
mimic the wettability of exquisite structures in Nature, such as the lotus leaf
(superhydrophobic)® or rose petal (large contact angle hysteresis).* In general, the ability
of polymers to bridge the interface between a substrate and their surrounding environment
tailors surface properties (wettability, adhesion, electronics, etc.) and provides a route to
improved medical devices, implants, biosensors, and electronic devices.!*3

Synthetic polymers are prime candidates for selection as fouling resistant
coatings, especially through the use of hydrophilic polymers, such as poly(ethylene
oxide) (PEO) or polymer zwitterions.!* Polymer zwitterions exhibit particularly
outstanding performance, as their inner-salt structure promotes surface hydration that
masks nonpolar biomolecule-surface interactions, thus exhibiting fouling resistant

properties.’® To date, phosphorylcholine (PC), sulfobetaine (SB), and carboxybetaine
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(CB)-based structures represent the most frequently utilized examples of polymer
zwitterions for surface modification.'® Other approaches to achieve antifouling properties
utilize fluoropolymers and silicone elastomers, each having low surface energy that
weakens interactions with potential foulants, and thus enables foulant release.'’ Despite
extensive research on such hydrophilic and fluorophilic materials, continued progress
requires the discovery of new, innovative materials interfaces capable of responding to
different environmental conditions. Recent studies have examined the combination of
hydrophilic and fluorinated groups in surface modification. For example, Xu, et al. coated
surfaces with polymers containing both trifluoromethyl and PEG side chains to afford
synergistic non-fouling/fouling release behavior with proteins.!® In some cases,
modifying surfaces with amphiphilic polymers may enhance antifouling performance,
and as such this approach is being examined in marine coatings and medical implants.®2°

In Chapter 2, the synthesis of novel fluorinated zwitterionic monomers was
described, in which fluorinated groups were embedded directly into choline phosphate
sub-units, giving fluorinated choline phosphates (FCPs). FCPs with 1H,1H,2H,2H-
tridecafluoro-n-octyl (PFH-CP) pendent groups produced the non-agueous soluble
polymer P2 by RAFT polymerization. In preliminary fouling experiments, performed by
immersing P2-coated Si substrates into an aqueous protein solution, FCP coatings
provided significant non-fouling properties; moreover, the coated substrates exhibited
considerable hydrophobicity, with a measured water contact angle of 92°. Described in
Chapter 3 are efforts to gain a deeper appreciation of the impact of FCPs on surface
properties. As illustrated in Figure 3-1, using surface-initiated atom transfer radical

polymerization (SI-ATRP), Au substrates were modified with polymer zwitterions,
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fluorinated polymers, or FCPs. The combination of zwitterionic and fluorocarbon groups
in the FCP structure afforded surfaces with distinctly different properties relative to
PMPC or fluoropolymer-grafted substrates, including notably high contact angle
hysteresis values that suggest dynamic surface rearrangement. Using surface plasmon
resonance (SPR) techniques, BSA and lysozyme adsorption were examined, with results
indicating a resistance to protein adsorption owing to FCP grafting. Overall, to our
knowledge this work describes the first example of grafting fluorinated zwitterionic
polymer brushes from surfaces and demonstrates the potential of these functional

substrates as antifouling materials.

(CF3)sCF3

PMPC FCP-1 FCP-2 PTDFOMA

Figure 3-1. Schematic representation of grafting PMPC, FCP-1, FCP-

2 and PTDFOMA from Au substrates by SI-ATRP.
3.2 Preparation of polymer grafted substrates

A gold-coated Si wafer was functionalized suitably for ATRP, using literature
preparations,?> and employed for Sl-grafting of zwitterionic, fluorinated, and
“fluorozwitterionic” polymers, as shown in Figure 3-1.2* SI-ATRP was performed by
placing the substrates in 7 mL glass vials containing 0.3-0.5 M monomer solutions in

trifluoroethanol (TFE) at room temperature for 1-4 hrs, with CuBr and bipyridine,

yielding PMPC-, FCP-1-, and FCP-2-grafted substrates. PTDFOMA grafting was
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performed similarly, employing a 0.8 M trifluorotoluene (TFT) solution of monomer at
60 °C, with CuBr and 4,4'-dinonyl-2,2"-bipyridyl (dNbpy). The presence of polymer on
the substrates was confirmed by X-ray photoelectron spectroscopy (XPS), noting for
example the presence of C, N, O, F, and P in the XPS survey scan of FCP-2 (Figure 3-
2a) at elemental percentages that agreed with theoretical values (C 46.15%, N 2.56%, O
15.38%, F 33.33%, P 2.56%). In the high-resolution Cis spectrum of FCP-2, peak
deconvolution revealed the distinct carbon atoms (Figure 3-2b) at 284.8 eV (C-C), 286
eV (C-N), 286.7 eV (CH,-0), 288.6 eV (C=0), 290.4 eV (-CF2-CF2-CHy), 291.4 eV
(CF»), and 293.6 eV (CF3). Similar scans performed on FCP-1, PMPC and PTDFOMA-
grafted substrates (Figure 3-2(c-h)) verified the presence of the desired polymers. The
thickness of the polymer layers on each substrate, measured by ellipsometry (and
calculated using the Cauchy model?®) to be ~40-60 nm, suggests considerable extents of
grafting and as such the presence of sufficient polymer coverage to modify surface
properties and perform comparative evaluations across this set of samples. these grafted
polymer chains were considered to be in the brush regime,?* with grafting densities
estimated to be 0.12, 0.30, 0.28 and 0.18 chains/nm? for PMPC-, FCP-1-, FCP-2- and

PTDFOMA-modified surfaces, respectively (see Chapter 6.3 for calculations).
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Figure 3-2. XPS spectra of FCP-2-, FCP-1-, PMPC- and PTDFOMA-grafted
Au: (a), (c), (e) and (g) survey spectra and (b), (d), (f) and (h) C1s scan.

46



3.3 Characterization of wettability and surface energy

Wettability characteristics (i.e., hydro- and fluorophilicity) of the polymer-
modified substrates were evaluated by contact angle measurements, using water (in air)
and trifluorotoluene (in water) as probe fluids. As shown in Figure 3-3(a-d) and Table
3-1, the PMPC-functionalized substrates exhibited very small contact angles, typically
~15° due to the extensive hydrophilicity of this polymer zwitterion; in contrast, the
fluorocarbon-rich PTDFOMA grafted substrates repelled water, yielding contact angles
of ~120°. Substrates grafted with fluorinated zwitterions FCP-1 and FCP-2 had water
contact angles intermediate between these extremes, measuring 69° for FCP-1 and 85°
for FCP-2. Thus, the effect of merging zwitterionic and fluorocarbon moieties in the
pendant groups effectively alters the typical wetting properties of each: i.e., fluorocarbon
polymers take on appreciable hydrophilicity, while polymer zwitterions gain an unusually
high degree of hydrophobicity. Interestingly, when performing contact angle
measurements with TFT in water, all zwitterion-containing substrates repelled the droplet
with high contact angles (>140°, Figure 3-3(e-g)), while the PTDFOMA-grafted surface

was wet by TFT (contact angle ~31°).

Figure 3-3. Photographs from static contact angle measurements of water on grafted
substrates: (a) PMPC; (b) FCP-1; (c) FCP-2; and (d) PTDFOMA. Similar experiments
using TFT as the probe fluid shown in (e) PMPC; (f) FCP-1; (g) FCP-2; and (h)
PTDFOMA.
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Solid-vapor (sv) surface energies (ysv, sum of the dispersive (ysv") and polar
(ysvP) components) were calculated using Young’s equation (Equation 3-1) and the

Owens-Wendt equation (Equation 3-2), employing the known surface energy (yLv) of

Ysv = VsL + YiycosO Equation 3-1
Yw(1 +cos8) = 2(v&yin'/? + 2(r5 vi)'? Equation 3-2

three test liqguids—water, diiodomethane, and glycerol—and measurements of their
contact angles (0) on each surface in air (Table 3-1). The contact angle values of
diiodomethane on PMPC- FCP-1-, FCP-2-, and PTDFOMA-modified surfaces in air
were measured as 21°, 68°, 72° and 100°, respectively; a similar trend was seen when
using glycerol (38° 72° 90° and 108° on PMPC- FCP-1-, FCP-2-, and PTDFOMA).
These data produce surface energies of 70.4, 34.2, 23.4, and 9.3 mJ/m? for PMPC-, FCP-
1-, FCP-2- and PTDFOMA-modified substrates, respectively, confirming the dominant
impact of the fluorine-rich PTDFOMA on surface energy, and the role of the zwitterion
in modulating surface energy. The calculated ysv and the observed water contact angles

and surface/water interfacial energies (ysL) reported in Table 3-1 were determined using

Table 3-1. Surface wettability and surface energy values of PMPC, FCP-1, FCP-2, and
PTDFOMA-arafted substrates.

PMPC FCP-1 FCP-2 PTDFOMA
water, static (°) 14.8 + 6.8 68.5+ 1.9 85.3 + 0.6 119.6 + 0.1
water, advancing (°) 145+ 05 79.3+ 23 1147+ 3.8 125.0 £ 0.7
water, receding (°) <10 16.7+ 1.5 247+ 11 772+ 15
diiodomethane, static (°) 212+ 4.0 67.7+ 1.0 723+ 3.2 99.7+ 1.0
glycerol, static (°) 37.7+21 722+ 1.3 90.2 + 7.3 108.4 + 0.6
TFT in water, static (°) 1605+ 2.1 1547+ 1.4 1423+ 1.7 30.9+0.9
i i d
dispersive component v 409+ 34 205+ 1.1 17.6 + 2.9 8.9+0.4
(mJ/m2)
P
polar component 295+ 1.3 137+ 14 58402 0.4 401
(mJ/m?)
surface free energy vy 704+48 342+ 0.3 234427 9.3+04
(mJ/m2)
Water/surface interfacial 03 75420 174419 453405

free energy yg; (mMJ/m?2)
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Equation 3-1. The PMPC-grafted substrates exhibited exceptionally low ys. values 0.3
mJ/m?, while ys. values of FCP-1-, FCP-2- and PTDFOMA-grafted surfaces were
calculated to be 7.5, 17.4, and 45.3 mJ/m?, respectively. The lower ys. of PMPC-, FCP-
1-, and FCP-2-modified surfaces hindered spreading of TFT in water (TFT/water
interfacial energy = 33.8 mJ/m?), resulting in high contact angles, while the PTDFOMA-
modified surface showed the expected wettability when probed with TFT.

The wetting behavior described to this point suggests that the zwitterionic and
fluorinated components of FCP-1 and FCP-2 are sensitive to their surrounding
environment. Conformational rearrangement of fluorinated polymers has been discussed
by Takahara on thin films of poly(fluoroalkyl acrylate)s, which may reorient to present
carbonyl groups to the water interface.?>?® In addition, Wooley reported PEG-containing
hyperbranched fluoropolymers, where the PEG and fluorinated domains reorganized in
response to the surrounding liquid, giving nanoscale complexity and non-fouling
properties.?”?° In our work, the fluorinated groups of FCP-1 and FCP-2 must strongly
prefer the air interface, in accord with the apolar and self-associating nature of
fluorocarbons. However, when immersed in water, the strong hydrophilicity of the
zwitterionic groups induces their segregation to the polymer-water interface, imparting a
significant degree of hydrophilicity (fluorophobicity) to substrates modified with FCP-1
and FCP-2.

