UCLA

UCLA Electronic Theses and Dissertations

Title
Antimicrobial Polymer Delivery via Bacteriophages for Improved Biocompatibility and
Reduced Resistance Potential

Permalink
https://escholarship.org/uc/item/9hg8c8gH

ISBN
9798247947349

Author
Vexler, Shelby

Publication Date
2026-06-01

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9hq8c8qh
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

Antimicrobial Polymer Delivery via Bacteriophages

for Improved Biocompatibility and Reduced Resistance Potential

A dissertation submitted in partial satisfaction of the

requirements for the degree Doctor of Philosophy

in Chemistry

by

Shelby Danielle Vexler

2026



© Copyright by
Shelby Danielle Vexler

2026



ABSTRACT OF THE DISSERTATION

Antimicrobial Polymer Delivery via Bacteriophages

for Improved Biocompatibility and Reduced Resistance Potential

by

Shelby Danielle Vexler
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2026

Professor Irene A. Chen, Chair

The rise of antibiotic resistance necessitates developing alternative treatments with
minimal potential for bacterial adaptation. Two promising solutions include membrane-
disruptive polymers and phage therapy, which utilizes viruses specific to bacteria, but they face
opposite shortcomings; many polymers lack specificity for bacterial cells, resulting in poor
biocompatibility, while phages are restricted to a very narrow host range. In this dissertation, we
aim to circumvent each agent’s individual shortcomings through the synergistic approach of
engineering the non-lytic M13 bacteriophage into a polymer delivery platform.

Our first goal was to modify M 13 bacteriophage, which normally infects Escherichia
coli, to target the pathogenic bacteria Staphylococcus aureus. We expressed an antibody
fragment specific to a conserved surface polysaccharide, poly-N-acetylglucosamine, on the

receptor-binding protein. Successful binding of the anti-PNAG phage was quantified through

il



enzyme-linked immunosorbent assays (ELISAs) and visualized by transmission electron
microscopy (TEM).

Next, we assessed the antimicrobial activity of three separate libraries of bio-inspired
polymers with either methacrylate, hydroxybenzoate-co-lactide, or peptide backbones. We
explored the differing trends in activity for each library with respect to degrees of
polymerization, hydrophobicity, and charge. Our results highlight the diversity of antimicrobial
polymers while demonstrating the combined utility of synthetic biology and chemistry for
designing them.

Lastly, antimicrobial polylysines varying by degrees of polymerization (48, 90, or 170)
were loaded onto the anti-PNAG phage through electrostatic interactions or EDC crosslinking.
Characterization determined higher drug-to-phage ratios for electrostatic loading compared to
crosslinking, yet both attachment strategies improved potency, reducing the minimum inhibitory
concentration (MIC) five-fold towards S. aureus. Critically, all bioconjugates demonstrated
improved biocompatibility compared to polylysine alone; mammalian cells exposed to covalent
polylysine-phages with DP < 90 exhibited the highest viability over a five-day period.
Furthermore, no resistance was induced in S. aureus after thirteen rounds of selection with
covalent polylysine-phages, confirming bioconjugates retain the “resistance-resistant” nature of
antimicrobial polymers.

In summary, the findings of this dissertation present phage-based delivery of
antimicrobial polymers as an effective strategy to target pathogenic bacteria while minimizing

harm to human cells and potential for resistance.
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Chapter 1. Introduction

1.1 Antibiotic resistance and pathogenic Staphylococcus aureus

Prior to the widespread use of antibiotics, bacterial infections posed a substantial threat to
human health; in 1900, pneumonia and tuberculosis were the leading cause of death in the United
States.! Alexander Fleming’s discovery of penicillin in 1928,2 along with Howard Florey’s and
Ernst Chain’s advancements in purification,® ushered in a new era of public health.* Their
discoveries, which shared the 1945 Nobel Prize in Physiology or Medicine,’ reduced deaths from
infections from 12% during World War I to 3% during World War II, saving thousands of lives.¢
This also marked the start of the Golden Age of Antibiotic Discovery, with roughly half of all
antibiotics currently in use discovered before the end of this period in 1970.7 Despite these
advancements, the first instance of penicillin resistant Staphylococcus aureus was documented as
early as 1942.% Antimicrobial resistance (AMR) has since become widespread, with one out of
every six laboratory-confirmed bacterial infections presenting antibiotic resistance in 2021.° In
the same year, 1.27 million deaths were directly caused by bacterial AMR, with the global

annual mortality is forecasted to reach roughly 10 million by 2050 (Figure 1.1).!%!!
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Figure 1.1. Predicted mortality from AMR compared with current common causes of
death. By 2050, the number of deaths resulting from AMR are expected to be equivalent to those
caused cancer, the current leading cause of death. This figure is adapted from published work.!!

While AMR is found across the bacterial tree of life, S. aureus is one of the most notorious
pathogens, with 27.1% of the species exhibiting methicillin-resistance in 2023.° Resistance to
this antibiotic is typically acquired by horizontal gene transfer of the mecA gene, which encodes
for a penicillin-binding (PBP2a) with low affinity for B-lactams.!? Currently, methicillin-resistant
S. aureus (MRSA) is classified as a serious threat by the Centers for Disease Controls and
Prevention.! It is one of the main species responsible for healthcare associated infections

(HAI)' and resulted in an estimated 1.7 billion dollars in attributable healthcare costs in 2017.13

S. aureus is readily spread in hospitals and communities by skin-to-skin contact; it is
commensal on the skin and mucous membranes, like other members of the Staphylococcus
genus, with upwards of 20% of the human population acting as persistent carriers.'> However,

distinct structural and biochemical features contribute to greater virulence than other



staphylococci.'® The genetic plasticity of S. aureus readily facilitates its acquisition of
resistance,!”!® leading to its designation as an “ESKAPE” pathogen, which refers to microbes
that frequently “escape” the mechanism of antibiotics.!” Notably, this group is largely comprised
of gram-negative bacteria (Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa and Enterobacter spp) with Enterococcus faecium joining S. aureus as the only other
gram positive organism. Additionally, S. aureus possesses an arsenal of traits to evade the
immune system, further complicating treatment.'® This includes secreting an impressive array of
virulence factors such as protein A, which binds to antibodies, and a-toxin, which forms pores in
the membranes of host cells.?’ The formation of biofilms facilitates the colonization of medical
devices, such as catheters, while forming a protective shield from phagocytes and antibiotics.?! S.
aureus can also switch to alternate phenotype, the small colony variant (SCV), characterized by
slow growth and reduced metabolism. This leads to a reduced uptake of certain antibiotics, like
aminoglycosides, and limits the effectiveness for those that target the cell wall of rapidly
dividing bacteria, like B-lactams.?? Both SCV and wild-type S. aureus can further evade the
immune system by internalizing in host cells.?’ This intrinsic virulence, combined with antibiotic

resistance, establishes S. aureus as a particularly challenging pathogen to treat.

Currently, the gold standard in treating severe MRSA infections is intravenous
vancomycin or daptomycin, but mortality for MRSA bacteremia remains between 20 and 30%.%
Although full resistance is still rare, with only 16 cases of vancomycin resistance identified in the
US,?* levels of intermediate and heterogenous resistance are increasing.?’ Despite a wider range
of treatment options for soft skin and tissue infections (SSTIs), recurrence is common, with
upwards of 70% of patients experiencing a second SSTI within one year of their first treatment.?

Prolonged use of antibiotics when treating chronic MRSA substantially increases the risk of



generating resistance.?’ This gap in effective treatments highlights the need for alternatives with
lower potentials for generating resistance, such as phage therapy and antimicrobial polymers,

which are discussed in the following sections.

1.2 Phage therapy

Bacteriophages, or phages, are viruses specific to bacteria. Although they exist in a state of
“almost life”, as they cannot survive without a host, they are the most abundant organism on the
planet.?® They display incredibly diverse morphology (Figure 1.2A), with genomes of single or
double stranded DNA or RNA ranging from 3.4 kb to 500 kb packaged inside a protein capsid.?
The capsid structure can generally be categorized as icosahedral, filamentous, or tailed.>* In
addition to their capsid proteins, phages possess a receptor binding protein (RBP) that is used to
bind to the host and initiate infection; the RBP is therefore the primary determinant of the host
range.’! The replication cycle that follows is usually categorized as lysogenic, where the viral
genome is maintained inside the bacterium, or lytic, where the release of progeny phage damages
the host cell’s membrane, resulting in death (Figure 1.2B).*? Lytic phages are therefore an
attractive antimicrobial being bactericidal, self-amplifying, and highly specific, which minimizes

the threat to beneficial microbes in comparison to traditional antibiotics.*?
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Figure 1.2. Phage morphology and life cycles. A) Examples of phages classified by structure
and genome. B) Lytic and lysogenic replication cycles.

Felix d’Herelle is widely considered to be the father of phage therapy, having coined the term
“bacteriophage”, meaning “bacteria eater”, in his 1917 paper.3* In 1919, he conducted the first
clinical use of phages in attempt to treat dysentery.?® Until the 1940s, phage therapy was pursued
globally, but the introduction of antibiotics halted most research in the United States,*® as the
broad spectrum of action and easier storage made antibiotics a more attractive treatment than

phages. Phage research continued elsewhere, although most extensively in the Soviet Union,



where it went largely unrecognized by western nations.*¢ But, the emergence of AMR has led to
a re-evaluation of phage therapy in the United States.

In 2016, the successful treatment of a multi-drug resistant Acinetobacter baumannii infection
with phages?” attracted widespread attention, leading to the creation of the first official center for
phage therapy in North America, Innovative Phage Applications and Therapeutics (IPATH) at
the University of California, San Diego.?® In the following two year period, IPATH successfully
treated an additional 17 patients.’®* However, less desirable outcomes illustrate the shortcomings
of personalized phage therapy resulting from a narrow host range; out of 99 cases where a phage
hunt was initiated, 10 patients died before an appropriate phage was found, and an additional 6
died before treatment commenced (Figure 1.3).%° To accelerate identifying an appropriate phage
in critical cases, much effort has been devoted to creating banks of characterized phages.*® An
alternative approach is to bypass the screening process altogether and administer a premixed
“cocktail” of phages to maximize the chance of success; a phage cocktail also reduces the
likelihood of bacteria evolving resistance to a single phage.*® However, both personalized and
pre-mixed cocktail approaches face regulatory barriers, challenges in manufacturing, and

additional concerns with safety.*!
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Figure 1.3. Flowchart depicting outcome of all bacteriophage therapy requests at the
Center for Innovative Phage Applications and Therapeutics (IPATH). This figure is adapted

from published work.>

Much effort has been devoted to expanding the host range of bacteriophages. One approach

is “phage training”, where multiple rounds of selection drive evolution towards the desired host

range.*? However, this protocol is time consuming and may result in a diverse population of

phages, rather than a single genotype, complicating isolation and production;** additionally, the

host range is subject to instability.** Alternatively, phages can be genetically engineered through

a variety of methods, such as homologous recombination, CRISPR-Cas9, or cell-free



transcription-translation systems.* These techniques can be used to generate a library of phages
with varying RBPs and identify viable phages by selection, or to rationally design RBPs based
on previous knowledge.*> Genetic engineering, however, is not applicable to all phages, and
success varies with the technique and species used.**¢ Additionally, certain genetic
modifications can result in unintended consequences for phage infectivity or development.#6

Despite their potential for increasing the host range, modified phages face many of the same

regulatory barriers and concerns as their wild-type counter parts.

1.3 Antimicrobial polymers

As the Golden Age of Antibiotics drew to an end, Cornell and Donaruma reported the
production of the first synthetic antimicrobial polymer based on 2-methacryloxytropone in
1965.47 As interest in this synthetic class of macromolecules grew, scientists also investigated the
antimicrobial properties of naturally occurring polymers, such as chitosan, a polysaccharide
produced by fungi,*® and e-poly-L-lysine, a homopoly(amino acid) produced by the bacterium
Streptomyces albulus.*® Synthetic and natural discovery research continued through the 21%
century, leading to the incredibly large and chemically diverse class of macromolecules we now
consider antimicrobial polymers.>%!

Antimicrobial polymers can be classified as passive, where they prevent bacterial
adhesion to a surface, or active, if they are biocidal.’? Active polymers fall into one of three
categories (Figure 1.4), the first being polymeric biocides.’® Here, monomers with intrinsic
bioactivity, such as penicillin, are polymerized, although the polymer may exhibit reduced

activity compared to the monomer due to steric hinderance.>* The second category is biocidal

polymers, where activity is derived from the entire macromolecule, and is greater than the



activity of any individual monomer.>? Biocidal polymers are plentiful in nature, including the
aforementioned chitosan’> and e-poly-L-lysine.>® Despite their small size and chemical diversity,
antimicrobial peptides (AMPs), can technically be classified as biocidal polymers due to the
repeated architecture of their polypeptide backbones.’”->® The final category is biocide-releasing
polymers, where an inert polymer either releases biocidal molecules or degrades into active

monomers.>3

A
<

z
=Y
z

Figure 1.4. General working principles of antimicrobial polymers. Antimicrobial polymers
can be categorized as A) polymeric biocides, where a polymer is comprised of bioactive units, B)
biocidal polymers, where antimicrobial activity is derived from the entirety of the
macromolecule, or C) biocide-releasing polymers, where a polymer with no intrinsic activity
releases active units.

Antimicrobial polymers vary widely in their biocidal mechanism, with some specifically
designated to act on multiple pathways, but the most prevalent mode of action is membrane
disruption.>®®® The specific mode of membrane disruption depends on the chemical composition
of the polymer, but in general, cationic residues on the polymer facilitate attraction to the
negatively charged bacterial membrane. If the polymer possesses hydrophobic residues, this

region will insert into the lipid bilayer, leading to the formation of holes.® If the polymer lacks



hydrophobic residues, electrostatic interactions cause the polymer to coat the membrane like a
“carpet” and upon reaching a critical concentration, induce membrane distortion.>

Other mechanisms include targeting intracellular macromolecules, such as ribosomes or
DNA, or inhibiting cell wall synthesis.>® In general, this action is more common for AMPs than
synthetic polymers, but many cationic polymers have been document to bind DNA. For example,
polyhexamethylene biguanide (PHMB) interferes with cell division by condensing DNA,®! while
poly(2-oxazoline) induces the production of Reactive Oxygen Species (ROS) by binding to
DNA.%2 Using a polycondensation of p-ethylphthalimidate and 1,4-bis(3-
aminopropyl)piperazine, Bai et al. synthesized polymers capable of disrupting bacterial
membranes and binding DNA.% Additionally, antimicrobial polymers can also disrupt the
electron transport chain (ETC).®® The interaction of poly(guanylurea)—piperazine with the
mycobacterial membrane results in a dissipation of membrane potential, ultimately leading to the
collapse of the proton motive force, a drop in ATP levels, and cell death.®* Some synthetic
polymers, but mostly AMPs, exhibit a secondary mechanism by acting as
immunomodulators.>®? Notably, Lam et al. synthesized star-shaped peptide polymer
nanoparticles consisting of lysine and valine residues capable of both membrane disruption and
neutrophil recruitment.®®> However, membrane disruption has two key advantages compared to
other mechanisms: first, it challenging to renew a damaged membrane, and second, it occurs
through a non-receptor-mediated pathway, minimizing the chance of bacteria developing
resistance.’”? Previous works have demonstrated that even after exposing bacteria to
antimicrobial polymers for 274 generations, the minimum concentration necessary to prevent

bacterial growth did not increase, and therefore resistance did not develop.®
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However, many membrane-active polymers display a high affinity for mammalian cells
in addition to bacterial cells, resulting in poor biocompatibility.®’ Furthermore, many synthetic
polymers are not biodegradable, resulting in cytotoxic accumulation, even if they are selective.
The only antimicrobial polymers with membrane-activity approved by the FDA for systemic
administration are in fact, AMPs.®” Much effort has been devoted to designing synthetic
polymers with higher selectivity for bacterial cells and biodegradable properties,®®® often
inspired by AMPs.% Currently, the use of synthetic antimicrobial polymers is restricted to
coatings on medical devices and implants® or as a part of wound dressings®, rather than for

systemic treatment of infections.

1.4 M13 phage as a polymer delivery platform

Phage therapy’® and antimicrobial polymers’! represent two potential solutions to the
AMR crisis due to their lower potential for inducing resistance. However, they face opposite
drawbacks, as phages tend to be highly specific and are thus restricted to an overly narrow host
range,’? while polymers generally lack specificity for bacterial cells over mammalian cells,
resulting in poor biocompatibility.” Cocktails of polymers mixed with phages or phage
endolysins have been explored as a strategy to improve antibacterial efficacy,’# ¢ but this
strategy does not fundamentally alter the respective individual shortcomings. To circumvent this,
we pursed a synergistic approach by engineering the non-lytic M13 bacteriophage into a delivery
platform for antimicrobial polymers.

M13 bacteriophage is a well-studied, non-lytic filamentous phage.?® It consists of a single
stranded DNA genome packaged in a protein capsid comprised of one major coat protein and

four minor coat proteins (Figure 1.5).”” Of the minor coat proteins, the most significant is the
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receptor binding protein, g3p, which binds the F pilus of Escherichia coli and initiates a chronic
infection.”® An important determinant of specificity, the g3p of M13 is highly amenable to
modification; using the technology of “phage display”, which won the Nobel Prize in 2018,
peptide fragments can be expressed on the N-terminal of g3p enabling M 13 to bind new

targets.®? M 13 displays five copies of g3p, while the remaining bulk of the capsid is comprised of
approximately 2,700 copies of the major coat protein, g8p.3! The solvent-accessible functional

groups on the g8p proteins therefore provide thousands of potential sites for the bioconjugation

of antimicrobial cargo.’?

~~ssDNA
& 98p (major coat protein)
Y g3p (receptor binding protein)
> g6p
/ 97p
/9%

Figure 1.5. Structure of M13 bacteriophage. The single stranded DNA genome of M13 is

packaged inside a capsid consisting of four different minor coat proteins (g3p, gbp, g7p, g9p)
and one major coat protein (g8p).

Previous works in our group have explored engineering M13 into a drug delivery vehicle
through modifications to g3p and g8p.*° Peng et al. expressed receptor binding proteins from
other phages on the M13 g3p to target other gram-negative species, such as Pseudomonas
aeruginosa or Vibrio cholera, then loaded the major coat protein with gold nanorods, creating
“phage gold nanorods”;3 when exposed to near infrared light, the excited gold nanorods release

energy as heat, effectively killing any bacteria bound by the phanorod. Using this approach, they
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successfully treated drug-resistant P. aeruginosa wounds in a mouse model.3* Yang et al.
expressed an anti-lipopolysaccharide antibody fragment on g3p to target a broader range of
gram-negative bacteria, then crosslinked a membrane-disruptive antimicrobial lipopeptide,
polymyxin B, to the phage.’® They successfully treated P. aeruginosa keratitis and multi-drug
resistant lung infections in a mouse model, with phage bioconjugates inducing substantially less
toxicity than the free peptide. Additionally, Yang et al. screened a library of inovirus receptor
binding proteins to target P. aeruginosa, then cross-linked a similar peptide, colistin, to the
phage, finding phage-based delivery reduced the necessary dosage of peptide in vitro treatment.®

Building on these advances, this dissertation aims to modify M 13 phage into a polymer
delivery platform to successfully target the gram-positive pathogen S. aureus (Scheme 1.1).
First, an antibody fragment specific to a conserved surface polysaccharide, poly-N-
acetylglucosamine, was expressed on the receptor-binding protein of M 13, then binding to S.
aureus was confirmed. Second, three libraries of bio-inspired polymers were screened for
antimicrobial activity, identifying the cationic amino acid homopolymer a-poly(L-lysine) as the
best candidate for phage-bioconjugation. Lastly, polylysines varying by degrees of
polymerization (48, 90, or 170) were loaded onto the recombinant phage through electrostatic
interactions or EDC crosslinking; the impact of degrees of polymerization and method of loading
on the physiochemical properties, antimicrobial activity, and biocompatibility of the phage

bioconjugates was investigated.
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Scheme 1.1. Engineering M13 bacteriophage as an antimicrobial polymer delivery
platform. A) The receptor-binding protein g3p was genetically engineered to display an scFv
(red and orange) that binds to the common S. aureus surface polysaccharide poly-pB-(1,6)-N-
acetylglucosamine (PNAG). B) After screening bioinspired polymers for antimicrobial activity,
a-poly(L-lysine) was attached to the major coat protein (g8p) (green), resulting in phage
conjugates or complexes.
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Chapter 2. A poly-N-acetylglucosamine binding phage targets Staphylococcus aureus

Adapted from:

- Vexler, S.; Morrison, C.; Jain, S.; Yang, Y.; Tsunemoto, H.; Zhang, N.; McCarthy, K.;
Mihalache, B.; Kutach, M.; Yang, S.; Pogliano, J.; Annabi, N.; Deming, T.J.; Chen, [.A.
Phage-Polymer conjugates inhibit S. aureus with high cytocompatibility and low
bacterial resistance. (under review)

- Yang, Y.; Vexler, S.; Jordan, M.C.; Abbondante, S.; Kang, D.; Peng, H.; Marshall, M.;
Naini, B.V.; Jain, S.; Lai, Y.; Annabi, N.; Roos, K.P.; Chen, [.A. Phage-peptide
conjugates as potent, broad-range antibacterial agents for gram-negative infections. ACS

Central Science 2025. https://doi.org/10.1021/acscentsci.5c00562

The well-studied, filamentous M 13 phage (order /noviridae) normally infects F+ strains
of Escherichia coli. The receptor binding protein, or g3p, binds to the F pilus of E. coli, initiating
a chronic infection that decreases the fitness of the host strain.”®#6:87 While the receptor-binding
protein is an important determinant of specificity, the N-terminal domain of g3p is amenable to
the display of receptor-binding domains from other filamentous phages or antibody fragments to
alter binding specificity.® In addition to its utility in phage display technology, this approach has
been used to engineer M 13 to bind Pseudomonas aeruginosa and other gram-negative organisms
and deliver antimicrobial cargo;®>-%%# notably, M 13 has not been previously engineered to target
gram-positive organisms. Additionally, the host range of Inoviridae phages is restricted to gram-

negative organisms, due to the absence of appropriate receptors and particularly secretion
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systems, including the TolQRA system, in gram-positive organisms like Staphylococcus
aureus.”®?!

The surface polysaccharide poly-N-acetylglucosamine (PNAG) is common across S.
aureus and is actively being investigated as a promising vaccine candidate, making PNAG an
ideal antigen to target.”? Additionally, PNAG is also found in the biofilms of several other
bacterial pathogens, but is crucially absent from mammalian cells. Of the many antibodies
documented to bind PNAG and provide protective activity against S. aureus, the human IgG1
mADb (F598) is notable as it can bind the surface associated deacetylated form (dPNAG) with
high affinity, in addition to the secreted, acetylated form.?*=%° To target S. aureus, the g3p of
M13 was fused to a short-chain variable fragment (scFv) of F598 and the binding affinity of the

resulting anti-PNAG phage was characterized primarily by enzyme-linked immunosorbent

assays (ELISAs).

2.1 Methodology

Anti-PNAG phagemid design. The published amino acid sequences®***% of the variable light
(V1) and heavy (Vn) regions of mAb F598 were reverse-translated into DNA and codon-
optimized for expression in E. coli. Two single-chain constructs were designed with the order
Vi-linker-Vy or Vu-linker-Vi (Figure S2.1), where the linker had sequence (GGGGS)3. Gene
fragments for the two scFv constructs were synthesized by Twist Biosciences, amplified by PCR,
run on a 1% agarose gel, and recovered using a Zymoclean™ Gel DNA Recovery Kit. Phagemid
vector pADL-10bS239T was grown in E. coli DH5a and purified with a ZymoPURE™ Plasmid

£.58

Miniprep Kit.®® Phagemid and inserts were digested with Notl-HF and Agel-HF restriction

enzymes (NEB), run on a 1% agarose gel, and purified using a Zymoclean™ Gel DNA Recovery
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Kit. Digested inserts were ligated into digested phagemid using ElectroLigase® (NEB), then
transformed into Mix & Go! Competent Cells-DH5 Alpha (Zymo Research). Single colonies
were selected and grown in LB media with ampicillin, and phagemid was isolated with a
ZymoPURE™ Plasmid Miniprep Kit. The purified phagemid vectors were sequenced to confirm
successful cloning of pADL-10bS239T-scFv598-Vu-L-VL and pADL-10bS239T-scFv598-VL-L-
Vi (L = linker).

E. coli TGI cells were made chemically competent with a 100 mM CaCl, solution and
transformed with either pADL-10bS239T-scFv598-Vu-L-VL or pADL-10bS239T-scFv598-VL-

L-Vy plasmids, for production of M13%PNAGHL) o M1 39PNAGLH) phage, respectively.

Recombinant phage production. 9 mL of 2xYT media containing 40% w/v glucose and 100
pg/mL ampicillin was inoculated with E. coli transformed by the phagemid construct and then
incubated overnight at 37 °C with shaking at 225 rpm. The following day, 8 mL of overnight
culture was diluted in 152 mL fresh 2xY T with no supplements and incubated under the same
conditions as before. When the OD600 reached approximately 0.5, cells were transduced with
160 puL of CM13d3 pllI-Defective Helper Phage (Antibody Design Labs). After one hour,
ampicillin, kanamycin, and IPTG were added to final concentrations of 100 pg/mL, 50 pg/mL,

and 200 pM respectively. The culture was incubated at 30 °C and 225 rpm overnight.

Phage purification. To purify phage, cultures containing E. coli and phage were centrifuged at
7000 rcf for 10 minutes. Pellets were discarded and the supernatant was filtered through a 0.22
um PES filter, then concentrated with using Amicon® Ultra Centrifugal Filters (50 kDa MWCO)

to approximately 30 mL. 40 mg of PEG8000 and 30 mg NaCl were added per milliliter of
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concentrated supernatant, and the suspension was incubated on ice for at least four hours to
precipitate phages. The solution was centrifuged at 7000 rcf for 30 minutes to pellet phage. The
supernatant was discarded, and phage pellets were resuspended in PBS. Phage concentration was

quantified by measuring the absorbance at 269 nm and 320 nm, using the equation Vi::ins =

(A269— A320)X6x101°
number of bases
phage genome

.6 Phage solutions were stored at 4°C.

Biofilm polysaccharide purification and ELISA. S. aureus (Newman, ATCC 25904) biofilm
polysaccharides were purified based on a previously described protocol.”” Glycerol stocks were
streaked on tryptic soy agar and grown overnight at 37 °C. Tryptic soy broth (TSB, 5 mL) was
inoculated with a single colony, and the culture was grown overnight at 37°C with shaking (225
rpm). The following day, overnight cultures were diluted 1:100 with fresh TSB and grown in
petri dishes without shaking at 37 °C. After five days, biofilm sludge was removed from the petri
dishes. To 10 mL of sludge, 60 pL of formaldehyde (36.5% solution) was added and incubated
for one hour with shaking. 4 mL of 1 M NaOH was added and incubated for three hours with
shaking, then centrifuged for thirty minutes at 7000 rcf. The supernatant was filtered with a 0.22
um filter, then concentrated to 1 to 2 mL with a Centrifugal Ultrafiltration Device (3 kDa
MWCO, Pall). 20% trichloroacetic acid was added to the concentrated supernatant, and the
mixture was incubated on ice for thirty minutes, then centrifuged at 16800 rcf for one hour at 4
°C. 1.5 volumes of 95% ethanol were added to the supernatant containing the polysaccharides
and incubated overnight at -20°C. The following day, the solution was centrifuged at 16800 rcf
for one hour at 4 °C, and the polysaccharide pellet was resuspended in 0.1 M NaHCO;3, pH 8.6.

Polysaccharide content was quantified by the phenol-sulfuric acid method.”®
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For ELISA, 200 pL of purified polysaccharides or blocking buffer (5 mg/mL BSA, 0.1 M
NaHCO;3, pH 8.6) per well were added to 96-well flat bottom Nunc plates with MultiSorp
coating (ThermoFisher) and incubated overnight at 4 °C. The following day, the solution was
shaken out and replaced with 200 uL of blocking buffer, then incubated for 2 hours at 4 °C.
Plates were washed thoroughly by pipetting 200 pL of Tris-Buffered Saline with Tween 20
(TBST) into each well with a multi-channel pipette, shaking out excess solution, and slapping
face down on a paper towel. This process was repeated six times. A series of dilutions of
M 13ePNAGHL) o M1 39PNAGLH) phage, ranging from 108 to 10'! virions/mL, in PBS were
prepared. 100 uL of phage at the appropriate concentration was added to each well, then
incubated for 2 hours at room temperature. Plates were washed again before adding 200 pL of
anti-M13-g8p-HRP antibody (Antibody Design Labs) at a concentration of 0.2 pg/mL in PBS
supplemented with 5 mg/mL BSA and incubated for 1 hour at room temperature. A final wash
step was followed by adding 100 pL of TMB substrate solution (ThermoFisher) and incubating
for 15 minutes at room temperature. The reaction was stopped by adding 50 uL of 2 N sulfuric

acid and absorbance at 450 nm was read using a Tecan Infinite ® M200 PRO.

Cell-Based Enzyme-Linked Immunosorbent Assay (ELISA) for Phage Binding. 5 mL
cultures of the following strains were grown overnight in LB broth: E. coli strains DH5a or
ER2738 (New England Biolabs), S. aureus (Newman), Staphylococcus epidermidis (clinical
isolate), and P. aeruginosa (ATCC 25102). Tetracycline added at 10 pg/mL for ER2738. The
following day, 1 mL of each culture was centrifuged for 5 minutes at 5000 rpm. The supernatant
was discarded, and cells were resuspended in 1 mL of PBS. Cells were centrifuged under the

same conditions and resuspended in fresh PBS. The OD600 of the cell resuspension was adjusted
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to 1, and the cells were diluted 100-fold in PBS. 200 pL of diluted cells or blocking buffer (5
mg/mL BSA, 0.1 M NaHCO3, pH 8.6) per well were added to 96-well flat bottom Nunc plates
with MultiSorp coating (ThermoFisher) and incubated overnight at 4 °C to allow cell attachment.
The following day, the solution was shaken out and replaced with 200 uL of blocking
buffer and then incubated for 2 hours at 4 °C. Plates were washed thoroughly by pipetting 200
uL of Tris-Buffered Saline with Tween 20 (TBST) into each well with a multichannel pipet,
shaking out excess solution, and slapping face down on a paper towel. This washing process was
repeated six times. A series of phage dilutions from 5 x 10!! to 108 virions/mL in PBS were
prepared. 100 pL of phage at the appropriate concentration was added to each well, then
incubated for 2 h at room temperature. Plates were washed again before adding 200 pL of anti-
M13-g8p-HRP antibody (Antibody Design Laboratories) at a concentration of 0.2 pg/mL in PBS
supplemented with 5 mg/mL BSA and incubated for 1 hour at room temperature. Plates were
washed again before adding 100 pL of TMB substrate solution (ThermoFisher) and incubating
for 15 minutes at room temperature. The reaction was stopped by adding 50 pL. of 2 N sulfuric

acid, and absorbance at 450 nm was read using a Tecan Infinite M200 PRO plate reader.