Our findings are further supported by dynamic water contact angle measurements,
in which large contact angle hysteresis values were observed for FCP-1 (~60<) and FCP-
2 (~909-grafted surfaces (Table 3-1). In these measurements, increasing the volume of

water in the advancing measurement led to repulsion of the droplet (and correspondingly
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high contact angle) by fluorinated groups at the polymer-air interface (Figure 3-4a). The
advancing angles were sensitive to fluorine content, with FCP-1 (79°) < FCP-2 (115°) <
PTDFOMA (125°). The low receding angles of FCP-1 (17°) and FCP-2 (25°) are due to
the preference of the zwitterionic units for the water-polymer interface (Figure 3-4b),
which are absent in PTDFOMA (receding angle ~77°). When the substrates were oriented
vertically, the drop resisted sliding off of the FCP-2 surface, but traversed the PTDFOMA
surface quickly. Such hydrophobic surfaces that retain water (i.e., exhibit large contact
angle hysteresisvalues) mimic the surface wettability of rose petals and are interesting for
studies in water transport. Surfaces with such property are typically obtained by
manipulation of surface topology,®® but here are achieved using the advantageous

chemical structures of FCPs in comblnatlon Wlth surface grafting technlques

(a) Advancmg
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Figure 3-5. Schematic illustration FCP reorganization: (a) advancing

and (b) receding contact angle measurements.
3.4 Protein resistance evaluation by SPR measurement

To examine protein adsorption on these polymer-modified substrates, SPR was
employed (using the Biacore T200 system). These experiments are useful for assessing
the change in the angle of minimum reflectivity (SPR angle) as a function of refractive
index as it is altered upon analyte (i.e., protein) adherence or dissociation (Figure 3-
5a).31-% Based on literature precedent, -8 our experimental design equated one response

unit change (ARU) with 0.1 ng/cm? protein. These experiments were performed by first
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applying the protein solution (1 mg/mL) to the surfaces at a flow rate of 20 pL/min for
300 seconds, then rinsing the surfaces with PBS buffer for 300 seconds at 20 pi/min to
remove any loosely adsorbed protein. As seen in Figure 3-5b, all of the polymer-grafted
surfaces substantially reduced BSA adsorption relative to bare Au, giving ng/cm? values
of 228.1 (bare gold), 56.2 (PFTDFOMA), 36.8 (PMPC), 17.6 (FCP-2), and 9.5 (FCP-1);
after rinsing with PBS, these values were reduced to 204.2, 42.6, 17.9, 3.6 and 0.6 ng/cm?,
respectively. FCP-1 and FCP-2 exhibited particularly impressive adsorption resistance
and foulant release against BSA, with >75% reduction in BSA content after rinsing. In
the lysozyme adsorption study, bare gold, PMPC-, FCP-1-, FCP-2- and PTDFOMA-
modified surfaces had adsorption values of 152.3, 54.4, 51.3, 27.5, and 16.9 ng/cm?,
respectively, upon applying lysozyme solution; these values declined to 123.3, 36.9, 37.4,
13.6 and 10.6 ng/cm? after rinsing (Figure 3-5c). Notably, inclusion of the perfluorohexyl
structure in FCP-2 effectively reduced lysozyme adhesion in comparison to PMPC, and
53% of the adsorbed lysozyme was removed after rinsing the FCP-2-modified surfaces,
resulting in similar adsorption level as PTDFOMA-modified surface. In general, the
combination of fluorinated and zwitterionic structures improved the antifouling

properties of each structure, seen as reduced protein adhesion and enhanced foulant

BSA C) Lysozyme
'_M(_a) (b)  1mgmL PBS wash © 1 mgimL PBS wash
st 250 160 1 l
e = 8 200 S
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Figure 3-6. (a) Schematic illustration of SPR measurements; (b) BSA and (c) lysozyme
adsorption on grafted substrates measured by SPR.
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In summary, this Chapter has described the impact of grafting surfaces with
fluorinated polymer zwitterions and specifically their unique wettability and anti-fouling
attributes relative to conventional polymer zwitterions and polymeric fluorocarbons. The
fluorinated zwitterionic polymers, FCP-1 and FCP-2, exhibited hydrophobicity in air and
fluorophobicity in water, as well as notably high contact angle hysteresis values. These
dynamic wetting behaviors suggest a dynamic reorganization of fluorinated and
zwitterionic units in response to the contacting fluid environment. Remarkably, FCP-1-
and FCP-2-grafted surfaces afforded comparable or greater protein resistance than the

PMPC- and PTDFOMA- modified surfaces against BSA and lysozyme.

*Measurement and analysis of thickness and contact angle were performed by Dr. Zhefei
Yang in the Emrick Group. XPS measurement and analysis of the modified surfaces was

performed by James Nicolas Pagaduan in the Emrick Group.
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CHAPTER 4
IMPACT OF FLUORINATED POLYMER ZWITTERIONS
ON DNA PACKAGING: COLLOIDAL STABILITY AND BINDING

STRENGTH

4.1 Introduction

Nucleic acids, such as DNA, mRNA and siRNA, have emerged as important
therapeutics for diseases that cannot be treated effectively with conventional small
molecule or protein drugs.! Developing safe and efficient delivery vectors is crucial for
the ultimate success of nucleic acid-based therapy, and a wide array of carriers—
including viral, lipid, and polymeric—have been examined for their biocompatibility and
efficiency in delivering nucleic acids in vitro and in vivo.>* Polymeric vectors have
attracted considerable interest among researchers and clinicians owing to their advantages
of relatively low immunogenicity, capacity to load large nucleic acids, and long shelf-
life, relative to viral and lipid vectors.>” Importantly, the versatile functionalities that
polymers can accommodate provide a powerful pathway to tune their properties and
construct delivery systems with attractive characteristics, such as targeted/responsive
delivery, degradability, and imageability.-°

Cationic polymers bind with nucleic acids through electrostatic interactions to
form “polyplexes”. Properties of the polyplex particles, including size, zeta potential and
binding affinity, greatly influence cellular internalization, intracellular trafficking, and
cargo unpacking, and thus play a key role in the therapeutic outcome.l* Polyplex
diameters typically ranges from sub-100 nm to several microns, and polyplexes usually

exhibit larger size in salt- or serum-containing cell culture media due to aggregation.**?-
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15 Generally, particles smaller than 200 nm are desired for their extended in vivo
circulation time and uptake,'® and to be effective these particles should be colloidally
stable in aqueous media so as to avoid unwanted aggregation or precipitation. Extensive
research has shown that polyplexes with colloidal stability may achieve efficient
transfection,!’2° while several studies also indicated that polyplexes of larger size
afforded higher transfection compared to the smaller ones (in the nano to micron range),
attributed to better contact with cells due to the settling of larger particles.'**® In addition
to polyplex size, studies by Han, et al. and others showed that optimal binding affinity
for nucleic acids with polymers balanced cargo protection and release, and was important
for achieving high transfection efficiency.?!??

Recent research activities have employed various chemical designs to achieve
control over the complexation and self-assembly of polyplexes. Remarkably, the
inclusion of hydrophobic, hydrophilic, and even fluorinated groups, improves the
colloidal stability of polyplexes and tailors the binding strength between polymers and
the nucleic acids, affording considerable enhancement of both safety and delivery
efficiency.>?> Moreover, utilization of complex polymer architectures, such as comb,
bottlebrush, and multiblock structures, has generated impressive transfection
improvement, relative to conventional linear polymers.#?3% In addition to chemically
optimizing the polymer structures to enhance gene delivery, introducing additives such
as PEG and pluronics to delivery systems also improves transfection,?”?® though more
detailed investigation is required to understand the impact of such additives on polyplex

properties and activities.
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The Emrick group previously reported a series of oligopeptide-grafted polyolefins
as efficient DNA carriers.’%?2° The poly(cyclooctenes), grafted with reverse nuclear
localization sequence (rNLS), specifically VKRKKKP, achieved transfection
performance exceeding benchmark commercial reagents including PEI and
lipofectamine, while maintaining >80% cell viability.?® Inspired by the recent
achievements of fluoropolymers in gene delivery, this thesis work examined the inclusion
of fluorinated units into the rNLS polymers, which were then used to complex DNA. We
found that adding fluorinated polymer zwitterions greatly improve the polyplex colloidal
stability and reduced binding strength (Figure 4-1), likely due to interactions between the
fluorinated groups. Addition of fluorinated polymer zwitterions greatly increased the
colloidal stability of the polyplexes in cell culture media, while polyplex binding strength
was tuned by the concentration of fluorinated polymer zwitterions and the structure of the
cationic polymer itself. Moreover, fluorinated polymer zwitterions were utilized as
surfactants in the preparation of perfluorooctyl bromide (PFOB) nanoemulsions,
enhancing the potential of the delivery system in scenarios where both imaging ability

and therapeutic delivery are desired.

Fluorinated choline
phosphate (FCP)

Peptide grafted fluorinated comb
polymers (rNLSn yF), cationic

5 4 W rNLSn-yF
o o VKRKKKP NHCH,(CF,), CF3 : /

Water / DMEM / FBS

S g . rNLSn-yF
—=N— a1 :

2 0mp-0° pDRIVES-GFP , : +ECP

6 plasmid DNA (3.6kb, . —

o 192 :
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(CF,)sCF;

Figure 4-1.Packaging DNA with cationic poly(cyclooctenes) and FCPs.
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4.2 Polymer Synthesis

Cyclooctene monomers (V-Fn, n=2, 3, 4, 5) with different lengths of fluorocarbon
groups (-CH2(CF2)nCF3) were prepared by carbodiimide coupling using (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) as the coupling agent (Figure 4-2). 5-

VK(Boc)R(Pbf)K(Boc)K(Boc)K(Boc)P-1-cyclooctene (rNLS-COE) was prepared as

]

19F NMR 1H NMR
OH + NH,CH,(CF,);,CF;
lEDC, DMAP

CH,Cl,

d (o}

c
l H b ¢ “NHCH,(CF;)sCF;
a f I

h g V-F3

-60 -0 -n?L 90 'M(::':) 130 c-h
Ib
i J m
l _J l JA A
7 6 5 4 3 2 1

Chemical Shift (ppm)
Figure 4-2. Synthesis and *H and °F (inset) NMR spectra of fluorinated cycooctene
monomer V-F3 in CDCls.

previously reported.'® The rNLS-COE monomer was copolymerized with the fluorinated

cyclooctene monomer, by ring-opening metathesis polymerization (ROMP) using the 3-
bromopyridine-substituted Grubbs Generation 111 catalyst,'® giving typical monomer
conversion of over 85%, as calculated from *H NMR of aliquots removed from the
reaction mixture. The polymers were isolated by precipitation in diethyl ether and
deprotected using trifluoroacetic acid, followed by removal of monomers and catalyst by
dialysis. The polymers were obtained as white solids in 55-60% yield after lyophilization.

Four groups of copolymers, rNLSII, rNLSIII, rNLSIV, and rNLSV, containing
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Figure 4-3. (a) Synthesis of polycyclooctene copolymers by ROMP; (b) *H NMR
spectrum of rNLSII in CD30D; (c) GPC elution of rNLSV with TFE as mobile phase.

pendent fluorocarbon groups of various lengths and different incorporation percentage of
the fluorocarbons, were prepared (Figure 4-3a). The actual incorporation of the
fluorocarbon-substituted cycloctene monomers correlated closely with the targeted ratios,
yielding polymers with 12-48 mol% incorporation of fluorinated groups, calculated from
the 'H NMR spectra of the polymers by comparing integration of -CHz(CF2)nCFs
resonances at 3.80-4.36 ppm and -CH(CHzs). resonance at 0.86 ppm (Figure 4-3b).
Polymer molecular weight was estimated to be ~50-65 kDa, with polydispersity of 1.4-
1.7 (Table 4-1), using gel permeation chromatography (GPC) with TFE (containing 20

mM sodium trifluoroacetate) as eluent. The fluorinated choline phosphate polymer (FCP)

Table 4-1. Characterization data of rNLSII-rNLSV.

Fluorinated unit mol%

Polymers Target MR M,, gpc/kDa* b
rNLSII-14F 10 14 59.8 1.40
rNLSIII-14F 10 14 57.0 1.52
rNLSIV-12F 10 12 59.6 1.43
rNLSV-16F 10 16 64.6 1.38
rNLSV-25F 20 25 59.9 1.38
rNLSV-35F 30 36 53.5 151
rNLSV-48F 40 48 54.5 1.52
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used in this Chapter contained ~50 mol% incorporation of MPC and ~50 mol% of PFH-
MCP, and was synthesized and characterized as described in Chapter 2. This series of
polycyclooctenes combined with FCP provided a platform to study the effects of
fluorocarbon length, incorporation of fluorocarbon and amount of FCP on key polyplex

properties of colloidal stability and DNA binding affinity.

4.3 Polyplex formation and size

To achieve high transfection in in vivo or in vitro experiments, polyplexes must
maintain their stability in biological environments. This section describes polyplexe
stability in the DMEM solution, as well as in the presence of serum. Polyplexes of
rNLSI-rNLSV and DNA with N/P =5 were prepared by mixing the polymer solution
with and the plasmid (pDRIVE5-GFP plasmid DNA, 3.6 kb) solution by vortexing, then
measuring their size by dynamic light scattering (DLS). Polyplex diameter formed in
water was ~70-100 nm and remained nearly constant within 24 hours, while the
polyplexes prepared in DMEM media had initial diameter greater than 300 nm and

increased to >700 nm within an hour under room temperature. Efficient binding of DNA

vi vii viiiix x xi xii

(a) il il v v

m0.5hr
2 hr

m4 hr

) rNLSII-14F rNLSIII-14F rNLSIV-12F rNLSV-16F rNLSV-36F
Figure 4-4. (a) Gel electrophoresis of polyplexes at N/P =5 formed with (i) rNLSII-14F,
(if) rNLSIII-14F, (iii) rNLSIV-12F, (iv) rNLSV-16F and (v) rNLSV-36F, (vi)-(x) are
formed in the presence of FCP for rNLSII-14F, rNLSIII-14F, rNLSIV-12F, rNLSV-16F
and rNLSV-36F respectively; (b) hydrodynamic diameter of polyplexes prepared with
rNLSII-rNLSV in the presence of FCP at different times.
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by the polymer was confirmed by the absence of DNA band in gel electrophoresis (Figure
4-4a). To investigate the impact of FCP on the stability of the polyplexes against salt and
serum, FCP was added to solutions of rNLSII-rNLSV, which were then mixed with the
plasmid solution, to give a polyplex solution (DNA 10 pg/mL) with N/P =5 and 0.125
mg/mL FCP. Successful polyplex formation in the presence of FCP was confirmed by
gel electrophoresis. The presence of FCP did not influence the size of the polyplexes
formed in water, again ~70-100 nm, which proved stable for 24 hours at room
temperature. However, FCP had a significant impact on polyplex stability in DMEM,
with some dependence on the fluorocarbon chain length (Figure 4-4b). For example,
polyplex diameter prepared from rNLSII-14F/FCP formulation increased from ~280 nm
to ~600 nm within two hours. Polyplexes prepared from rNLSIII-14F, rNLSIV-12F,

rNLSV-16F and rNLSV-36F in the presence of FCP, showed initial size of ~130-190 nm.

(a) 12 1 rNLSV-16F, FCP (0.11 mg/mL) (b) 12 - rNLSV-25F, FCP (0.11 mg/mL)
0
9 9 | 0
N ——1.5hr o
= ——4 hr %\ ——1.5hr
6 - ——FBSonly = 6 ——4 hr
< c
s ©
c =
3 - 34
0 B O T 1
1 10 100 1000 10000 1 100 10000
Size (d.nm) Size (d.nm)
(c)12 - rNLSV-36F, FCP (0.1 mg/mL)  (d) 450 -
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Figure 4-5. DLS intensity plot of polyplexes made with (a) rNLSV-16F, (b) rNLSV-
25F, and (c) rNLSV-36F in the presence of FCP; (d) hydrodynamic diameter of
polyplexes prepared with rNLSVs and FCP in 10% FBS DMEM.
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In addition, rNLSIV-12F, rNLSV-16F and rNLSV-36F resulted in more stable
polyplexes, with the size maintained smaller than 210 nm after four hours, while
polyplexes made from rNLSIII-14F/FCP increased to 325 nm after four hours. The
stability of the polyplexes formed with rNLSVs in the presence of FCP was further tested
in DMEM solution containing 10% fetal bovine serum (FBS). As shown in Figure 4-5
(a-c), DLS exhibited two size distributions: one at ~10 nm from the FBS; and the other
at ~300 nm from the polyplexes. Addition of FBS caused the formation of larger
polyplexes of ~200-250 nm, and the polyplexes remained stable over 4 hours, as indicated
by a minimal change of their size (Figure 4-5d). Overall, at similar fluorocarbon content
(~12-16 mol%), the cationic polycyclooctenes containing longer fluorocarbons (rNLSIV
and rNLSV) afforded more stable polyplexes. When replacing FCP with PMPC or using
rNLS polymers without fluorinated groups, this improved polyplex stability was not
observed. Therefore, the ability of FCP to improve the stability of the polyplexes is
attributed to the fluorine-fluorine interactions between FCP and the polyplexes.

The effect of FCP on polyplex zeta potential was examined at N/P = 5 with
rNLSV-25F. As shown in Figure 4-6, N/P 5 polyplexes formed with only rNLSV-25F

presented a zeta potential value of ~23 =4 mV, while the presence of FCP partially

—e—rNLSV-25F
—e—rNLSV-25F/FCP

-100 -50 0 50 100
Zeta Potential/mV
Figure 4-6. Zeta potential distribution of N/P 5 polyplexes
formed with rNLSV-25F or rNLSV-25F/FCP in 10 mM NacCl.
(DNA 20 pg/mL, FCP 0.125 mg/mL).
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screened the cationic charges, reducing in zeta potential to ~17 =3 mV. This reduction
of zeta potential may help alleviate cytotoxicity associate with cationic charges thus

improving the safety of the delivery system.

4.4 Polyplex binding strength

The binding strength of polyplexes determines their ability to release
polynucleotide cargo and thus is a key factor in successful transfection. This section
examines the effects of FCP, and the structure of the poly(cyclooctenes), on binding
affinity to DNA. Binding strength was evaluated using fluorescence assays: interaction
of DNA with Picogreen (PG) produces enhanced fluorescence. The complexation of
polymer with DNA excludes the dye from binding with DNA and causes fluorescence
reduction. Addition of heparin, an anionic polyelectrolyte, which competes with DNA to
bind to the polymers with DNA, results in DNA release from the polyplexes and
fluorescence enhancement (Figure 4-7a). Thus, greater fluorescence intensity upon the
addition of heparin indicates a weaker binding affinity for DNA. As shown in Figure 4-
7b, FCP does not affect polyplex binding for polycyclooctenes with shorter fluorocarbons
(rNLSIHI-rNLSIV), while for polyplexes formed with rNLSV-16F and rNLSV-36F,
presence of FCP resulted in increase of fluorescence after incubation with heparin.
Moreover, rNLS polymer (without fluorocarbon) and rNLSV containing 16, 26, 36 and
48 mol% fluorocarbon was mixed with FCP and used to prepare polyplexes, to examine
the impact of fluorocarbon incorporation on binding strength (Figure 4-7c¢). FCP caused
fluorescence enhancement (i.e., reduced binding strength) for polymers with higher
fluorocarbon incorporation. The relative fluorescence values after heparin incubation for

rNLS, rNLSV-16F, rNLSV-26F, rNLSV-36F and rNLSV-48F were 0.12, 0.19, 0.29, 0.4
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and 0.43, respectively, and the difference in binding strength between rNLSV-36F and
rNLSV-48F polyplexes was notably small. In addition, we found that for rNLSV-
25F/FCP and rNLSV-36F/FCP polyplex formulations, the binding strength was sensitive
to FCP concentration (Figure 4-7d). Increasing FCP concentration from 0.037 mg/mL to
0.11 mg/mL resulted in weaker binding, while further increasing the FCP concentration
to 0.37 mg/mL showed no significant impact on binding. To summarize, inclusion of FCP
in the polyplex solutions reduced the binding strength for rNLSV polymers, and this
reduction was modulated by fluorocarbon incorporation percentage and the FCP amount

in the polyplex formulation.
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Figure 4-7. (a) Schematic of binding strength evaluation with Picogreen assay; impact of
(b) adding FCP, (c) fluorocarbon incorporation percentage of rNLS polymers and (d)
concentration of FCP on polyplex binding strength.
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4.5 Polyplex nanoemulsion preparation and stability

Inclusion of FCP in the polyplex formulation significantly stabilized the
polyplexes in the presence of salt and serum, and this formulation was further utilized to
prepare PFOB nanoemulsions. Perfluorocarbon emulsions are used today in ultrasound
imaging, '°F magnetic resonance imaging, and therapeutic delivery. As described in
Chapter 2, polymers with fluorinated choline phosphate groups exhibited an outstanding
ability to reduce the interfacial tension of the perfluorohexane/water interface and
stabilize perfluorohexane nanoemulsions. In this section, PFOB nanoemulsions were
prepared by sonicating mixtures of PFOB with solution of rNLSV-36F and FCP. The
nanoemulsions were then mixed with the DNA solution to yield a polyplex nanoemulsion.
As shown in Figure 4-8, the initial size of the PFOB nanoemulsion was ~200 nm and
remained stable over 120 hours, at both 7 °C and 37 °C. When mixing with DNA and
forming N/P = 5 polyplex nanoemulsions, the system was relatively stable at 7 °C, and
diameter increased from ~200 nm to ~300 nm over 120 hours. However, the polyplex

nanoemulsion coalescenced at 37 °C, with gradual increase of diameter from ~200 nm to

PFOB nanoemulsion stability
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Figure 4-8. Hydrodynamic diameter of PFOB nanoemulsion over time.
N/P 5 contains rNLSV-30F 10 ug/ml, FCP 250 ug/ml, PFOB 0.5 ul/ml,
DNA 2 ug/ml, in DMEM media; no DNA formulation contains rNLSV-
30F 10 ug/ml, FCP 250 ug/ml, PFOB 0.5 ul/ml, in DMEM media.
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~600 nm over a 64-hour period. In general, the FCP/rNLSV-36F produced polyplex
PFOB nanoemulsion with considerable stability and holds promise for therapeutic
applications in vivo and in vitro.

To summarize, this Chapter described the synthesis of a new series of
polycyclooctenes containing rNLS targeting peptides and fluorocarbon side chains.
Remarkably, the combination of the fluorinated polymer zwitterion, FCP, and the
fluorinated polycyclooctenes offered a platform to encapsulate DNA and form colloidally
stable polyplexes under biologically relevant conditions. Moreover, the binding affinity
for DNA was tuned by the structure of the polycyclooctenes and concentration of FCP.
The presence of FCP in the polyplex formulation also contributed the added feature of
stabilizing PFOB nanoemulsion, an important precursor to a successful gene delivery

system.
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CHAPTER 5
INSTALLING STRAIN-STIFFENING PROPERTIES INTO HYDROGELS VIA

DYNAMIC SECONDARY CROSSLINKING

5.1 Introduction

Hydrogels are crosslinked three-dimensional polymer networks capable of
retaining large amounts of water within their structures. These soft materials are suitable
for numerous applications in biology and biomedical engineering, ranging from tissue
engineering to cell culture platforms, owing to their mechanical tunability and water-rich
structure.’~® Hydrogel modulus values can be tuned across a wide range by manipulating
crosslinking density and polymer backbone chemistry.* However, realizing the full
potential of hydrogels is generally constrained by a lack of access to post-synthetic
modification of chemical and physico-mechanical properties. In addition, when subjected
to constant deformations, conventional hydrogels lose structural integrity over time and
ultimately fail.®> In contrast, biological materials, such as collagen and fibrin, are force-
responsive and show strain-stiffening behavior (i.e., increasing stiffness when strained)
which allows tissues to adapt to external forces and minimize associated force-induced
damage.®® Incorporating such properties into synthetic hydrogels would enhance their
performance as they adapt to settings that involve dynamic stiffening.

Recent advances towards smart, dynamic hydrogels that alter their modulus
effectively utilize external stimuli such as light, heat, pH, and enzymatic reactions.'% 3
However, there is an ongoing need to significantly expand the range of chemistries and
conditions by which such dynamic systems can be achieved. As an alternative,

mechanical force has been recognized as a useful tool to impart stimuli-responsiveness
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to hydrogels.**® For example, strain-stiffening hydrogels have been achieved using
polymers containing a semi-flexible backbone, whereby a mechanical load triggers
polymer extension and packing, producing a “transient stiffening”. These deformation-
induced effects are reversible and the system reverts to its original state when strain is
removed.'®2° Another strategy to design mechano-sensitive materials is to insert
mechanophores into polymers, which transform applied mechanical forces to chemical
reactions.?*2® However, the forces required to activate these mechanochemical processes
may be deleterious to materials properties due to chain scission reactions.?* Hence, there
is an opportunity to design polymers that will respond to milder forces, in a permanent
and/or transient manner, and thereby overcome limitations of existing approaches.
Recently, Peyton and coworkers reported a novel approach to impart mechano-
responsive stiffening properties to synthetic organogels, using polymers containing
sterically hindered crosslinking sites, i.e., “cryptic gels”.?> Building on this concept for
hydrophilic gels, this chapter describes sulfobetaine-based polymer zwitterions as
“single-component” systems, in which the required crosslinking functionality—
specifically 1,2-dithiolanes and allyl groups—are present as pendent groups on the same
backbone (i.e., single-component systems). The strained cyclic disulfides of 1,2-
ditholanes give them greater reactivity in thiol-disulfide exchange relative to
conventional systems?®?” and opens opportunities to prepare dynamic, self-healing
structures.?®? Moreover, the polar hydrophilic nature of polymer zwitterions allows for
embedding high concentrations of reactive allyl groups while maintaining aqueous
solubility. As illustrated in Figure 5-1 for these single-component systems, crosslinking

via thiol-ene reactions and disulfide formation together contribute to hydrogel mechanics,
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in which thiol-ene “click” reactions (giving C-S bonds) define the primary network and
stiffening is facilitated by interchain disulfide (S-S bond) formation. Such functional
hydrogels are anticipated to be useful for next-generation applications that require

mechano-responsive, dynamic strengthening with precise control over gel modulus.