SYBR Gold binding assay. 10,000x SYBR Gold Nucleic Acid Gel Stain was added at a final
concentration of 2.5x to 1 mL of phage at a final concentration of 10!3 virions/mL, then mixed on
a benchtop rotator at room temperature in the dark for 60 minutes to allow phage staining.
Labeled phage were purified by concentrating down to 1 mL in Amicon 50 kDa Ultra
Centrifugal Filter membranes via successive centrifugation at 5,000 x g. Labeled phage were
then washed 3 times in 1 mL of PBS to remove excess SYBR Gold and resuspended in 200 puL

PBS. The concentration of the recovered phage was quantified by UV-Vis absorbance
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spectroscopy as described above. Fluorescence labeling was verified via fluorescence reading on
a Tecan Infinite 200 Pro microplate reader with an excitation wavelength of 495 nm and
emission wavelength of 537 nm.

Bacteria from overnight cultures were pelleted and resuspended in PBS, then diluted to
an OD600 of 0.1. In triplicate, varying amounts of bacteria were mixed with fluorescently
stained phage to a final concentration of 10!! virions/mL in a total volume of 1 mL. Each
bacteria-phage mixture was incubated on a benchtop rotator at room temperature in the dark for
30 minutes to allow binding. Bound bacteria and phage were centrifuged for 10 minutes at 5,000
rpm, washed and resuspended in PBS, centrifuged again for 10 minutes at 5,000 rpm, and
resuspended in 200 mL of PBS. Each resuspended sample was added to a well of a 96-well plate.
Fluorescence was measured on a Tecan Infinite 200 Pro microplate reader with an excitation
wavelength of 495 nm and emission wavelength of 537 nm. Fluorescence of bacteria without
phage was subtracted from samples with phage to account for background, then normalized by

the number of nucleotides in each phage genome to estimate virion concentration.

Glycan microarrays. M139PNAG phage was labeled with SYBR Gold as described above and
sent to the Center for Functional Glycomics (Boston, MA, USA). Microarray assays were
performed at 102 or 10" virions/mL on the CFG Glycan microarray (version 5.5) and Microbial

Glycan microarray (MGM, version 2).%

2.2 Results

Design and construction of anti-PNAG phage. The N1 and N2 domains of the receptor

binding protein (RBP) of M 13 was replaced with a short chain variable fragment (scFv) of
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antibody F598, which is known to bind poly-N-acetylglucosamine (PNAG). Two scFv fragments
were designed with different orders of the heavy and light variable regions, consisting of a PelB1
leader sequence, first variable region, a flexible linker with sequence (GGGGS);3, second variable
region, and appropriate restriction sites. The construct with Vi appearing first is designated as
“HL” and the construct with Vi appearing first is designated as “LH” (Figure S2.1). Gene
fragments were cloned into a phagemid vector and verified with sequencing. After transforming
E. coli with either of the two phagemids, the cells were infected with CM13d3 helper phage,
which has a defective g3p RBP. Thus, only scFv-g3p fusion proteins would be incorporated into
the progeny phage. Propagation using standard methods resulted in two different anti-PNAG

phages: M13%PNAGHL) haying the HL construct and M139PNAGEH) haying the LH construct.

Binding of anti-PNAG phages to bacterially derived polysaccharide extracts. An enzyme-
linked immunosorbent assay (ELISA) was used to determine whether each construct was capable
of binding biofilm polysaccharides purified from known PNAG producer S. aureus.
Polysaccharides were extracted from bacterial culture and adsorbed to ELISA plates, and phage
binding was detected using an anti-M13 g8p antibody. M13°PNAGHL) demonstrated binding,
whereas M 13%PNAGLH showed no apparent binding signal to the polysaccharides (Figure 2.1).
The M139PNAGHL) binding curve was fit to the Hill-Langmuir equation giving an apparent
dissociation constant of 600 pM (95% CI: 370 pM to 2.9 nM) (Table S2.1). The previously
reported Kp value for F598 IgG was 500 pM for PNAG (the secreted form), and 16 pM for
dPNAG (the surface associated form), indicating that M 139PNAGHL) exhibited comparable
binding to extracted S. aureus polysaccharides as the IgG binding to PNAG.?>!100 M ]3¢PNAG(HL)

was used for all downstream applications and also designated as M13%NAG hereon.
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Figure 2.1. Engineered M13 binding to S. aureus biofilm polysaccharides. Bound phages
were detected by ELISA using an HRP-conjugated anti-g8p antibody. ELISA signals are shown
at different virion concentrations of anti-PNAG phages. The HL construct (M139PNAGHD)) bound
purified S. aureus biofilm polysaccharides in a concentration-dependent fashion (red) at a level
significantly higher than its binding to the negative control (BSA; black). In comparison, the LH
construct (M139PNAGLH); blue) showed a similar signal as the negative control (BSA; gray). Error
bars indicate standard deviation between triplicate wells. The binding curve of M139PNAGHD) ¢4
S. aureus polysaccharides was fit to the Hill-Langmuir equation [Y = Bmax*X"(Kp" + XM)],
where Kp is the dissociation constant, Bumax is the maximum binding, and h is the Hill coefficient.
Kp was determined to be 3.6 x 10! virions/mL (600 pM) with R? = 0.9337. Full fitting
parameters with 95% confidence intervals are listed in Table S2.1.

A defined microbial glycan microarray (MGM, National Center for Functional
Glycomics) was used to assess the binding specificity of M139PNAG by testing binding to 313
glycan samples from multiple microbial species. The MGM panel includes 285 extracts from
gram-negative strains from various species and 23 extracts from gram-positive species, as well as
5 other glycans; the panel does not include PNAG or any other polysaccharides from S. aureus.
M 139PNAG did not significantly bind the MGM glycans, with the exception of weak binding to
glycans isolated from E. coli serotype O128-B12 (Figure S2.2A), consistent with the expected
lack of PNAG among these samples.”® The ELISA and microarray studies indicate that
M 139PNAG had high affinity and binding specificity, in accordance with its design to bind PNAG

biofilm polysaccharides.
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Binding of anti-PNAG phage M13PNAG to gram-negative and gram-positive bacterial cells.
Since the isolation procedure of polysaccharides prepared for ELISA or microarrays may alter
their binding properties, M13%°NAS binding to whole bacterial cells was measured. A modified
ELISA was employed by immobilizing bacteria on 96-well plates through adsorption and
formaldehyde fixation. Phage binding was detected by an anti-M 13 g8p antibody. Wild-type
M13 was observed to bind E. coli (ER2738, an F+ strain) but not S. aureus or BSA (Figure
2.2A), as expected, providing initial validation of the whole-cell ELISA method. M13%NAG wag
observed to bind both S. aureus and E. coli cells, along with S. epidermis and P. aeruginosa
(Figure 2.2B). The binding curves were fit to the Hill-Langmuir equation, with apparent
dissociation constants of 340 pM, 470 pM, 1.1 nM, and 5.1 nM for S. aureus, S. epidermidis, E.
coli, and P. aeruginosa, respectively (Table S2.1). These Kp values are within an order of
magnitude of the value measured for polysaccharides isolated from S. aureus and the previously
reported affinity for PNAG, supporting binding according to the design. The whole-cell ELISAs
also demonstrated greater M139PNAG binding to species where PNAG is a tightly associated
surface polysaccharide (in S. aureus and S. epidermidis) rather than a more loosely associated
exopolysaccharide (e.g., in E. coli). Greater binding to S. aureus is also consistent with greater
PNAG production by this species.”>?*1%! While P. aeruginosa is not known to produce PNAG, it
does produce the structurally similar polysaccharide Pel, which PNAG-specific antibodies are

capable of binding.!*
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Figure 2.2. Engineered M13 binding to E. coli, S. aureus, S. epidermidis, and P. aeruginosa
cells. Whole-cell ELISA was used to measure binding of A) wild-type M13 and B) M139PNAG
phage to different bacterial species. As expected, wild-type M13 bound significantly to E. coli
(ER2738) but not S. aureus (Newman) or the negative control (BSA), validating the assay.
M139PNAG bound strongly to S. aureus (Newman) and S. epidermidis (clinical isolate), and to E.
coli (ER2738) and P. aeruginosa (ATCC 25102) to a lesser extent. Error bars indicate standard
deviation between duplicate wells. Binding curves were fit to the Hill-Langmuir equation [Y =
Bmax*X"/(Kp" + XM)]. Fitting parameters with 95% confidence intervals are listed in Table S2.1.

Binding to bacterial cells was further confirmed by staining phages with SYBR Gold,
mixing with cells, washing, and measuring the fluorescence of the cell-phage pellet. The SYBR
Gold assay confirmed that the engineered M13°PNAS phage showed significantly greater binding
than wild-type M13 to S. aureus (Figure 2.3A). Both wild-type M13 and M13%NAG phages
bound E. coli (Figure 2.3B). Thus, multiple techniques indicated that M13**NAG bound to S.

aureus polysaccharides and whole cells, as designed.
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Figure 2.3. Binding of SYBR Gold-labeled M13 and M13°*NAC phages to A) S. aureus
Newman and B) E. coli ER 2738. Phage at a concentration of 10'! virions/mL were incubated
with bacteria at varying OD600 in a final volume of 1 mL. Unbound phages were removed by
centrifugation, and bacterial pellets were resuspended in 200 pL of PBS. RFU of bacteria
without phage was subtracted from samples with phage to account for background, then
normalized by the number of nucleotides in each phage genome.

Lack of M13°*NAC binding to mammalian cells and glycans. Since phage conjugation or
complexation was intended to provide specificity, particularly to avoid binding to mammalian
cells, the whole-cell ELISA method was used to evaluate binding of M13°NAS to mammalian
cell line HEK 293. Neither wild-type M13 nor M13%¥NAG bound to HEK 293 cells, as expected
(Figure 2.4A). M139PNAG (did exhibit some binding to S. cerevisiae (Figure 2.4B), indicating
some potential for eukaryotic cell binding, but with 50-fold lower affinity than the affinities
measured for Staphylococcus species (Table S2.1). These results confirmed that M 139PNAG
exhibits superior binding to S. aureus glycans compared to eukaryotic, especially mammalian,
cells.

To further probe binding to mammalian glycans, M139PNAS wag tested against a diverse

panel of 562 mammalian N- and O-glycans (CFG Glycan microarray). No binding was observed

26



on the microarray, supporting the expected lack of binding between M13%°NAG and mammalian

glycans (Figure S2.2B).
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Figure 2.4. Engineered M13 binding to eukaryotic cells. Whole-cell ELISA was used to
measure binding of wild-type M13 and M13°PNAS phage to A) HEK 293 and B) S. cerevisiae.
Neither phage exhibiting substantial binding to HEK 293 compared to M139PNAS target .
aureus. M13%°NAG exhibited weak binding to S. cerevisiae compared to S. aureus. Error bars
indicate standard deviation between triplicate wells. Fits to the Hill-Langmuir equation are
shown. Full fit parameters with 95% confidence intervals are listed in Table S2.1.

2.3 Discussion

Here, we demonstrate the successful engineering of M 13 bacteriophage to bind S. aureus
by antibody fragment expression. M13%*NAG exhibited strong binding to S. aureus biofilm
polysaccharides while the other phage construct, M13PNAGLH) exhibited no binding,
highlighting the importance of scFv orientation. The apparent dissociation constant of M13%NAG
to the biofilm polysaccharides, being rich in acetylated PNAG, was 600 pM, similar to the report
Kb of the monoclonal antibody to acetylated PNAG, 500 pM.?>1%0

M 139PNAG exhibited the strongest binding affinities for prolific PNAG producers, such as
S. aureus and S. epidermidis,”>**!°! and no binding to mammalian cells, as determined by the
whole cell ELISA. While the Kp of F598 to S. aureus has not been determined, the apparent

dissociation constant of M139PNAS to S, qureus falls in between the Kp of the antibody to PNAG
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(500 pM) and dPNAG (16 pM), validating the whole cell ELISA developed here. These results
were also consistent with the SYBR Gold binding assay and glycans microarrays. Additionally,
the whole cell ELISA method was used to confirm the binding of an anti-lipopolysaccharide
(LPS) phage to E. coli.®® Thus, the whole cell ELISA methodology developed here therefore
presents an attractive method for characterizing the binding affinity of phage to bacteria.

As they presented similar binding affinities, the recombinant phage can serve as a
suitable replacement for the targeting molecule in antibody-drug-conjugates, but M13 phage has
the additional advantage of being quicker and more-cost effective to produce than monoclonal
antibodies.!*® Additionally, the phage major coat protein, g8p, provides solvent-accessible
functional groups for potential bioconjugation of antimicrobial cargo and is present in thousands
of copies per virion;*8! a typical IgG has roughly 20 potential solvent accessible residues for
bioconjugation.!** Thus, engineering the phage’s binding specificity expands the host range to
include target pathogens, like S. aureus, and the natural antibacterial effect of phage infection

can next be replaced by the lytic activity of a synthetic polymer conjugated to the coat protein.
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2.4 Supplementary figures and tables

VH-L-VL
GCGGCCGCTGGATTGTTATTACTCGCGGCCCAGCCGGCCATGGCGCAAGTCCAGCT
GCAAGAAAGCGGGCCGGGCTTGGTGAAGCCAAGTGAAACACTGTCGTTAACCTGTA
CCGTGAGTGGCGGCAGCATTTCTGGTTATTATTGGTCCTGGATCCGTCAGCCCCCGG
GTAAAGGCCTCGAGTGGATCGGATATATTCACTATTCACGCTCGACGAATAGTAACC
CAGCCCTGAAAAGCCGAGTCACGATTAGCTCTGACACCTCCAAGAATCAGTTGAGC
CTTCGCCTTAGTTCAGTTACCGCCGCGGATACCGCTGTTTACTATTGCGCGCGTGATA
CCTACTACTACGATTCAGGTGACTACGAGGATGCATTTGATATCTGGGGCCAGGGGA
CTATGGTGACTGTAAGTTCTGGTGGCGGTGGTTCAGGTGGGGGAGGTTCGGGCGGC
GGCGGCAGCCAACTCGTGCTGACCCAGTCCCCGAGCGCGTCCGCATCCTTGGGTGCC
AGCGTGAAACTGACCTGTACTCTGAGCTCAGGCCACTCCAACTATGCGATCGCTTGG
CATCAGCAGCAACCGGGGAAAGGTCCTAGATATTTAATGAAAGTAAACCGTGACGG
TAGTCATATTCGTGGAGACGGAATACCGGATCGGTTCTCGGGCTCGACAAGCGGTGC
AGAACGCTATCTGACAATTTCTTCGCTGCAGTCTGAAGATGAAGCGGATTATTACTG
CCAAACGTGGGGCGCCGGCATTCGCGTCTTTGGGGGCGGAACGAAACTGACGGTTC
TAGGGCAGGGCGGCGGCACCGGT

VL-L-VH
GCGGCCGCTGGATTGTTATTACTCGCGGCCCAGCCGGCCATGGCGCAACTGGTCTT
GACCCAGAGCCCTAGTGCCAGCGCGAGCCTGGGTGCATCAGTTAAGCTGACCTGCA
CACTATCAAGCGGCCACTCGAATTATGCAATCGCCTGGCATCAGCAGCAACCGGGG
AAAGGACCGCGATATCTCATGAAAGTTAACCGTGATGGCTCTCACATCCGCGGTGAT
GGTATTCCGGATCGTTTCAGCGGCTCAACCTCGGGCGCCGAGAGATATTTGACTATT
TCTTCTTTACAATCGGAAGATGAAGCGGACTATTACTGCCAGACGTGGGGTGCTGGC
ATCCGTGTGTTTGGTGGTGGCACCAAACTGACAGTTCTCGGTCAGGGGGGGGGAGG
CTCAGGCGGTGGCGGCTCCGGCGGGGGCGGTAGTCAAGTCCAGCTGCAGGAGTCTG
GTCCGGGACTGGTGAAACCGAGCGAAACTTTATCGCTTACCTGTACGGTCTCCGGGG
GTAGCATTAGTGGCTATTACTGGTCCTGGATTCGCCAACCCCCAGGAAAAGGCCTGG
AATGGATAGGATATATTCATTACTCCCGTTCAACCAACTCCAACCCAGCGCTGAAGT
CGCGCGTAACAATCTCGAGCGACACGAGTAAAAATCAGCTTAGTCTGCGCTTGAGC
AGTGTGACGGCTGCGGACACCGCAGTGTATTATTGTGCGCGGGATACTTATTACTAC
GACTCTGGTGATTACGAAGATGCCTTTGATATTTGGGGGCAGGGCACGATGGTAACG
GTGTCCAGCGGCGGCGGCACCGGT

Figure S.2.1. Sequences of VH-L-VL and VL-L-VL inserts from Notl (GCGGCCGC) to Agel
(ACCGGT) restriction sites. Successful cloning was verified by Sanger sequencing.
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Figure S.2.2. Binding of M13PNAG t¢ glycan microarrays from the National Center for
Functional Glycomics. A) Microbial Glycan Microarray (MGM) and B) CFG mammalian type
microarray, version 5.5. Typical binding hits show a >10-fold increase in fluorescence over
background based on prior MGM experiments. Escherichia coli lipopolysaccharide O128-B12 is
indicated by “a”. A full list of all glycans screened and their indices is found on the National
Center for Functional Glycomics website: https://research.bidmc.org/ncfg/microarrays.

30


https://research.bidmc.org/ncfg/microarrays

Substrate virilji)l;;lmL Kp in pM [ h R?
S 36100 1 000 (370t0 | 4133t | 12(075t0
OHPEUS 2.2 x 10! to o AT 0.9337
polysaccharide 1.8 x 10'2) 2900) 8.1) 1.7)
S. aureus 20100 1 00 08010 | 44(@lto | 12(11to
. (1.7 x 10! to N T 0.9973
(Newman) | 50 oy 420) 4.8) 1.4)
S. epidermidis | 2.8 x 10!
(clinical | (2.4 x 10" to 4705?(30 ° 4'65(48)3 ° 1'31(14')1 0 0.9975
isolate) 3.4 x 10 ' '
I
E.coli ER | 46‘65;11)?1 | 1100(760t0 | 5.1(42t0 | 12(09910 09977
2738) 11 x 102) 1900) 6.9) 1.3) :
P. aeruginosa 3.0 x 1012
(ATCC o 5100 (NC) 12 (NC) 0.87 (NC) 0.9970
25102)
3
S. cerevisiae 1.5 10 25 nM 8.3 (NO) 0.59 (NC) 0.9864
(NC)

Table S.2.1. Fitting parameters of binding curves. Binding curves of M139NAG a5 determined

by ELISA were fit to the Hill-Langmuir equation, [Y = Bmax*X"(Kp" + X")], where Kp is the

dissociation constant, Bmax is the maximum binding, and h is the Hill coefficient. 95% confidence
intervals are listed in parentheses, where NC indicates the interval could not be calculated. Kp is

expressed as virions/mL and also as pM.
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Chapter 3. Antimicrobial properties of bio-inspired polymers

Adapted from:

Salas-Ambrosio, P.; Vexler, S.; P S, R.; Chen, I. A.; Maynard, H. D. Caffeine and
Cationic Copolymers with Antimicrobial Properties. ACS Bio Med Chem Au 2023.

https://doi.org/10.1021/acsbiomedchemau.2¢00077.

Salas-Ambrosio, P.; Vexler, S.; P Sivasankaran, R.; Vlahakis, N.; Lai, R.; Johnson, C.;
Baas-Maynard, S.; Min, D.; Lower, H.; Doyle, A.; Tang, Y.; Rodriguez, J.; Chen, L;
Read de Alaniz, J.; Maynard, H. Biosourced Functional Hydroxybenzoate-co-Lactide
Polymers with Antimicrobial Activity. Journal of the American Chemical Society 2025.

https://doi.org/10.1021/jacs.5¢04624

Vexler, S.; Morrison, C.; Jain, S.; Yang, Y.; Tsunemoto, H.; Zhang, N.; McCarthy, K.;
Mihalache, B.; Kutach, M.; Yang, S.; Pogliano, J.; Annabi, N.; Deming, T.J.; Chen, L.A.
Phage-Polymer conjugates inhibit S. aureus with high cytocompatibility and low

bacterial resistance. (under review)

Antimicrobial polymers can be prepared from a variety of different polymerization

techniques depending on the nature of the monomers. Among the different polymeric backbones

with antimicrobial properties, it is possible to find polyacrylates,'?> polynorbornenes,!%
prop p polyacry poly

polypeptides,'®7 their analogues polypeptoids,!*®1% or synthetic polybetapeptides.!!'? Different

parameters can be tuned during the preparation of antimicrobial polymers, such as architecture,

molecular weight, monomer arrangement, nature of the cation, and hydrophobic group.

111,112

Additional modifications include zwitterionic groups as side chains and satellite-active
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groups.'!3114 In this study, we synthesized three different libraries of polymers, each differing in
their backbone, and investigated their antimicrobial activity.
For poly(methacrylates), two key properties are their primary cationic group, which can be

tuned at the side chain to mimic cationic amino acids,!>!1°

and the hydrophobic side chain;
increased length of the hydrophobic side chain allows for greater hydrophobic interactions with
the lipid components of the membranes but comes at the cost of higher cytotoxicity.!!’
Therefore, evaluating different ratios of cationic and hydrophobic content is crucial to select
molecules with optimal antimicrobial activity and minimal cytotoxicity. Moreover, to the best of
our knowledge, heterocyclic side chains, such as purine derivatives, have not been reported as
the hydrophobic side chain of antimicrobial polymers, whereas polymers having heterocyclic
cationic side chains are already known.!!8-12! Potential purine derivatives include caffeine, which
could provide antibacterial properties by itself'?%!23 or improve the biological activity of other
drugs.!?*12% In the first library, we prepared a series of methacrylate copolymers bearing cationic

or zwitterionic groups and ethyl caffeine by free-radical polymerization and tested their potential

as antimicrobial agents (Scheme 3.1).
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Scheme 3.1. General strategy to prepare methacrylate copolymers with caffeine and
cationic or zwitterionic side chains. A) Synthetic route of preparation and B) copolymer
Structures.

A lesser studied backbone is hydroxybenzoate-co-lactide, which can be prepared from
depside precursors. Depsides are natural compounds produced by condensation between
hydroxybenzoic acids and have shown antimicrobial activity as a class.!?¢ For example, lecanoric
acid, which is a depside of orsellinic acid (Scheme 3.2A), possesses antibacterial activity against

127,128

gram-negative and gram-positive bacteria. Depsides are found in lichen, plants, and

fungi.!?*130 Interestingly, they possess a range of other biological activities such as antitumor,!3!

132,133 anti-fungal,'** and antiviral!?®!3> properties. They have also been

anti-inflammatory,
found active against drug-resistant bacteria including methicillin-resistant Staphylococcus aureus
(MRSA).!134136 Depsides are linked by ester bonds, making them good candidates for preparing
active and degradable molecules. However, the specificity that living organisms possess to link

them at the 4-hydroxy position and the versatility of different carbon chain lengths at the 6-

position pose synthetic challenges for researchers. Thus, preparing synthetic polymer analogs of
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depsides is an area of interest for drug discovery and biomedical applications. Inspired by the
promising potential of depsides, the second library investigates the antimicrobial activity of
hydroxybenzoate oligomers and polymers obtained using a combination of synthetic biology and
chemical synthesis to enable access to a range of functionalities (Scheme 3.2). Substituted
hydroxybenzoic acids (such as resorcylic acids) are widely found in nature and are
biosynthesized from polyketide pathways. Variations in the structure of these natural products
arise through polyketide synthase substrate specificity and have been leveraged for engineered
biosynthesis from model microbial hosts.!3” First, 2-hydroxybenzoic acid monomer precursors
with 4-O (R1) and 6-alkyl (R2) functionality were heterologously produced and purified from an
engineered fungal host.!*® The biosynthetically sourced natural products were studied for activity
against gram-positive S. aureus and gram-negative Escherichia coli. Next, these compounds
were derivatized with methyl, allyl, and benzyl groups at the 4-O position and converted into the
corresponding lactides prior to polymerization. The antimicrobial activity of the resulting
polymers was investigated, determining the importance of the peripheral functional group and
molecular weight on antimicrobial efficacy; this library represents the first successful design of

functionalized poly(hydroxybenzoate-co-lactide) derivatives for antimicrobial activity.
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c) Antibacterial polymers by ring-opening

a) Lecanoric acid: a depside of orsellinic acid polymerization (ROP)
OH O O Me
OH O OH o 0 Me O o/>
oL oA B S
HO Me (f‘fo @ o] @ A;FT/'
b) Antibacterial precursor screening 090e0etcneneet?
OH OH I . :
Chemically installed (R,) P
o L eq — %%
(Fiwo @ —N .
N aturally installed (R)) /%
N . S
o 72 S. aureus S. aureus treated with polymers

e X
L JR5Y  Aspergillus nidulans

Facilitated by the Living Biofoundry
BioPACIFIC MIP 7 Degradable

Scheme 3.2. Polymeric antimicrobial agents against S. aureus inspired by depsides. A)
Structure of a depside from orsellinic acid, B) 4-(methyl/allyl/benzyl)oxy and 6-(H/alkyl)-2-
hydroxybenzoates from synthetic and biological processes, and C) their functional
hydroxybenzoate-co-lactide polymers prepared by ROP.

2 Antibacterial ¥ Biocompatible

The polypeptide backbone represents a significant class of antimicrobial macromolecules,
largely comprised of antimicrobial peptides (AMPs), in addition to more “polymer-like”
polypeptides.’® Many AMPs are produced by nonribosomal peptide synthetases (NRPS) and
contain substantial modifications, such as a cyclic peptide structure, D-amino acids, and fatty
acid tails.'*” Notably, several have been approved for systemic use, such as vancomycin and
polymyxin b, unlike synthetic antimicrobial polymers.'%° Like other membrane active
antimicrobial polymers, their activity is usually derived from a mix of cationic and hydrophobic
residues,'*! although cationic homopolymers of lysine or arginine exhibit strong activity despite
the absence of hydrophobicity.!*? These cationic homopolymers represent the more “polymer-
like” class of antimicrobial polypeptides, as they consist of repeating units and can exceed 50
residues. Poly(lysine) is a particularly well studied antimicrobial polypeptide, as the naturally
produced epsilon form is approved as a food preservative, and the synthetic alpha form is utilized

49,143,144

for gene delivery and cell culture. For the final library, we used a ring-opening
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polymerization of N-carboxyanhydrides (NCAs) to synthesize a-poly(L-lysine)-NHo, referred to
as “polyK”, ranging from 40 to 200 residues to determine the impact of degrees of

polymerization on antimicrobial activity (Scheme 3.3).

o

)
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- Ne-carbobenzyloxy-L-lysine N-carboxyanhydride Poly(Ne-carbobenzyloxy-L-lysine) a-poly(L-lysine)-NH2
Ne-carbobenzyloxy-L-lysine (ZK NCA) (polyZK) (PolyK)

[¢]

Scheme 3.3. Synthesis of a-poly(L-lysine)-NH; (called “polyK” here) by NCA
polymerization.

3.1 Methodology
3.1.1 Preparation of methacrylate copolymers with caffeine and cationic or zwitterionic
side chains

All the chemicals and solvents in this work were purchased from Sigma-Aldrich and TCI
and, unless otherwise described, were used without any purification. AIBN was recrystallized
from acetone before use. DMSO was dried using molecular sieves and kept under an inert
atmosphere. MilliQ water was obtained from a Purelab Prima, ELGA.

NMR spectra were obtained on a Bruker AV 400 MHz instrument (UCLA, CA, USA),
and the data was analyzed using MestRenova v12 software. Size exclusion chromatography
(SEC) measurements in the trifluoroethanol (TFE) phase were performed on a JASCO BS 4000-
1 HPLC System, equipped with a UV-4075 UV/vis detector. The system also included a
differential refractive index detector RI-4030 RI detector. Polymers were separated on a mixed-

column system equipped with two PSS PFG columns (8 X 300 mm, 5 um) at a flow rate of 0.5
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mL/min. Column temperatures were held at 23 °C in TFE 20 mM NaTFA. Molar mass was
calculated from a calibration curve of poly(methyl methacrylate). Size exclusion
chromatography (SEC) measurements in DMF were performed on an Infinity 1260 II HPLC
system from Agilent equipped with a diode array detector DAD from Wyatt technology. The
system also included a multiangle light scattering detector MALS and differential refractive
index detector dRI from Wyatt technology. Polymers were separated on two PLgel Mixed-D gel
columns PL1110—-6504 (300 x 7.5 mm) (exclusion limits from 200 to 400 000 Da) at a flow rate
of 0.6 mL min~!. Column temperatures were held at 40 °C in DMF with LiBr (0.1 M). Molar
masses were calculated from the dn/dc of the different polymers. Size exclusion chromatography
(SEC) measurements in the aqueous phase were performed on a Waters Alliance HPLC System,
2695 Separation Module equipped with photodiode array detector 2998 PDA from Watters
technology. The system also included a multiangle light scattering detector MALS and
differential refractive index detector dRI from Wyatt technology. Polymers were separated on
Tosoh TSKgel G3000PWXL (7 um) + TSKgel GS000PWXL (10 um) at a flow rate of 1.0
mL/min. Column temperatures were held at 23 °C in MilliQ Water with 0.2 M NaNO3 + 0.1%

TFA. Molar masses were calculated from the drn/dc of the different polymers.

Monomer preparation

Synthesis of 2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)ethyl
Methacrylate; Ethofylline-methacrylate (CafMA). In a round-bottom flask etofylline 99%
(1g, 4 mmol, 1 equiv) was dissolved in 15 mL of dry DCM, placed in an ice bath, and mixed
with triethylamine 97% (Etz:N 0.7 mL, 5 mmol, 1.1 equiv). Then, methacryloyl chloride 90%

(0.6 mL, 5 mmol, 1.2 equiv) was added slowly. The reaction was stirred at 23 °C for 16 hours.
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Upon completion, as attested by TLC (DCM:Acetone 8:2, Rf product = 0.76, Rf caffeine on = 0.1), the
solution was filtered, and the organic phase was dried using rotavapor. Then, the powder was
resolubilized in 10 mL of DCM, placed in a separation funnel, and followed by the addition of
30 mL of water and 2 mL of HCI. The organic phase was separated, and the aqueous phase was
extracted twice using 10 mL of DCM. The organic phase was dried using MgSO4, filtered, and
dried in a rotavapor. The product was isolated as a slightly yellowish powder in a 56% yield. 'H

NMR signals agreed with the previous report./#

Synthesis of tert-Butyl (4-Methacrylamidobutyl)carbamate (Boc-ab-MA). In a round-bottom
flask tert-butyl(4-aminobutyl) carbamate 95% (5 mL, 24.82 mmol, 1 equiv) and EtzN 97% (4.28
mL, 29.79 mmol, 1.2 equiv) were dissolved in 41 mL of DCM and placed them in an ice bath.
Then, methacryloyl chloride 90% (3.34 mL, 29.79 mmol, 1.2 equiv) was added slowly. The
reaction was stirred reaching 23 °C conditions for 16 hours. Then, the solution was washed with
10 mL of HCI 3 M and 50 mL of water three times. The organic phase was dried with
magnesium sulfate, filtered off and the solvent was evaporated using the rotavapor. The solid

was washed with cyclohexane and isolated in a 65% yield as a white powder.