@ ®) e

Figure 5-1. (a). Chemical structure of multifunctional polymer zwitterion that comprise
(b). the force-responsive dynamic hydrogel network; (c). the dynamic network could
switch from soft to stiff mechanical states through mechanical conditioning.

5.2 Synthesis of crosslinkable polymer precursors

The allyl-functionalized sulfobetaine methacrylate (allyl-SBMA) and dithiolane-
containing methacrylate (HEMA-LA) monomers were prepared and characterized as
reported previously.?®3° Copolymerization of allyl-SBMA, HEMA-LA and [2-
(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide (SBMA) was
performed using reversible addition-fragmentation  chain-transfer (RAFT)
polymerization in trifluoroethanol (TFE) at 70 °C with 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPPA) serving as the chain-transfer agent
(CTA) and 4,4’-azobis(4-cyanovaleric acid) (ACVA) as initiator (Figure 5-2a).
Monomer conversion exceeded 70% in ~8 hours, yielding multigram quantities of
copolymer samples, labeled P1 in Figure 5-2a, in 60-70% isolated yields as pink solids

after isolation. Successful incorporation of the allyl and dithiolane groups into the
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copolymers was confirmed by *H and *C NMR spectroscopy (Figure 5-2(b-d)), while
polymer molecular weight was estimated by gel permeation chromatography (GPC),
eluting in TFE (Figure 5-2e). Copolymers PIA-PIC were synthesized with varying mole
percent of allyl-SBMA to investigate the impact of allyl incorporations on hydrogel
mechanics. Holding HEMA-LA at 22-24 mole percent, allyl-SBMA mole percent values
of 12 (P1-A), 26 (P1-B), and 31 (P1-C) were employed, and confirmed in the products by

integration of *H NMR spectral resonances at 5.70, 2.56-3.25, and 0.47-2.44 ppm (Figure
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Figure 5-2. (a) Synthesis of functionalized polymer zwitterions Pl with RAFT
polymerization; (b) *H NMR of Pl in TFE-d3; (c), (d) **C NMR of PI in D20; () GPC
elution of PIA-C with TFE as mobile phase.
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5-2a). The monomer ratios incorporated into the polymer structures correlated closely
with the feed ratios employed (Table 5-1). The polydispersity index (PDI) (i.e., Mw/Mn)
values of the polymers broadened with allyl-SBMA content, likely due to involvement of
pendent alkenes in the propagation mechanism, which becomes increasingly likely at

higher alkene content.*03!

Table 5-1. Summary of polymer samples and molecular weight data.

Polymers Alkene:LA:SB (mol%)?2 (kgl;)b PDIb
A 12:23:65 212 |1.39

Pl B 26:22:52 246 |1.97
c 31:24:45 24.7 |2.08

PIl 28:0:72 27.0 |1.63

PIll 0:25:75 16.6 | 1.09

aCalculated from *H NMR signal integration. "Obtained by GPC analysis
usina trifluoroethanol as eluent (with 0.02 M sodium trifluoroacetate).

For comparative analysis, zwitterionic copolymers containing only pendent
alkene (PI1) or dithiolane moieties (PI11) were also prepared. The alkene incorporation
of P11 was calculated to be 28 mol %, judging from *H NMR integration (in 0.2 M NacCl
D20 solution) of the allyl resonance (CH=CH,) at 5.97 ppm and the methylene

(C(O)OCH2CH2N) resonance at 4.56 ppm (Figure 5-3a). The *H NMR spectrum of PII|
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Figure 5-3. *H NMR spectra of (a) P1l in D20 and (b) PIll in TFE-d3.
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shows 25 mol% inclusion of HEMA-LA from integration of resonances at 3.87-4.56 ppm

and 0.58-2.35 ppm (Figure 5-3b).

5.3 Hydrogel preparation

Hydrogels prepared from the PI1 series by thiol-ene reactions utilized 33 wt%
polymer solutions in 0.2 M NaClg), employing 5 wt % tris(2-carboxyethyl) phosphine
hydrochloride (TCEP-HCI) (to reduce disulfides to thiols) under UV-irradiation with
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as initiator. As shown in
Figure 5-4a, colorless, transparent hydrogels were prepared in cylindrical molds (5 mm
diameter and 5 mm height), then washed with 0.2 M NaClg) and finally immersed and
swelled in the same aqueous environment.

Hydrogels from PIA-PIC were subjected to compressive rheology experiments
to evaluate elastic modulus, using a rate of 20 pm/s . All of the formulations gave robust
hydrogel materials, with the measured elastic modulus observed to be commensurate with
the extent of alkene functionality that set the network structure (Figure 5-4b).

Specifically, PI-A hydrogels possessed an elastic modulus of 45 +2.6 kPa, while PI1-B
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Figure 5-4. (a) Photographs showing (i) the sol-gel transition from polymer solution to
hydrogel network and (ii) hydrogels synthesized in a cylindrical mold for cyclic
compression experiments; (b) The elastic modulus of the as-synthesized hydrogels before
and after chemical reduction.



and PI-C were significantly stronger due to their higher alkene incorporations, with
measured values of ~209 +10 kPa and ~350 +25 kPa, respectively. Estimations of mesh
size3*3 of these hydrogel network also showed a dependence on the extent of allyl
functionalities in the polymer employed. For hydrogels PI-A, P1-B, and PI1-C, mesh sizes
were each estimated to be ~1.7, 1.2, and 1.1 nm, which decreased as elastic modulus
increased, suggesting that the primary network is predominantly produced by thiol-ene
crosslinking. Moreover, the hydrogels remained intact, with a slight decrease of elastic
modulus for these hydrogels, when subjected to chemical reduction.

Attempted gelation of P11l in aqueous solution using PEG dithiol (M, ~1 kDa) as
a bifunctional crosslinker was unsuccessful, due to immiscibility of PEG and PII. PIII
was crosslinked using the bifunctional thiol 2,2’-(ethylenedioxy)diethanethiol, resulting
in opaque hydrogels containing only disulfide crosslinks. Notably, these hydrogels
underwent a complete sol-to-gel transition when reduced with TCEP-HCI, while
hydrogels prepared from PI (i.e., containing C-S crosslinks) remained intact. Inclusion
of both the reactive allyl and dithiolane groups on the polymer backbone promoted
gelation of PI in an aqueous environment, and the presence of both sulfide and disulfide
crosslinking units enabled the networks to maintain mechanical integrity even after

disulfide cleavage.

5.4 Strain-stiffening behavior of Pl hydrogels

In evaluating the dynamic nature of the hydrogels, we envisioned the availability
of the thiols to provide a mechanically tunable dynamic secondary network through
disulfide interchain crosslinks. TCEP-HCI was used to reduce the disulfides, by

immersing the hydrogels in the reducing solution for ~12 hrs, which liberates disulfide
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crosslinks and breaks the disulfides of 1,2-dithiolanes.®® After reduction, the hydrogel
was immersed into 0.1 M H2Ozq), resulting in oxidative reformation of disulfides.
Interchain disulfide formation reestablishes crosslinking density and elastic modulus,
while 1,2-dithiolane reformation does not strengthen the network. In the oxidative
environment, the elastic modulus of the hydrogel increased over time (measured at 90-
minute intervals) (Figure 5-5a). The rate at which this crosslinking occurred was
influenced by the initial stiffness of the hydrogel. The weaker hydrogel (P1-A) showed a
minimal increase of elastic modulus (AE ~14 + 0.7 kPa) in 6 h over that of the fully
reduced state. PI-A also had the largest mesh size (1.7 nm), which suggests that most of
the thiols reverted to 1,2-dithiolanes rather than participate in crosslinking. In contrast,
PI-B and PI-C hydrogels, with smaller mesh size, showed much larger increases in AE,
~110 £8 kPa and ~120 £ 12 kPa, respectively, compared to the fully reduced state
(Figure 5-5(b-c)).

In addition to spontaneous stiffening, Pl hydrogels exhibited accelerated
stiffening in response to compressive strain, likely due to the role of interchain disulfide
crosslinking. To study this effect, hydrogels were subjected to continuous cyclic
compression of 20% strain at a rate of 20 pm/s in 0.1 M H202(ag). AE, monitored at 45
min intervals under compression, increased minimally for PI-A hydrogels but
significantly for PI-B and PI-C. Notably, the strain-induced conditions led to much
greater modulus values relative to the unstrained samples. For PI-B, AE increased up to
~430 x5 kPa, or nearly four-fold that of the unstrained system. P1-C, on the other hand,
increased to 475 27 kPa under strain. Interestingly, the initial increase in AE was steeper

for PI-C than PI-B, suggesting that strain-stiffening is indeed mediated by interchain
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disulfide formation, likely due to the smaller mesh size and increased probability of
covalent bond formation in this system.
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Figure 5-5. Change in Young’s modulus AE over time after reduction of the gels with

or without ~ 20 % cyclic compressive forces for (a) HI-A (b) HI-B and (c) HI-C. Next
to each graph is a schematic to represent an envisaged network of strained hydrogels.

The alkene incorporation of the polymers determined the mesh size of the initial
hydrogels, and further altered the rate of change and maximum magnitude of AE in the
strain stiffening process. After gelation via thiol-ene reactopms, two types of free thiols

remained 1,3-thiols that form thiolane rings® and those that are positioned gamma to C-
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S sulfide units. The higher alkene incorporation in PI-B and PI-C led to a larger number
of the latter type of thiols, whereas for PI-A, more 1,3-thiols prone to reverting to
dithiolanes were present. Therefore, the free thiols in PI-B and PI-C are more likely to
form interchain disulfide crosslinks than for PI-A. In addition, the smaller mesh size due
to the initial higher crosslink density of PI-B and PI-C increased the probability of
interchain disulfide formation. Overall, the thiols that are amenable to interchain
crosslinking and smaller mesh size collectively contribute to the observed faster and
larger increase of E values for PI-B and PI-C hydrogels under compressive strain.
Overall, in this chapter, novel functional zwitterionic polymers containing both
1,2-dithiolanes and alkene moieties were used to prepare hydrogels with dynamic
networks responsive to redox conditions and mechanical force. In our polymer design,
utilization of hydrophilic allyl-functionalized SBMA contributes aqueous solubility even
when extents amounts of allyl groups are present. This unique, bifunctional design
imparts gel-formation capability into the polymer structure without need for an external
crosslinker. By appropriately tuning the reaction conditions, two types of crosslinking
processes (permanent or dynamic) occur. The combination of permanent and dynamic
crosslinks gives rise to the strain-stiffening features observed, for example, in the
extracellular matrix of animal tissue. Under static conditions, the crosslinks associated
with the permanent network (C-S bonds) define the mechanical state of the initial network
and inhibit additional interchain (S-S) crosslinking. However, under cyclic strain,
enhanced rates of disulfide crosslinking produce markedly greater stiffening of the

network. Importantly, the rate of stiffening is not proportional to the availability of the
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10.

free thiols but rather to mesh size of the primary network as defined by the permanent
crosslinks.