Synthesis of 2-(tert-Butoxy)-N-(2-(methacryloyloxy)ethyl)-NV, N-dimethyl-2-oxoethan-1-
aminium (-Bu-DMEA-MA). The monomer was prepared as reported elsewhere with slight
modification.!#¢ In a round-bottom flask 2-(dimethylamino) ethyl methacrylate 97% (5.15 mL,
30.85 mmol, 1 equiv) and tert-butyl 2-bromoacetate 97% (5.64 mL, 37 mmol, 1.2 equiv) were
mixed in 50 mL of ACN. The mixture was stirred at 50 °C for 16 hours. Then the solvent was

evaporated. The crude oil was mixed with 15 mL of DCM and precipitated in 200 mL of Et,O
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twice. The powder was isolated as a white powder in an 83% yield. 'H NMR signals agreed with

the previous report.

Synthesis of Lysine Methacrylate (Lys-MA). The monomer was prepared as reported
elsewhere with slight modification.!#’ In a round-bottom flask, CbzLys-OH 99% (2 g, 7.13
mmol, 1 equiv), methacryloyl chloride 90% (1.6 mL, 14.2 mmol, 2 equiv), and NaCO3 97%
(1.24 g, 14.2 mmol, 2 equiv) were dissolved in 5 mL of water and 24 mL of THF. The mixture
was stirred in an ice bath for 30 min and then for 3 hours at 23 °C. Then, 150 mL of water and 10
mL of 3 M HCI were added and extracted with DCM 50 mL three times. The organic phase was
dried with magnesium sulfate, filtered off, and then, 10 pL. of MEHQ (20 mg/mL) was added to
prevent autopolymerization, and the solvent was evaporated in the rotavapor. The crude oil was
then solubilized in TFA 10 mL and deprotected with HBr 33% (2.5 mL, 14.2 mmol, 2 equiv) for
4 hours. Then it was precipitated in Et2O 200 mL and kept in the freezer at —20 °C for 3 hours.
The mixture was centrifuged at 4000 rpm for 4 min. The supernatant was discarded, and the
powder was resolubilized in 5 mL of ethanol followed by the addition of triethylamine in excess.
The mixture was centrifuged at 400 rpm for 4 min. The solid was dried at a high vacuum

affording a yellowish solid in 30% yield. "H NMR signals agreed with the previous report.
gay y

Polymer Preparation

Synthesis of Poly(etofylline)methacrylate (CafMA). AIBN (90 mg, 6.6 umol, 1 equiv) was
dissolved in 220 puL of DMSO (dried with molecular sieves) and transferred to a dried Schlenk
tube, and CafMA (5 mg, 0.2 mmol, 30 equiv) was added. The mixture was degassed four times

using the freeze—thawing technique. The reaction was stirred at 75 °C for 1.5 hours after
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confirming the absence of monomer. The polymer was precipitated in 20 mL of Et;O and
centrifuged at 4000 rpm for 5 min, repeating this action three times. The polymer was dried in

vacuo and recovered as a white powder (yield 75%). M, = 25.4 kg/mol b = 2.77.

Synthesis of Poly[(zer-butyl(4-methacrylamidobutyl)carbamate)-(etofylline-methacrylate)];
P(Boc-ab-Caf50%)MA. The monomer Boc-ab-MA (88.6 mg, 3.42 x 10 mol, 15 equiv) was
transferred to a Schlenk vessel followed by the addition of CafMA (100 mg, 3.42 x 10~* mol, 15
equiv) in 530 pL of DMF, the monomers were solubilized with gentle heat, and then 72.4 pL of
AIBN (2.28 x 107 mol, 1 equiv) was added (solution of 20.75 mg in 400 pL of DMSO). The
mixture was degassed four to five times using the freeze—thawing technique. The reaction was
stirred at 75 °C overnight for 16 hours. The polymers were precipitated in 25 mL of Et2O, and
the solid was resolubilized in approximately 1 mL DCM and reprecipitated in 25 mL of Et;O.
The solid was dried in vacuo and isolated as a yellowish powder in a 69% yield. M, =27.7
kg/mol B = 1.75. The caffeine content was calculated by correlating the protons in methyl

groups of the polymer backbone (0.49 ppm, CHs) and the protons of the caffeine side chain (8.05

Intcy

ppm, CH) using the following equation: Caf% = —= x100%

Synthesis of Poly[(tert-butyl(4-methacrylamidobutyl)carbamate)-(etofylline-methacrylate)];
P(Boc-ab-Caf30%)MA. The copolymer was prepared similarly to P(Boc-ab-Caf50%)MA
varying the equivalent ratio of Boc-ab-MA and CafMA. Upon isolation, the copolymer was

obtained as a yellowish powder in a 73% yield. M, = 21.8 kg/mol D = 1.74.
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Synthesis of Poly[(zer-butyl(4-methacrylamidobutyl)carbamate)-(etofylline-methacrylate)];
P(Boc-ab-Caf10%)MA. The copolymer was prepared similarly to P(Boc-ab-Caf50%)MA
varying the equivalent ratio of Boc-ab-MA and CafMA. Upon isolation, the copolymer was

obtained as a yellowish powder in a 68% yield. M, = 25.8 kg/mol D = 1.50.

Synthesis of Poly(tert-butyl(4-methacrylamidobutyl)carbamate); P(Boc-ab)MA. The
copolymer was prepared similarly to P(Boc-ab-Caf50%)MA using only Boc-ab-MA. Upon
isolation, the copolymer was obtained as a yellowish powder in a 67% yield. M, = 23.2

kg/mol B = 1.52.

Synthesis of Poly[(/V-(4-aminobutyl)-methacrylamide)-(etofylline-methacrylate)|; P(ab-
Caf50%)MA. An amount of 100 mg of P(Boc-ab-Caf50%)MA polymer was dissolved in 1 mL
of TFA and stirred for 4 hours at 23 °C. Then the product was precipitated in 25 mL of Et;0,
centrifuged at 4500 rpm for 5 min, reprecipitated, centrifuged, dried in vacuo, and dialyzed with
deionized water (MWCO 3.5 kDa). Upon isolation, the copolymer was isolated as a yellowish

powder in a 69% yield.

Synthesis of Poly[(/V-(4-aminobutyl)-methacrylamide)-(etofylline-methacrylate)|; P(ab-
Caf30%)MA. The copolymer was deprotected similarly as described for P(ab-Caf50%)MA.

Upon isolation, the copolymer was isolated as a yellowish powder in a 70% yield.
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Synthesis of Poly[(/V-(4-aminobutyl)-methacrylamide)-(etofylline-methacrylate)|; P(ab-
Caf10%)MA. The copolymer was deprotected similarly as described for P(ab-Caf50%)MA.

Upon isolation, the copolymer was isolated as a yellowish powder in an 81% yield.

Synthesis of Poly(/V-(4-aminobutyl)-methacrylamide); P(ab-MA). The copolymer was
deprotected similarly as described for P(ab-Caf50%)MA. Upon isolation, the copolymer was

isolated as a yellowish powder in a 73% yield.

Synthesis of Poly[(2-(zer-butoxy)-N-(2-(methacryloyloxy)ethyl)-NV, N-dimethyl-2-oxoethan-
1-aminium)-(etofylline-methacrylate)|; P(-Bu-DMEA-Caf30%)MA. The monomer #-Bu-
DMEA-MA (170.4 mg, 4.79 x 10~* mol, 21 equiv) was transferred to a Schlenk tube followed by
the addition CafMA (60 mg, 2.05 x 10* mol, 9 equiv) in 530 uL of DMSO. The monomers were
solubilized with gentle heat and then 35.4 uL of AIBN (2.28 x 10> mol, 1 equiv) was added
(AIBN solution =21.19 mg in 200 uL. of DMSO). The mixture was degassed four to five times
using the freeze—thawing technique. The reaction was stirred at 75 °C for 16 hours. The polymer
was then precipitated in 20 mL of Et2O and centrifuged at 4500 rpm for 5 min. The solid was
resolubilized in DCM 1 mL, reprecipitated in 25 mL Et;O, centrifuged, and dried in vacuo. Upon

isolation, the copolymer was obtained as a yellowish powder in an 80% yield.

Synthesis of Poly[(2-(tert-butoxy)-N-(2-(methacryloyloxy)ethyl)-NV,/N-dimethyl-2-oxoethan-
1-aminium)-(etofylline-methacrylate)|; P(~-Bu-DMEA-Caf10%)MA. The copolymer was

prepared similarly to P(Boc-ab-Caf30%)MA varying the equivalent ratio of --Bu-DMEA-MA
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and CafMA. Upon isolation, the copolymer was obtained as a yellowish powder in an 83%

yield. M, =21.1 kg/mol & =2.0.3.

Synthesis of Poly(2-(tert-butoxy)-/N-(2-(methacryloyloxy)ethyl)-/V, N-dimethyl-2-oxoethan-1-
aminium); P(~Bu-DMEA)MA. The copolymer was prepared similarly to P(Boc-ab-
Caf30%)MA using only ~-Bu-DMEA-MA. Upon isolation, the copolymer was obtained as a

yellowish powder in a 92% yield. M,, = 32.0 kg/mol & = 2.06.

Synthesis of Poly[(2-((2-(methacryloyloxy)ethyl)dimethylammonio)acetate)-(etofylline-
methacrylate)]; P(DMEA-Caf30%)MA. Deprotection was performed by dissolving 100 mg of
polymer in 1 mL of TFA. The solution was stirred for 4 hours at 23 °C and then the polymer was
precipitated in 20 mL Et>O, centrifuged at 4500 rpm for 5 min, reprecipitated, centrifuged, and
dialyzed in water (MWCO = 3.5 kDa). The polymer was freeze-dried and obtained as a

yellowish powder in a 91% yield. M, = 16.0 kg/mol D = 2.24.

Synthesis of Poly[(2-((2-(methacryloyloxy)ethyl)dimethylammonio)acetate)-(etofylline-
methacrylate)]; P(DMEA-Caf10%)MA. The copolymer was deprotected similarly as
described for P(DMEA-Caf30%)MA. Upon isolation, the copolymer was isolated as a yellowish

powder in an 86% yield. M, =26.7 kg/mol & = 2.53.

Synthesis of Poly(2-((2-(methacryloyloxy)ethyl)dimethylammonio)acetate); P(DMEA)MA.

The copolymer was deprotected similarly as described for P(DMEA-Caf30%)MA. Upon
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isolation, the copolymer was isolated as a yellowish powder in a 91% yield. M, =27.7

kg/mol B = 3.24.

Synthesis of Poly((lysine-methacrylate)-(etofylline-methacrylate)); P(Lys-Caf50%)MA. The
monomer LysMA (55.5 mg, 2.57 x 10 mol, 15 equiv) was transferred to a Schenck vessel
followed by the addition CafMA (75 mg, 2.57 x 10* mol, 15 equiv) in 0.6 mL of DMSO and 0.2
mL of HCl 6 M. The monomers were solubilized with gentle heat, and then 35.8 pL of AIBN
(1.71 x 107> mol, 1 equiv) was added (solubilizing 16.04 mg in 200 uL of DMSO). The mixture
was degassed four times using the freeze—thawing technique. The reaction was stirred at 75 °C
for 16 hours. The polymers were precipitated in 20 mL of Et;O, centrifuged at 4500 rpm for 5
min, reprecipitated, centrifuged, and dialyzed in deionized water (MWCO 3.5 kDa). The

polymer was obtained as a yellowish powder in a 4% yield.

Synthesis of Poly((lysine-methacrylate)-(etofylline-methacrylate)); P(Lys-Caf30%)MA. The
copolymer was prepared similarly to P(Lys-Caf50%)MA varying the equivalent ratio of LysMA
and CafMA. Upon isolation, the copolymer was obtained as a yellowish powder in a 39%

yield. M, = 18.0 kg/mol D = 2.24.

Synthesis of Poly((lysine-methacrylate)-(etofylline-methacrylate); P(Lys-Caf10%)MA. The
copolymer was prepared similarly to P(Lys-Caf50%)MA varying the equivalent ratio of LysMA
and CafMA. Upon isolation, the copolymer was obtained as a yellowish powder in a 38%

yield. M,, = 17.8 kg/mol D =2.25.
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Synthesis of Poly(lysine-methacrylate); P(Lys)MA. The copolymer was prepared similarly to
P(Lys-Caf50%)MA using only LysMA. Upon isolation, the copolymer was obtained as a

yellowish powder in a 17% yield. M, = 25.2 kg/mol & = 2.28.

Synthesis of Poly[(2-(zer-butoxy)-N-(2-(methacryloyloxy)ethyl)-N, N-dimethyl-2-oxoethan-
1-aminium)-(etofylline-methacrylate)|; P(~-Bu-DMEA-Caf30%)MA DP30. The monomer ¢-
Bu-DMEA-MA (204.5 mg, 5.75 x 10~* mol, 21 equiv) was transferred to a Schlenk tube
followed by the addition CafMA (72 mg, 2.46 x 10~* mol, 9 equiv) in 630 pL of DMSO. The
monomers were solubilized with gentle heat, and then AIBN (1.12 mg, 6.84 x 10 mol, 0.25
equiv) and 4-cyano-4-(phenyl carbonothioyllthio)pentanoic acid 99% (CTA, 7.72 mg, 2.74 x 10~
> mol, 1 equiv) were added. The mixture was degassed four times using the freeze—thawing
technique. The reaction was stirred at 75 °C for 16 hours. The polymers were precipitated in 25
mL of Et2O and centrifuged at 4500 rpm for 5 min. The solid was resolubilized in DCM 1 mL,
reprecipitated in 25 mL of Et;O, centrifuged, and dried in vacuo. Upon isolation, the copolymer
was obtained as a yellowish powder in a 70% yield. M, = 6.4 kg/mol D = 1.16. The

polymerization degree (DP) was calculated using the methyl group in the polymer backbone
(signal 0.78 ppm, CH3) according to the following equation: DP = Im% The caffeine content

was calculated by correlating the polymerization degree and the protons of the caffeine side

Intcy

chain (8.30 ppm, CH) using the following equation: Caf% = op X 100%

Synthesis of Poly[(2-(zert-butoxy)-N-(2-(methacryloyloxy)ethyl)-NV,/N-dimethyl-2-oxoethan-
1-aminium)-(etofylline-methacrylate)|; P(~-Bu-DMEA-Caf10%)MA DP30. The copolymer

was prepared similarly to P(--Bu-DMEA-Caf30%)MA DP30 varying the equivalent ratio of #-
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Bu-DMEA-MA and CafMA. Upon isolation, the copolymer was obtained as a yellowish powder

in a 71% yield. M,, = 6.3 kg/mol D = 1.06.

Synthesis of Poly(2-(tert-butoxy)-/N-(2-(methacryloyloxy)ethyl)-/V, N-dimethyl-2-oxoethan-1-
aminium); P(~Bu-DMEA)MA DP30. The copolymer was prepared similarly to P(~-Bu-DMEA-
Caf30%)MA DP30 using only +-Bu-DMEA-MA. Upon isolation, the copolymer was obtained as

a yellowish powder in a 76% yield. M, = 4.7 kg/mol D = 1.03.

Synthesis of Poly[(2-((2-(methacryloyloxy)ethyl)dimethylammonio)acetate)-(etofylline-
methacrylate))]; P(DMEA-Caf30%)MA DP30. Deprotection was performed by dissolving 100
mg of polymer in 1 mL of TFA. The solution was stirred for 4 hours at 23 °C, and then the
polymer was precipitated in 20 mL Et:O, centrifuged at 4500 rpm for 5 min, reprecipitated,
centrifuged, and dialyzed in water (MWCO = 3.5 kDa). The polymer was freeze-dried and

obtained as a yellowish powder in a 72% yield.

Synthesis of Poly[(2-((2-(methacryloyloxy)ethyl)dimethylammonio)acetate)-(etofylline-
methacrylate))]; P(DMEA-Caf10%)MA DP30. The copolymer was deprotected similarly as
described for P(DMEA-Caf30%)MA DP30. Upon isolation, the copolymer was isolated as a

yellowish powder in a 73% yield. M, = 4.2 kg/mol D = 1.16.

Synthesis of Poly(2-((2-(methacryloyloxy)ethyl)dimethylammonio)acetate); P(DMEA)MA

DP30. The copolymer was deprotected similarly as described for P(DMEA-Caf30%)MA DP30.
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Upon isolation, the copolymer was isolated as a yellowish powder in a 74% yield. M, = 5.1

kg/mol B =1.18.

3.1.2 Preparation of hydroxybenzoate-co-lactide polymers

All chemicals and solvents in this work were purchased from Sigma Aldrich and TCI
and, unless otherwise described, were used without any purification. Salicylic acid, MTBD,
DCM, THF, allyl bromide, benzyl bromide, methyl iodide, 2-bromo propionyl bromide, P(LLA-
alt-GA) were purchased from Sigma-Aldrich, P(DLLA-r-GA) was purchased from polysciences.
Orsellinic acid was purchased from Ambeed chemicals. THF, Et20, and hexanes were dried over
molecular sieves at least 24 hours before use. 3-O urea Catalyst was synthesized according to the
previous protocol.!*® P(DLLA) was prepared with 3-O urea catalyst and MTBD (Mn = 6
kg/mol). P(DLLA-r-GA) (IV 0.2 dl/g) and P(LLA-a/t-GA) (Mn = 10 kg/mol) were purchased
from Polysciences Inc. and Sigma Aldrich, respectively. MilliQ water was obtained from a
Purelab Prima (ELGA) system.

Polymer molecular weights were determined by SEC analysis using an SEC-MALS
instrument, equipped with Shimazu Prominence-I LC 2030 C 3D autosampler, two MZ
Analysentechnik MZ-Gel SDplus LS 5 pm, 300 x 8 mm linear columns, Wyatt DAWN HELOS-
II, and a Wyatt Optilab T-rEX. The column possesses a linear porosity of = 5000A according to
the vendor (https://www.mz-at.de/en/mz5005-300080-mz-gel-sdplus-linear-Smym-300x8-0mm-
sec-gpc-columns.html). Thus, the molecular weight of polymers with M/I <30 was determined
based on 1H NMR spectroscopy. The column temperature was set to 40 °C, flow rate to 0.7
mL/min, and all samples were dissolved in HPLC grade THF at 5 mg/mL. The dn/dc values,

molar mass, and dispersity values were calculated from the RI vs signal by using the 100% mass
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recovery method in the Astra software and a known sample concentration. High-resolution mass
spectra were obtained from an Agilent LC-Q-TOF 6545 at the UCLA Molecular Instrumentation

Center.

Preparation of Precursors. Most of the precursors and monomers were prepared as it is

illustrated in Scheme 3.4. Otherwise, the synthesis is presented accordingly.

OH OH OX Ry-Br (1.5 equiv.) o o TFA/H,0 OH OH

Acetone (5 equiv.) o K>COj3 (1.2 equiv.) (9:1) o
0o ———— 0 ——» o —
TFAA, TFA, 23 °C, @ Acstone i, d 23°C, 18 Rix
HO R 72h HO R 23°C,24h ™o Ry ° Re

2

OH OH Q
BrPrAcBr (1.3 equiv.)
o) TEA (2.4 equiv.) o] 0]

—_—
R‘\o/@i DCM, 0- 23 °C, 24 h /©f§o
Rivo R

Scheme 3.4. General scheme of semi-aromatic lactide monomers (TFFA = trifluoroacetic
anhydride, TFA=trifluoroacetic acid, TEA= triethylamine).

Synthesis of 2-hydroxy-4-methoxybenzoic acid, “Compound 3”. Compound 5 was prepared
according to Scheme 3.5. In a round bottom flask 2.0 g of 2,4-dihydroxybenzoic acid (15x10-3
mol, 1 equiv.) were dissolved in 6 mL of 20% NaOH under argon. Then, 1.4 mL of dimethyl
sulfate (16.5x10-3 mol, 1.1 equiv.) was added dropwise and stirred at room temperature for 2 h.
The solvent was evaporated, and the powder was recrystallized in MeOH-water (2:5). The
product was isolated as a white powder in 44% yield (950 mg). NMR signals are a match to

previously reported.'#
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OH OH OH OH

Dimethylsulfate (1.1 equiv.)

> 6}
NaOH aqg 20%, 23 °C, 2 h

HO ~o

Scheme 3.5. Preparation of 2-hydroxy-4-methoxybenzoic acid, “Compound 3”.

Synthesis of 7-hydroxy-2,2-dimethyl-4 H-benzo|d][1,3]dioxin-4-one. In a round bottom flask,
6 g of 2,4-dihydroxybenzoic acid (97%, 3.78x10-2 mol, 1 equiv.) and 22.5 mL of trifluoroacetic
anhydride were mixed, followed by the addition of 15 mL of trifluoroacetic anhydride and 15
mL of acetone (95%, 1.93x10-1 mol, 5 equiv.). The mixture was stirred from 0 °C to 23 °C for
72 hours. Then, the mixture was diluted in 50 mL of EtOAc, neutralized with saturated NaHCO3
at 0 °C, extracted with EtOAc extractions 50 mL three times, dried over anhydrous MgSO4,
filtered, and concentrated in a rotatory evaporator. The product was purified by column
chromatography using Biotage® (Hexane-EtOAc 20:80). The solvent was evaporated, and the
product was recovered as a yellowish powder in 81% yield (5.91 g). NMR signals matched with

previous work.!%°

Synthesis of 7-(allyloxy)-2,2-dimethyl-4 H-benzo|d][1,3]dioxin-4-one. In a round bottom flask,
10 g of 7-hydroxy-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (5.12x10-2 mol, 1 equiv.) was
dissolved in 100 mL acetone, followed by the addition of 6.8 mL of allyl bromide (7.65x10-2
mol, 1.5 equiv.) and 8.54 g of potassium carbonate (99%, 6.12x10-2 mol, 1.2 equiv.). The
reaction mixture was stirred for 24 hours at 23 °C. Then, the solvent was evaporated,
resuspended with 100 mL of EtOAc, mixed with 300 mL of water, and extracted with 100 mL of
EtOAc three times. The organic phase was dried over MgSO4, filtered, and concentrated in a

rotatory evaporator. The product was isolated using Biotage® (Hexane-EtAcO, 80:20), and the
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solvent was evaporated. The product was recovered as a yellowish powder in a 77% yield (9.2

g)

Synthesis of 4-(allyloxy)-2-hydroxybenzoic acid, “Compound 4”. In a round bottom flask 7-
(allyloxy)-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (9.2 g, 3.2x10-2 mol) and 72 mL of TFA
and 8 mL of deionized water, the mixture was stirred for 18 hours at 23 °C. Then the product
was precipitated in 150 mL of deionized water and the solid was filtered and washed with water.

The product was freeze-dried and recovered as a white powder in an 83% yield (6.3 g).

Synthesis of 7-(benzyloxy)-2,2-dimethyl-4 H-benzo[d][1,3]dioxin-4-one. In a round bottom
flask, 10 g of 7-hydroxy-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (5.1x10-2 mol, 1 equiv.)
was dissolved in 100 mL of acetone, followed by the addition of 9.36 mL of benzyl bromide
(97%, 7.65x10-2 mol, 1.5 equiv.), and 8.54 g of potassium carbonate (99%, 6.12x10-2 mol, 1.2
equiv.). The reaction mixture was stirred for 24 hours at 23 °C. Then, the solvent was
evaporated, resuspended with 100 mL of EtOAc, mixed with 300 mL of water, and extracted
with 100 mL of EtOAc three times. The organic phase was dried over MgSO4, filtered, and
concentrated in a rotatory evaporator. The product was isolated using Biotage® (Hexane-EtAcO,

80:20), the solvent was evaporated and recovered as a yellowish powder in a 69% yield (10.0 g).

Synthesis of 4-(benzyloxy)-2-hydroxybenzoic acid, “Compound 5”. In a round bottom flask 3
g of 7-(benzyloxy)-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one was mixed with 25 mL of TFA
and 5 mL of deionized water, the mixture was stirred for 18 hours at 23 °C. Then the product

was precipitated in 150 mL of deionized water and the solid was filtered and washed with water.

51



The product was freeze-dried and recovered as a yellowish powder in 87% yield (2.2 g). NMR

signals matched with previous work.!>!

Synthesis of 2-hydroxy-4-methoxy-6-methylbenzoic acid, “Compound 7”. The product was
prepared following the protocol for Compound 3 using 2,4-dihydroxy-6-methylbenzoic acid
(1.5 g, 8.9x10 mol, 1 equiv.) and dimethyl sulfate (1.6 mL, 11.1x10-3 mol, 1.1 equiv.). The
product was isolated as a white powder in 36% yield (580 mg). NMR signals are similar to

previously reported.'*?

Biosynthesis of 2-heptyl-4,6-dihydroxybenzoic acid, “Compound 8”. 2-Heptyl-4,6-
dihydroxybenzoic acid, Compound 8, was purified from large-scale cultures of the model
fungus Aspergillus nidulans A1145 ASTAEM heterologously expressing Ma OvaA-C on
episomal vectors as previously described.!3®!53 Briefly, 5 L of liquid CD-ST medium were
inoculated with 1 x 10* spores/mL and cultured at 28 °C with shaking (250 rpm). Following 5
days of growth in CD-ST, the cultures were filtered, and the media extensively extracted with
EtOAc which were concentrated under reduced pressure. The dried residue was subjected to
purification by RediSep Rf Gold reversed-phase C18 column on a Teledyne Combi-Flash system
using a linear gradient of 30-100% MeOH-H20 with 0.1% formic acid in 45 min at 60 min/mL.
The collected fractions were analyzed by LC-MS using a Shimadzu 2020 EV LC-MS
(Phenomenex Kinetex, 1.7 pm, 2.0 x 100 mm, C18 column) using positive- and negative-mode
electrospray ionization with a linear gradient of 5-95% CH3CN-H20 with 0.1% formic acid

(v/v) in 15 min followed by 95% CH3CN for 3 min with a flow rate of 0.3 mL/min. Pure
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fractions as determined by LC-MS were pooled and concentrated giving 200 mg of Compound

8 as a white amorphous solid.

Synthesis of 2-heptyl-6-hydroxy-4-methoxybenzoic acid, “Compound 9”. The product was
prepared following the protocol for Compound 3 using 2-heptyl-4,6-dihydroxybenzoic acid (50
mg, 1.75x10"* mol, 1 equiv.) and dimethyl sulfate (18.6 pL, 1.92x10-4 mol, 1.1 equiv.). The

product was isolated as a white creamy powder in 45% yield (20 mg).

Synthesis of 5-heptyl-7-hydroxy-2,2-dimethyl-4 H-benzo|d][1,3]dioxin-4-one. The product
was prepared following a similar protocol to prepare Compound 1 using: 214 mg of 2-heptyl-
4,6-dihydroxybenzoic acid (8.23x10-4 mol). Upon isolation, the product was recovered as a
yellow viscous oil in an 65% yield (200 mg, calculated yield takes into account a deprotected

form that was observed as an impurity by 'H NMR).

Synthesis of 7-(benzyloxy)-5-heptyl-2,2-dimethyl-4H-benzo|d][1,3]dioxin-4-one]. The
product was prepared following a similar protocol for Compound 2, using: 200 mg of 5-heptyl-
7-hydroxy-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (6.77x10-4 mol, 1 equiv.), 124.4 puL of
benzyl bromide (97%, 1.02x10 mol, 1.5 equiv.) and 113.4 mg of potassium carbonate (8.13x10-

4 mol, 1.2 equiv.). The product was recovered as a yellow viscous oil in a 48% yield (124 mg).

Synthesis of 4-(benzyloxy)-2-heptyl-6-hydroxybenzoic acid, “Compound 10”. The product

was prepared following a similar protocol for Compound 2: 124 mg of 7-(benzyloxy)-5-heptyl-

2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (3.21x10-4 mol), 1.1 mL TFA and 0.14 mL of
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deionized water. Upon isolation, the product was recovered as a red viscous oil in an 87% yield

(96 mg).

Monomer preparation.

Synthesis of 8-(benzyloxy)-3-methyl-SH-benzo|e][1,4]dioxepine-2,5(3 H)-dione, “Compound
13”. In a round bottom flask, 7.4 g of 5 (3.0x10-2 mol, 1 equiv.) were dissolved in 100 mL of
anhydrous acetonitrile, followed by the addition of 4.74 mL of dry triethylamine (3.3x10-2 mol,
1.1 equiv.), cooled down to 0 °C and then slowly added 4.29 mL of 2-bromopropionyl bromide
95% (3.9x10 mol, 1.3 equiv.). The mixture was stirred at 0 °C for 2 hours, and then 5.6 mL of
dry triethylamine (3.9x10"2 mol, 1.3 equiv.) were added. The mixture was stirred from 0 °C to 23
°C for 24 hours, then the solvent was evaporated in a rotatory evaporator, resuspended in 100
mL of EtOAc and 300 mL of water (keeping the pH = 5 using HCI 1 M), followed by three
extractions of EtOAc. The organic phase was dried over MgSO4, filtered, and evaporated in a
rotatory evaporator. The solid was recrystallized using DCM and hexane (1:10). The fine

yellowish crystals were recovered in a 49% yield (4.4 g).

Synthesis of 8-methoxy-3-methyl-5H-benzo[e][1,4]dioxepine-2,5(3H)-dione, “Compound
11”. The product was prepared with the same protocol of Compound 13 using: 1.3 g of
Compound 3 (7.65x10-3 mol, 1 equiv.), 1.09 mL of bromopropionyl bromide (9.95x10-3 mol,
1.3 equiv.) and 2.64 mL of TEA (1.84x10-2 mol, 2.4 equiv.). Upon isolation, the product was

recovered as a white powder in a 65% yield (1.1 g).
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Synthesis of 8-(allyloxy)-3-methyl-5SH-benzo|e][1,4]dioxepine-2,5(3 H)-dione, “Compound
12”. The product was prepared with the same protocol of Compound 13 using: 6.8 g of
Compound 4 (2.76x102mol, 1 equiv.), 3.95 mL of bromopropionyl bromide (3.58x102 mol, 1.3
equiv.) and 4.36 mL + 5.15 mL of TEA (6.6x10"2 mol, 2.4 equiv.). Upon isolation, the product

was recovered as a yellowish powder in a 73% yield (5.0 g).