The work in this chapter represents a collaboration with Dr. K. P. Sonu and
Professor Shelly Peyton of the Chemical Engineering Department at UMASS Amherst.
The mechanical properties of the hydrogels described in Sections 5.3 and 5.4 were

characterized and analyzed by K. P. Sonu.
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CHAPTER 6

EXPERIMENTAL SECTION

6.1 Materials

Acetonitrile (ACN) (anhydrous, 99.8%), 4,4"-azobis(4-cyanovaleric acid) (98%, ACVA),
4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPPA) (>97%), 2-
(dimethylamino)ethyl methacrylate (DMAEMA) (98%), 2-methacryloyloxyethyl
phosphorylcholine (MPC), trimethylamine (TEA), 11-Mercapto-1-undecanol (97%),
bromine (>99.99%), a-bromoisobutyryl bromide (98%), CuBr (99.999%), 2,2'-bipyridyl
(bpy, >99%), 4,4'-dinonyl-2,2'-dipyridyl (dNbpy, 97%), ethyl a-bromoisobutyrate
(EBIiB, 98%), a, a, a-trifluorotoluene (anhydrous, >99%), monopotassium phosphate,
bovine serum albumin (BSA, >98), lysozyme [2-(Methacryloyloxy)ethyl]dimethyl-(3-
sulfopropyl)ammonium hydroxide (95%, SBMA), allyl bromide (99%), and n-
butyllithium (2.5 M in hexanes), lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(>95%, LAP) 1,5-cyclooctadiene (99 %), hydrobromic acid (33 weight % in acetic acid),
3-bromopyridine (99%), ethyl vinyl ether (99%), 2nd generation Grubbs catalyst ((1,3-
bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene)
dichloro(phenylmethylene)(tricyclohexylphosphine)  ruthenium), triisopropylsilane
(TIPS, 99%), and 1,3-propanesultone (31, 98 %), heparin (ammonium salt from porcine
intestinal mucosa), fetal bovine serum (FBS), and gold coated silicon wafers (99.999%
(Au), layer thickness 1000 A, 99.99% (Ti, adhesion layer)) and 3 A molecular sieves
were purchased from Sigma Aldrich. Diethyl ether (anhydrous), sodium chloride,
potassium chloride, disodium phosphate, methanol, acetone, glacial acetic acid (ACS

certified), hydrochloric acid (certified ACS plus), dialysis tubing (Spectra/Por®,
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regenerated cellulose membranes with a molecular weight cut-off of 6000-8000 g/mol),
and 15 mL Millipore Ultra-15 Centrifugal Filter Unit Ultrafiltration Centrifugal Tube
(MWCO 3000 or 10000) were purchased from Fisher Scientific. Fmoc-Val-OH (> 98%),
Fmoc-Lys(Boc)-OH (> 98%), Fmoc-Arg(Pbf)-OH (> 98%), Fmoc-Pro-OH (> 98%), 1-
hydroxybenzotriazole (HOBt, >98%) hydrate, O-(benzotriazol-1-yl)-N,N,N’,N’-tetra-
methyluronium hexafluorophosphate (HBTU, > 98%), piperidine (> 99%),
diisopropylethylamine (DIPEA, > 99%), trifluoroacetic acid (TFA, > 99%) and 2-
chlorotrityl chloride resin (1.0-1.6 mmol/g, 100-200 mesh) were purchased from
Creosalus. Ethylene chlorophosphate (ECP) was purchased from Alfa Aesar and purified
by Kugelrohr distillation. 1,1,1,3,3,3-Hexafluoro-2-propanol  (HFIP), 2,2,2-
trifluoroethanol (TFE), 1H,1H,2H,2H-perfluoro-1-octanol (PFO), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, > 98.0 %) and
methanol-d4 were purchased from Oakwood Chemical. Chloroform-d and TFE-d3 were
purchased from Cambridge Isotope Laboratories. 4-Methoxyphenol (MEHQ) was
purchased from Acros Organics. 1H,1H,2H,2H-Tridecafluoro-n-octyl methacrylate
(TDFOMA, stabilized with HQ + MEHQ, >98.0%) and 1H,1H,2H,2H-tridecafluoro-n-
octyl acrylate (TDFOA) was purchased from TCI. Quant-iT™ PicoGreen® (200s assays)
double stranded DNA reagent were purchased from Thermo Fisher Scientific. Plasmid
DNA (pDRIVE5-GFP) was a gift from Dr. Figueiredo Lab at Purdue University. SIA kit
Au from Cytiva was used to prepare chips for surface plasmon resonance study to
characterize protein adsorption. MPC was washed with diethyl ether and dried in vacuo.
Dichloromethane (DCM) and triethylamine (TEA) were dried by reflux and distillation

over calcium hydride before use. Milli-Q water was obtained from Barnstead™
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MicroPure™ Water Purification System and used for contact angle measurements and
protein adsorption experiments. TDFOMA was purified by passing through a basic
alumina plug. 2-{2-(Methacryloyloxy)ethyldimethylammonium}ethyl n-butyl phosphate
(MBP) was synthesized following a published procedure.! Spectra/Por7 dialysis
membranes (3.5 kDa MWCO, pretreated RC tubing) were purchased from VWR. Frozen
HEK293 and MDA-MB-231 cells were purchased from ATCC. The cells were placed in
Corning Falcon® 75 cm? tissue culture flasks and grown in Corning™ DMEM with L-
glutamine, 4.5 g/L glucose and sodium pyruvate supplemented with Fisherbrand™
research grade fetal bovine serum and Gibco™ penicillin streptomycin. Cells were grown
in a VWR 2310 incubator at 37 T and 5% CO.. Gibco™ trypsin-EDTA (0.25%) with
phenol red was used to separate cells from tissue culture flasks. Detached cells were
consolidated using an Eppendorf 5804R centrifuge. Cell densities were quantified using
a Cellometer Mini purchased from Nexcelom Bioscience using ThermoFisher trypan blue
solution (0.4%). Cells were placed on flat-bottomed, 96 well cell culture plates purchased
from Chemglass Life Sciences. Cell viabilities were quantified using the Promega
CellTiter-Glo™ Luminescent Cell Viability Assay Kit and luminescence values were
recorded on a BMG Labtech POLARstar OPTIMA plate reader. Polymer solutions
dissolved in growth media were filtered using a sterile Millex-GP 0.22 pm syringe filter

manufactured by Merck Millipore Ltd.

6.2 Instrumentation
NMR spectra were acquired on a Bruker Avance-500 spectrometer (500 MHz for *H, 126
MHz for 13C, 202 MHz for 31P, and 470 MHz for 19F) or a Bruker Avance-400 machine

(400 MHz for 1H, 101 MHz for 13C, 162 MHz for 31P, and 376 MHz for 19F). Gel
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permeation chromatography (GPC) was operated at 40 °C using 20 mM sodium
trifluoroacetate in TFE as eluent at a flow rate of 1 mL/min on an Agilent 1200 series
system equipped with the following: an isocratic pump, an autosampler, Polymer
Standards Service (PSS) PFG guard column (8 x50 mm), three PSS PFG analytical linear
M columns (8 x 300 mm, particle size 7 um), refractive index (RI) detection, and
calibration against PMMA standards. GPC samples were filtered through a 0.45 um PTFE
filter prior to analysis. High resolution mass spectral data were obtained on a Thermo
Orbitrap Fusion mass spectrometer. Dynamic light scattering (DLS) was performed on a
Malvern Zetasizer NanoZS (data represent three replicate measurements). Tensiometry
(DataPhysics OCA 15 plus) was performed in pendant drop mode to measure the
interfacial tension of PFH and the polymer solution (1 mg/mL). Based on the shape of
the drop, the interfacial tension between the liquids was calculated using the Young-
Laplace equation and the software on the instrument. Water contact angle measurements
were performed using the sessile drop method (OCA-15-plus, Dataphysics) or Biolin
Scientific theta attension optical tensiometer. Images of PFH droplets were recorded
using an optical microscope (Olympus CKX 41 equipped with an Olympus EP 50 digital
camera). A G3P-8 spincoater from Specialty Coating System was employed for preparing
polymer-coated Si substrates. J.A. Woollam RC2 spectroscopic ellipsometer was used to
measure polymer coating thickness on the substrate. X-ray Photoelectron Spectroscopy
(XPS) was carried out using a Thermo Scientific™ Nexsa Surface Analysis System with
a monochromatic aluminum Ka X-ray source (1486.6 eV). The flood gun was turned on
during all measurements to prevent charging. All data were collected using a 72-W

focused X-ray beam with a spot size of 400 pm at a base pressure of 5 %10 millibar or
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lower. Survey scans were obtained with a pass energy of 200 eV and a step size of 1 eV.
Narrow scans were obtained with a pass energy of 50 eV and a step size of 0.1 eV. The
elemental compositions were calculated using the Thermo Avantage software package
(v5.9925). Shirley-type smart background subtraction method was applied to the raw
narrow scans. The peaks were deconvoluted using a Lorentzian-Gaussian product
function (L/G mix = 30%) and integrated at their full widths at half maximum for
quantification. Protein adsorption was measured via surface plasmon resonance (SPR)

study with a BIACORE T200 system at 25 °C.

6.3 Methods
F33_
O. ,CI CF, %rOwN
p NEt,, Et,O CF
0”0 +(CFy),CHOH —2=20 %@ \ﬂ)j\ /\/N\/\o X \crp 3

acetonitrile, 70 °C
-1 HFIP-CP

Synthesis of HFIP-MCP. HFIP was dried over 3 A molecular sieves for 90 min.

o°Ctort 07 Yo
/

Anhydrous diethyl ether (110 mL), TEA (6.2 mL, 1.05 equiv.), and HFIP (8.44 g, 1.05
equiv.) were added to a three-neck round bottom flask equipped with a dropping funnel.
A solution of ECP (6.84 g, 1.0 equiv.) in ether (40 mL) was added to the dropping funnel.
The ECP solution was added dropwise to the HFIP solution, cooled in a 0 °C ice bath,
over 45 minutes. Then, the ice bath was removed and the mixture was stirred at room
temperature for 2 hours. The resultant white suspension was filtered through a short
column of dry Celite and solvent was removed by rotary evaporation then on a vacuum
line. Compound I1-1 (i.e., the precursor to HFIP-CP) (11.18 g) was obtained as white
solid in 85% yield. *H NMR (500 MHz, CDCls):  4.60-4.46 (m, 4H), 5.27-5.26 (m, 1H);

19F NMR (470 MHz, CDCl3) & -74.46 (d, 3Jcr = 5.8 Hz); 3P NMR (202 MHz, CDCl3) §
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17.30; 13C NMR (126 MHz, CDCl3)  66.85 (d, 2Jcp = 3.0 Hz), 72.31(m), -CFs signals
observed between 130-110 ppm.

DMAEMA and MEHQ (0.01g of MEHQ per g of DMAEMA) were added to
anhydrous ACN to give a solution of 0.125g/mL DMAEMA in ACN, and the solution
was dried over 3 A molecular sieves for 24 hours. The DMAEMA solution (51 mL, 41
mmol) was added to the flask containing I1-1 (11.2 g, 41 mmol). The mixture was stirred
at 70 °C for 110 hours, then cooled to room temperature. Addition of ether (100 mL) to
the solution caused a white solid precipitate to form. The mixture was stored at -20 °C for
4 hours after which the solid was isolated by vacuum filtration, then washed with ACN
and diethyl ether, and dried in vacuo. HFIP-CP (13 g) was obtained as a white solid in
70% yield. 'H NMR (CD30D, 500 MHz): § 6.19-6.12 (m, 1H), 5.75-5.70 (m, 1H), 5.32-
5.20 (m, 1H), 4.70-4.59 (m, 2H), 4.39-4.28 (m, 2H), 3.91-3.83 (m, 2H), 3.81-3.71 (m,
2H), 3.28 (s, 6H), 1.98 (m, 3H); 1°F NMR (470 MHz, CD30D) & -75.73 (d, 3Jcr = 6.1
Hz); 3P NMR (202 MHz, CD30D) § -3.11; 3C NMR (126 MHz, CD30D) & 166.17,
135.64, 125.90, 71.04, 64.64, 63.84, 59.41, 57.67, 51.45, 16.95. HRMS-ESI calculated

mass for HFIP-CP, C13H20FsNOsP, calcd [M+Na]* 454.0825, found 454.0829.

SH2CHa(CF2IsCFs )\[ro\/\rlq/ \n)OL [

o, ClI

9] 2
NEt,, Et,0 O, AN AU A (CF2)sCF3
0" ™o + CF4(CF,)sCH,CH,0H —2—= 3P ° 07N To-P-0
s/

B -z
ooCtort QO acetonitrile, 70 °C
/ '

II-2 PFH-CP

Synthesis of PFH-CP. Anhydrous diethyl ether (110 mL), TEA (6.0 mL, 1.02 equiv.),
and PFO (15.7 g, 1.0 equiv.) were added to a three-neck round bottom flask equipped
with a dropping funnel. ECP (6.13 g, 1.0 equiv.) and anhydrous diethyl ether (40 mL)
were added to the dropping funnel. The ECP solution was added dropwise over 45

minutes to the PFO solution that was stirring in an ice-water bath; then, the cooling bath
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was removed and mixture was stirred for an additional 2 hours at room temperature. The
white suspension was filtered through a short column of dry Celite and the solvent was
removed by rotary evaporation then by vacuum pump. Compound 11-2 (i.e., the precursor
to PFH-CP) (18.15 g) was obtained as white solid in 92% yield. *H NMR (500 MHz,
CDCls): § 2.65-2.46 (m, 2H), 4.55-4.28 (m, 6H); 1°F NMR (470 MHz, CDCls) § -80.82,
-113.72, -121.88, -122.87, -123.61, -126.17; 3P NMR (202 MHz, CDCls) § 17.35; 3C
NMR (126 MHz, CDCl3) § 32.11 (m), 60.54 (m), 66.11 (d, 2Jcp = 2.6 Hz), -(CF2)sCF3
signals (weak) from 100-120 ppm.

DMAEMA and MEHQ (0.01 g MEHQ per g DMAEMA) were added to
anhydrous ACN to give a solution of 0.125 g/mL DMAEMA in ACN, and the solution
was dried over 3 A molecular sieves for 24 hours. Then, the DMAEMA in ACN solution
(48.6 mL, containing 39 mmol DMAEMA) was added to the flask containing 11-2 (18.1
g, 39.0 mmol). This mixture was stirred at 70 °C for 110 hours, during which time a white
solid precipitate was observed. The reaction mixture was allowed to cool to room
temperature, causing further precipitation of a white solid. Diethyl ether (100 mL) was
added to the solution and the mixture was kept in a -20 °C freezer for ~4 hours. The solid
was isolated by vacuum filtration, then washed with ACN and diethyl ether and dried in
vacuo, to give PFH-CP (12 g) as white solid in 50% yield. *H NMR (CDsOD, 400 MHz):
$6.21-6.12 (m, 1H), 5.77-5.69 (M, 1H), 4.72-4.61 (m, 2H), 4.36-4.27 (m, 2H), 4.25-4.16
(g, J = 6.5 Hz, 2H), 3.94-3.84 (m, 2H), 3.81-3.70 (M, 2H), 3.29 (s, 6H), 2.72-2.52 (tt, J =
19.2, 6.2Hz, 2H), 1.98 (m, 3H); *F NMR (376 MHz, CD30D) § -82.46, -114.54, -122.88,
-123.88, -124.68, -127.35; 3P NMR (162 MHz, CD3;0D) & -0.68; *C NMR (101 MHz,

CD30D) 6 167.59, 137.07, 127.26, 66.08, 66.19, 60.23, 59.16, 58.90, 52.93, 33.19, 18.36,

89



-(CF2)sCF3s peaks were not observed. HRMS-ESI calculated mass for PFH-CP,
C18H23F13NOsP, calcd [M+Na]*" 650.0949, found 650.0947.

Example procedure for the homopolymerization of HFIP-CP. HFIP-CP (2.0 g, 4.6
mmol), CPPA (26.3 mg, 0.094 mmol), ACVA (5.0 mg, 0.018 mmol) and TFE (3.6 mL)
were added to a 20 mL glass vial that was sealed with a rubber septum, and the solution
was purged with Nz for ~25 minutes. The solution was then stirred at 70 °C for 13 hours
after which the reaction vial was immersed into Nog). *H NMR spectroscopy (performed
on aliquots taken from the reaction mixture) was used to assess monomer conversion by
integrating the olefin signal of the monomer against the methine resonance of the
polymer. A monomer conversion of 94% was obtained for this specific polymerization,
and typical monomer conversion was in the 80-90+% range. The solution was
precipitated into 40 mL diethyl ether and the precipitate was dissolved in water, which
was dialyzed against water for 2 days (MWCO 3.5 kDa), then lyophilized for 2 days to
provide P1 (1.65 g) in 81% yield as pink solid. TFE GPC: M, = 6.8 kDa, b = 1.23. 'H
NMR (CDsOD, 500 MHz): 5.41-5.17 (br, 1H), 4.71-4.20 (br, 4H), 4.18-3.60 (br, 4H),
3.57-3.10 (br, 6H), 2.46-0.64 (br, 5H); 1°F NMR (470 MHz, CD30D) & -75.43 (br); 3P
NMR (202 MHz, CD3s0D) & -3.20 (br).

Example procedure for the homopolymerization of PFH-CP. PFH-CP (2.50 g, 3.98
mmol), CPPA (22.1 mg, 0.079 mmol), ACVA (4.2 mg, 0.015 mmol) and TFE (3.6 mL)
were added to a 20 mL glass vial sealed with a rubber septum, and the solution was purged
with N2 for 20-25 minutes. The solution was stirred at 70 °C for 13 hours, after which
the vial was submerged into Ng). Aliquots taken from the solution during the

polymerization were characterized by H NMR spectroscopy to assess monomer
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conversion by integrating the alkene signal of the monomer against the resonances arising
from the polymer backbone. A monomer conversion of 88% was obtained for this
polymerization (typical monomer conversion is 80-90+%). TFE was added to the reaction
solution, which was then precipitated into a mixture of acetone and diethyl ether. The
precipitate was separated by centrifugation and redissolved in TFE, the precipitated into
acetone once and diethyl ether once. P2 (1.6 g) was obtained as pink solid in ~80% yield
after drying in vacuo. TFE GPC: M, = 13.1 kDa, B = 1.25. *H NMR (CFsCD-0D, 500
MHz) § 4.51-6.68 (br, 16H), 2.41-0.2 (br, 7H); 1°F NMR (470 MHz, CD30D) & -82.79, -
114.89, -122.94, -124.03, -125.11, -127.56; 3P NMR (202 MHz, CD30D) § -1.15.

Synthesis of random copolymers from MPC and PFH-CP (P3). To a solution of MPC
(0.28 g, 0.96 mmol) in TFE (1.7 mL) ina 7 mL glass vial was added PFH-CP (0.60 g,
0.96 mmol), affording a homogenous solution after vortexing. CPPA (10.5 mg, 0.037
mmol) and ACVA (2.1 mg, 0.007 mmol) were then added and the solution was purged
with Nz for 20 minutes then stirred at 70 °C for 14 hours. The polymerization was
terminated by opening the vial to air. Small aliquots were removed from the solution and
!H NMR spectroscopy was used to determine monomer conversion by integration of
alkene resonances of the monomer against methylene group signals of the polymer. A
monomer conversion of 97% was obtained for this specific polymerization (typical
monomer conversion is 90+%). The solution was precipitated into diethyl ether and the
precipitate was dissolved in water, then dialyzed against water for two days (MWCO 3.5
kDa) and finally lyophilized for two days to provide P3 (0.7 g) in ~80% yield as a pink
solid. TFE GPC: M,= 20.5 kDa. *H NMR (CD3OD, 500 MHz) & 4.64-3.62 (br), 3.52-

3.15 (br), 2.77-2.49 (br), 2.45-0.68 (br); 1°F NMR (470 MHz, CDs0D) & -82.45, -114.47,
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-122.86, -123.91, -124.65, -127.35; 3P NMR (202 MHz, CD3OD) & -0.60, -0.83.
Samples of P3 containing different amounts of MPC were prepared using a similar
procedure but adjusting monomer feed ratios.

Synthesis of random copolymers from MPC and TDFOA (P4). MPC (0.20 g, 0.69
mmol) was dissolved in TFE (1.4 mL) in a 7 mL vial, to which TDFOA (0.279 g, 0.67
mmol) was added dropwise, followed by CPPA (7.6 mg, 0.027 mmol) and ACVA (1.3
mg, 0.005 mmol). The resultant solution was purged with N2 for 20 minutes then heated
at 70 °C for 14 hours, after which the mixture was allowed to cool to room temperature
and the vial opened to the air. 'H NMR spectroscopy was employed to determine
monomer conversion of 88%. The polymer-containing product solution was precipitated
in diethyl ether and the precipitate was isolated by centrifugation. The precipitate was
then dissolved in water and concentrated using an ultrafiltration centrifugal tube (MWCO
3.5 kDa) and the obtained concentrated material was diluted with water. This
concentration-dilution process was repeated for four times and the collected material was
lyophilized. P4 (~0.40 g) was obtained as pink solid in 83% vyield. TFE GPC: My= 17.3
kDa. 'H NMR (CD30D, 500 MHz): 4.53-3.96 (br),3.81-3.62 (br), 3.40-3.20 (br), 2.81-
0.80 (br).

Preparation of the polyMPC macroCTA reagent. MPC (2.53 g, 8.57 mmol) and
CDPA (0.137 g, 0.34 mmol) was dissolved in TFE (6 mL) in a 20 mL glass vial and
ACVA (4.6 mg, 0.016 mmol) was added to the solution. The solution was purged with
N2(g) for 30 minutes and heated with stirring at 70 °C for 11 hours, after which the vial
was submerged in N2zg). A monomer conversion of 92% was obtained. The resultant

solution was precipitated in diethyl ether and the precipitate was dissolved in water then
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purified by dialysis for 2 days (MWCO 3.5 kDa), followed by lyophilization to yield the
polyMPC macroCTA (2.2 g) as yellow solid in 88% yield. TFE GPC: Mn= 15.0 kDa. M,
determined by H NMR spectroscopy (Mnnmr) Was used for mass calculations
subsequent chain extensions.

Chain extension of polyMPC macroCTA with TDFOA (P5). The polyMPC
macroCTA (0.40 g, 0.05 mmol) was dissolved in methanol (0.6 mL) and TFE (0.3 mL)
in a 7 mL glass vial. A solution of TDFOA (0.533 g, 1.27 mmol) in TFE (0.3 mL) was
added dropwise to the stirring polyMPC solution and ACVA (2.3 mg, 0.008 mmol) was
added. The solution was purged with N2 for 30 minutes then stirred at 70 °C for 4 hours.
The reaction was quenched by immersion of the glass vial into Nogy. A small aliquot was
taken from the solution and *H NMR spectroscopy was used to determine monomer
conversion by integrating the alkene peaks of the monomer against the methylene peaks
of the polymer, indicating a 93% monomer conversion. The solution was precipitated in
diethyl ether and the precipitate was redissolved in methanol then precipitated again in
diethyl ether. The final precipitate was dried in vacuo to give P5 (0.8 g) as a light yellow
solid in 85% yield. TFE GPC: M,= 16.5 kDa. *H NMR (CD30D, 500 MHz): 4.58-4.01
(br),3.80-3.66 (br), 3.50-3.19 (br), 2.90-0.68 (br).

Chain extension of polyMPC macroCTA with PFH-CP (P6). The polyMPC
macroCTA (0.30 g, 0.04 mmol) was dissolved in methanol (0.45 mL) in a 7 mL glass
vial. TFE (0.9 mL) was added, followed by PFH-CP (0.607 g, 0.97 mmol) and ACVA
(2.3 mg, 0.008 mmol). The resultant solution was purged with N2 for 25 minutes and
heated with stirring to 70 °C for 8 hours. The vial was then immersed Nzg). A small aliquot

was taken from the solution and *H NMR spectroscopy was used to determine monomer
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conversion by integrating the olefin resonances of the monomer against the methylene
signals of the polymer (monomer conversion ~95%). The solution was precipitated in
diethyl ether and the recovered solid was dissolved in a methanol/water (4/6 v/v) mixture,
which was concentrated by ultracentrifugation (MWCO 10.0 kDa); the obtained
concentrate was diluted with a methanol/water (4/6 v/v) mixture and this concentration-
dilution process was repeated four times, with water used for dilution in the last two
cycles. The final concentrate was dried by lyophilization to yield P6 as slightly yellow
solid (0.72 g, 80% vyield). GPC (eluent = TFE): M= 17.7 kDa. *H NMR (CDsOD, 500
MHz): 4.64-3.65 (br), 3.45-3.20 (br), 2.79-2.50 (br), 2.36-0.70 (br); 1°F NMR (470 MHz,
CD30D) & -82.53, -114.53, -122.91, -123.96, -124.69, -127.42; 3P NMR (202 MHz,
CD30D) 6 -0.48, -0.89.

Chain extension of polyMPC macroCTA with MBP (P7). The polyMPC macroCTA
(0.32 g, 0.04 mmol) was dissolved in methanol (0.6 mL) in a 7 mL glass vial. TFE (0.6
mL) was added, followed by MBP (0.36 g, 1.03 mmol) and ACVA (2.3 mg). The solution
was purged with Nz for 25 minutes then stirred with heating at 70 °C for 6 hours. A
small aliquot taken from the solution was used to determine monomer conversion, using
IH NMR spectroscopy and integrating the olefin resonances of the monomer against the
methylene signals of the polymer (monomer conversion = 93%). The solution was
precipitated in diethyl ether and the recovered solid was dissolved in a methanol/water
(4/6 viv) mixture, which was concentrated by ultracentrifugation (MWCO 10 kDa); the
obtained concentrate was diluted with water. This concentration-dilution procedure was
repeated four times and the final concentrate was lyophilized to yield P7 as a slightly

yellow solid (0.43 g, 63% yield). GPC (eluent = TFE): Mq= 19.4 kDa. *H NMR (CDs0D,
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500 MHz): 4.72-3.68 (br), 3.48-3.16 (br), 2.19-0.81 (br); 3P NMR (202 MHz, CDsOD)
5-0.22, -0.46.

Surface procedures for Chapter 3.

NaHCO
Br, + HothsH —= Hoﬁs—SﬁOH
1 2

Synthesis of the disulfide alcohol 22

11-Mercapto-1-undecanol (1) (3.6 g, 17.6 mmol) was dissolved in 132 mL dry DCM in
a round-bottom flask, followed by addition of 17.6 mL of 10% NaHCOs solution.
Bromine (0.45 mL, 8.7 mmol) was slowly added using a dropping funnel under stirring.
After 40-min reaction, the organic phase was collected using a separatory funnel, and the
aqueous phase was washed with 50 mL DCM twice. The organic phase was combined
and dried over anhydrous MgSOs, followed by solvent removal with evaporation,
yielding the pure product (2) in 72% yield.