Synthesis of 8-methoxy-3,6-dimethyl-5H-benzo[e][1,4]dioxepine-2,5(3H)-dione,
“Compound 14”. The product was prepared with the same protocol of Compound 13 using: 0.6
g of Compound 7 (3.26x10 mol, 1 equiv.), 516 pL of bromopropionyl bromide (4.24x10- mol,
1.3 equiv.) and 1.13 mL of TEA (7.83x107? mol, 2.4 equiv.). Upon isolation, the product was

recovered as a white powder in a 37% yield (284 mg).

Synthesis of 8-(benzyloxy)-6-heptyl-3-methyl-SH-benzo[e][1,4]dioxepine-2,5(3H)-dione,
“Compound 15”. The product was prepared with the same protocol of Compound 13 using:
100 mg of Compound 10 (2.89x10* mol, 1 equiv.), 41.4 pL of bromopropionyl bromide
(3.76x10"* mol, 1.3 equiv.) and 99.8 uL of TEA (6.94x10*mol, 2.4 equiv.). The product was
isolated by evaporation of the solvent, redissolution with 6 mL of dried THF, filtration under
anhydrous conditions, and evaporation. The product contained TEA salt and it was used as it
during the ROP. The resultant product was a viscous yellowish liquid in a 17% yield (20 mg, the

yield takes into account the TEA salt).

Polymer preparation by ring-opening polymerization (ROP).
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Synthesis of poly(1-oxopropan-2-yl 4-(benzyloxy)-2-hydroxybenzoate), [DP 50]. The
polymers were prepared as depicted in Scheme 3.6 and as follows: In a scintillation vial, and
using a glovebox under N2 atmosphere, the Compound 13 (50 mg, 1.68x10- mol, 50 equiv.)
was weighted and 250 pL of DCM were added. Separately, a solution was prepared using 16.7
pL of 3-methylbutan-1-0l(3-MeBuOH) 0.2M in THF (3.35x10-6 mol, 1 equiv.), 16.7 uL of 3-O
urea catalyst (1,1',1"-(nitrilotris(ethane-2,1-diyl))tris(3-(3,5-bis(trifluoromethyl)phenyl)urea))
0.2M in THF ( 3.35x10-6 mol, 1 equiv.) and 16.7 pL. of MTBD (1-methyl-2,3,4,6,7,8-
hexahydro-1H-pyrimido[1,2-a]pyrimidine) 0.2M in THF (3.35x10-6- mol, 1 equiv.). The
monomer-catalyst solution was added quickly to the monomer one and after 30 min of reaction,
the polymer was precipitated in hexanes, dried under vacuum for 24 hours, and obtained as a
white powder in 75% yield (37.5 mg). SEC in THF: Mn = 16.6 kg/mol, B = 1.14. The DP or M/l
was calculated by correlating the intensity of the signal CH of the polymer backbone at 5.51 ppm

with the intensity of the 2CHj3 initiator signal at 0.89 ppm. DP = 66.

F

FLF
HN” % \|<

N OZ\N rd v 3MeBuOH
o E/ \J DCM, 23 °C
H/\/N\/\ )k

Urea catalyst MTBD

Scheme 3.6. Ring-opening polymerization of the monomers using 3-O urea catalyst, MTBD
and 3-MeBuOH as initiator.

Synthesis of poly(1-oxopropan-2-yl 2-hydroxy-4-methoxybenzoate), “Polymer 16” [DP5].
The polymer was prepared following similar methodology as described above using: Compound

11 (31.1 mg, 1.4x10* mol, 5 equiv.), 3-MeBuOH (28 uL 1M, 2.8x10-5 mol, 1 equiv.), 3-O urea
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catalyst (25.5 mg, 2.8x107 mol, 1 equiv.) and MTBD (28 pL 1M, 2.8x10-5 mol, 1 equiv.). After
silica column purification (hexanes - ethyl acetate gradient 10-100%), the polymer was
recovered as a white powder in 84% yield (26 mg). The DP or M/I was calculated by correlating
the intensity of the signal CH of the polymer backbone at 5.51 ppm with the intensity of the

2CH3 initiator signal at 0.86 ppm. Calculated DP = 5.

Synthesis of poly(1-oxopropan-2-yl 2-hydroxy-4-methoxybenzoate), “Polymer 17” [DP15].
The polymer was prepared following similar methodology as described above using: Compound
11 (31.1 mg, 1.4x10* mol, 15 equiv.), 3-MeBuOH (9.3 uL 1M, 9.3x10-6 mol, 1 equiv.), 3-O
urea catalyst (8.5 mg, 9.3x10° mol, 1 equiv.) and MTBD (9.3 pL 1M, 9.3x10% mol, 1 equiv.).
After silica column purification (hexanes - ethyl acetate gradient 10-100%), the polymer was
recovered as a white powder in 91% yield (28.2 mg). The DP or M/I was calculated by
correlating the intensity of the signal CH of the polymer backbone at 5.51 ppm with the intensity

of the 2CHj initiator signal at 0.86 ppm. Calculated DP = 13.

Synthesis of poly(1-oxopropan-2-yl 2-hydroxy-4-methoxybenzoate), “Polymer 18” [DP30].
The polymer was prepared following similar methodology as described above using: Compound
11 (31.1 mg, 1.4x10* mol, 30 equiv.), 3-MeBuOH (4.6 uL 1M, 4.6x10°° mol, 1 equiv.), 3-O urea
catalyst (4.2 mg, 4.6x10°° mol, 1 equiv.) and MTBD (4.6 uL 1M, 4.6x10° mol, 1 equiv.). After
silica column purification (hexanes - ethyl acetate gradient 10-100%), the polymer was
recovered as a white powder in 84% yield (26.2 mg). The DP or M/I was calculated by
correlating the intensity of the signal CH of the polymer backbone at 5.51 ppm with the intensity

of the 2CHj initiator signal at 0.86 ppm. Calculated DP = 30.
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Synthesis of poly(1-oxopropan-2-yl 4-(allyloxy)-2-hydroxybenzoate), “Polymer 19” [DPS5].
The polymer was prepared following similar methodology as described above using: Compound
12 (34.7 mg, 1.4x10* mol, 5 equiv.), 3-MeBuOH (28 pL 1M, 2.8x10- mol, 1 equiv.), 3-O urea
catalyst (25.5 mg, 2.8x107 mol, 1 equiv.) and MTBD (28 pL 1M, 2.8x107 mol, 1 equiv.). After
silica column purification (hexanes - ethyl acetate gradient 10-100%), the polymer was
recovered as a white powder in 59% yield (20.4 mg). The DP or M/I was calculated by
correlating the intensity of the signal CH of the polymer at 6.11 — 5.90 ppm with the intensity of

the 2CH3 initiator signal at 0.86 ppm. Calculated DP = 5.

Synthesis of poly(1-oxopropan-2-yl 4-(allyloxy)-2-hydroxybenzoate), “Polymer 20” [DP15].
The polymer was prepared following similar methodology as described above using: Compound
12 (34.7 mg, 1.4x10* mol, 15 equiv.), 3-MeBuOH (9.3 uL 1M, 9.3x10°° mol, 1 equiv.), 3-O urea
catalyst (8.5 mg, 9.3x10°° mol, 1 equiv.) and MTBD (9.3 uL 1M, 9.3x10° mol, 1 equiv.). After
silica column purification (hexanes - ethyl acetate gradient 10-100%), the polymer was
recovered as a white powder in 81% yield (28 mg). The DP or M/I was calculated by correlating
the intensity of the signal CH of the polymer at 6.11 — 5.90 ppm with the intensity of the 2CH3

initiator signal at 0.86 ppm. Calculated DP = 11.

Synthesis of poly(1-oxopropan-2-yl 4-(allyloxy)-2-hydroxybenzoate), “Polymer 21” [DP30].
The polymer was prepared following similar methodology as described above using: Compound
12 (34.7 mg, 1.4x10* mol, 30 equiv.), 3-MeBuOH (4.6 uL 1M, 4.6x10°° mol, 1 equiv.), 3-O urea

catalyst (4.2 mg, 4.6x10°° mol, 1 equiv.) and MTBD (4.6 uL 1M, 4.6x10° mol, 1 equiv.). After
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silica column purification (hexanes - ethyl acetate gradient 10-100%), the polymer was
recovered as a white powder in 58% yield (20.0 mg). The DP or M/I was calculated by
correlating the intensity of the signal CH of the polymer at 6.11 — 5.90 ppm with the intensity of

the 2CH3 initiator signal at 0.86 ppm. Calculated DP = 22.

Synthesis of poly(1-oxopropan-2-yl 4-(benzyloxy)-2-hydroxybenzoate), “Polymer 22”
[DP5]. The polymer was prepared following similar methodology as described above using:
Compound 13 (41.7 mg, 1.4x10** mol, 5 equiv.), 3-MeBuOH (28 puL 1M, 2.8x107 mol, 1
equiv.), 3-O urea catalyst (25.5 mg, 2.8x107 mol, 1 equiv.) and MTBD (28 uL 1M, 2.8x10°
mol, 1 equiv.). After silica column purification (hexanes - ethyl acetate gradient 10-100%), the
polymer was recovered as a white powder in 61% yield (25.4 mg). The DP or M/I was calculated
by correlating the intensity of the signal CH of the polymer at 5.72 — 5.40 ppm with the intensity

of the 2CHj initiator signal at 0.86 ppm. Calculated DP = 5.

Synthesis of poly(1-oxopropan-2-yl 4-(benzyloxy)-2-hydroxybenzoate), “Polymer 23”
[DP15]. The polymer was prepared following similar methodology as described above using:
Compound 13 (41.7 mg, 1.4x10** mol, 15 equiv.), 3-MeBuOH (9.3 pL 1M, 9.3x10% mol, 1
equiv.), 3-O urea catalyst (8.5 mg, 9.3x10°° mol, 1 equiv.) and MTBD (9.3 uL 1M, 9.3x10° mol,
1 equiv.). After silica column purification (hexanes - ethyl acetate gradient 10-100%), the
polymer was recovered as a white powder in 49% yield (20.6 mg). The DP or M/I was calculated
by correlating the intensity of the signal CH of the polymer at 5.72 — 5.40 ppm with the intensity

of the 2CHj initiator signal at 0.86 ppm. Calculated DP = 10.
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Synthesis of poly(1-oxopropan-2-yl 4-(benzyloxy)-2-hydroxybenzoate), “Polymer 24”
[DP30]. The polymer was prepared following similar methodology as described above using:
Compound 13 (41.7 mg, 1.4x10** mol, 30 equiv.), 3-MeBuOH (4.6 pL 1M, 4.6x10 mol, 1
equiv.), 3-O urea catalyst (4.2 mg, 4.6x10°° mol, 1 equiv.) and MTBD (4.6 uL 1M, 4.6x10° mol,
1 equiv.). After silica column purification (hexanes - ethyl acetate gradient 10-100%), the
polymer was recovered as a white powder in 89% yield (37 mg). The DP or M/I was calculated
by correlating the intensity of the signal CH of the polymer at 5.72 — 5.40 ppm with the intensity

of the 2CHj initiator signal at 0.86 ppm. Calculated DP = 30.

Synthesis of poly(1-oxopropan-2-yl 2-hydroxy-4-methoxy-6-methylbenzoate), “Polymer 25”
[DP5]. The polymer was prepared following similar methodology as described above using:
Compound 14 (33.1 mg, 1.4x10** mol, 5 equiv.), 3-MeBuOH (28 puL 1M, 2.8x107 mol, 1
equiv.), 3-O urea catalyst (25.5 mg, 2.8x107 mol, 1 equiv.) and MTBD (28 uL 1M, 2.8x10°
mol, 1 equiv After silica column purification (hexanes - ethyl acetate gradient 10-100%), the
polymer was recovered as a white powder in 53% yield (17.4 mg). The DP or M/I was calculated
by correlating the intensity of the signal CH of the polymer at 5.63 — 5.12 ppm with the intensity

of the 2CH3 initiator signal at 0.86 ppm. Calculated DP = 7.

Synthesis of poly(1-oxopropan-2-yl 2-hydroxy-4-methoxy-6-methylbenzoate), “Polymer 26”
[DP15]. The polymer was prepared following similar methodology as described above using:
Compound 14 (33.1 mg, 1.4x10** mol, 15 equiv.), 3-MeBuOH (9.3 pL 1M, 9.3x10% mol, 1
equiv.), 3-O urea catalyst (8.5 mg, 9.3x10°° mol, 1 equiv.) and MTBD (9.3 uL 1M, 9.3x10° mol,

1 equiv.). After silica column purification (hexanes - ethyl acetate gradient 10-100%), the

60



polymer was recovered as a white powder in 44% yield (14.5 mg). The DP or M/I was calculated
by correlating the intensity of the signal CH of the polymer at 5.63 — 5.12 ppm with the intensity

of the 2CHj initiator signal at 0.86 ppm. Calculated DP = 12.

Synthesis of poly(1-oxopropan-2-yl 2-hydroxy-4-methoxy-6-methylbenzoate), “Polymer 27”
[DP30]. The polymer was prepared following similar methodology as described above using:
Compound 14 (33.1 mg, 1.4x10** mol, 30 equiv.), 3-MeBuOH (4.6 pL 1M, 4.6x10 mol, 1
equiv.), 3-O urea catalyst (4.2 mg, 4.6x10°° mol, 1 equiv.) and MTBD (4.6 uL 1M, 4.6x10° mol,
1 equiv.). After silica column purification (hexanes - ethyl acetate gradient 10-100%), the
polymer was recovered as a white powder in 78% yield (25.9 mg). The DP or M/I was calculated
by correlating the intensity of the signal CH of the polymer at 5.63 — 5.12 ppm with the intensity

of the 2CHj initiator signal at 0.86 ppm. Calculated DP = 28.

Synthesis of poly(1-oxopropan-2-yl 2-hydroxy-4-benzyloxy-6-heptylbenzoate), “Polymer
28” [DP5]. The polymer was prepared following similar methodology as described above using:
Compound 14 (15.8 mg, 4.0x10”° mol, 5 equiv.), 3-MeBuOH (80 uL 0.1M, 8.0x10 mol, 1
equiv.), 3-O urea catalyst (80 uL 0.1M, 8.0x10% mol, 1 equiv.) and MTBD (80 uL 0.1M, 8.0x10-
®mol, 1 equiv.). After silica column purification (hexanes - ethyl acetate gradient 10-100%), the
polymer was recovered as a white powder in 63% yield (10 mg). The DP or M/I was calculated
by correlating the intensity of the signal CH of the polymer at 5.37 — 5.20 ppm with the intensity

of the 2CH3 initiator signal at 0.86 ppm. Calculated DP = 6.

61



3.1.3 Preparation of polylysine

Tetrahydrofuran (THF) and hexanes were each degassed with dinitrogen and passed
through an alumina column before use. In-house deionized water (DI H,O) was used for all
aqueous chemistry, sample preparation and dialysis unless otherwise specified. NiBpyCOD
initiator, a-methoxy-w-isocyanoethyl-poly(ethylene glycol), and mPEG-NCO (number-average
molecular weight M, = 1 kDa) were prepared according to published procedures.!>*15% All other
reagents and solvents were used as received. NCA purifications and polymerizations were

performed in an N»-filled glovebox, unless otherwise specified.

Monomer preparation. Ne-carbobenzyloxy-L-lysine N-carboxyanhydride (ZK NCA) was
synthesized from Ne-carbobenzyloxy-L-lysine following published procedures (Scheme 3.3).!%
Under Nz, Ne-carbobenzyloxy-L-lysine amino acid (5.0 g, 1 equiv) was suspended in 100 mL
THF. Triphosgene (2.64 g, 0.5 equiv) was quickly added and the reaction vessel sealed.
WARNING: Triphosgene is an extremely dangerous chemical, and proper precautions must
be taken to avoid exposure. The reaction vessel was heated to 50 °C and stirred for 3 h, after
which the reaction vessel was removed from heat, allowed to cool, and all solvent was removed
under vacuum. The crude ZK NCA was transferred to an N»-filled glovebox and crystalized 3

times by dissolving the crude material in minimal THF and suspending it under 3x (v/v) hexanes.

The final product was obtained as white fluffy crystals (Yield: 4.8 g, 88%).

Polymer preparation. Poly(N¢-carbobenzyloxy-L-lysine) (polyZK) was synthesized using

NiBpyCOD initiator following published protocols (Scheme 3.3).!3*156 Samples of polyZK were

prepared at ca. 500 mg scale in a N filled glove box. NiBpyCOD initiator solution was quickly
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added to a solution of ZK NCA (10 mL, 50 mg/mL in DMF). To synthesize polyZKus, polyZKoo,
and polyZKi7o, 2.64 mL, 0.84 mL, or 105 pL of NiBpyCOD were added, respectively. After ca.
120 min, complete consumption of ZK NCA was confirmed by FTIR spectroscopy.

In order to determine polypeptide chain lengths, a small aliquot of the polymerization
reaction mixture (ca. 200 pL) was removed for end-group analysis. Active chain-ends were
reacted with a solution of mMPEG-NCO (M, = 1000 Da, 50 mg/mL in THF, 4 eq per NiBpyCOD)
in an N»-filled glove box overnight. The following day, the sample was removed from the glove
box, and the polypeptide was precipitated by addition to 0.1 M HCL. The sample was centrifuged
at 3000 rpm, and the supernatant was discarded. The pellet was washed 3 times with DI H,O and
centrifuged to remove unconjugated mPEG-NCO, and the resulting pellet was then lyophilized
to yield the PEG-polypeptide conjugate as a white solid (typical yields = 90 to 95%). To
determine the number-average molecular weight (A,) of the polypeptide, a '"H NMR spectrum
was obtained in deuterated trifluoroacetic acid (TFA-d).!56:157

The remainder of the reaction mixture was precipitated by addition to 0.1 M HCI (50 mL)
and isolated by centrifugation. The solid was then washed two additional times with DI H,O and
dried under reduced pressure to yield polyZK as a white powder. polyZK was deprotected to
give a-poly(L-lysine)-NH, (polyK) following published protocols (Scheme 3.3).!5 Briefly,
polyZK was dissolved in TFA (50 mg/mL) and cooled to 4 °C in an ice bath. 33 wt% HBr in
acetic acid was added (1 mL per 100 mg of polyZK) and the reaction was allowed to stir for 1 hr.
PolyK was precipitated with diethyl ether, decanted, and washed with diethyl ether 2x before
redissolving the polyK in 0.01 M HCI and transferred to regenerated cellulose tubing (Spectrum
Laboratories) with 2000 Da molecular weight cutoffs (MWCO). The solutions were dialyzed

against 150 mM NaCl in pH 5 DI H>O (4 dialyzate changes, 48 hours) followed by and DI H2O
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(2 dialyzate changes, 24 hours) and then lyophilized to yield a white fluffy powder (Typical

yield: 79%).

3.1.4 Antimicrobial assays
Minimum Inhibitory Concentration (MIC). A standard broth-microdilution protocol was used
to determine the minimum inhibitory concentration based on Clinical and Laboratory Standards
Institute (CLSI) recommendations.'>®

Caffeine-based copolymers were prepared as follows: An amount of 50 pL of sterile
Mueller Hinton Broth was added to every well in a 96-well plate, except for the last column,
where 100 pL was added. Copolymers and antibiotics were resuspended in MilliQ water to a
concentration four times greater than the highest amount to be tested. 50 puL of the copolymers or
antibiotics to be assayed was added to the first column, then two-fold serial dilutions were
carried out across the next nine wells in the row.

2-hydroxybenzoic acid-based precursors and hydroxybenzoate-co-lactide polymers were
prepared as followed: Small molecules were resuspended in DMSO to a concentration of 20,000
pg/mL. A series of 10 two-fold dilutions in DMSO were prepared. Each serial dilution was then
diluted ten-fold in Mueller Hinton broth, 50 uL of which was added to a 96-well plate.
Ampicillin, at a concentration of 100 mg/mL in MilliQ water, was diluted to a concentration of 1
mg/mL in Mueller Hinton broth. A series of ten two-fold dilutions in Mueller Hinton broth were
prepared, 50 uL of which was added to a 96-well plate. The same protocol was repeated for the
polymers by dissolving in DMSO to a concentration of 20,000 png/mL using six two-fold serial
dilutions instead of ten. All MIC assays were performed in triplicate with two replicates of each

polymer/small molecule concentration per 96-well plate.
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PolyK was prepared as followed: Lyophilized polyK was resuspended in Mueller Hinton
Broth (MHB) and two-fold serial dilutions in MHB were prepared. 50 pL of each dilution was
added to a 96-well round bottom plate. Assays were performed in duplicate.

For all polymers, single colonies were picked and resuspended in MHB from cultures
grown overnight on Mueller Hinton agar at 37 °C. The OD625 was measured and adjusted
between 0.08 and 0.13, corresponding to the optical density of McFarland standard 0.5, then
diluted 100-fold. 50 pL of bacterial suspension was added to each well containing diluted
antimicrobial, resulting in approximately 5 x 10° CFU/mL per well.'** A growth control,
consisting of 50 pL of bacterial suspension and 50 pL of broth, and sterility control, consisting of
100 pL broth only, were also prepared. For the hydroxybenzoate polymers, ten-fold dilutions of
the growth control in 1x PBS were prepared and plated on Mueller Hinton Agar. Covered plates
were incubated at 37 °C without shaking.

After 24 hours, the MIC was determined as the lowest concentration with no visible
growth. For hydroxybenzoate polymers, each well was plated using the same dilution that
provided a countable number of colonies for the growth control. MIC was confirmed the
following day as the concentration with no more than one standard deviation greater than the

average number of colonies of the growth control.

Minimum Bactericidal Concentration (MBC). To determine the MBC of polyK, 50 pL from
each well of the MIC assay with no visible growth was plated on Mueller Hinton agar and
incubated overnight at 37 °C. The MBC was determined as the lowest concentration of treatment
yielding fewer than 25 colonies per plate, corresponding to survival of < 0.1% of the original

inoculum.

65



Biofilm. Quantification of S. aureus biofilm inhibition and disruption by 2-hydroxybenzoic acid-
based precursors and hydroxybenzoate-co-lactide polymers was performed as previously
reported, with the following modifications.!6%-16!

S. aureus isolates were grown overnight at 37 °C on a brain heart infusion (BHI) agar
plate. A single colony from the BHI agar plate was cultured in BHI broth at 37 °C for 24 hours to
establish the primary culture. Following incubation, a secondary culture was prepared by adding
100 pL of the primary culture to 50 mL of fresh BHI broth and incubating at 37 °C until the
optical density at 650 nm (ODsso) reached 0.8 — 1. The culture was then diluted in BHI broth
supplemented with 1% glucose and 1% sucrose to an OD of 0.1 (~10% CFU/mL), and 200 uL
was added to each well. For biofilm inhibition studies, polymers and small molecules at varying
concentrations (MIC concentration, half the MIC concentration and double the MIC
concentration) were added to the wells along with the bacterial culture and incubated for 72
hours.

For biofilm disruption studies, S. aureus was cultured under stationary conditions for 34
hours in a 96-well plate to form biofilms. After 34 hours (once the biofilm was formed), each
well was treated with different concentrations of the synthesized polymers and small molecules
(MIC concentration, half the MIC concentration and double the MIC concentration) and
incubated for an additional 38 hours. After 72 hours incubation, the media was removed, and the
wells were washed with PBS. The effect on biofilm inhibition and disruption was observed by
staining the well with crystal violet dye (1%), which binds the extracellular polymeric substance
(EPS) of the biofilm. Biofilm inhibition and disruption were quantified by diluting the adherent

dye with 70% ethanol and measuring the absorbance at 650 nm.

66



3.2 Results

3.2.1 Methacrylate copolymers with caffeine and cationic or zwitterionic side chains.
Preparation of copolymers bearing caffeine and cationic or zwitterionic side chains. To
investigate the antibacterial properties of caffeine copolymers with hydrophilic charged groups,
we prepared libraries of random copolymers through free-radical polymerization. Caffeine
polymer derivatives are known to be accessible by free radical polymerization through
methacrylate functionalization at the 8-position'®? or 7-position'®? of the caffeine heterocycle or
by polymerization of lipoylated caffeine.!®* In the current study, we used etofylline, a derivative
of caffeine bearing an ethyl alcohol side chain at the 7-position and functionalized with a
methacrylate (Caf-MA) by nucleophilic substitution of methacryloyl chloride in a 56% yield
(Figures S3.1 and S3.2). Free-radical homopolymerization of Caf-MA (30 equiv) was
performed using azobis(isobutyronitrile) (AIBN, 1 equiv) in dimethyl sulfoxide (DMSO) under
argon at 75 °C. After 100 min, the polymer poly(etofylline methacrylate) (P(Caf-MA)) was
isolated by precipitation in ethyl acetate and characterized by 'H NMR and size exclusion
chromatography (SEC) in trifluoroethanol (TFE), showing a molecular weight by number M, =
25.4 kg/mol and molecular weight dispersity D= 2.77 (Figures S3.3 and S3.4). The insolubility
in phosphate buffer saline (PBS) at 1 mg/mL, and the calculated logP of monomer and small
oligomers, demonstrated its hydrophobic character (Figure S3.5).

It is known that the cationic-hydrophobic ratio as well as the nature of these side chains
are important parameters during the preparation of polymers to display antimicrobial
activity.!'112 Therefore, we prepared copolymer libraries of P(Caf-MA) through a similar
methodology, varying the caffeine content from 50% to 0% and using monomers with

hydrophilic side chains. To obtain copolymers with cationic side chains and caffeine, the
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monomer tert-butyl (4-methacrylamidobutyl) carbamate (Boc-ab-MA) was prepared by
nucleophilic substitution of methacryloyl chloride and tert-butyl(4-aminobutyl) carbamate in a
65% yield (Figure S3.6 and S3.7). Then, free-radical polymerization was performed in
dimethylformamide (DMF) under inert atmosphere conditions at 75 °C using AIBN and varying
the content of CafMA from 50 to 0%. The library of P-(Boc-ab-Caf)MA was successfully
prepared in a 67—73% yield and the synthesized polymers were characterized by '"H NMR and
SEC in DMF (Figures S3.8—S3.12).

The caffeine content was determined using the signal corresponding to the proton in the
heterocyclic moiety (signal @, 8.05 ppm) and the protons of the CHz-group (signal 4,/°,0.49 ppm)
as illustrated for the copolymer bearing N-Boc aminobutyl and caffeine side chains having a
caffeine content of 50% (P-(Boc-ab-Caf 50%)MA, Figure S3.8). The caffeine content of the
copolymers corroborated the theoretical values, according to the 'H NMR analyses and had M,, =
21.8—27.7 kg/mol with a polymer dispersity of D=1.50—1.75 (Table 3.1, Figures S3.8 and
S3.13). A shoulder peak was observed at a lower retention time in the SEC that we attributed to
aggregation under the analytic conditions. This interpretation was further confirmed by the light
scattering signal from SEC in DMF (Figure S3.14).

Further, N-Boc deprotection using trifluoroacetic acid (TFA) permitted isolation of the P-
(ab-Caf)MA copolymers bearing caffeine and primary ammonium side chains in 69—81% yields.
The characterization by SEC was not performed since the polymers were not soluble in the
aqueous eluent system. The caffeine content was determined using the signal corresponding to
the proton in the heterocyclic moiety (signal @,8.05 ppm) and the protons of the CH3- group
(signal 4,h°, 0.49 ppm) as illustrated for the copolymer bearing aminobutyl and caffeine side

chains with a 50% of caffeine content (P-(ab-Caf 50%)MA, Figures S3.15—S3.18). The caffeine
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content was consistent with the values before deprotection showing that the deprotection did not
cause side chain cleavage.

With the purpose of comparing the activity of the cationic side chain, we prepared
copolymers bearing permanent cationic groups, specifically quaternary ammonium, and caffeine
side chains P-(t-Bu-DMEA-Caf)MA. First, the monomer 2-(tert-butoxy)-N-(2-
(methacryloyloxy)ethyl)-N,N-dimethyl-2-oxoe-than-1-aminium (t-Bu-DMEA-MA) was
prepared by quaternization of 2-(dimethylamino) ethyl methacrylate with tert-butyl 2-
bromoacetate in acetonitrile at 50 °C for 16 hours in an 83% yield (Figure S3.19). Then, free
radical copolymerization with AIBN in DMSO was performed using t-Bu-DMEA-MA and
CafMA while varying the caffeine content from 30 to 0% under inert atmosphere conditions at
75 °C. The copolymers were isolated in 80—92% yield. The copolymers with higher content
(>50%) of caffeine were not prepared because the reaction mixture became heterogeneous, and
no conversion was observed by 'H NMR. 'H NMR and SEC were used to characterize the
copolymers in water (Figures S3.20—S3.23). The caffeine content was determined in a similar
way as P-(Boc-ab-Caf)MA and correlated with the theoretical values (Table 3.1), having M, =
32.0-21.1 kg/mol and D= 2.03—-2.06. Further, fert-butyl ester (t-Bu) deprotection in TFA at 23
°C for 4 hours allowed us to isolate the copolymers bearing zwitterionic and caffeine side chains
P-(DMEA-Caf)MA in 86—91% yields. We characterized the copolymers by 'H NMR and SEC in
water and the caffeine content was determined in a similar way as for P-(ab-Caf)MA;
the values agreed with the values before deprotection, having M,, = 16.0—-26.7 kg/mol and b =
2.24 —3.24 (Table 3.1, Figures S3.24 — S3.27).

In addition, we prepared another copolymer library bearing zwitterionic groups from

amino acid derivatives and caffeine side chains, specifically P-(Lys-Caf)MA. The monomer was
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prepared by nucleophilic substitution of methacryloyl chloride with N-Cbz-Lysine and further N-
Boc deprotection using HBr and TFA at 23 °C for 4 hours, without isolation of the intermediate,
which allowed us to obtain lysine methacrylate (LysMA) in a 30% yield (Figure S3.28). We
attributed the low yield to autopolymerization encountered during the preparation of the
intermediate. Then we prepared copolymers by free radical polymerization using AIBN in
DMSO-water (1:1 v/v) under inert atmosphere conditions at 75 °C for 16 hours. We synthesized
the library of copolymers in 4-39% yields and characterized the copolymers by 'H NMR and
SEC in water (Figures S3.29 — S3.33). We determined the caffeine content similarly to P-(ab-
Caf)MA, and the caffeine content agreed with the values before deprotection having M,, = 18.0 —

25.2 kg/mol with a polymer dispersity of B =2.24 —2.28 (Table 3.1).

Theoretical Caffeine M Yield
Polymer caffeine content | content from (k /n’;ol) b (%)
(%) 1H NMR (%) | “® °
P(Caf)MA 100 100 25.4¢ 2.77° 77
P-(ab-Caf 50%)MA 55 55 27.7° 1.75° 69
P-(ab-Caf 30%)MA 30 34 21.8° 1.74° 70
P-(ab-Caf 10%)MA 10 10 25.8° 1.50° 81
P-(ab)MA 0 0 23.2° 1.52° 73
P-(t-Bu -DMEA-Caf
30%)MA® 30 26 80
P-(t-Bu -DMEA-Caf d d
10%)MA 10 8 21.1 2.03 83
P-(t-Bu-DMEA)MA 0 0 324 2.06¢ 92
P-(DMEA-Caf J d
30%)MA 30 37 16 2.24 91
P-(DMEA-Caf J d
10%)MA 10 11 26.7 2.53 86
P-(DMEA)MA 0 0 22.7¢ 3.244 91
P-(Lys-Caf 50%)MA° 55 59 4
P-(Lys-Caf 30%)MA 30 38 184 2.244 39
P-(Lys-Caf 10%)MA 10 10 17.8¢ 2.25¢ 38
P-(Lys)MA 0 0 25.2¢ 2.284 17

Table 3.1. Characterization of copolymers bearing caffeine and cationic or zwitterionic side
chains by 'H-NMR, SEC, and yields. “ Determined from SEC in trifluoroethanol. » Determined
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from the Boc-protected polymer through SEC in DMF. ¢ Polymers were not possible to analyze
due to poor solubility under the conditions of analysis. ¢ Determined from SEC in water.

Antimicrobial evaluation of copolymers bearing caffeine and cationic or zwitterionic side
chains. Once the libraries of copolymers were prepared, their activities were tested against the
gram-positive bacteria S. aureus (ATCC 25094, Newman strain) and the gram-negative bacteria
E. coli (ATCC 27065). A microdilution method in a 96-well plate was used to determine the
minimum inhibitory concentration (MIC), the minimum concentration where no bacterial growth
was detectable.'®> Copolymers bearing the primary cationic group and caffeine (P-(ab-Caf)MA)
did not present antimicrobial activity at 50% to 0% of caffeine content (MIC > 500 pg/mL,
Table 3.2) against S. aureus. In contrast, an increase in cationic copolymers were capable of
inhibiting the growth of exclusively gram-negative bacteria, which is related to the simplicity of

the membranes as compared to gram-positive microorganisms.
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S. aureus (ATCC E. coli (ATCC MRSA
Polymer 25904) MIC 27065) MIC MIC
(ng/mL) | (pM)* | (pg/mL) | (pM)* | (ng/mL) | (pM)*
P-(ab-Caf 50%)MA | >500 >18 125 45 } 3
P-(ab-Caf 30%)MA | >500 18 262 | 2+0.1 i 3
P-(ab-Caf 10%)MA | >500 >18 19+7 | 7+0.1 i 3
P-(ab)MA >500 18 187 | 7+03 i :
T | >se0 | >2s 125 6.3 : :
(1)
237+ | 113+
P'(t'Bl‘(‘);]/);‘lquﬁ'caf 6039 | 29419 | 39+11 | 19+05 | 83 4.0
° 124 £94° | 59+4.5
97+ | 62134
P-(t-Bu-DMEA)MA | 15+7 | 05+02 | 41+13 | 1.3+04 | 108b | o=
4.0 +3.0
128 + 97
P-(DMEA-Caf
oA >500 i >500 i i ;
P-(DMEA-Caf
AR >500 i >500 i i ;
P-(DMEA)MA >500 i >500 i i 3
P-(Lys-Caf 50%)MA | >500 i >500 i i ;
P-(Lys-Caf 30%)MA | >500 i >500 i i ]
P-(Lys-Caf 10%)MA | >500 i >500 i i :
P-(Lys)MA >500 i >500 i i 3
P-(t-Bu-DMEA-Caf
30%)MA DP30 =300 i =300 i i i
P-(t-Bu-DMEA-Caf
10%)MA DP30 >300 - >300 - - -
P-(t-Bui)]i)l\s/[JilA)MA 500 _ 500 _ _ ]
P-(DMEA-Caf
30%)MA DP30 =300 - =300 - - -
P-(DMEA-Caf
10%)MA DP30 >300 - >300 - - -
P-(DMEA)MA DP30 | >500 i >500 i i 3
Ampicillin 1 2.9 15.6 44.6 625 1290
Kanamycin 2 4.1 2 4.1 19.5 56

Table 3.2. Antimicrobial evaluation of the caffeine copolymers against S. aureus (ATCC
25904, strain Newman), E. coli (ATCC 27065), and clinical isolates of methicillin-resistant
S. aureus (MRSA) through the broth microdilution method (n=6). ? Calculated from the
molecular weight obtained from SEC. ®34¢ Two different MRSA strains isolated from patients.
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The anti-infective activity of the methacrylate copolymers series bearing caffeine and
quaternary ammonium side chains (P-(t-Bu-Caf)MA) was evaluated using the same methodology
(Table 3.2). The anti-infective activity against S. aureus increased as the caffeine content
decreased, with MIC = 15 + 7 pg/mL for the homopolymer (P-(t-Bu-DMEA)MA). However, the
copolymer with 10% of caffeine (P-(t-Bu-DMEA-Caf10%)MA) also demonstrated activity
against S. aureus having a MIC = 60 + 39 pg/mL. These values were superior to the activity of
P(ab-Caf30%)MA because of the permanent quaternary ammonium group.'!! A similar trend
was noted against E. coli; copolymers displayed the best activity with 10% or 0% caffeine,
having MIC =39 + 11 or 41 + 13 pg/mL, respectively. The copolymers at 50% caffeine content
presented MIC = 125 pg/mL, which was comparable to that of P-(abCaf50%)MA. The
copolymer series bearing zwitterionic groups, P-(DMEA-Caf)MA and P-(Lys-Caf)MA, did not
display anti-infective activity against S. aureus or E. coli, confirming the necessity of a cationic
side chain to inhibit the bacteria growth (Table 3.2).!% To summarize, the copolymers P-(t-Bu-
DMEA-Caf)MA possess a broad spectrum of action, while primary cationic copolymers were
only active against E. coli.

It has been shown for other polymethacrylates that the extent of antimicrobial activity
depends on molecular weight and that the optimal degree of polymerization is 30.!!! Therefore,
we prepared a random copolymer library having a DP of 30 by reversible
addition—fragmentation chain-transfer (RAFT) polymerization. 4-Cyano-4-(phenyl
carbonothioyllthio) pentanoic acid (CTA) was employed as the RAFT agent and AIBN as the
initiator in DMSO at 75 °C for 16 hours. The copolymer library containing caffeine from 30 to

0% was isolated in a 70—76% yield. Upon isolation, the copolymers were characterized by 'H
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NMR and SEC in water (Figures S3.34—S3.37). The polymerization degree was determined by
'"H NMR in DMSO using the signals of the aromatic protons in the CTA (signal o, 7.46—7.86
ppm) and the signals of the CH3 group of the polymer backbone (signal ¢, 0.78 ppm). Then, the
caffeine content was determined by correlating the signal of the proton of the caffeine (signal f,
8.3 ppm) and the polymerization degree. The polymerization degree and caffeine content
correlated with the theoretical value for all the copolymers and displayed M,, = 4.7—6.4 kg/mol
and narrow polymer dispersity D= 1.03—1.16 (Table S3.1). Further N-Boc deprotection in TFA
allowed the isolation of P(DMEA-Caf)MA zwitterionic copolymers in a 72—74% yield. The
copolymers were characterized by '"H NMR and SEC, and the caffeine content and
polymerization degree were determined similarly to before deprotection. We observed that the
polymers correlated with the DP and the caffeine content before deprotection, and they presented
M, = 4.2-5.1 kg/mol and narrow polymer dispersity D= 1.16—1.18 (Table S3.1, Figures
S3.38—S3.41). These results demonstrated that caffeine methacrylate copolymers bearing
cationic or zwitterionic side chains are also accessible through RAFT polymerization with
control of the molecular weight and polymer dispersity. Then, the antimicrobial activity was
evaluated against S. aureus and E. coli using the microdilution methodology as previously
discussed. Surprisingly, none of the copolymers were active against the bacteria tested (MIC >
500 pg/mL), suggesting that activity is only present at the higher molecular weight (DP > 30). A
full molecular weight dependence on antimicrobial activity will need to be studied in the future.
The polymerization kinetics of certain methacrylates and methacrylamides have been reported to
be similar,'¢” and thus, it is possible that the polymers reported here are random copolymers; this
will also need to be investigated in future studies, particularly because sequence could be a major

factor in activity.
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We selected the two copolymers with the best activity against the Newman strain for
further testing against S. aureus. As copolymers can be effective against drug-resistant
pathogens,!?%123 we obtained two clinical isolates of methicillin-resistant S. aureus (MRSA)!25:162
and applied the same microdilution method to determine the MIC: 194 ug/mL (P-(t-Bu-
DMEA-Caf 10%)MA) and 170 pg/mL (P-(t-Bu-DMEA)MA, Table 3.2). Notably, the MICs
differed greatly between the two isolates, resulting in a high standard deviation (101 and 105,
respectively), yet both copolymers still proved more effective than ampicillin (MIC = 625
ng/mL). While further testing is necessary to assess the clinical relevancy, our initial findings

establish the copolymers with caffeine side chains and a bulky hydrophobic side chain on the

quaternary ammonium groups as interesting antimicrobial materials.

3.2.2 Hydroxybenzoate-co-lactide polymers

Antimicrobial screening of small molecules. While a few compounds such as salicylic acid (1),
2, 4-dihydroxybenzoic acid (resorcylic acid, 2), and orsellinic acid (6) can be sourced
commercially, those with longer 6-alkyl substitutions are not available (Figure 3.1). We
previously described the discovery of biosynthetic pathways that produce the heptyl-substituted
sphaerophorolcarboxylic acid (8).!3 Here, the microbial biosynthesis of 8 was scaled up from
engineered Aspergillus nidulans for use as a building block. To study the effects of substitution
on antimicrobial activity, we used resorcylic (2), orsellinic (6), and sphaerophorolcarboxylic (8)
acids and introduced methyl, allyl, and benzyl groups at the 4-hydroxy position. This resulted in
a diverse series of 2-hydroxybenzoic acids with varying substitutions at the 4-O (R;) and 6 (R»)
positions (Figure 3.1, compounds 1 — 10, Figures S3.42 — S3.53). The small library of
synthesized compounds was tested for activity against the gram-positive organism S.

aureus (strain Newman) and the gram-negative organism E. coli (Table 3.3).
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OH OH OH OH OH OH

0 /‘\ o /-‘\ 0 0
‘\R_j>’0 (\F_z__1>,0 @
1 2 R1=H 6 R1=H; R2=Me
3 Ri=Me 7 Ry=Me; R;=Me
4 R, =Allyl 8 Ry=H; R;=Hep
5 Ry=Bn 9 Ry=Me; R;=Hep

10 R{=Bn; R,;=Hep
Figure 3.1. Compounds tested for antimicrobial evaluation with different R; and Rz groups
on the aromatic ring.

The effect of the substituents with H-, methyl-, allyl-, or benzyl- groups at the 4-O
position and methyl or heptyl groups at the 6- position on the aromatic ring was evaluated using
a standard broth microdilution method to determine the MIC.'>° 4-O substituents (2-5) resulted
in generally lower activity compared to 1, although an increase in substituent size or
hydrophobicity gave relatively higher antimicrobial activity. Specifically, small 4-O substituents
generally decreased activity relative to salicylic acid, but a benzyl substituent retained
antimicrobial activity (compound 5, MIC = 125 pug/mL against S. aureus). On the other hand,
when varying the alkyl side chain at the 6- position and keeping the 4- position constant
(8 vs 6 and 9 vs 7), the 6-heptyl compounds (8 and 9) showed 16- to 32-fold lower MICs on S.
aureus compared to the 6-methyl compounds (6 and 7), indicating that greater hydrophobicity at
this position resulted in greater activity. The combination of a benzyl group at the 4-O position
and a heptyl group at the 6- position (10) exhibited the highest antibacterial activity (MIC = 3.9
ug/mL), comparable to that of the positive control, ampicillin. Moreover, compound 10 showed
antimicrobial activity against two other strains of S. aureus, including a methicillin-resistant S.
aureus strain (MRSA; MIC = 15.6 ug/mL, Table 3.3). These compounds showed low or

negligible activity against E. coli, suggesting that their effect may be related to the cell
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membrane.'%%16° With these results, monomers were then synthesized to enable the ring-opening

polymerization of these adducts.

S. aureus S. aureus (ATCC | S. aureus (ATCC | E. coli (ATCC
Compound | (ATCC 25904) 29213) 43300) 27065)

(ng/mL) | (M) | (pg/mL) | (pM) | (pg/mL) | (M) | (pg/mL) | (pM)

1 62.5 453 1000 7240 1000 7240 375 2715
2 1000 6488 | >1000 | >6488 | >1000 | >6488 187.5 1217
3 1000 5947 | >1000 | >5947 | >1000 | >5947 | >1000 | >5947
4 500 2575 1000 5150 1000 5150 >1000 | >5150
5 125 557 333 1485 500 2230 >1000 | >4459
6 1000 5947 | >1000 | >5947 | >1000 | >5947 1000 5947
7 500 2745 1000 5489 >1000 | >5489 1000 5489
8 62.5 248 62.5 248 62.5 248 250 991
9 15.6 59 313 118 313 118 250 939
10 3.9 11 15.6 46 15.6 46 >1000 | >2920
Ampicillin 1.0 3 1.6 5 5.9 17 31.3 61

Table 3.3. Antimicrobial screening of 4-(methyl/allyl/benzyl)oxy, 6-(H/alkyl)-2-
hydroxybenzoates. Data shown are the average of #n = 3; when no standard deviation is given,
all replicates gave identical MIC values.

Monomer preparation. One way to prepare oligomeric and polymeric analogs of depsides
could be through polymerization from hydroxybenzoates. The preparation of the monomer was
inspired by recent works dealing with the synthesis of alternate polymers consisting of salicylic
acid and lactide. In the studies, the authors have prepared 3-methyl-5H-benzo[e][ 1,4]dioxepine-
2,5(3H)-dione and 5H-benzo[e][1,4]dioxepine-2,5(3H)-dione, which were further ring-opened
using catalytic systems employing tin(IT) 2-ethylhexanoate (SnOct>),!”® 4-dimethylaminopyridine
(DMAP),'"! or tetrabutylammonium halides!”? at a variety of temperatures (50 °C, 110-140 °C).
Thus, the monomers were prepared similarly to previous works!”*17> with some modifications
by reacting 4-(methyl/allyl/benzyl)oxy-6-alkyl-2-hydroxybenzoates with 2-bromo-propionyl-

bromide (1.3 equiv) and triethylamine (TEA, 2.4 equiv) (Scheme 3.7). Upon isolation, the
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monomers were obtained in 17-73% yields and characterized by 'H and '3C NMR (Figures

S3.54 — S3.58).
O Me
a)
OH O  CH,CHBrCOBr (1.3 equiv.), o) “<o
o O (o) TEA (2.4 equiv),
(Re3 @ P O o
N ACN, 0 °C to 23 °C (Rig @

1 R1 = Me, R2 =H
12 Ry =Allyl; R,=H
13 Ry=Bn; R;=H
14 R;=Me; R;=Me
15 R1=Bn; R;=Hep

Scheme 3.7. Preparation of lactide monomers (compounds 11-15) from 4-
(methyl/allyl/benzyl)oxy-6-(H/alkyl)-2-hydroxybenzoates.

Polymer preparation. Although lactide monomers from salicylic acid are known to undergo
ring-opening polymerization using SnOct,, DMAP, tetrabutylammonium chloride,!”*!”*> and
organometallic catalysts,!”® ROP using organocatalysts such as urea has not yet been reported. In
this study, we explored the ROP of lactide monomers with 3-methylbutan-1-ol using the 3-O
urea catalyst (1,1°,1”~(nitrilotris(ethane-2,1-diyl))tris(3-(3,5-bis(trifluoromethyl)phenyl)urea))
and MTBD (1-methyl-2,3,4,6,7,8-hexahydro-1H-pyrimido[1,2-a]pyrimidine) as a cocatalyst in
dichloromethane (DCM) under an inert atmosphere. An initial successful attempt using
monomer 13 was conducted while targeting a ratio of 50:1:1:1 (monomer:3-O
urea:MTBD:initiator), as confirmed by SEC and NMR spectroscopic studies (Figure 3.2

and Figures S3.59 — S3.61).
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Figure 3.2. Preparation and characterization of polymers derived from 4-
(methyl/allyl/benzyl)-oxy-6-alkyl-2-oxybenzoate lactide monomers by ring-opening
polymerization. A) Synthetic route to prepare polymers with different M/I. Variation of the
[monomer]/[initiator] (M/I) during ROP of monomer 13: B) refractive index (RI) trace SEC in
THF and C) plot of M, (black) and dispersity (B, blue) versus M/I.

The polymers analyzed by SEC in THF exhibited an M, = 16.6 kg/mol (Figure 3.2B),

which was slightly lower than the NMR calculation (20 kg/mol, monomer initiator concentration

ratio, M/I = 66, Figure S3.59B), and the molar-mass dispersity was found to be & = 1.14. On the

other hand, using only MTBD or the 3-O urea catalyst, with or without DMAP, resulted in

higher dispersities, and no polymerization was observed in the absence of a catalyst (Table

S3.2). The results suggested that it is feasible to prepare polymers with a targeted M/I by

controlling the stoichiometric ratio of the monomer, catalyst, cocatalyst, and initiator. To validate

this, the monomer initiator concentration ratio (M/I) for 13 was varied from 30 to 90 (Figure

3.2B), and a linear relationship was observed from this assay while preserving low dispersities

(D < 1.3, Figure 3.2C, Table S3.3). Thus, it was possible to precisely control the M/I by varying

the monomer/initiator ratio using the organocatalytic system.
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Molecular weight is an important parameter in the design of antimicrobial polymers,
particularly depsides are found as oligomeric compounds.'3° In the literature, most active
polymers have an M/I < 30, although high molecular weight polymers can also exhibit
antimicrobial activity.!””-17° Thus, after the successful polymerization of 13, a series of polymers
were prepared with different substituents and degrees of polymerization (M/I =5, 15, and 30)
(Figure 3.2A). The polymerizations went to completion, and the polymers were isolated in 53—
91% yields and analyzed by NMR spectroscopy and SEC (Table 3.2 and Figures S3.62 —
S3.75). The majority of the obtained polymers aligned well with the targeted polymerization
degree. At low polymerization degrees, we observed multiple peaks in both the 'H NMR and *C
NMR spectra attributed to the oligomeric forms and uncontrolled stereoregularity. Furthermore,
polymers synthesized with an M/I = 30 were examined by '*C NMR spectroscopy, and no
evidence of transesterification was observed,!” although this cannot be completely ruled out.
Moreover, the M, obtained from SEC analysis was in full agreement with the calculated M/I
from '"H NMR analysis for M/I = 30 and possessed M, = 5.6-6.8 kg/mol and D = 1.11-1.23. For
M/I < 30, it was not possible to conduct SEC analysis due to instrument limitations. Therefore,

the degree of polymerization was determined by '"H NMR spectroscopy.
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Polymer M/Itheo M, (kg/mol) ? D M/Inmr Yield (%)
16 5 5 84
17 15 13 91
18 30 6.1 1.23 30 84
19 5 5 59
20 15 11 81
21 30 5.5 1.10 22 58
22 5 6 61
23 15 10 49
24 30 6.8 1.11 30 89
25 5 7 53
26 15 12 44
27 30 5.6 1.21 28 78
28 5 3 63

Table 3.4. Characterization of functional hydroxybenzoate-co-lactide polymers with
different M/I. ® Determined from SEC in THF.

Antimicrobial assays of polymers. Next, we evaluated the antimicrobial potency of the polymer
library against S. aureus by determining the MIC using the same broth microdilution protocol as
that for the small molecules. Interestingly, some polymers displayed enhanced antibacterial
activity (Table 3.5) compared with their small molecule forms (Table 3.3). Comparison of the
substituent variation on the 4-O position with M/Inmr < 10 showed significant differences among
the methyl, allyl, or benzyl side chains when assessing the MIC values of polymers 16 (MIC =
333 + 144 pg/mL), 19 (MIC = 1000 pg/mL), and 22 (MIC = 83 + 36 pg/mL), with the benzyl
substituent resulting in the greatest activity for this position, similar to the small molecules.
Interestingly, when a methyl group was introduced at the 6-position in 25, the polymer displayed
a higher antimicrobial effect (MIC = 31.3 pg/mL), compared to its small molecule counterpart
(Table 3.3, compound 7). Moreover, introducing R; = Bn, and R> = heptyl, which had given the
greatest activity among the small molecules (compound 10), led to polymer 28 with
antimicrobial potency similar to that of 25 (MIC = 31.3 pg/mL). Thus, small molecule activity

was not always a good predictor of polymer activity.
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Polymer | Ri | R; | M/Inmr S. aureus MIC (ng/mL) S. aureus MIC (uM)
16 Me | H 5 333 + 144 278 + 98
17 Me | H 13 >1000 >336
18 Me | H 30 >1000 >148
19 allyl| H 5 1000 752
20 allyl| H 11 >1000 >355
21 allyl| H 22 >1000 >180
22 Bn | H 6 83 + 36 44+ 16
23 Bn | H 10 >1000 >326
24 Bn | H 30 >1000 >111
25 Me | Me 7 313 18
26 Me | Me 12 >1000 >342
27 Me | Me 28 >1000 >149
28 Bn | Hep 3 31.3 25

Ampicillin 1.0 3

Table 3.5. Antimicrobial activity on S. aureus of polymers M/I =5 — 30 (n = 3). A broth
microdilution assay was used to determine the MIC of the polymers against S. aureus, Newman
strain. The MIC in molarity (uM) was calculated using the My from 'H NMR.

The second comparison assessed the effect of M/I on antimicrobial activity (Table 3.5).

It was observed that increasing the M/I above 5 increased the MIC values for all polymers. A

representative example is the loss of activity on polymer 25, whose MIC significantly increased

from 31 pg/mL at M/I = 7 to >1000 pg/mL at M/I = 28 (polymer 27). Together, these results

demonstrate the antibacterial activity against gram-positive microorganism S. aureus,

highlighting the importance of the substituents at 4-O and 6- positions and the size of the

hydroxybenzoate polymers.

One major concern with bacteria is their ability to form biofilms, which are complex

matrices that confer an extra layer of protection and prevent the penetration of antibiotics.

180,181

Thus, disruption and inhibition of biofilms are important targets for combating bacteria. We

hypothesized that the active polymers 22, 25, and 28 prepared in this work could also inhibit and

disrupt biofilms. To assess this hypothesis, the inhibition of biofilm was assessed in S.

aureus cultures under stationary conditions with different concentrations of the polymers for 72
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hours in a 96-well plate. For biofilm disruption studies, S. aureus was cultured under stationary
conditions for 34 hours in a 96-well plate to form biofilms. After 34 hours (once the biofilm was
formed), each well was treated with different concentrations of the synthesized polymers and
incubated for an additional 38 hours. After 72 hours, the effect on biofilm inhibition and
disruption was observed by staining the well with crystal violet dye, which binds the
extracellular polymeric substance (EPS) of the biofilm. Polymers 22, 25, and 28 were tested
along with their small molecule precursor 5, 7, and 10, respectively (Figure 3.3). Interestingly,
inhibition of biofilm and disruption were observed for polymer 22 at 250 pg/mL (Figure 3.3G
and H) and for 28 at 15.6 ng/mL (Figure 3.3K and L). However, polymer 25 did not display
biofilm inhibition or disruption at 2- or 3-fold higher concentrations (Figure 3.3G and H) even

though it exhibited antimicrobial activity in liquid culture.
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Figure 3.3. Biofilm inhibition and disruption of small molecules (5, 7, and 10) and

functional hydroxybenzoate-co-lactide polymers (22, 25, and 28) on S. aureus. Antimicrobial
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properties were determined by evaluating the biofilm inhibition and disruption by staining with
1% crystal violet. The figure shows the 96-well plate picture accompanied by the UV—vis
quantitation of the biofilm assays. Statistical significance was determined via a one-way
ANOVA with multiple comparisons (p < 0.05 (*), p <0.01 (**), p <0.001 (***), p <0.0001

(***) (n = 3).

Antibiofilm activity was also compared between the corresponding small molecules and
polymers. Compound 5 (precursor of 22) did not cause biofilm disruption or inhibition, and
compounds 7 (precursor of 25) and 10 (precursor of 28) displayed both inhibition and disruption
of the S. aureus biofilm (Figure 3.3A — F). Of these, compound 7 showed a weaker effect, with
inhibition at 250 pg/mL and disruption at 1000 pg/mL; while compound 10 showed relatively
potent inhibition at 2 pg/mL and disruption of biofilm at 7.8 pg/mL.

We also evaluated the particle size formation of the polymers by dynamic light scattering
(DLS) as they formed turbid solutions during the activity tests described above at 1000 pg/mL
(Table S3.4). Despite the formation of self-assemblies within the range of 117-686 nm, no
correlation was found between antimicrobial activity and particle size. These results
demonstrated that the inhibition and disruption of biofilms depend on the molecular weight and

chemical structure.

3.2.3 Polylysine

Antibacterial activity of a-poly(L-lysine)-NH; (polyK). A series of a-poly(L-lysine)-
NHz polymers (called ‘polyK’ here) with varying degrees of polymerization (DP) (n = 40 to 200)
were synthesized by NCA polymerization'> (Scheme 3.3). '"H NMR spectra of intermediates
and deprotected polypeptides agreed with literature data (Figures S3.76 — S3.78).!5¢ The
polymers were tested for antimicrobial activity against S. aureus (ATCC 25904, strain Newman),

E. coli (ATCC 25922), and P. aeruginosa (ATCC 25102) by determination of the MIC through
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broth microdilution (Table 3.6). The polymers were active against all three species. When
polymer concentration was expressed as mass-per-volume, all measured MIC values for different
DP were found to be within a factor of 3 of one another. That is, while the MIC expressed in
molarity decreased consistently as DP increased, the MIC in terms of mass-per-volume was
essentially constant. All polymers were bactericidal, preventing colony-forming units, with the

minimum bactericidal concentration (MBC) being equal to the MIC (Table S3.5).

DP S. aureus E. coli P. aeruginosa
(ATCC 25904) (ATCC 25922) (ATCC 25102)
pM pg/mL pM pg/mL pM pg/mL

40 5 33 10 67 20 130

48 5 40 5 40 5 40

67 5 55 2.5 28 5 55

75 5 62 2.5 31 5 62

90 2.5 37 2.5 37 5 74

110 2.5 45 1.3 23 5 91

128 2.5 53 1.3 26 5 110

148 2.5 61 0.63 15 5 120

155 2.5 64 0.63 16 2.5 64

160 1.3 33 0.63 16 2.5 66

170 1.3 35 0.63 18 2.5 70

200 1.3 41 0.63 21 2.5 82

Table 3.6. Minimum Inhibitory Concentration (MIC) of synthetic polyK with various
degrees of polymerization (DP). The broth microdilution method was used to determine the
MIC of each polymer on three bacterial species (concentration expressed as pM and pg/mL).
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3.3 Discussion

In this study, we synthesized three bio-inspired polymer libraries with different
backbones (methacrylate, hydroxybenzoate-co-lactide, and peptide) to investigate their
antimicrobial properties.

For the methacrylate copolymers bearing cationic or zwitterionic side chains with
caffeine, cationic side chains were necessary to present activity against bacteria, as primary
ammonium (P-(ab-Caf)MA) and quaternary ammonium copolymers (P-(z-Bu-DMEA-Caf)MA)
inhibited bacteria growth. In this sense, primary ammonium copolymers inhibited the growth
exclusively for gram-negative, while quaternary ammonium copolymers presented a broad
spectrum of action. It was also found that finely tuning the hydrophobic ratio allowed
optimization of antimicrobial polymers, consistent with other work on selectivity.!®? It is
important to note that P-(~-Bu-DMEA)MA is a quaternary ammonium homopolymer, and the
antibacterial might be related to a hydrophilic polycation mechanism, rather than to membrane
disruption, which might characterize the polymers having caffeine as a hydrophobic side
chain.!!3183 Therefore, the mechanism of these antimicrobial polymers needs further study.
Collectively, the data shows that caffeine side chains and fert-butyl-protected carboxybetaine as
hydrophobic and cationic groups could help to prepare selective polymers against bacteria.

Inspired by active natural products, the antimicrobial potential of functional
hydroxybenzoate-co-lactide polymers was explored. The synthesis of the precursors using a
systems biology approach and a controlled organocatalytic ROP approach facilitated the rapid
production of a diverse library of oligomers and polymers with targeted molecular weights. The
structure—activity relationship study of the precursors demonstrated that modifications at the 4-O

and 6-positions of the aromatic ring significantly enhanced activity against S. aureus, with the 6-
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heptyl series exhibiting the lowest MICs (Figure 3.4). With regard to antimicrobial activity, the
polymers were more active in general at smaller sizes; degrees of polymerization at or below 7
were most active within their respective series. The effect of molecular weight was crucial, as
polymers with M/I > 10 were inactive. Moreover, the effect of the substituents was important for
biofilm inhibition and disruption, as polymers with R; = Bn and R» = H (22) or Ri =Bn and R> =
Hep (28) showed both inhibition and disruption of the biofilm, whereas the polymer with R; =
Me and R» = Me did not show antibiofilm activity (25). Additional studies are needed to
elucidate the exact mechanism, but it is clear that a balance of hydrophobic side chains is
required.'®* In cases in which the polymers are more active than the monomers, the difference
may be due to effects such as cooperativity and avidity, or the polymer and monomer may act
through different mechanisms; understanding these mechanisms will require further research.
Together, these results confirm the potential of modifying antibacterial properties by designing

polymers with easy-to-functionalize hydroxybenzoate groups.
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Figure 3.4. Key compounds with antimicrobial activity against S. aureus. MIC is the minimal
inhibitory concentration against Polymers 22 and 28 inhibit and disrupt S. aureus biofilms.