IH NMR (500 MHz, CDCls, 8, ppm): 3.64 (t, J = 6.7 Hz, 4H), 2.68 (t, ] = 6.5 Hz, 4H),
1.2-1.7 (m, 52H).

Synthesis of the disulfide initiator 32
o [o)
NEt Br
HOﬁ}S‘S OH + Br ] -3, Br o'ﬁ;s—sﬂao%
He ey

The disulfide diol (2) (2.59 g, 6.4 mmol) was dissolved in 159 mL dry DCM in a flame-
dried round-bottom flask, followed by addition of dry TEA (4.44 mL, 31.8 mmol). a-
Bromoisobutyryl bromide (1.89 mL, 15.3 mmol) was slowly added using a dropping
funnel while the mixture was stirred at 0<C under N> atmosphere. After 1-h stirring at
0<C, the mixture was stirred for another 2 h at room temperature to complete the reaction.
The mixture was then washed with 1 M NaCOz saturated with NH4Cl, followed by

drying over anhydrous MgSO4 and solvent evaporation. After further purification with

95



column (hexane/ethyl acetate = 13/1), the pure disulfide initiator (3) was collected as a
pale yellow, viscous liquid in 58% yield.

IH NMR (500 MHz, CDCls, 8, ppm): 4.16 (t, J = 6.6 Hz, 4H), 2.67 (t, J = 7.4 Hz, 4H),
1.92 (s, 12H), 1.66 (m, 8H), 1.21-1.43 (m, 30H).

13C NMR (500 MHz, CDCls, 8, ppm): 171.85, 66.26, 56.13, 39.28, 30.92, 29.58, 29.33,
29.28, 28.64, 28.46, 25.90.

ESI-MS: m/z calc.: 704.7; found: 727.2 (M + Na+).

Au substrate functionalization with ATRP initiator.

Au substrates were cut into 1x1.2 cm pieces, and cleaned by bath sonication in acetone
and isopropanol for 10 min each, followed by drying under N2 (g). After further cleaning
via 30-min UV/Ozone treatment (Jelight 342 UVO cleaner), the substrates were
immersed in 2 mM ethanolic solution of the disulfide initiator for 24 h. Afterwards, the
substrates were rinsed extensively with ethanol and dried under Nyg) for further
modification.

Preparation of polymer-grafted Au substrates via surface-initiated atom transfer
polymerization (SI-ATRP).

A) Grafting PMPC. Ina 7 mL vial, 0.25 g MPC was dissolved with 1.5 mL TFE, and the
initiator- immobilized Au substrate was added to the vial. The monomer solution was
purged with N2 solution for 10 minutes, then 165 piL solution of CuBr (2 mg/mL)/bpy
(12 mg/mL) in methanol was added to the monomer solution, which was purged with
N2(g) for another 10 minutes. The reaction was left at room temperature under No(g) for ~3
hours, after which the substrates were taken out of the solution, rinsed with methanol,

water, and acetone, and dried with air.
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B) Grafting FCP-1. In a 7 mL vial, 0.25 g HFIP-MCP was dissolved with 1.4 mL TFE,
and the initiator immobilized Au substrate was added to the vial. The monomer solution
was purged with Nz solution for 10 minutes, then 115 pL solution of CuBr (2
mg/mL)/bpy (12 mg/mL) in methanol was added to the monomer solution, which was
purged with Nz for another 10 minutes. The reaction was left at room temperature under
N2 for ~1.5 hours, after which the substrates were taken out of the solution, rinsed with
methanol, TFE, water, and acetone, and dried with air.

C) Grafting FCP-2. In a 7 mL vial, 0.5 g PFH-MCP was dissolved with 1 mL TFE, and
the initiator immobilized Au substrate was added to the vial. The monomer solution was
purged with No(g) solution for 10 minutes, then 150 piL solution of CuBr (2 mg/mL)/bpy
(12 mg/mL) in methanol was added to the monomer solution, which was purged with
N2(g) for another 10 minutes. The reaction was left at room temperature under Nz for ~3
hours, after which the substrates were taken out of the solution, rinsed with methanol,
TFE, water, and acetone, and dried with air.

D) Grafting PTDFOMA. In a 7 mL vial, 0.4 mL TDFOMA was mixed with 1.3 mL
TDFOMA, the initiator immobilized Au substrate was added to the vial, and 3 mg CuBr
and 45 mg dNbpy was added to the solution. The solution was purged with N2 solution
for ~20-25 minutes, after which the reaction was carried out at 60 °C. After ~10 hours,
the substrates were taken out of the solution, rinsed with trifluorotoluene, TFE, water,
and acetone, and dried with air.

Allyl SBMA and HEMA-LA used in Chapter 5 were prepared according to procedures
published by Chang et al.®

Example procedure for PI synthesis
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SBMA (1.5 g), allyl-SBMA (1.5 g), HEMA-LA (1.1 g), and CPPA (0.064 g), ACVA
(0.01 g) and TFE (8mL) were added to a 25 mL round bottom flask, and the solution was
purged with N2 (g) for ~20-25 minutes. The solution was then stirred at 70 °C for 7-8
hours. The polymerization was terminated by stopping heating and exposing the solution
to air. *H NMR spectroscopy in 0.2 M NaCl DO (performed on aliquots taken from the
reaction mixture) was used to estimate monomer conversion by integrating the olefin
signals of the monomers against the resonances of polymers at 0.5-2.5 ppm, 3.8-4.6 ppm
and 5.7 ppm. A monomer conversion of ~80-90% was typically obtained for this
polymerization. The solution was precipitated into 35 mL methanol, and the precipitate
was separated by centrifugation and redissolved in TFE. The precipitate was precipitated
in methanol twice more and diethyl ether once. The final precipitate was dried in vacuo
to provide PI (3 g) in 75% yield as a pink solid (typical polymerization yield was ~65-
80%).

Fabrication of the hydrogels

Pl hydrogels preparation. 225 mg PI was dissolved in 410 pL 0.2 M NaClg) and the
polymer solution was incubated with 45 mg TCEP-HCI at 37 °C for 2 hours, then ~2-3
mg LAP and 45 pL triethylamine(added to neutralize the solution for dissolving LAP)
was added to the solution, which was transferred to the cylindrical silicone molds with
the diameter of 0.5 mm and the height of 0.5 mm. The solution was exposed to 365 nm
UV for 2 hours, affording transparent and colorless hydrogels. The hydrogels were
washed and equilibrated with 0.2 M NaClgq before further experiments and

characterizations.
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Gelation of PIII. 225 mg PIII was dissolved in 450 pL 0.2 M NaClyg), to which 2,2'-
(ethylenedioxy)diethanethiol was added. The solution was heated at 70 °C for 12 hours,
resulting in the formation of opaque hydrogels.
O HBriAcetic acid O,Er i) Mg/E,0 O,CWH
Gawe) i oy 7
Wt Va2

5-Bromo-1-cyclooctene (V-1) was prepared according to previously reported
procedures.*

Synthesis of 5- carboxylic acid-1-cyclooctene (V-2). All glassware used in the reaction
was flame-dried three times under vacuum. Magnesium (3.17 g) and 60 mL dry diethyl
ether were added to a three-neck round bottom flask equipped with a condenser and
dropping funnel. V-1 (20 g) and 60 mL dry diethyl ether were added to the dropping
funnel. V-1 solution was then dropwise added to the magnesium, and the solution in the
flask turned opaque and started refluxing. The mixture was stirred under room
temperature for 4 hours, after which a greatly excess amount of dry ice (~10 g) was added
to the reaction, and the reaction was stirred under room temperature for another 4 hours.
1 M HClg) (50 mL) was added to quench the reaction, and the organic layer and the
acidic aqueous layer were separated. The organic layer was extracted with 0.2 M
NaOHq) (200mL) three times, the aqueous extractions were combined and acidified with
10M HClg to pH < 2, and the acidified aqueous extraction was extracted with
dichloromethane (200mL) three times. The dichloromethane extractions underwent

rotary evaporation and were then dried in vacuo, affording V-2 (3.3 g) as light-yellow
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liquid in ~20% yield. H NMR (CDCls, 500 MHz): § = 11.17 (s, 1H), 5.43-5.88 (m, 2H),

0.9-2.70 (m,11 H).

(o]
COOH EDC/DMAR
O +  CF4(CF,),CH,NH, T NHCH,(CF2)nCFs

V-Fn,n=2,3,4,5

Synthesis of V-F2. All glassware used in the reaction was flame-dried three times under
vacuum. V-2 (2.07 g), 1H, 1H-heptafluorobutylamine (2.50 g), EDC (2.65 g) and DMAP
(0.32 g) were added to 90 mL DCM in a three-neck round bottom flask. The reaction was
stirred for over 8 hours at room temperature, and the obtained solution was passed through
a basic alumina plug. DCM was removed by rotary evaporation and vacuum dry to give
V-F2 (3.5 g) as a white solid in 83% yield. V-F3, V-F4 and V-F5 were prepared by similar
procedures.

V-F2: 'H NMR (CDCls, 500 MHz): § = 5.48-5.91 (m, 2H), 3.79-4.16 (m, 2H), 1.06-2.81
(m,11 H).

V-F3: 'H NMR (CDCls, 500 MHz): § = 6.17-6.27 (m, 1H), 5.45-5.88 (m, 2H), 3.74-4.13
(m, 2H), 0.98-2.78 (m,11 H).

V-F4:'H NMR (CDCls, 500 MHz): § = 6.02-6.14 (m, 1H), 5.40-5.80 (m, 2H), 3.76-4.18
(m, 2H), 0.85-2.65 (M, 11 H).

V-F5: 'H NMR (CDCls, 500 MHz): § = 6.16-6.30 (m, 1H), 5.43-5.88 (m, 2H), 3.74-4.21
(m, 2H), 0.96-2.78 (m,11 H).
Cyclooct-4-ene-1-VK(Boc)R(Pbf)K(Boc)K(Boc)K(Boc)P (rNLS-COE) was
successfully prepared according to previously reported procedures,* confirmed by *H NMR

spectroscopy and high-resolution ESI mass spectrometry.
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Example procedure of copolymerization of V-Fn and rNLS-COE by ring opening
metathesis polymerization (ROMP). Grubbs Il catalyst with 5-bromopyridine
substituent was prepared according to reported procedures. V-F2 (6 mg) and rNLS-COE
(0.25 g) were added to a 7-mL glass vial and dissolved with 0.5 mL TFE. The obtained
monomer solution was then degassed by three rounds of freeze-pump-thaw to remove
oxygen from the reaction. Degassed (by three times freeze-pump-thaw) catalyst solution
(58.8 L, 50 mg/mL Grubbs Il in DCM) was added to the monomer solution. The
polymerization proceeded at room temperature for 2 hours under N2 and was quenched
by addition of ethyl vinyl ether (0.1 mL), which was stirred for another 15 minutes. The
reaction was precipitated in diethyl ether (45 mL), centrifuged, decanted and vacuum
dried. The precipitate was dissolved in 5 mL deprotection solution (TFA/water/TIPS
95/2.5/2.5 v/vIv) and the solution was stirred at room temperature for 3 hours, to remove
the protection groups. The reaction mixture was added to diethyl ether (45 mL), then
centrifuged, decanted and vacuum dried. The obtained solid was dissolved in water,
which was then dialyzed against water, 30% acetic acidag) and water (three times).
Polymer rNLSII-14F (120 mg) was obtained as a white solid after lyophilization in ~60
% yield.

Relaxation time measurements. Relaxation measurements were performed on 10
mg/mL polymer solutions in PBS/D>O (90/10, v/v) on a Bruker 500 MHz NMR
spectrometer. The T relaxation values of the polymers were measured using a standard
inversion—recovery pulse sequence. T> was measured using a Carr—Purcell-Meilboom-

Gill (CPMG) pulse sequence.>®
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1%F MR Imaging. °F MR images of polymer solutions were acquired on a 11.74 Tesla
Agilent Direct Drive MRI. Polymer solutions, loaded in 5 mm NMR, were placed in 3D
printed holder inside of a custom-built **F one-turn solenoid coil (25 mm ID). Fast spin
echo sequence (TE = 4.9 ms, TR =500 ms, echo train length = 2, 48 x 48 matrix size, 32
averages, acquisition time = 6 min 25 sec) was used to obtain T1 weighted images. A
multi echo spin echo sequence (TE = 6.5 ms, TR = 4000 ms, TE spacing = 6.5 ms, 16
echoes, 4 averages, 48 x 48 matrix size, acquisition time = 12 min 48 sec) was used to
produce a series of images with different T» weightings.