Lastly, the library of a-poly(L-lysine)-NHo>, referred to as “polyK”, with varying degrees
of polymerization was assessed for antimicrobial activity. As degrees of polymerization
increased, the MIC decreased with respect to molarity, although there was no trend with respect
to mass-per-volume. Additionally, polyK exhibited broad spectrum activity against both gram-
positive and negative organisms, and strong bactericidal action, as the MIC was equivalent to the

MBC.
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Across the three libraries, differing trends for degrees of polymerization, hydrophobicity,
and cationic nature emerged. The poly(hydroxybenzoate-co-lactide)s exhibited lower MICs with
lower DP, unlike the polyK and poly(methacrylate) libraries. Additionally,
poly(hydroxybenzoate-co-lactide)s displayed activity despite lacking cationic residues, and
polymers derived from monomers with higher hydrophobicity exhibited a lower MIC. P-(¢+-Bu-
DMEA)MA polymers exhibited lower MIC as the proportion of cationic side chains was
increased, although the quaternary ammonium groups presented a bulky hydrophobic side chain.
PolyK remains active in the absence of any hydrophobic residues. These differences highlight
the chemical complexity of antimicrobial polymers.

When assessed by mass-per-volume, the polymers with the lowest MICs against S.
aureus for each library were on the same order of magnitude: 15 + 7 pg/mL for P-(¢-Bu-
DMEA)MA, 60 + 39 pg/mL for P-(--Bu-DMEA-Caf 10%)MA, 31.3 ug/mL for polymers 25 and
28, and 33 to 64 pg/mL for the entire polyK library. When measured by molarity, P-(z-Bu-
DMEA)MA had the lowest MIC (0.5 + 0.2 uM), while P-(z-Bu-DMEA-Caf 10%)MA (2.9 + 1.9
uM) was comparable to the polyK library (5 pM for DP 40 to 75, 2.5 uM for DP 90 to 155, and
1.3 uM for DP 160 to 200). However, P-(--Bu-DMEA)MA and P-(#~-Bu-DMEA-Caf 10%)MA
exhibited substantially higher MIC for clinical isolates with methicillin resistance (170 and 194
ug/mL, respectively). Additionally, poly(methacrylate) are nondegradable in body conditions, '8
in comparison to other polymers, making them poor candidates for systemic delivery via phage.
The poly(hydroxybenzoate-co-lactide)s possessed the highest MIC when measured by molarity,
with respective MICs of 18 and 25 uM against S. aureus for polymers 25 and 28, although they
displayed key anti-biofilm properties at these concentrations. Additionally, the exact mechanism

of action of the poly(hydroxybenzoate-co-lactide)s is unknown, making it difficult to predict
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whether they would remain active after conjugation to a phage for delivery. Therefore, the
drawbacks of these two polymer libraries established polyK as the leading candidate for
bioconjugation.

Additional key attributes make polyK ideal for phage bioconjugation. Its antimicrobial
properties and mechanism are well-documented,**!36-188 with the data presented here confirming
the bactericidal action. The chemical synthesis is well established, and can be performed on the
gram scale with control over the degree of polymerization (DP).!>+15¢ Lastly, polyK is highly
water soluble, unlike the other DMSO soluble polymers tested, and presents ample primary
amines, enabling crosslinking to carboxyl groups on the phage by EDC chemistry. Therefore,
polyK was selected as a representative cationic polymer for phage-based delivery and future

studies.

3.4 Supplementary figures

3.4.1 Methacrylate copolymers with caffeine and cationic or zwitterionic side chains

91



H20
B 88 8 Be b R 8
-] wn wn w T T ™m|m ~N -
| Y | | 11 | |
9,9’
f
Dy
d [e]
a (0] /Je
e N
N b
;I/ﬁ y
o) hll N
b
DMSO—d‘ f
[+
JL L] il
U lL__Jbt
I M o 0 O < ™ O
Qe e < o Q o Q
i - — N NN ™M

T

85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15
Chemical shift (ppm)

Figure S3.1."H-NMR spectrum of CafMA in DMSO-ds.

- Q9o ww o o -
=} no o < N o ™ - ©o )
o T = 0m v O v a ] < 0 @
o nunes T ™ ~N o o~ wn N ~
— v v - - - o <+ NN -
| Gt N | | | | | Nl |

ij/ DMBO-d
(e}

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
Chemical shift (ppm)
Figure S.3.2.13C-NMR spectrum of CafMA in DMSO-d;.

92



CDCly EtOAC DMSO EtOAC
% & 5 A9 58 e 3 R d
~ s <+ ¥ TS ©® ™ qd = E
| N [ |
O
b c
\N/lLN/
N)\/&o
NN
a
d\\‘e
0 0 .
f.g
n
h f,g
a v LJ\—LAU
2 ‘ T N N o T
S o N —® —
— — - MmN (gl

[EtOAC

—0.66
—0.49

2.69& 7

9.0 85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 2.0 15 1.0 0.5

Chemical shift (ppm)

Figure S.3.3. "TH-NMR spectrum of P(CafMA) in CDCl.

UV-Vis trace (a.u.)

T T T T

1 21 31 41
Retention time (min)

Figure S3.4. SEC chromatogram of P(CafMA) in trifluoroethanol.

93



a)

Caffeine

/
N
({:\?O
N N
/ AN
o

logP = 0.06°
logP = -0.97°

Trimer

logP = 3.29°

Etofylline

[0}
N

a. Using Chemdraw ®

b. Using molinspiration open source online

CafMA
NN 0)_
e o

RIS
g 0él\m L7
HO !

Dimer
/
N.
Q\g:yo
N N\
gl

N o
\N)ixo
P}
N
o o

logP =-0.57* logP =0.57 logP =2.792
logP =-1.49* logP =-0.23* logP =1.26"
Tetramer Pentamer,
o e
&R W 58
Ny N %o S, °
~N7 ‘\—o o)\N o
S, D3y g
q o o N0 0 T
N - )N:LNIO ’ \_\[‘\\/{L \N)\LD ° O\_\NﬁgNi;
Jeo N o N7 N o o LW
o%”{ ! /m
Zr ~
logP = 3.79° logP = 4.29°

b)

CafMA
Monomer

P(CafMA)
Polymer

2022/12/9 18:38

Figure S3.5. Solubility of monomer CafMA, oligomers and homopolymer P(CafMA). A)

Theoretical study using ChemDraw® or molinspiration open source
(https://www.molinspiration.com/services/faq.html). B) Solubility in PBS at 1 mg/mL.

94



3 [ 3 J n285888858% 3 B
i : B sedisy ) °
b
a y 9 ¢ 90 i’ H,0
O\n/N\/\/\N
c e H
o 9 h
DMSO-d h a+d+e
i 5 f
g b ‘ .
J@ Jl\d L) JJLQI -
o o o o - ® - ©
o @ Qe e O @ ™
o o — NN (s0] i
85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 1.5 1.0
Chemical shift (ppm)
Figure S3.6. 'H-NMR spectrum of Boc-ab-MA in DMSO-ds.
5 & 3 g 8 IEH N3N 3
2 i s g R afs 8Rg =
| \ i | PN
DMSO-d
+d
ap.cu e g § k
XOYN\/\/\N#K
5 d f H I
]
o
k s !
h i b g
| L L
80 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 1

Chemical shift (ppm)
Figure S3.7. 13C-NMR spectrum of Boc-ab-MA in DMSO-ds.

95



DMSO-d

H,0

“ k,l,0.f,g
\

|
|
I
IR
‘ ) \U’ h,h’
\ N
WL v ,\/\\.W_

<
©

2 1 0

20.55-

Chemical shift (ppm)

b J ¢ H0 || DMSO-d

1.49

=)
=
<

8

9 7 6 5 4 3 2 1 0

Chemical shift (ppm)

Figure S3.8. 'H NMR of a representative copolymer bearing caffeine and cationic side
chains A) before (P-(Boc-ab-Caf 50%)MA) and B) upon acidic deprotection (P-(ab-Caf
50%)MA).

96



PMSO-d g 2
i s
k,l,0,f,g
h,h’
A o
0 o
=) <
N o
9.0 85 80 7.5 7.0 6.5 6.0 55 50 45 4.0 35 3.0 25 20 1

.5 1‘.0 d.5 d.O
Chemical shift (ppm)
Figure S3.9. 'H-NMR spectrum of P(Boc-ab-Caf50%)MA in DMSO-ds.

H,0 DMSO-d
< 8 ¢ 7 “ ] ]
| | |
FtOH
jsm kl,0.f,g
b [+
h,h’
\J
T T T T T AR &4 T
o (o] N M O o O o o
N e - N o e v o Q
o — ~— - O AN oV} ]
9.0 85 80 75 7.0 65 6.0 55 50 45 4

‘.0 5.5 3‘.0 i.S 2.0 1‘.5 1‘.0 d.S 6.0
Chemical shift (ppm)
Figure S3.10. 'H-NMR spectrum of P(Boc-ab-Caf30%)MA in DMSO-ds.

97



5 S ) H,0 gowsod # R
@ ~ ©o < a H o
| | | | |
DCM
EtOH
jm k,l,0,f,9
n b h,h’
a

i d 4 c UJ
T T T T T 7 A w T
o (s2] N ()N e)] N O o
— n 0 N N o o ~ S
o — i o o — N (ol (o]

9.0 85 80 7.5 70 65 6.0 55 50 45 40 35 3.0 25 2.0 1.5 1.0 0.5 0.0
Chemical shift (ppm)

Figure S3.11. 'H-NMR spectrum of P(Boc-ab-Caf10%)MA in DMSO-ds.

DMSO-d
o O (o)) [« ~
8 0R e N
~ o o~ f o
Lo H.0 | |
DCM
. k,l,0.,f.g
J,m
h,h’
n
/i‘\J\
A J

T h T
o o ™ ™M (o]
® 9 o N -
o i [e0] i (42}

9.0 85 80 7.5 70 6.5 6.0 5.5 5.0 45 4.0 3.5 3
Chemical shift (ppm)

Figure S3.12. 'H-NMR spectrum of P(Boc-ab)MA in DMSO-ds.

.0 25 2.0 15 1.0 0.5 0.0

98



Solvent peak

—P-(Boc-ab-Caf 50%)MA

—P-(Boc-ab-Caf 30%)MA

—P-(Boc-ab-Caf 10%)MA
P-(Boc-ab)MA

Rl trace (a.u.)

/i

=

1 5 9 13 17 21 25 29
Retention time (min)

Figure S3.13. Representative chromatograms from refractive index (RI) trace of copolymer
bearing caffeine and cationic side chains from SEC in DMF (au = arbitrary units).

—P-(Boc-ab-Caf 50%)MA
P-(Boc-ab-Caf 30%)MA

—P-(Boc-ab-Caf 10%)MA
P-(Boc-ab)MA

LS trace (a.u.)

Aggregation

' J

1 5 9 13 17 21 25 29

Elution time (min)
Figure S3.14. Light scattering signal (LS) from the series of copolymers P(Boc-ab-Caf)MA
by SEC in DMF. The high signal from LS at lower elution time confirmed aggregation observed

T

from the RI trace.

99



0 © N <+ H,0 o g DMSO-d — ™
=1 ] n - 2 N in n
0 ~ <+ <+ o~ a — o
| |
,C,m
. k,l,f,g
d ! o
e
a I
i
WMWM "
[= o) ~ 7o) < =
— < [o0] — — o
— — — (gl LN \\e]

5.0 5.5 é.O 7‘.5 7‘.0 6.5 é.O 5.5 5‘.0 4.5 4.0 3;.5 3‘.0 2.5 é.O 1‘.5 1‘.0 6.5 d.O
Chemical shift (ppm)
Figure S3.15. 'H-NMR spectrum of P(ab-Caf50%)MA in DMSO-d.

N 3 5 & R 3 R
@ ~ F < ~ & omsod 2 S
| | | |
k,1.f,g
h,h’
~N ) ~N ) o) =)
o — — o © O

9.0 85 80 7.5 7.0 6.5 6.0 55 50 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
Chemical shift (ppm)

Figure S3.16. 'H-NMR spectrum of P(ab-Caf30%)MA in DMSO-d.

100



o~ < © T g T N
~ A n N n
© ~ < o~ o —

I I | |DMso-d \ Y

i k1.f,g
h,h’

a i
F-. /"L\‘\
fo)) LH %) I3 LA (=)
— n ™ 0 ) o
o o o ~ ~ ©

9.0 85 80 7.5 70 6.5 6.0 55 50 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
Chemical shift (ppm)

Figure S3.17. 'H-NMR spectrum of P(ab-Caf10%)MA in DMSO-d.

< + o of DMSOd ., o
N N oS @
~ o~ AN — o
I N
EtOH
i kg
)
Ho m h,h
i
<) Tl %) [=)
~N N ™ o o
— N AN n ™

9.0 85 80 7.5 70 65 6.0 5.5 50 45 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0
Chemical shift (pom)

Figure S3.18. 'H-NMR spectrum of P(ab)MA in DMSO-ds.

101



NNNNOVY TMMO nunsTmmn m o (=] (=]
555RR8R HR0R 233K8 ?8& ] & g
O YVYVNnnnm TITETTT MmMmmnmmMmm mm ~ -
-~ R it N \ |
h e,f
o) Yro
w B Y Rk
o g o
d o h
b Br
b
g
‘ H,0
a g
¢ d DMSO
o n N Jn o)) I\ O
e 9o © o @ S Q
— — — N i N ™M (e)}

7.0 6.5 6.0 5:5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
Chemical shift (ppm)

Figure S3.19. 'H-NMR spectrum of z-Bu-DMEA-MA in DMSO-d;.

H,O
2 = g oMol 4 g
« 3 ] 3
| |
£,f,0.9',n
b,c.k|
d.e,ij,m hoh
a
L
T T T ¢ T
o [ee] (o] (o)} o
n © N © <
o [ [ — ]

9.0 85 80 7.5 7.0 6.5 6.0 55 50 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
Chemical shift (ppm)

Figure S3.20. 'H-NMR spectrum of P(-Bu-DMEA-Caf30%)MA in DMSO-ds.

102



H,0 DMSO-d

—3.36
=149
0.88

f,f,9.9’.n
h,c.k,l
h,h’
T T T p=n T
© I I < o
— N N © Q
o o N — o

9.5 9.0 85 80 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
Chemical shift (ppm)

Figure S3.21. 'H-NMR spectrum of P(--Bu-DMEA-Caf10%)MA in DMSO-ds.

H,0 DMSO-d
~ Adl=l q ~
~N f wn|n @©
<« NN o

f,g’n
b,c,k,l

h
T T o\\ T
o)} o) < o
o @« - <
N n — ™

9.5 9.0 85 80 7.5 7.0 6.5 6.0 5.5 50 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
Chemical shift (ppm)

Figure S3.22. 'H-NMR spectrum of P(z-Bu-DMEA)MA in DMSO-d.

103



P-(t-Bu-DMEA-Caf 10%)MA
— P~(t-Bu-DMEA)MA

Rl trace (a.u.)

=~

T N

15 17 19 21 23 25
Retention time (min)

Figure S3.23. Chromatograms from aqueous SEC from RI detector for P(--Bu-DMEA-
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Figure S3.27. Chromatograms from aqueous SEC from RI detector for P(DMEA-Caf)MA
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Figure S3.33. Chromatograms from aqueous SEC from RI detector for P(Lys-Caf)MA
series of copolymers.
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Figure S3.36. 'H-NMR spectrum of P(--Bu-DMEA)MA DP30 in DMSO-d.
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Figure S3.37. Chromatograms from aqueous SEC from RI detector for P(--Bu-DMEA-
Caf)MA DP30 series of copolymers.
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Figure S3.38. 'H-NMR spectrum of P(DMEA-Caf30%)MA DP30 in DMSO-ds.

111



D,0

g ¥ 8 1B 8 ]
b < < ) ~ -
g;h,k,1

d,e;h,i,j,m,
q,r
c
a,b,p

T T ) ~ T T
o o = N N Y

™ N . 4
o o o — ™ ™
(o] n (o] o [ [o)]

9.0 85 80 7.5 70 65 6.0 55 50 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0 -C
Chemical shift (ppm)

Figure S3.39. 'H-NMR spectrum of P(DMEA-Caf10%)MA DP30 in DMSO-ds.
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Figure S3.41. Chromatograms from aqueous SEC from RI detector for P(DMEA-Caf)MA
DP30 series of copolymers upon Boc-deprotection.

3.4.2. Hydroxybenzoate-co-lactide polymers.
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Figure S3.45. A) 'TH-NMR and B) *C-NMR of 4 in acetone-ds.
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Figure S3.48. 'H-NMR of 7 in acetone-ds.
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Figure S3.61. 13C-NMR of the polymer from monomer 13 using the system monomer/3-O
urea/MTBD/initiator (50:1:1:1) in CDCls.
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Figure S3.65. A) 'TH-NMR and B) *C-NMR of 18 in CDCl.




o
9]
o
[s]
<
IN

8.14 -

¢ . 2 & 3 ‘
(=] v © 0 © o
< Q ~ o o S
-~ n -~ -~ N (o]
9 8 7 6 5 ‘ 3 2 1
Chemical shift (ppm)
3 25 2 29 PR P N co o
g 33 g me EREES 33 N 4d @
g 24 a 49 Rk ag 5 4y <
Y2 5/ SN N -
H
8
15 o
17 ole | o 5/4)
16] 14 70710 nq1 13
o NF
153970
7,11,14 8
16 17
15

My

180 160 140 120 100 80 60 40 20
Chemical shift (ppm)

Figure S3.66. A) 'TH-NMR and B) *C-NMR of 19 in CDCl.
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Figure S3.67. A) 'TH-NMR and B) *C-NMR of 20 in CDCls.
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Figure S3.69. A) 'TH-NMR and B) *C-NMR of 22 in CDCl.
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Figure S3.70. A) 'H-NMR and B) *C-NMR of 23 in CDCl.
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Figure S3.71. A) 'H-NMR and B) *C-NMR of 24 in CDCl.
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Figure S3.72. A) 'H-NMR and B) 3C-NMR of 25 in CDCl.
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Figure S3.73. A) 'H-NMR and B) *C-NMR of 26 in CDCl.
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Figure S3.74. A) '"H-NMR and B) *C-NMR of 27 in CDCl.
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Figure S3.75. A) 'H-NMR and B) *C-NMR of 28 in CDCl.
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Figure S3.76. 'H NMR of A) polyZKgs after reaction with mPEG-NCO for end-group

analysis and molecular weight determination, and B) polyKus.
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3.5 Supplementary tables.

DP Caffeine Caffeine
Polymer DP from content content M., b Yield
theoretical NMR theoretical | from 'H- | (kg/mol) (%)
(%) NMR (%)
P-(t-Bu-
DMEA-
Caf30%)MA 30 34 30 35 6.4 1.16 70
DP30
P-(t-Bu-
DMEA-
Caf10%)MA 30 29 10 14 6.3 1.06 71
DP 30
P-(t-Bu-
DMEA)MA 30 30 0 0 4.7 1.03 76
DP30
P-(DMEA-
Caf30%)MA 30 36 30 28 N.A. N.A. 72
DP30
P-(DMEA-
Caf10%)MA 30 31 10 9 4.2 1.16 73
DP30
P-
(DMEA)MA 32 0 0 5.1 1.18 74
DP30

Table S3.1. Characterization of the copolymers bearing caffeine and cationic or
zwitterionic side chains and DP = 30 from RAFT polymerization by "H-NMR, SEC and
yields. N.A. = not analyzed due to poor solubility under analytical conditions.
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Ratio
(DT u Conversion | Time M,
Entry | Catalyst | Base | catalyst/ | Solvent | (°C | (kg/ | D
H-NMR | (h)
base/ ) mol)
initiator)
1 - - - THF 23 0 1
2 DMAP - 50:2:1 Tol 110 98% 15 2.1 1.90
3 |3-0urea 1]\34; 50::1:1 | THF | 23 99% 1| 126 | 1.96
MT

4 3-O urea BD 50:1:1:1 THF 23 99% 1 16.6 | 1.14
5 i 1]\34; 50:1:1 | THF | 23 99% 1| 146 | 237
6 3-O urea 50:1:1 THF 23 99% 1 214 | 1.59

Table S3.2. Evaluation of the conditions during ring opening polymerization of monomer
13 using 3-methylbutan-1-ol as initiator and different catalysts. Entry 4 is the conditions for
the polymerization in this work.

DPineo DPxvir M., (kg/mol) ) Yield (%)
30 28 6.8 1.11 78
50 66 16.6 1.14 75
70 76 25.4 1.20 84
90 94 20.2 1.24 99

Table S3.3. Characterization of polymers from ROP of monomer 13 using the system
monomer/3-O urea/MTBD/initiator. DP from '"H-NMR, SEC in THF and yields. The 3-O urea
and MTBD were varied according to the initiator.

147



Polymer Ry R> M/Inmr Size (nm) PDI
16 Me H 5 193 £ 81 0.167
17 Me H 13 282 + 54 0.513
18 Me H 30 315+ 183 0.358
19 Allyl H 5 117+ 17 0.702
20 Allyl H 11 198 + 40 0.439
21 Allyl H 22 149 + 53 0.103
22 Bn H 6 205 £+ 69 0.102
23 Bn H 10 182 £ 85 0.173
24 Bn H 30 194 + 72 0.351
25 Me Me 7 178 + 84 0.167
26 Me Me 12 123 £29 0.105
27 Me Me 28 686 = 137 0.454
28 Bn Hep 3 594 £ 118 0.484

Table S3.4. Dynamic light scattering (DLS) results of the polymers at 1 mg/mL in PBS.

DP S. aureus E. coli P. aeruginosa
(ATCC 25904) (ATCC 25922) (ATCC 25102)
pM pg/mL pM pg/mL pM pg/mL

40 5.00 33 10.00 67 20.00 130

48 5.00 40 5.00 40 5.00 40

67 5.00 55 2.50 28 5.00 55

75 5.00 62 2.50 31 5.00 62

90 2.50 37 2.50 37 5.00 74

110 2.50 45 1.25 23 5.00 91

128 2.50 53 1.25 26 5.00 110

148 2.50 61 0.625 15 5.00 120

155 2.50 64 0.625 16 2.50 64

160 1.25 33 0.625 16 2.50 66

170 1.25 35 0.625 18 2.50 70

200 1.25 41 0.625 21 2.50 82

Table S3.5. Minimum Bactericidal Concentration (MBC) of polyK of various degrees of
polymerization (DP).
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Chapter 4. Characterization of polylysine-phage bioconjugates and complexes

Adapted from:
- Peng, H.; Vexler, S.; Xu, S.; Chen, I. A. Real-time in vivo bacterial imaging by CT and
fluorescence using phage-gold nanorod bioconjugates as contrast agents. ACS

Biomaterials Science & Engineering 2025.

https://doi.org/10.1021/acsbiomaterials.4c02190

- Vexler, S.; Morrison, C.; Jain, S.; Yang, Y.; Tsunemoto, H.; Zhang, N.; McCarthy, K.;
Mihalache, B.; Kutach, M.; Yang, S.; Pogliano, J.; Annabi, N.; Deming, T.J.; Chen, [.A.
Phage-Polymer conjugates inhibit S. aureus with high cytocompatibility and low

bacterial resistance. (under review)

Many cationic polymers are known to be antimicrobial due to disruptive interactions with
negatively charged bacterial cell membranes. However, this robust biophysical mechanism can
also cause nonspecific disruption of mammalian cell membranes, leading to efforts to synthesize
polymers with improved biocompatibility.!”7-18%190 Alternatively, in the approach described here,
we propose that phage specificity could compensate for the polymer’s lack of specificity.
Additionally, if bactericidal effect of phage infection is replaced by the lytic activity of a
synthetic polymer, the host range can instead be expanded by engineering the phage’s binding
specificity.

Previously, we engineered the receptor binding protein of M 13 bacteriophage to bind to the
common Staphylococcus aureus surface polysaccharide poly-N-acetylglucosamine (PNAG). The

major coat protein that comprises the bulk of the phage is present in thousands of copies per
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virion and provides solvent-accessible functional groups for potential bioconjugation of

antimicrobial cargo, like synthetic polymers.*>8!

a-poly(L-lysine) was chosen as a representative
cationic polymer due to its well-documented antimicrobial properties**:!86-188 combined with
known biocompatibility problems.!*!:!2 Chemical synthesis of a-poly(L-lysine) can be
performed on the gram scale with control over the degree of polymerization (DP).!>*15¢ Here, a.-
poly(L-lysine) with varying DP were separately attached either covalently or electrostatically to

the modified phage, and antimicrobial activity and biocompatibility of the resulting

bioconjugates and electrostatic complexes were studied.

4.1 Methodology

Phage loading with polyK. 1x10'3 virions in 1 mL of PBS were added to 2.6 mg of sulfo-NHS-
acetate and incubated overnight at room temperature under rotation to protect primary amines.
The next day, 100 uL of 1 M Tris HCI, pH 7.5, was added to quench the reaction. The protected
phage was dialyzed using a Slide-A-Lyzer™ MINI Dialysis Devices, 20K MWCO
(ThermoFisher Scientific) with 0.1 M MES buffer, pH 4.5 — 5. To 1x10"3 protected virions, 546
pL of polyK (prepared at a stock concentration of 200 uM in MES buffer) and 100 pL of either
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) at a concentration of 10 mg/mL in H2O
(covalent loading) or H>O (no EDC for electrostatic loading) were added. The final volume was
adjusted to 2 mL with MES buffer, and the reactions were incubated overnight at room
temperature under rotation. The following day, the polyK-phage product was dialyzed into PBS
using Pur-A-Lyzer™ Maxi Dialysis tubes, 50 kDa MWCO (Sigma-Aldrich). A speed vacuum
was used to reduce the volume to approximately 0.5 mL. Concentrations of products were
estimated by UV-Vis absorbance as described previously. Conjugates or electrostatic complexes

of polyK and the anti-PNAG phages are called ‘PKAP phages’; the degree of polymerization of
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polyK and method of attachment (C for covalent, E for electrostatic) are specified in the

subscript.

PKAP phage Bradford assay. PolyK was diluted in PBS to prepare a standard curve ranging
from 25 to 800 nM. PKAP phages were first diluted 20-fold (covalent constructs) or 50-fold
(electrostatic constructs) in PBS before preparing a series of two-fold dilutions. Protected phage,
prepared as described above, was diluted at concentrations of 10!2, 5x10'2, and 2.5x10!2
virions/mL in PBS. 250 pL of Pierce™ Bradford Plus Protein Assay Reagent (ThermoFisher
Scientific) was added to 50 puL of sample in a clear flat bottom 96-well plate. The plate was
incubated at room temperature for 10 minutes before reading the absorbance at 595 nm with a
Tecan Infinite 200 Pro microplate reader. The average absorbance of three blank replicates
(PBS) was subtracted from the average of two replicates for each polyK concentration, then
plotted against concentration. Points within the linear range were used to generate a standard

curve to determine the polyK concentration of PKAP phage dilutions within the same range.

Virion quantitation in PKAP phage by primary amine content. Protected M13%"NAG wag
diluted in a 0.1 M sodium bicarbonate buffer, pH 10.5, to prepare a standard curve ranging from
5x10° to 10'? virions/mL. PKAP phages were diluted in the same buffer to an approximate
concentration between 2x10'%and 10!! virions/mL as estimated by absorbance, such that the
concentration of polyK present on the PKAP phage was between the linear range of 0.25 and 5
uM; a dilution of polyK at the same concentration as the corresponding PKAP phage was also
prepared in sodium bicarbonate buffer. 40 uL of each sample in triplicate was added to a 96-

well, solid black, flat bottom polystyrene plate, in addition to a blank consisting of only sodium
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bicarbonate buffer. 200 pL of Fluoraldehyde™ o-Phthaldialdehyde Reagent Solution (OPA) was
added to each well and the plate was incubated for 3 minutes in the dark before measuring the
fluorescence on a Tecan Infinite 200 Pro microplate reader with an excitation wavelength of 340
nm and emission wavelength of 455 nm. The blank-adjusted value of the polyK was subtracted
from the blank-adjusted value of the PKAP phage, and the resulting value was fitted to the

rotected M 13%PNAG phaoe standard curve to determine the virion concentration of each PKAP.
p phag

Virions quantification by Qubit Fluorometer. A modified version of a previously published
protocol to determine the sSDNA concentration of phage bioconjugates was used.!”® A standard
curve of phage was prepared in PBS from 10'2 virions/mL to 3.13 x 10! virions/mL. To 250 uL
of PKAP phage, phage standard, or a blank (PBS), 250 uL of ZymoPURE P2 (Blue) was added.
Samples were mixed by inverting the tube ten times and incubated for 3 minutes at room
temperature. After incubating, 250 uL of ZymoPURE P3 (Yellow) was added and mixed by
inversion until the solution was completely yellow. The samples were centrifuges for 10 minutes
at 16,000 rcf. Then, 600 uL was transferred to a clean 1.5 mL microcentrifuge tube. With the
drying rate set to high, a vacuum concentrator was used to reduce the sample volume to
approximately 50 pL. Using 20 pL of each sample and following the manufacturer’s
instructions, a Qubit Fluorometer was used to quantify the amount of ssDNA present. The value
of the blank was subtracted from each sample to account for interference from the ZymoPURE

buffers.

Amino acid analysis of PKAP phage. M13%PNAG phage, polyKg, PK APooc, and PKAPye were
y phag phag

sent to the Molecular Structure Facility, UC Davis (Davis, CA, USA). Samples were transferred
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using two 5/50 formic acid/acetonitrile washes and dried. Liquid phase hydrolysis (6 N HCI and
1% phenol) was performed at 110 °C for 24 hours, after which samples were dried again and
dissolved in norleucine dilution buffer to the final volume. 50 pL of sample (2.0 nmol equivalent

of norleucine) was injected onto a Hitachi L-8800 amino acid analyzer.

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC). A standard broth-microdilution protocol was used to determine the minimum inhibitory
concentration based on Clinical and Laboratory Standards Institute (CLSI) recommendations.'
A series of two-fold dilutions of PKAP phage in PBS were prepared, then diluted ten-fold with
MHB. 50 pL of each dilution was added to a 96-well round bottom plate. Assays were
performed in duplicate.

Single colonies were picked and resuspended in MHB from cultures grown overnight on
Mueller Hinton agar at 37 °C. The OD625 was measured and adjusted between 0.08 and 0.13,
corresponding to the optical density of McFarland standard 0.5, then diluted 100-fold. 50 pL of
bacterial suspension was added to each well containing diluted PKAP phage, resulting in
approximately 5 x 10° CFU/mL per well.!> A growth control, consisting of 50 uL of bacterial
suspension and 50 pL of broth, and sterility control, consisting of 100 uL broth only, were also
prepared. Covered plates were incubated at 37°C without shaking. After 24 hours, the MIC was
determined as the lowest concentration with no visible growth.

To determine the MBC, 50 uL from each well with no visible growth was plated on
Mueller Hinton agar and incubated overnight at 37 °C. The MBC was determined as the lowest
concentration of treatment yielding fewer than 25 colonies per plate, corresponding to survival of

< 0.1% of the original inoculum.
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Fluorescence microscopy of S. aureus. Single colonies S. aureus ATCC 29213 were picked
from LB agar plates, inoculated in cation-adjusted Mueller Hinton Broth (CA-MHB), and
incubated overnight at 37 °C, with rolling. Overnight cultures were diluted into fresh CA-MHB,
and incubated at 37 °C, with shaking, until they reached OD600 = 0.10-0.15 (equivalent to ~1 X
108 CFU/mL). Bacteria were then treated at the MIC with polyKoo, PKAPoc, or PKAPgg, and
incubated at 37 °C, with rolling. After 120 minutes of treatment, cells were collected and stained
with a dye mix containing FM4-64, DAPI, and SYTOX-Green, before being transferred to an

agarose pad for imaging.