Optical microscopy of PFH droplets stabilized by P3 (2 mg/mL) in water. PFH
droplets were prepared by mixing PFH (100 pL) in P3 (3 mL, 2 mg/mL) solution by
vortexing (using vortex mixer from Chemglass Life Sciences) for 10-30 seconds. The
droplet solution was added to a glass microscope slide and the image was recorded by
optical microscopy with a 4x objective. The P3 sample used in these experiments had a
45 mol% incorporation of MPC.

Preparation of PFH nanoemulsions. To a solution of polymer (8 mg) in water (4 mL)
was added 20 Pl of PFH. The mixture was placed in ice bath and sonicated using a
Branson 150 probe sonicator under pulse mode (45 seconds on; 30 seconds off) at an
amplitude of 35-40% for 2-3 min (total on time). Nanoemulsion size and stability were
recorded as a function of time using DLS. The nanoemulsions were vortexed before the
measurement to redisperse any sedimented droplets. The P3 sample used in these
experiments had a 45 mol% incorporation of MPC. The My cpc of the P1 sample used

here is ~6.7 kDa.
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Preparation of polymer-coated Si substrates. Si substrates were cleaned by sonicating
for 10 minutes in water then rinsing with methanol and acetone. The polymer was applied
from a 25 mg/mL polymer solution (P2 in TFE, polystyrene (PS) or poly(methyl
methacrylate) (PMMA) in THF) by spin coating at 2000 rpm for 1 minute, then drying
the coated substrate on a hot plate at 80 °C for 2 minutes.

Exposure of substrates to FITC-BSA. The coated substrates prepared as described
above were immersed in 1 mg/mL FITC-BSA solution for 20 hours, then rinsed with pH
7.4 PBS buffer (~20 mL) and water (~600 mL). PS and PMMA were used as positive
controls and bare substrate without exposure to the protein solution was utilized as a
‘blank’ substrate. Fluorescence analysis was performed using a Nikon A1R confocal
microscope with 488 nm laser excitation. NIH ImageJ software (http://imagej.nih.gov/ij/)
was employed to obtain the mean fluorescence intensity (MFI) of each image, indicative
of the presence of protein that had adsorbed to the surface.

Cell culture and biocompatibility experiments and analysis.  Cytotoxicity
experiments analyzing the effect of the polymers on live cells were performed using
HEK293 human embryonic kidney cells and MDA-MB231 human breast
adenocarcinoma cells purchased from ATCC. Each polymer was dissolved in growth
media consisting of DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin. The polymer was vortexed and then sterilized by filtration using
a 0.22 um syringe filter. 4,000 cells per well in 100 i of growth medium were seeded
onto a 96-well plate and placed in the incubator at 37 <C and 5% CO> overnight. The
medium was removed and replaced with new polymer-containing media (from 0.05 to 5

mg/mL). Each experiment was compared to a control sample containing refreshed

103



growth medium. Experiments associated with particular conditions were performed in
triplicate and incubated for 48 hours. Cell viability was quantified using CellTiter-Glo
luminescent viability assays (Promega). Luminescence values were obtained from a
POLARstar OPTIMA plate reader. All conditions were normalized to the control
luminescent values. To determine if there was a statistically significant difference
between the experimental and control samples, a single factor ANOVA with an a=0.05
was performed. If the ANOVA revealed a statistically significant difference between the
conditions, Tukey’s Honestly Significant Difference and Bonferroni post hoc analysis
tests were performed to determine which conditions were different than the controls. All
statistical analysis was performed in Microsoft Excel.
*Thickness and contact angle measurements were performed by Dr. Zhefei Yang in the
Emrick Group.
Ellipsometry. Polymer coating thickness values were determined by ellipsometry using
a J.A. Woollam RC2 spectroscopic ellipsometer. The measurement was conducted at
varying angles of incidence (45< 50< 55< 60< 659. The thickness of polymer coatings
were calculated by fitting experimental data with the Cauchy equation (Equation S1),
n=A+ % Equation S1
where n is the refractive index, A is the light wavelength in um, A and B are constants
with value of 1.5 and 0.01, respectively.
Calculation of grafting density. Grafting density of the polymer chains on the surface
was calculated according to reported procedures,” using Equation S2, where d is the
density of the polymers (1.30 g/cm®)®, Lq is the thickness of the polymers on the surface

measured by ellipsometry, and Na is the Avogadro’s number. EBiB was added to the
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reaction and Mn of the free polymers in solution (measured by gel permeation
chromatography with TFE (contains 20 mM sodium trifluoroacetate) as eluent, calibrated
against poly(methyl methacrylate) standards) was assumed to be the same as that for

polymers grafted on the surface.

__ dLgNgx10~21
= "

Equation S2
Contact angle measurements. The contact angle measurement was conducted using a
Biolin Scientific theta attension optical tensiometer. For the static contact angle, a 2.5-pL
probe liquid droplet was released onto the surface, followed by 1-min measurements at
2.3 frames per second to obtain the average results. Measurements on three different spots
were collected for each sample to obtain the average value and standard deviation.

The dynamic contact angle was measured by changing volume of an existing droplet on
the surface. A 2.5-pL probe liquid droplet was released onto the surface, with the needle
in direct contact with the droplet. The vertical position of the needle was adjusted to keep
the contact angle identical with the static contact angle. Then the probe liquid was injected
at a rate of 0.2 /s using an auto-dispenser. The advancing contact angle was determined
by averaging contact angles during the process in which the length of baseline increased,
the droplet volume increased while the contact angle kept constant. Similarly, the
receding contact angle was determined during withdrawal of fluid from the droplet at a
rate of 0.2 pL/s. When the length of baseline decreased, the droplet volume decreased
and the contact angle kept constant, the contact angles were collected and averaged to
achieve the receding contact angle.

Protein adsorption experiments. Protein adsorption was measured via SPR study with

a BIACORE T200 system at 25 °C. SPR sensors modified with PMPC, FCP-1, FCP-2,
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and PTDFOMA, and unmodified SPR sensor were tested with BSA and Lysozyme in
PBS buffer (137 mM NaCl, 2.7 mM KCI, 2 mM KH2PO4, and 10 mM NaxHPOs, pH 7.4).
In each measurement, three start-up cycles were run for system equilibration before the
protein adsorption assay. For protein adsorption measurement, PBS buffer first flowed
through the sensor for 50 seconds, a protein solution (1 mg/mL BSA or lysozyme in PBS
buffer) then flowed through surface for 300 seconds, followed by rinsing with PBS buffer
for 300 seconds to remove loosely bound proteins.

*Dr K.P. Sonu in the Peyton Group from Chemical Engineering Department at UMASS
Amherst performed the characterization and analysis of hydrogel properties following
procedures described below.

Characterization of Hydrogels prepared in Chapter 5

Swelling Studies. Swelling studies were conducted in pure water, 0.1 M and 0.2 M NaCl
aqueous solutions. The hydrogels were allowed to stand in the respective solution for at
least 24 hours to reach equilibrium swelling. The swollen weight (Ws) of the hydrogel
was determined by weighing the swollen hydrogel. The same hydrogels were then
subjected freeze drying for overnight to determine the dry weight (Wg) of the polymer

network. The weight fraction of the polymer in the swollen gel, r is defined as below:

Wy

r= 1)
Initial Polymer Volume Fraction (po) is the volumetric concentration of polymer in water

before gelation. We determined @o from weights and volume of the initial polymer

solution before subjecting to gelation conditions.

V oLymer
P, = v o (2)

polymer+water
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where Vpolymer is the volume of the polymer in the polymer solution (Vpolymer = Vitotol —
Vwater) and Vpolymer+water 1S the total volume of the polymer solution.

Relaxed and Swollen Polymer Volume Fraction (¢r and ¢s). The relaxed state polymer
volume fraction (¢s) is defined as the volumetric concentration of the polymer just after
gelation before swelling the hydrogel. The swollen polymer volume fraction (¢s) defines

the volumetric concentration of polymer in the hydrogel at the equilibrium swelling state.

Va

(per_r (3)
|4
(ps:V_j (4)

where Vg is the volume of the dry network, V. is the volume of relaxed state, and the Vs
is the volume of swollen state.
Vrand Vs are determined by using buoyancy-based measurements where V is determined

as follow:

m—-m/
V= Pns (5)

where m is the mass of the hydrogel and m’ is the apparent mass of the hydrogel when
immersed in heptane. pns IS the density of heptane (0.6837 g/mL).
Mesh Size calculations. The mesh size (&, nm) is the average linear distance between two

adjacent crosslink junctions. It is determined using the following equation:
1 2\ 2 1
= @ [(1-7) PCAN)P (6)
where ¢ ¢ is swollen polymer volume fraction, f is junction functionality (which is 4 in
our hydrogels), I is average bond length in the polymer backbone, C. is Flory’s

characteristic ratio (which is taken as 8.1 which is for PMMA that is structurally closest

to our polymer system). 4 number of backbone bonds in the polymer repeating unit (2 for
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our polymer), and N; is degree of polymerization between junctions. The mesh size

calculations were carried out with help of an online calculator at
https://hydrogeldesign.com/the-model/mesh-transport/.

Elastic Modulus Experimental Determination: After 24 h of swelling with 0.2 M NaClag),
the hydrogel was placed between the parallel plates of a rheometer (TA Instruments,
USA) to perform compressive stress-strain mechanical measurements. The hydrogel was
compressed by moving the top-plate at a rate of 20 pm/s in air and the initial linear region
(0- 5 %) of stress-strain curve was used to determine the elastic moduli. The cross-
sectional area of the hydrogels was determined by using the digital caliper (Fisherbrand™
Traceable™) of #).03 mm accuracy.

Strain-induced Stiffening Experiments. The hydrogel was taken from the reduction
solution right before the mechanical conditioning. The hydrogel was placed in a petri-
dish containing 0.2 M NaClgq) to avoid drying. The petri-dish with hydrogel was placed
between the parallel plates for rheometer. The top-plate was lower such that the hydrogel
was confined between the bottom of the petri-dish and top-plate. Compression and
tension cycles are performed at 20 pm/s with 0-25 % strain. At pre-determined time
intervals, the elastic modulus of the hydrogel was determined in air. The conditioning and
elastic modulus determination cycles continued for 6 h.

Statistical Analysis. Statistical analysis was performed by using OriginPro 2020. Data are
reported as mean zstandard deviation. Statistical significance of difference between the
relevant pairs (in terms of P-values) was calculated by using Tukey post-test. P < 0.05

represented as single asterisk (*), P < 0.01 as double asterisk (**), P < 0.001 as triple
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asterisk (***) and P < 0.0001 as quadruple asterisk (****). P > 0.05 is considered
insignificant.

Size and zeta potential measurements of polyplexes. N/P 30 polymer stock solution
was prepared by diluting N/P 200 polymer stock solution with water or DMEM (relative
to [DNA] = 20 pg/mL) (N/P ratio calculation was performed according to reported
procedures®). DNA stock solution (400 pg/mL) was diluted to 20 pg/mL with water or
DMEM. N/P 5 polyplexes were formed by vortexing the mixture 15 i N/P 30 polymer
stock solution, 75 L water or DMEM and 90 il DNA solution (20 pg/mL) were mixed,
vortexed and equilibrated at room temperature for ~40-60 minutes. To evaluate the
stability of the polyplexes in the presence of serum, 20 Pl FBS was added to the
polyplexes prepared in DMEM after equilibration. For polyplex formulations containing
FCP, FCP was added into the N/P 30 solution, which was used in the subsequent
experiments for polyplex preparation. Polyplexes size in water or DMEM at different
times was recorded with DLS over three measurements on the same sample, and the
intensity-average size were reported. Zeta potentials were calculated using the
Smoluchowski approximation and were reported as the average over three measurements
on the same sample.

Heparin-induced polyplex decomplexation Picogreen® assay. PicoGreen® 20X
solution was prepared by diluting the purchased PicoGreen® solution 1000 times with
DNase free water. N/P 30 polymer stock solution (17 L), DNase free water (83 L), and
DNA solution (100 p, 20 pg/mL) were mixed and equilibrated for four hours at room
temperature to obtain N/P 5 polyplex solution. PicoGreen® 20X solution (20 i) was

added to the polyplex solution which was then equilibrated at room temperature for 10
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minutes. Heparin solution (20 pL, 0.75 unit/ i, 1 mg heparin = 200 units) was added to

the polyplex/ PicoGreen® solution. The mixture was then added to three wells of a 96

well plate (75 pL). The well plate was incubated at 37°C for 6 hours in total and

fluorescence intensity of the samples were recorded at predetermined time points using

BMG Labtech FLUOstar OPTIMA plate reader. The fluorescence intensity of the

samples was normalized using the blank (containing no polymer or DNA) and the positive

control (containing no polymers).
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