Mammalian cell metabolism and viability. The impact of polyK or PKAP phage on human
embryonic kidney cell (HEK 293; ATCC CRL-1573) metabolism was measured according to
previously reported protocols.?*8%177 HEK 293 cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics
(penicillin/streptomycin) using Falcon® polystyrene tissue culture flasks with ventilated caps
(Corning). The cells were incubated at 37 °C with 5% CO- until confluency. Then, cells were
detached from the culture flask and seeded at a density of 1 x 10* cells/well in a 96-well plate
(Celltreat). After culturing the cells overnight, the media was replaced with 100 uL media
supplemented with polyK or PKAP phage at various concentrations, or media with no
supplements as the negative control, with triplicate samples for each condition. After a further 24
hours of incubation, metabolic activity was quantified using a PrestoBlue™ assay according to
the manufacturer's instructions, allowing 4 hours of incubation with the reagent.

For the five-day study, cells were cultured to confluency as described above, seeded at a

density of 1 x 10* cells/well, and incubated with DMEM in each well of 24-well plates
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(Corning). Five hours after seeding, the media was changed to DMEM containing 10% FBS and
1% antibiotics (penicillin/streptomycin) supplemented with polyK or PKAP phage at the same
concentration as the S. aureus MIC, or to media with no supplements as the negative control.
Triplicate samples were prepared for each condition, and media supplemented with polyK or
PKAP phage for experimental groups was refreshed every 2 days. HEK 293 cell metabolic
activity was quantified using a PrestoBlue assay according to the manufacturer's protocol on
days 1, 3, and 5 of culture, replacing media with fresh supplemented media after the assay. Cell
viability was assessed with calcein AM and ethidium homodimer-1 staining. Cells were imaged

with an AxioObserver Z1 inverted microscope (Zeiss).

Hemolysis assay. Hemolysis assays were performed according to previously reported
protocols.3%177:194 Three mL of 10% sheep red blood cells (MP Biomedicals) were added to 14
mL of PBS (pH ~7), gently mixed, and centrifuged for 10 minutes at 800 x g, 4 °C. Pelleted cells
were washed four times by removing the supernatant, adding 14 mL of fresh PBS, and
centrifuging again under the same conditions. After the final wash step, 200 pL of cells were
removed from the bottom of the vial and added to 9.8 mL of PBS to prepare the blood cell
solution.

Two-fold serial dilutions of polyK or PKAP phage in PBS were prepared. 100 pL of test
reagent, detergent control (20% Triton X-100 in PBS), or negative control (PBS) were added to
100 pL of blood solution in a 96-well round bottom plate, then incubated at 37 °C for one hour.
After incubation, the plate was centrifuged at 1,700 x g for 5 minutes. 100 pL of supernatant was

carefully collected without disrupting the pellet and transferred to a 96-well flat bottom plate.
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Absorbance at 405 nm was measured and percent hemolysis was calculated according to the

following equation: % hemolysis = 100 x (Asample — APBS)/(ATritonx — APBS).

Release of electrostatically loaded polyK. Electrostatically loaded PKAP phage was diluted to
a concentration of 35 uM polyK in MilliQ water and 1 mL was added to a Slide-A-Lyzer™
MINI Dialysis Device, 20K MWCO (ThermoFisher Scientific). 45 mL of 1x PBS buffer with 0,
0.1, 1, or 10 mg/mL Dextran sulfate sodium salt from Leuconostoc spp., average mol wt
>500,000 (Sigma-Aldrich), was added to the conical tube of the dialysis device. A stir bar was
added to the conical tube, and dialysis devices were incubated at 4 °C on a stir plate. After 1, 2,
4, 6, 24, and 48 hours, 50 uL of sample was removed and the buffer was replaced. Each
condition was assessed in duplicate, the 50 pL aliquots were diluted ten-fold with PBS, and the
amount of polyK remaining on the phage was assessed by the Bradford assay in triplicate as

described above.

Resistance development. The broth microdilution assay described above was used to assess the
development of resistance in S. aureus (ATCC 29213) against oxacillin, polyK, and PKAP
phage. After the first assay, bacteria growing at sub-MIC concentrations for each treatment or
without treatment were pooled and adjusted to a final volume of 2 mL in Mueller Hinton Broth.
The OD625 of the pool was measured and adjusted to be between 0.08 and 0.13, corresponding
to the optical density of McFarland standard 0.5, and then diluted 100-fold to be used as the
bacterial suspension to inoculate the next assay. 10 uL of this bacterial suspension was plated on
Mueller Hinton agar to check for contamination. Additionally, for each round of selection, a

glycerol stock was prepared for each of the four conditions (no treatment, oxacillin, polyK, or
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PKAP phage) by adding 500 pL bacterial suspension at McFarland standard 0.5 to 500 pL of
50% glycerol. After thirteen rounds of selection, the MIC was re-evaluated for all treatments,
along with vancomycin as a positive control.

Glycerol stocks from the thirteenth round of each selection condition, along with the
initial S. aureus strain (ATCC 29213), were streaked on Mueller Hinton agar. 5 mL of LB broth
was inoculated with a single colony and grown overnight. The following day, genomic DNA was
extracted with a ZymoBIOMICS DNA Kit and sent for whole-genome sequencing. Snippy
(version 4.6.0) was used to align mutant sequences to the original strain and determine

variants.!??

4.2 Results

Covalent or electrostatic loading of polyK onto M13**™AG to produce polyK-anti-PNAG
(PKAP) phages. Unmodified M13%*NAG wags characterized by zeta potential using previously
described settings'”® and showed a negative zeta potential ({ =-15.6 + 1.5 mV), as expected
from the overall charge of g8p. An initial attempt to electrostatically load polyKeo by mixing and
incubation with M13%PNAG resulted in visible aggregation and ¢ near zero (-0.5 + 1.2 mV). To
avoid aggregation, M13%PNAG wag pre-treated with sulfo-NHS-acetate to acylate primary amines.
The protected M13%PNAG showed a more negative zeta potential ( = -20.6 + 2.8 mV), consistent
with acylation of amines. After protection, the phage intermediate was loaded with polyKus,
polyKoo, or polyKi70. The polyK polymers alone exhibited positive C, with greater C at higher DP
(Table 4.1), as expected. In one method, loading was performed through overnight incubation in
appropriate buffer, allowing formation of noncovalent, presumed electrostatic, complexes
(designated by an “E”’) between virions and polymers. In the second method, virions and

polymers were cross-linked with EDC chemistry (designated by a “C”) to form covalent
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bioconjugates (Table 4.1). Both types of polymer-phage products were purified by dialysis and
designated as PKAP (polyK-anti-PNAG) phages. Six variations of PKAP phages were
synthesized by combining the three polyK variants and two loading methods. All of the PKAP
phages displayed positive C (Table 4.1), indicating successful conjugate or complex formation,
as the positive C is consistent with a predominance of amine groups at the virion surface from
loading the polymer onto the negatively charged virions. Higher  was observed with greater DP,
mirroring the trend in the polymers. Covalent loading and electrostatic loading resulted in similar

¢ of the resulting PKAP phages.

Degrees of Polymerization (n)
n=48 n=90 n=170
pOlyK48 pOlyK90 pOlyKno
polyK
11.1+£4.0 19.3+1.1 21.8+3.0
PKAP4sc PK APy PKAP70c
Covalent
Method of 9.1+0.2 12.8+ 1.0 14.7+2.0
Loading PKAP48E PKAPQOE PKAP 170E
Electrostatic
8.3+0.8 10.4+1.2 119+1.1

Table 4.1. Synthetic PKAP phage conjugates and complexes prepared from M13°PNAG and
three polyK polymers with zeta potentials (£). Bioconjugates (designated ‘C’) were
synthesized using carbodiimide chemistry. Noncovalent complexes (designated ‘E’) were formed
by electrostatic interactions of positively charged polymers with negatively charged virions. £ is
given for each polymer, conjugate or complex. PKAP phages exhibit positive { in all cases.

Characterization of PKAP compositions. Loading of polyK was observed to affect the UV-Vis
absorption spectrum, altering the peak position and shape for PKAP phages compared to
M 13PNAG (Figure S4.1), indicating effects of polymer loading on electronic transitions. The

equation typically used to quantify unmodified phage concentration is based on absorbance at
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269 and 320 nm. For an orthogonal method to characterize PKAP phages, we quantified the
polyK concentration using the Bradford reagent, which was insensitive to the virions. Then, the
virion concentration was measured using the o-phthaldialdehyde reagent after accounting for the
known polyK concentration.

The amount of polyK loaded in each sample was determined by Bradford assay, which is
primarily based on binding of the Bradford reagent to basic moieties and to aromatic moieties to
a lesser extent. Standard curves were generated for each polyK (Figure S4.2). The protected
M 13PNAG phage produced a negligible signal with the Bradford reagent for concentrations <
10'2 virions/mL (Table S4.1). The phage concentration in all PKAP dilutions, approximated by
the UV-Vis absorbance, was kept under this range, such that Bradford reagent signal could be
attributed solely to the polyK. Comparison to the standard curves thus gave the concentration of
polyK in each PKAP sample (Table S4.2).

The concentration of phage virions was determined by a fluorescence assay using o-
phthaldialdehyde (OPA). The protected M13%PNAG phage was observed to produce a linear
standard curve between 10'°and 10! virions/mL (Figure S4.3A). At the same time, polyK also
produced a linear standard curve between 0.125 and 5 uM (Figure S4.3B). Since the
concentration of polyK was measured independently by the Bradford assay, the OPA
fluorescence of the known concentration of polyK was subtracted from the PKAP phage
fluorescence, and the remaining fluorescence could be attributed to the phage virions. In general,
the virions accounted for 30-60% of the total OPA fluorescence. The virion fluorescence was
then compared to the M13%*NAG gtandard curve to determine the phage virion concentration

within the PKAP phage sample (Table S4.3).
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Additionally, we attempted to quantify the concentration of phage virions using a

193 Briefly, buffers from

previously developed method for phage-gold nanorod bioconjugates.
commercially available MiniPrep kits are used to chemically denature the phage, and DNA is
isolated. Centrifugation pellets the gold nanorods, separating it from the ssDNA that remains in
the supernatant. To minimize the loss of ssDNA, the phage DNA is concentrated by speed
vacuum centrifugation rather than MiniPrep columns. Using a Qubit Fluorometer, amounts as
small as 10 pg/uL phage DNA are detected, and compared to a standard curve of virions for
quantification (Figure S4.4). However, quantification by this method resulted in substantially
lower phage concentrations than measured by OPA, suggesting the cationic polyK may be
interacting with the negatively charged DNA. Further attempts to isolate and quantify the phage
DNA by chemical or enzymatic digestion also failed.

The results of the Bradford and OPA assay were combined to determine the amount of
polyK per virion in each PKAP phage sample (Table 4.2). At each DP of polyK, electrostatic
interactions loaded 1.7 to 2.5 times more polyK than the covalent counterpart. The g8p protein
has three solvent exposed carboxyl groups (Glu2, Asp4, and Asp5) available for EDC
conjugation, limiting the number of potential covalent bonds that can form.*>82 These three
residues are also likely participants in electrostatic interactions, along with the partially buried
Glu20 that is normally inaccessible to EDC chemistry. Across both methods of loading, a smaller
DP corresponded to more polyK molecules loaded per virion, suggesting that the surface area of
the virions may limit the amount of loading.

An independent measurement of the ratio of polyK to g8p could be obtained by amino
30PNAG

acid composition analysis by LCMS after intensive hydrolysis (Figure S4.5). M1

PKAP9oc and PKAPyr were subjected to amino acid analysis (Table S4.4). The amount of
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polyKop lysine in PKAP phage samples was calculated by subtracting the amount of phage lysine
(detected in M 13%PNAG) after normalizing for virion concentration. The amount of polyKoo
lysine was normalized by DP and compared to the detectable virion concentration to obtain the
number of polyKoo molecules per virion. The concentration of polyKoo was found to be 8.9 and
14 uM per 102 virions/mL in PKAPyc and PKAPyE, respectively. These values correspond to
2.5 polyKoo molecules per g8p for PKAPgc and 3.8 polyKgo molecules per g8p for PKAPgoE.
Amino acid composition analysis thus agreed with the Bradford and OPA analysis and
confirmed higher polyKoo loading for electrostatic compared to covalent attachment. Overall,
these analyses showed that approximately 1 to 4 molecules of polyK were attached to PKAP
phages per copy of g8p protein, with more polyK molecules per g8p found with electrostatic

complexes and lower polymer length.

PKAP Conc. polyK (uM) per polyK molecules per polyK molecules per
102 virions/mL phage g8p

48C 8.50+0.22 5120+ 130 2.34+£0.06

48E 14.70 £ 0.55 8850 + 330 4.04 £0.15

90C 6.36 £0.36 3830 £ 220 1.75+0.10
90E 11.6+1.3 7000 + 750 3.20+0.34
170C 3.35+£0.28 2020+ 170 0.92 +0.08
170E 8.24+1.20 4960 + 720 2.27+0.33

Table 4.2. PKAP phage composition. The concentration of polyK was determined by the
Bradford assay, allowing determination of the phage virion concentration by the OPA assay and
calculation of the polyK molecules per phage. Given 2190 copies of g8p per virion, the ratio of
polyK molecules per g8p copy was calculated.

Antibacterial activity of PKAP phages. The six PKAP phages were tested against S. aureus, a

prolific PNAG producer, as well as Escherichia coli and Pseudomonas aeruginosa. A reduction
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in MIC was observed for the PKAP phages against S. aureus compared to the corresponding
polyK solution (Table 4.3). Greater reduction was observed for shorter polyK length; MIC
decreases of 5 to 7-fold were observed for PKAP4g and PK APy constructs, while only a 2-fold
decrease was observed for PKAP17 constructs. In contrast to S. aureus, PKAP phages did not
decrease MICs for E. coli or P. aeruginosa (Table S4.5), indicating specificity towards S.
aureus. The minimum bactericidal concentration (MBC) was found to be identical to the MIC
for S. aureus across all constructs (Table S4.6), indicating bactericidal activity as also observed
for the polymers alone. M13*PNAG (no polymer) demonstrated no inhibition of bacterial growth
for any of the three bacterial species for up to a concentration of 10'? virions/mL, as expected,
confirming that the antibacterial activity of PKAP phages is derived from the polyK cargo.
PKAPgyoc and PKAPyor were further tested against additional S. aureus strains, including
methicillin-resistant clinical isolates (MRSA), and Staphylococcus epidermidis, which also
presents PNAG in its polysaccharide capsule. PolyKg and the corresponding PKAP phages
exhibited the same MIC of S. aureus Newman towards all methicillin-resistant clinical isolates as
well as quality control strain ATCC 29213 (Table 4.3). Both oxacillin-sensitive and oxacillin-
resistant strains of S. epidermidis were sensitive to polyKoo, and PKAP9oc and PKAPgor reduced
the MIC by 2.4-fold. These data confirmed that drug-resistant staphylococci are still susceptible
to the membrane-disruptive mechanism of polyK, as expected. Additionally, to test stability of
PKAPooc, its MIC against S. aureus ATCC 29213 was measured again after storage at 4 °C for
13 weeks. No change in MIC was observed, confirming that PK APoyoc retained activity over the

storage period.
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PKAP-C PKAP-E

Species Strain DP PolyK (uM)
(MM polyK) | (uM polyK)

48 5.00 0.83 0.76

Newman (ATCC
90 2.50 0.53 0.54

25904)

170 1.25 0.59 0.61
ATCC 29213 2.50 0.53%* 0.54
ATCC 43300 2.50 0.53 0.54

S. aureus Clinical isolate A,
2.50 0.53 0.54

methicillin resistant

Clinical isolate B,

2.50 0.53 0.54
methicillin resistant
90
Clinical isolate C,
2.50 0.53 0.54
methicillin sensitive
Clinical isolate A,
0.625 0.26 0.27
oxacillin resistant
S. epidermidis
Clinical isolate B,
0.625 0.26 0.27

oxacillin sensitive

Table 4.3. Minimum inhibitory concentration (MIC) of polyK and PKAP phages. Broth
microdilution was used to determine the MIC for different strains of S. aureus and S.
epidermidis. An asterisk indicates no change in MIC after the PKAP phage was stored at 4 °C for
13 weeks.

Mechanism of cell-killing by PKAP phages. PolyK (a-poly(L-lysine)-NH>) is known to cause
rapid cell death by disrupting bacterial membranes.!®¢ The kinetics of cell death induced by
polyKoo was compared to that of PKAPooc and PKAPye. S. aureus ATCC 29213 was incubated
with each treatment at the MIC, and aliquots were diluted and spread on agar plates at a series of
time points for colony counting after overnight incubation at 37 °C. PolyKoo and PKAPgog
showed similar kinetics. Interestingly, PKAPqoc exhibited significantly faster cell-killing (Figure

4.1). At 30 minutes, PKAPgoc treatment produced a 1.8-log reduction in colony-forming units
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(CFU), compared to a 0.5-log and 0.3-log reduction for polyKoo and PKAPgr, demonstrating
that the bioconjugate improves killing rate. After four hours, all constructs induced a > 2.5-log
reduction, with PKAPooc inducing the greatest reduction (3.0-log reduction). Time-kill curves
were fit to a single-exponential decay model, finding a higher apparent rate constant (k= 0.12
min) for PKAPyc compared to polyKoo (k= 0.034 min'!) or PKAPgor (k= 0.028 min™') (Table
S4.7). The faster killing rate of the bioconjugate indicates that concerted presentation of the
polymer on the phage may accelerate cell-killing, while the equal rate of polyKoy and PKAPoor

indicates that the electrostatic complex acts through the same mechanism as the free polymer.
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Figure 4.1. Time-Kill Kkinetics of polyKoo, PKAPor and PKAPyc. Decrease in viable S. aureus
(ATCC 29213) cells over time when incubated with polyKoo, PKAPooc, or PKAPgE at their
respective MICs. Error bars represent standard deviation between biological duplicates. Straight
colored lines correspond to single-exponential curve fits of the first 60 minutes (Table S9).

The effects of PKAP treatment on S. aureus cells were characterized by fluorescence
microscopy. Cells were incubated with polyKoo PKAPgoc, or PKAPooE at their respective MIC
for 120 minutes before staining and imagining. Staining of cells incubated with M13%PNAG yag

indistinguishable from untreated cells. In contrast, all three treatments yielded cells that were
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permeabilized to SYTOX Green, typically excluded from intact cells, and showed clearance of
cell bodies under phase contrast, supporting the mechanism of membrane disruption (Figure

4.2).

Untreated M13aPNAG PolyKyg, PKAPg,c PKAPgoe

Figure 4.2. Fluorescence (top row) and phase contrast (bottom row) microscopy of S.
aureus treated with polyKo and PKAPy phages. After 120 minutes of treatment at the MIC,
cells were stained with FM4-64 (red, membrane dye), DAPI (blue, membrane-permeable DNA
dye), and SYTOX Green (green, membrane-impermeable DNA dye). Scale bar = 2 pum.

The interaction between PKAP phages and S. aureus was further evaluated by TEM.
M13%PNAG or PK APgor phages were incubated with S. aureus (Newman) and then applied to
TEM grids. To visualize M13-derived phages by negative stain TEM, a previously developed
protocol was used to immunolabel g8p with gold nanoparticles, facilitating their identification
(Figure 4.3)."°7 Both M13%"NAG and PKAPyor phages were observed bound to S. aureus cells,
and PKAPor induced significant bacterial disruption compared to normal morphology (Figure
4.3E). Bacterial membrane disruption after incubation with PK AP9oc was also apparent (Figure

4.3F). However, PKAPyc itself could not be visualized by immunolabeling, likely because the
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covalent attachment of polyKoo interfered with the binding of the primary antibody to g8p.

Overall, the TEM data was consistent with bacterial lysis induced by the PKAP phages.

Figure 4.3. Transmission electron microscopy (TEM) visualizes interactions between
M13%PNAG and . aureus. A) Unlabeled M13%PNAG phage, B) M13%PNAG phage labeled with gold
nanoparticles, C) S. aureus Newman, D) S. aureus incubated with immunolabeled M13%PNAG
phage, E) S. aureus incubated with immunolabeled PKAPooe phage and F) S. aureus incubated
with PKAPyoc phage. Scale bar = 500 nm.

Cytotoxicity of PKAP phages. For an initial assessment of cytotoxicity, HEK 293 cells were
incubated with PKAP phages or the corresponding polyKs for twenty-four hours. Metabolic
activity was assessed with a PrestoBlue assay and normalized by the activity of untreated cells.
Exposure to M13%PNAG showed little effect compared to control (114% + 5%), as expected. 24-h
treatment at the S. aureus MIC for polyKoeo and polyKi7o significantly decreased HEK 293 cell

metabolic activity to 51% =+ 8.5% and 24% + 7.8%, respectively, of the control (Figure 4.4B, C),
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indicating substantial cytotoxicity as expected for these cationic polymers, '8¢ although 24-h
treatment with polyKas was better tolerated (Figure 4.4A). Higher polyKo concentration
resulted in decreased HEK 293 metabolism (Figure S4.6), with metabolic activity dropping to
16% + 11.6% at 2X MIC.

In contrast to polyKoeo and polyKi70, 24-h treatment at the MIC for PKAPgoc, PKAP9oE,
PKAP170c and PKAP70g all resulted in significantly greater HEK 293 cell metabolic activity
(80% £ 10%, 109% =+ 9%, 65% + 8%, and 108% = 13%, respectively) compared to the
corresponding polyK treatment (Figure 4.4). Since >80% cell activity is considered non-toxic,
exposure to the MIC of PKAPyc or PKAPye would be considered non-toxic.!”® However,
higher concentrations (>7X MIC) of PKAPyc or PKAPgor did result in cytotoxicity (Figure
S4.6). Nevertheless, increasing the concentration of PKAPooc to 7.7X MIC still gave 66% + 6%
metabolic activity, showing that even 7.7X MIC of PKAPyoc was better tolerated compared to

2X MIC of polyKoo (p = 0.0036).
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Figure 4.4. Relative metabolic activity of polyK and PKAP treated HEK 293 cells. HEK 293
cells were treated for 24 h with concentrations equivalent to S. aureus MIC of polyK, PKAPc or
PKAPE with DP = A) 48, B) 90, or C) 170. Metabolic activity was measured with PrestoBlue
and expressed as a percentage of untreated cells. Significance was assessed by a one-way
ANOVA and Tukey’s post-hoc multiple comparisons test.
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Since antimicrobial regimens typically cover multiple days, biocompatibility was also
assessed with continuing exposure to the agents over a time course of 5 days, to capture long-
term inhibition or recovery of metabolic activity. HEK 293 cells were incubated with PKAP
phages or the corresponding polyKs at a concentration equal to the S. aureus MIC. Cell
metabolic activity was assessed on days 1, 3, and 5, and after each time point, spent media was
replaced with fresh media containing the treatment concentrations (Figure 4.5). Without
treatment, HEK 293 cells show consistent increase in metabolic activity, indicating growth over
the five-day period. However, HEK 293 cells treated with any of the polyKs showed no
significant increase in metabolism, indicating inhibition of cell growth and thus poor
biocompatibility, even for polyKas. That is, although polyKag did not appear to affect metabolic
activity at 24 h, it did inhibit long-term growth over 5 days. Like the polyKs, both PKAP170c and
PKAPi70E also showed a lack of cell growth over 5 days (Figure 4.5C), indicating that the
polymer with DP=170 is not biocompatible for longer exposures, even in the PKAP context.

In contrast, treatment with PK AP4sc resulted in metabolic activity over 5 days similar to
the control. PKAPasE also gave increased metabolism over time, indicating growing cells, but at
roughly half the rate of the control (Figure 4.5A), indicating that the electrostatic complex was
more cytotoxic than the bioconjugate (p < 0.0001). This trend was mirrored for PKAPgoc and
PKAPyoE, although both showed less metabolic activity compared to the corresponding DP = 48
agents (Figure 4.5B). Nevertheless, the metabolic activity with PKAPgoc treatment was still
significantly greater than with PKAP4gg treatment (p < 0.0001). Thus, the most biocompatible

treatment at the MIC was PKAPusc, closely followed by PKAPgc.
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Figure 4.5. Metabolic activity of polyK and PKAP treated HEK 293 cells over a five-day
period. A PrestoBlue assay measured metabolic activity of HEK 293 cells treated at the S.
aureus MIC of A) polyKag, PKAPssc, or PKAP4sg, B) polyKoo, PKAP9oc, or PKAP9E, and C)
polyKi70, PKAP170c, or PKAP170E. No treatment was given for the control. Significance was
assessed with a two-way ANOVA followed by Tukey’s test.

To visualize cell density and viability, cells incubated with polyKoo, PKAP9oc, or
PKAPyor at the MIC were stained with live/dead stain (calcein AM and ethidium homodimer-1)
on days 1 (Figure S4.7) and 5 (Figure 4.6). The total number of live and dead cells from five
images per condition were used to calculate the percentage of live cells (Figure S4.8). After one
day of treatment, cell viability was consistent with the levels of metabolism measured during the
initial twenty-four-hour assay by PrestoBlue; namely, PKAPcoo- or PK APooe-treated cells
exceeded 80% viability, while cells treated with polyKoeo exhibited reduced (42%) viability. After
five days, PKAPgc- or PKAPoe-treated cells exhibited substantial microscopic growth,
comparable to the untreated cells, with viability above 98%. In contrast, viability of polyKoo-
treated cells dropped to 29% and displayed minimal microscopic growth. Together, these results

confirm that PK AP modification substantially increases the cytocompatibility of polyK.
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Figure 4.6. Representative images of live-dead staining on day 5. HEK 293 cells were imaged
after five days of continued exposure to: A) control (no treatment), B) polyKoo, C) PKAPgc, or
D) PKAPok at the S. aureus MIC. Cells were stained with calcein AM and ethidium homodimer-
1 to determine viability. Scale bar = 100 pm.

Hemolytic activity of PKAP phages. The hemolytic effects of polyK and PKAP phages on
sheep red blood cells were evaluated at varying concentrations. At the S. aureus MIC, all polyKs
gave less than 5% hemolysis (Figure 4.7A), but with a concentration of 40 uM (8x MIC for
polyKas), all three polyKs induced > 5% hemolysis. All six PKAP phages were tested at 0.5X,
1X and 8X MIC. Hemolysis remained at < 5% in all cases, with the exception of PKAP7oc at 8x
MIC (Figure 4.7D). These results confirmed the greater biocompatibility of the PK AP phages

(DP =48 and 90) compared to the corresponding polyKs.
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Figure 4.7. Hemolysis in the presence of polyK and PKAP phages. A) PolyK DP =48, 90, or
170 were evaluated between concentrations of 0.625 and 40 pM, presenting < 5% hemolysis at
MIC (5, 2.5, and 5 uM respectively. B) PKAPssc, PKAP4ge, C) PKAPgoc, PKAP9or and D)
PKAP170c, and PKAP170e were evaluated at S. aureus MIC (0.83, 0.76, 0.53, 0.54, 0.59, and 0.61
uM polyK, respectively), along with 0.5x and 8x MIC.

Release of polyK from the electrostatic PKAP complex. Prolonged 5-day exposure to the
electrostatic PKAP complexes resulted in less cell growth compared to the PKAP bioconjugates.
Given the high cytotoxicity of the free polymers, a possible explanation for this observation is
that polyK may dissociate from the electrostatic complex with phages over longer time periods.
To test this hypothesis, the release of polyKoo from PKAPoor was evaluated by dialysis into a

buffer containing varying amounts of the anionic polysaccharide dextran sulfate as a negatively
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charged ‘sink’ for any dissociated polyK. The amount of polyKoo remaining in the dialysis
cassette over time was assessed with the Bradford assay (Figure 4.8). Without the dextran
sulfate sink, 80% of the initial amount of polyKeo remained in the cassette at 48 h, constituting a
significant loss of polymer from the complex (p = 0.0014, two-way ANOVA, Tukey’s test).
Increasing concentrations of dextran sulfate outside the cassette resulted in faster release over
time. Release curves of polyKo from PKAPoe with varying concentrations of dextran sulfate
were fit to a pseudo-first-order exponential decay model (Table S4.8). The apparent rate
constant for polyKoo release increased with concentration of dextran sulfate (Figure S4.9),
indicating a dynamic process with rapid release and rebinding. These results confirm that
polyKoo was indeed released from the electrostatic complex, on a time scale that could affect cell
growth due to the cytotoxicity of the free polymer. Rapid, reversible polymer release is also
consistent with the time-kill assay showing similar kinetics of bacterial cell death for polyKoo

and PKAPyE.
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Figure 4.8. Release of electrostatically loaded polyKoo from PKAPye. The amount of polyKoo
remaining after dialysis with PBS with 0, 0.1, 1, or 10 mg/mL dextran sulfate was evaluated by
Bradford assay. As the dextran sulfate concentration in the dialysis buffer increased, the rate of
polyKop release increased.
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Lack of resistance development. Antimicrobial polymers are believed to be “resistance
resistant,” i.e., mutations conferring resistance are rare, which would be a key advantage over
other antibiotic classes.!?2% The ability of S. aureus (ATCC 29213) to develop resistance to
PKAP9oc phage compared to oxacillin and polyKoo was assessed by serial passaging at sublethal
conditions. This experimental evolution was conducted following the broth microdilution
procedure, in which the next passage was inoculated using the pooled bacterial cultures from
sub-MIC concentrations. After five rounds of serial passaging, the oxacillin MIC increased from
0.5 to 4 pg/mL, reaching the breakpoint for resistance as defined by the CLSI Performance
Standards for Antimicrobial Susceptibility Testing.?’! By the 13" round, the oxacillin MIC had
reached 16 pg/mL, a 32-fold increase from its original value. In contrast, the MIC for both
polyKoo and PKAPgoc stayed within 2-fold (i.e., within measurement error) of the initial MIC

despite serial passaging in sublethal concentrations of the respective treatment (Figure 4.9).2%
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Figure 4.9. PolyKo and PKAPyc do not induce resistance in adaptive laboratory evolution.
A) Schematic for adaptive laboratory evolution using serial broth microdilution to generate
resistance. B) The MICs for each round for oxacillin, polyKo, and PKAPgoc, normalized by the
initial MIC concentration (round 0).
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After the final (13™) round of selection, the MIC of the evolved culture from each
selection-pressure group (oxacillin, polyKoo and PKAPgyc) was measured for all three
antimicrobials, to assess whether cross-resistance had developed. No significant cross-resistance
was observed (Table S4.9). In addition, to assess spontaneous emergence of resistance without
selection pressure, S. aureus was serially passaged without treatment (i.e., in media alone) for 13
rounds, and the MIC of the culture for oxacillin, polyKoo and PKAP9oc was measured over
rounds. Resistance to oxacillin gradually increased by 4-fold by the end of the experiment, but
no change was observed for the MICs of polyKoo and PKAPooc (Figure S4.10). These
observations support the concept that resistance to antimicrobial polymers, and now polymer
conjugates, is slow to emerge.

To identify genetic changes in the experimental evolution, bacteria from the thirteenth
round were grown on Mueller Hinton agar and single colonies were selected for whole-genome
sequencing, along with the initial S. aureus strain (ATCC 29213). Genetic differences between
the isolates and the reference strain were identified with snippy (Table S4.10).!°> Nine point
mutations (four synonymous, five non-synonymous) were identified in the control culture
without treatment, and none of these were found in other selection lines, indicating genetic drift
during the experiment. Six mutations (all non-synonymous) were identified in the oxacillin
isolate, including a mutation in vrasS, a histidine kinase that senses cell wall stress and regulates
resistance to B-lactams and vancomycin.?*> None of the mutations were present in the
Comprehensive Antibiotic Resistance Database,?** indicating the de novo development of
oxacillin resistance rather than horizontal gene transfer of the mecA gene.%

In the polyKoo selection line, two mutations (both non-synonymous) were found,

including one mutation creating a premature stop codon (nonsense mutation) in graR, which
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regulates the response to cationic antimicrobial peptides.2°® In the PK APooc selection line, five

mutations (all non-synonymous) were found, including a frameshift in agrC, a membrane protein
that binds autoinducing peptides and activates downstream responses.?’’ Despite these mutations,
no change in the MIC was observed for polyKoo or PKAP9oc. Since vraS and graR are associated

with vancomycin resistance,?%82!!

we measured the MIC for vancomycin in these isolates;
however, no vancomycin resistance was observed (Table S4.10). Overall, while individual

mutations suggest genetic potential for a response to polyKoo and PKAP9oc, no phenotypic

change in the MIC was observed during the experiment.

4.3 Discussion

The prevalence of AMR among bacterial pathogens motivates the development of
‘resistance-proof’ treatments that work through robust biophysical mechanisms, such as
membrane disruption by cationic polymers. However, such mechanisms are often non-selective
and result in damage to mammalian cells. On the other hand, phages are often overly specific,
but we hypothesized that the shortcomings of polymers and phages could compensate for one
another in a hybrid agent. A prior study noted that incubation of bacterial cells with both
naturally derived e-poly(L-lysine) and environmentally isolated wild-type phages gave added
cell-killing over either agent alone,?!? as expected given their different modes of action, but did
not synthesize conjugates or test for selectivity. Interestingly, a-poly(L-lysine) has been observed
to inactivate the lytic coliphage T2,%!* presumably through non-specific electrostatic interactions,
but oligolysine has also been used as a chemical “wrapper” to reduce non-specific binding of
M13 during phage display.?!'# These prior observations indicate that interactions between phage

and cationic polymers can cause different effects depending on the system. Therefore, we loaded
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M13 with the nonspecific lytic polymer a-poly(L-lysine) (also called polyK) either covalently or
electrostatically and engineered the phage to selectively bind the S. aureus surface
polysaccharide PNAG. We characterized and evaluated efficacy and selectivity for both methods
of loading along with various degrees of polymerization of polyK.

High loading efficiency was achieved through both loading methods, with one to four
polyK molecules loaded per copy of g8p, such that polyK outweighed phage proteins
approximately five or nine times for PKAP9oc and PKAPoog, respectively. While electrostatic
interactions loaded more polymer per phage than covalent crosslinking, both methods resulted in
nearly identical reductions in MIC towards the target species S. aureus. However, increasing DP
led to fewer polymer molecules loaded per phage and a smaller reduction in MIC regardless of
attachment strategy. Both methods of loading preserved the intrinsic lytic and bactericidal
activity of the polymer. Poly(L-lysine) is understood to disrupt membranes through the “carpet”
mechanism, where cationic polymer molecules aggregate on the negatively charged phospholipid
membrane, and upon achieving a critical local concentration, induce membrane distortion
leading to cell death.!**1% Notably, electrostatically loaded polyK in PKAPyok and free polyKoo
killed cells at the same rate, and electrostatically loaded polyKoo was found to dissociate rapidly
from PKAPqor from the phage in dialysis experiments. These observations are consistent with a
mechanism for electrostatic PK AP constructs in which polyK is released and then interacts with
the bacterial cell membrane. In contrast, the covalently loaded PKAP9ooc gave significantly faster
kill rates than free polyKoo or PK APk, with a death rate constant 3.6 times higher than free
polyKoo. This comparison is consistent with PK APooc acting through a different mechanism,
perhaps by pre-assembling the polymer “carpet” and thus bypassing the need to accumulate

polyK to the critical concentration within the membrane.
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Selectivity of the phage constructs was engineered using an scFv sequence derived from
a known anti-PNAG antibody,’>**% and verified by ELISA and glycan-binding arrays. Although
free polyK treatment at the MIC completely suppressed HEK 293 cell metabolism over 5 days,
PKAP phage treatments at the respective MICs were tolerated by mammalian cells, with
PKAP4sc, PKAP4se and PKAPyoc allowing >50% of normal growth. Interestingly, the covalent
constructs were significantly less cytotoxic than the corresponding electrostatic constructs. This
difference is consistent with the mechanistic observations, in that electrostatic constructs release
free polyK molecules that may interact with mammalian cells, while covalent constructs do not
release polyK. In general, lower degrees of polymerization led to higher biocompatibility.
Mammalian cells also tolerated higher concentrations of PKAPgoc and PKAPyok than free
polyKoo. To calculate the selectivity index (SI, or the 50% cytotoxic concentration CCso for
mammalian cells divided by the minimum inhibitory concentration on S. aureus), metabolic
activity of HEK 293 cells was measured after 24 hour treatment by different concentrations of
polyKoo, PKAP9oc, and PKAPook to estimate the CCso for each treatment (Figure S4.6).
Treatments of polyKoo at 2.5 pM, PKAPgoc at 3.8 uM, and PK APyt at 6.3 pM, gave 44-66%
metabolic activity with no significant difference between the values; these concentrations were
therefore used as the CCso values.?!> Note that use of CCso from the HEK 293 metabolic activity
assay would give substantially lower absolute values for SI compared to using the hemolytic
concentration (HCso); nevertheless, relative trends can be observed.?!® The MIC and CCso of
polyKog are equal, so its selectivity index (SI = CCso/MIC) is 1, consistent with a poor
therapeutic candidate. In contrast, the selectivity index was 7 for PKAPgoc and 12 for PKAPooE,
indicating an order of magnitude improvement by using the PKAP constructs. Despite a lower

selectivity index, PKAPgoc phage demonstrated superior biocompatibility over five days
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compared to PKAPoor and PKAP4sg, consistent with polyK release over time from the
electrostatic complexes and subsequent interference with mitochondrial function.!®?> Given these
considerations, PKAPooc was chosen to test whether the phage-polymer conjugate was
‘resistance-proof’, as intended.

In order to evolve resistant organisms, serial passaging of S. aureus was performed in the
presence of sub-inhibitory concentrations of oxacillin, polyKoo, or PKAPgc. Oxacillin resistance
emerged and increased steadily, with the evolved culture able to tolerate a 32-fold increased
concentration of oxacillin by the end of the experiment. Remarkably, both polyKoo and PKAP9oc
treatments gave no increase in resistance during the same duration. Therefore, PK APooc
combines the resistance-proof property of the cationic polymer with phage-based selectivity that

overcomes the polymer’s cytotoxicity.
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4.4 Supplementary figures
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Figure S4.1.UV-Vis absorbance spectrum of M13°*NAG nolyK90, PKAPoc, and PKAPoE.
M13 phages exhibit a broad peak at 269 nm due to the presence of ssDNA and virion coat
proteins. a-poly(L-lysine)-NH; exhibits little absorption at 269 nm. Loading of a-poly(L-lysine)-
NH: altered the absorbance spectrum, with PKAPgoc phage presenting a red shift and PKAPgoe
showing peak broadening.
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Figure S4.2. Bradford assay standard curves for A) polyKas, B) polyKoo, and C) polyKi~o.
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Figure S4.3. OPA standard curves. A) Protected M13%*NAG phage was reacted with OPA to
generate standard curves for quantifying the virions present in PK AP phages. PKAPasc,
PKAP4sE, and PKAPgoc were quantified on one plate (assay 1), and PKAPgor, PKAP170c, and
PKAPi70e were quantified on another plate (assay 2). B) PolyK48, 90, and 170 all produce linear
signal when reacted with OPA between 0.125 and 5 uM.
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Figure S4.4. Standard curve for virion quantification by Qubit Fluorometer. Phage was
prepared at known concentrations of 102, 5 x 10!, 2.5 x 10'!, 1.25 x 10!, 6.25 x 10'°, and 3.13
x 10! virions/mL. ssDNA concentrations (ng/uL) were determined by a Qubit assay. The
resulting linear trendline has the equation y =2 x 10~12x + 0.0059, where x is phage
concentration and y is ssDNA concentration.
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NorLeu 31.513 1495.286 1.955
Tyr 33673 63.868 0.094
Phe 34.803 168.385 0.239
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[nmeol]
Leu 30.753 T77.428 1.045
NorLeu 31.580 1508.517 1.973
Tyr 33.747 220.580 0.323
Phe 34.960 415.313 0.588
His 44173 126.312 0.176
Lys 45247 59666.864 75.266
NH3 47.893 5156.453 7.640
Arg 58207 124.248 0.182
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Signal: VWDIEVIS 1

Name RT [min) Area Concentration

[nmol]
Asx 7.007 819.117 1.232
Thr 8413 449.099 0.703
Ser 9.000 1127.350 1.422
Glx 11.627 1450.909 2.089
Gly 16.053 615.163 0.886
Ala 17.607 895.625 1.223
Val 23.853 518.788 0.726
Met 28.793 209.406 0.279
lle 29.053 663.508 0.900
Name RT [min) Area Concentration

[nmol]
Leu 30.747 462.014 0.621
NorLeu 31.567 1556.604 2.036
Tyr 33rzr 219.213 0.321
Phe 34.953 290.133 0.411
His 44173 72.152 0.100
Lys 45233 59245.983 74.736
NH3 47.887 4838.750 7.170
Arg 58220 99.985 0.1486
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13.360 162.327 1.013

Figure S4.5. Chromatograms of amino acid analysis for A) M13%*NAG B) polyKgo, C)
PKAPyc, and D) PKAPyE.
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Figure S4.6. HEK293 cell metabolic activity at additional polyK and PKAPy
concentrations. HEK 293 cells were treated for twenty-four hours with polyK90 at 0.5 uM, 2.5
uM (MIC), or 5 uM, PKAPIOC at 0.53 uM (MIC) or 3.83 + 0.55 (7.7x MIC), PKAP9OE at 0.54
uM (MIC) or 6.31 = 1.77 uM (12.5% MIC). Metabolic activity was measured with PrestoBlue
and expressed as a percentage of untreated cells, and significance was assessed by a two-way
ANOVA and Tukey’s test. Cells treated with PKAP90C at 7.7x MIC or PKAP90E at 12.5x MIC
presented 66% + 6% and 44% metabolic activity of the control; there was no significant
difference between these two treatments or cells treated with 2.5 uM polyK.
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&
Figure S4.7. Fluorescence microscopy visualizes mammalian cell viability after twenty-four

hours of treatment. After twenty-four hours of treatment with A) no supplements, B) polyKoo,
C) PKAPgc, or D) PKAPoog at the S. aureus MIC, HEK 293 cells were stained with calcein AM
and ethidium homodimer-1 to determine viability. Scale bar = 100 um.

150 -
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Bl PolyKq,
E 1007 B Bl PKAPg,
8
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X 504
0

Day 1 Day 5

Figure S4.8. Mammalian cell percent viability on days 1 and 5. Percent viability was
calculated as number of live cells (stained with calcein AM) over total number of cells (stained
with either calcein AM or ethidium homodimer-1) from five images.
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Figure S4.9. Dextran sulfate concentration (mg/mL) vs rate constant, k (h™!), of polyKoo
release from PKAPoog (Table S9).
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Figure S4.10. MIC of control group after serial passaging. A control culture was serially
passaged with no treatment (i.e., sub-cultured following the same protocol as the treatment
groups, but without any treatment). At each round, the MIC of this control culture was measured
for oxacillin, polyKoo, and PKAP9oc. The MIC measured at each round was normalized by the
corresponding initial MIC and plotted over rounds. Only increased resistance to oxacillin was
observed.
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4.5 Supplementary tables

Phage Conc. (virions/mL) AS9S - Blank
0.04615
1013 0.05115
0.03885
-0.00045
102 0.00165
-0.00725
0.01065
5x 10! -0.01115
-0.00815
0.00665
2.5 x 10! -0.00135
0.00815
Table S4.1. Reaction of phage with Bradford reagent. Protected phage at varying
concentrations (column 1) was incubated with Bradford reagent. The absorbance at 595 nm was
measured and the absorbance value of a blank consisting of PBS was subtracted (column 2),

producing values too low to be quantified with a standard curve for polyKoo for concentrations
below 10'? virions/mL.
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Avg.

o PolyK Conc. PolyK PolyK
PKAP l}l;l;?(;)rn A595 ?&f::k- of Dilution Conc. Of | Conc. Of
(nM) Stock (uM) Stock
(uM)
0.44260001 | 0.07030001 737.0 117.9
0.00625 | 0.44119999 | 0.06889999 724.0 115.7
43C 0.43509999 | 0.06279999 662.0 105.9 1133 +
0.40349999 | 0.03119999 346.0 110.7 10.3
0.003125 | 0.40939999 | 0.03709999 405.0 129.6
0.40020001 | 0.02790001 313.0 100.2
0.426 0.0537 571.0 182.7
0.003125 | 0.42129999 | 0.04899999 524.0 167.7
ASE 0.42539999 | 0.05309999 565.0 180.8 193.5+
0.40259999 | 0.03029999 337.0 215.7 24.8
0.001563 0.3973 0.02500001 284.0 181.8
0.4052 0.03290001 363.0 2323
0.56629997 | 0.22024997 709.2 141.8
0.005 0.57050002 | 0.22445001 723.2 144.6
0.5679 0.22184999 714.5 142.9
0.46849999 | 0.12244998 383.2 153.3
0.0025 0.47139999 | 0.12534998 392.8 157.1
90C 0.47330001 0.12725 399.2 159.7 136.0 £
0.40349999 | 0.05744998 166.5 133.2 19.6
0.00125 | 0.40279999 | 0.05674998 164.2 131.3
0.39829999 | 0.05224998 149.2 119.3
0.37529999 | 0.02924998 72.5 116.0
0.000625 | 0.38010001 0.03405 88.5 141.6
0.37059999 | 0.02454998 56.8 90.9
0.50120002 | 0.15515001 4922 393.7
0.00125 | 0.48879999 | 0.14274998 450.8 360.7
0.49700001 0.15095 478.2 382.5
0.4314 0.08534999 259.5 415.2
0.000625 | 0.42539999 | 0.07934998 239.5 383.2
90F 0.42969999 | 0.08364998 253.8 406.1 362.4 +
0.000312 0.39480001 0.04875 137.5 440.0 101.6
p 0.38789999 | 0.04184999 114.5 366.4
0.396 0.04994999 141.5 452.8
0.000156 0.36759999 | 0.02154998 46.8 299.7
25 0.35659999 | 0.01054998 10.2 65.1
0.37149999 | 0.02544998 59.8 382.9
0.001562 0.51160002 | 0.13295002 284.7 182.2
170C 5 0.51050001 | 0.13185002 282.5 180.8 169.6
0.50569999 0.12705 272.9 174.7 +19.3
0.4219 0.04325001 105.3 134.8
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0.000781 | 0.43810001 | 0.05945002 137.7 176.3
25 [ 043489999 | 0.05624999 1313 168.1
039719999 | 0.01854999 55.9 143.1
0'0%(;390 0.40759999 | 0.02894999 76.7 196.4
0.40239999 | 0.02374999 66.3 169.7
0.5043 0.12565 270.1 172.9
0'0051562 051670003 | 0.13805003 204.9 188.7
051190001 | 0.13325001 2853 182.6
0.4339 0.05525 129.3 165.5
170E 0'032781 0.44299999 | 0.06434999 147.5 188.8 17159'1;
042559999 | 0.04695 112.7 1443 :
03976 0.01895 56.7 1452
0'0%(;390 0.4084 0.02975 78.3 2004
0.40580001 | 0.02715002 731 187.1

Table S4.2. PolyK concentration on PKAP phages measured by Bradford reagent. For each

PKAP phage construct (column 1), a series of dilutions were prepared (column 2); the

absorbance at 595 nm was measured after incubating with Bradford reagent (column 3) and the
absorbance value of a blank (PBS incubated with Bradford) was subtracted (column 4). Standard
curves of polyK of the same DP were used to determine the polyK concentration of the blank-
corrected values (column 5), then divided by the dilution factor to determine the stock polyK
concentration (column 6).
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Avg. RFU Avg. RFU
PKAP PRKF;JP PKAP - Plf)fIIJ( PolyK - Ai,gl;aRfU Virions/mL
Blank y Blank g

23581 | iy | L1457 10813+ | 12484+ |237B+11+

et 2 165 U7y 269 316 6.31E+09
23827 10937 :
9745 6091

4SE 9801 | 9523+ 113 | 6070 | 5760443 | 3763+ 121 622555 jg;
9967 6153 :

o0c ;%;i 26070 + ig;gz 15618+ | 10451+ | 2.51B+11
s 439 8252 427 612 | +1.53E+10
14238 8703

90E 14003 f’ggf 7888 | 8103 =485 | 5501 + 582 9i7?£E+ j?oi
13604 8752 :
17005 9116

170C 16717 16673? + 0110 | 8437+ 271 | 8283 + 724 1i9ng++1110i
17996 8643 :
18795 14164

170E 19775 1825192 + 13961 135233? ] 5253+ 828 124355 +1110i
18523 13210 :

Table S4.3. Reaction of PKAP phages with OPA reagent. PKAP phages (column 1) were
reacted with OPA reagent and fluorescence (excitation at 340, emission at 455 nm) was
measured (column 2). Triplicates were averaged and the fluorescence of a blank (PBS incubated
with OPA reagent) was subtracted (column 3). The fluorescence of an aliquot of polyK at the
same concentration present on the PKAP phage (as previously determined by the Bradford
assay) after reacting with OPA was measured (column 4); triplicates were averaged and the
fluorescence of a blank consisting of PBS was subtracted (column 5). The RFU of the polyK was
subtracted from the RFU of the PKAP phage (column 6) and the resulting value was fit to the
standard curve of blocked phage (Figure S10) to determine the phage virion concentration in

virions/mL (column 7). Attempts to quantify PKAP phage DNA by extraction or isolation failed
due to essentially irreversible binding of the polyK to phage DNA upon its release.
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M139PNAG PolyKoo PKAPyc PKAPyE
Initial Volume 109 130 65 140
(L)
I TG 2000 1000 2000 2000
(L)
Amino Acid Nanomoles/50 pL
Asx 0.533 0 2.159 121
Thr 0.297 0 1.018 0.691
Ser 0.398 0 1.828 1397
Glx 0.929 0 3713 2.052
Pro 0.574 0 2.032 0.995
Gly 0.37 0 1.17 0.87
Ala 0.425 0 1.535 1.201
Val 0.476 0 1312 0.713
Tle 0.451 0 1.573 0.884
Leu 0.487 0 1.059 0.61
Tyr 0.096 0 0.327 0315
Phe 0.245 0 0.596 0.404
His 0.175 0 0.178 0.098
Lys 0.22 5527 76.296 73.415
Arg 0.14 0 0.184 0.143
Asx 0.533 0 2.159 121
Total 5.81 5.53 94.98 85.00

Table S4.4. Phage amino acid analysis. The initial volume, final volume, and nanomoles of
each amino acid per 50 pL injection volume for all samples subjected to amino acid analysis.
Phage and polyK concentrations were determined as follows: The concentration of each amino
acid was divided by 50 pL, multiplied by the final volume, and then divided by the initial
volume to determine the original sample concentration. The total concentration of phage amino
acids (2.13 nanomoles/uL) was divided by the original phage concentration (10! virions/mL) to
find 2.13x10°! nanomoles of amino acids detected per virion. The ratio of lysine to all other
amino acids was observed to be 0.04 for M13*"NAG, The amount of all non-lysine amino acids in
PKAP9oc and PKAPgog (11.50 and 3.31 nanomoles/puL, respectively) were multiplied by 0.04 to
calculate the amount of lysine contributed by phage virions, rather than polyK. The total amino
acid amount contributed by phage virions for PKAP9oc and PKAPgoe (11.95 and 3.44
nanomoles/uL respectively) were divided by 2.13x10°'° nanomoles/virion and multiplied by
1000 to determine the concentration in virions/mL, finding PKAPgc at 5.60x10!3 virions/mL and
PK APk at 1.61x10"3 virions/mL. For each PKAP, the concentration of non-phage lysine in
nanomoles/uL was converted to uM of polyK based on average degree of polymerization, then
divided by the phage concentration (virions/mL) to determine molecules of polyK per virion.
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PKAP-C PKAP-E
Species DP PolyK (uM)
(1M polyK) (1M polyK)

E. coli (ATCC 48 > 13 12
25922) 90 2.5 2.1 2.2
170 0.63 1.2 1.2
P. aeruginosa 48 > > 13 12
! 90 5 8.5 8.7
(ATCC 25102) 170 2.5 24 4.9

Table S4.5. Minimum inhibitory concentration (MIC) of polyK and PKAP phages for E.
coli (ATCC 25922) and P. aeruginosa (ATCC 25102) determined by broth microdilution.

PKAP-C PKAP-E
Species Strain DP PolyK (uM)
(UM polyK) | (uM polyK)
Newman (ATCC 48 5 0.83 0.76
25904) 90 2.5 0.53 0.54
170 1.25 0.59 0.61
ATCC 29213 2.5 0.53 0.54
ATCC 43300 2.5 0.53 0.54
S. aureus Chn.lc.al ‘1s01at'e A, 25 0.53 0.54
methicillin resistant
Clinical isolate B, 25 0.53 0.54
methicillin resistant
Clinical isolate C 20
tnica’ 1so’ate L, 2.5 0.53 0.54
methicillin sensitive
Clinical isolate A, 0.63 0.26 0.27
) . oxacillin resistant
S. epidermidis Clinical isolate A
o N 0.63 0.26 0.27
oxacillin sensitive
48 5 13 12
E. coli ATCC 25922 90 2.5 2.1 2.2
170 0.625 1.2 1.2
48 5 > 13 48
P. aeruginosa ATCC 25102 90 5 >8.5 17
170 2.5 4.7 9.7

Table S4.6. Minimum bactericidal concentration (MBC) of polyK and PKAP phages. After
determining the MIC by a broth microdilution method, 50 pL aliquots were plated on Mueller
Hinton agar and grown overnight at 37 °C. Concentrations growing only 0.1% or less than the
number of colonies as the original inoculum were considered to be the MBC.
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Construct k (min™) R?
PKAPgoc 0.12 (0.114 to 0.128) 0.9998
PolyKoo 0.034 (0.021 to 0.054) 0.9653
PKAPyoE 0.028 (0.022 to 0.035) 0.9894

Table S4.7. Time-kill curves of polyKoo, PKAP9c, and PKAPyr were fit to an exponential

death model, [Y (t) = (Y,) - e ¥*], where Y, is the initial number of colony forming units, k
is the death rate constant, and ¢ is time. Data from zero to 60 minutes were fit. 95% confidence
intervals are listed in parentheses.

Dextran Sulfate

i k (b Half-life (h) R?
10 1211060 140) | o 492'507(1). 653) 0.957
1 01 9235’3290) 2.90 (239 to 3.53) 0.870
0.1 001 401'2(1)501'01 o) | 458@3.01049.0) 0.960
0 000 R 4| 13100810166) 0.556

Table S4.8. Release curves of polyKq from PKAPyr with varying concentrations of
dextran sulfate were fit to a pseudo-first order exponential decay model, [Y (%) =
(100%) - e~¥*], where Y is percent retained, k is the apparent rate constant, and 7 is time.
95% confidence intervals are listed in parentheses.
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Oxacillin PolyKoo PKAPyc Vancomycin
Final Fold- Final Fold- Final Fold- Final MIC
MIC Change MIC Change MIC Change (ng/mL)
(ng/mL) (nM) (uM) | (ng/mL)
No 2 4 2.5 1 0.26 0.5 1
Selection
Oxacillin 16 32 2.5 1 <0.13 <0.25 1
Selection
PolyKoo 0.5 1 2.5 1 0.52 1 1
Selection
PKAP9oc 0.5 1 2.5 1 0.52 1 1
Selection

Table S4.9. Cross-evaluation of MIC after thirteen rounds of selection. After thirteen rounds
of selection, the MICs for the evolved cultures under each of the three selection pressures, in
addition to a control that had been subcultured thirteen times with no selection pressure, were
evaluated against all of the treatments, in addition to vancomycin. Fold-change is given in
comparison to the MIC of the initial culture. Only MICs to oxacillin were altered by serial
passaging under any conditions.
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Mutant Type Gene Product Effect
del vraF ABC transpoﬁer ATP-binding framce':zlilole_e\lfzrlant
protein VraF p.Lys70fs
frameshift variant
ins relA GTP pyrophosphokinase c.1199dupC
p-Ala401fs
. Putative competence-damage missense_variant
snp cinA . . . c.736G>C
inducible protein
Oxacillin P .G1u246G1.n
: missense_variant
snp agrA quorum—sensmi relsg)onse regulator c 330AST
i p.Lys110Asn
missense_variant
snp rfe Glycosyl transferase family protein c.750C>A
p-Phe250Leu
missense_variant
snp vraS Sensor protein VraS c.865C>A
p.GIn289Lys
snp oraR response regulator transcription stop_gained
factor GraR/ApsR c.185G>A p.Trp62*
PolyKy tvpe [ restriction endonuclea missense_variant
snp hsdR ype L 1es Cbo .fR onuclease c.1378G>A
subunt p.Glu460Lys
Activator of the mannose operon missense_variant
snp bglG (Transcriptional antiterminator), c.1864T>A
BglG family p-Leu622lle
bifunctional missense_variant
snp mprF lysylphosphatidylglycerol c.1021T>A
flippase/synthetase MprF p-Leu34l1lle
polyisoprenyl-teichoic acid-- missense variant
PKAPyc snp cps2a peptidoglycan teichoic acid c.604G>C
transferase p-Ala202Pro
. e frameshift variant
del agrC quorum-sensing sensor histidine c.1116delA
kinase AgrC
p.Pro373fs
major facilitator superfamily protein missense_variant
Shp superfamily ¢-266G>A
p.Gly89Asp
5- synonymous_variant
snp metE | methyltetrahydropteroyltriglutamate- c.681T>A
No - homocysteine S-methyltransferase p.Ala227Ala
selection h 10l oxid missense_variant
snp qoxA cytochrome 2513 qullilo oxidase ¢ T99GSA
subunit p-Ala267Thr
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snp

E domain-containing protein

missense_variant
c.2965A>T
p.11e989Phe

snp

excalibur calcium-binding domain-
containing protein

missense_variant
c.352G>A
p.-Aspl18Asn

snp

harA

haptoglobin-binding heme uptake
protein HarA

missense_variant
c.2435C>A
p-Thr812Lys

snp

hemolysin family protein

synonymous_variant
c.309G>A
p-Thr103Thr

snp

uppS

isoprenyl transferase

synonymous_variant
c.501C>T
p.Aspl67Asp

snp

ribulokinase

synonymous_variant
c.156T>C
p.Tyr52Tyr

snp

fmtA

teichoic acid D-Ala esterase FmtA

missense_variant
c.643A>T
p-Asn215Tyr

Table S4.10. Mutations identified by snippy (v4.6.0) arising from thirteen rounds of
selection pressure or unselected subculturing compared to the original S. aureus strain,
ATCC 29213. Del = deletion, ins = insertion, snp = single nucleotide polymorphism.
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Chapter 5. Conclusions

Antimicrobial resistance (AMR) poses a dire threat to public health, with resulting deaths
expected to surpass those caused by cancer by 2050.!! Additionally, the 2020 COVID-19
pandemic led to hospital overcrowding and a diminished focus on antibiotic stewardship,
increasing the spread of resistant healthcare-associated infections (HAIs) like MRSA.2!7-218 To
combat the rise of AMR, we urgently need to develop treatments with a lower potential for
inducing resistance. Two promising therapies are antimicrobial polymers and bacteriophages, but
they face opposite drawbacks as systemic agents; a lack of polymer specificity leads to
cytotoxicity, while the overly specific host range of phages hinders timely and widespread
administration. In this dissertation, we hypothesized that a synergistic agent could overcome
these drawbacks, and engineered the well-studied M 13 bacteriophage into an antimicrobial
polymer delivery platform.

In Chapter 2, the receptor binding protein of M13 was modified to express an antibody
fragment specific to poly-N-acetylglucosamine (PNAG), a common S. aureus surface
polysaccharide. The apparent dissociation constant of the anti-PNAG phage, designated
M 139PNAG 't §. aureus biofilm polysaccharides was comparable to the monoclonal antibody.”
Additionally, that phage exhibited strong binding to whole S. aureus cells and no binding to
mammalian cells, highlighting its utility as a targeted delivery vehicle.

In Chapter 3, we assessed the antimicrobial activity of three sperate libraries of bio-
inspired polymers with either methacrylate, hydroxybenzoate-co-lactide, or peptide backbones.
Each library exhibited different trends with respect to degrees of polymerization, hydrophobicity,
and charge, emphasizing the diversity of antimicrobial polymers. This highlights the challenge of

rationally designing new antimicrobial polymers, though advances in machine learning may
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facilitate de novo creation while minimizing experimental burden.?!%-?2° Considering factors such
as degradability, solubility, and yield, a-poly(L-lysine), referred to as “polyK” was ultimately
selected for phage conjugation.

In Chapter 4, polyK with degrees of polymerization equal to 48, 90, or 170 was loaded
onto M139PNAS phage by covalent crosslinking or electrostatic attractions, creating polyK-anti-
PNAG (PKAP) phages. The polymer-phage hybrids exhibited improved antimicrobial activity,
reduced cytotoxicity, and no emergence of resistance in S. aureus during serial passaging. Phage-
based delivery is thus an effective strategy for increasing the specificity of antimicrobial
polymers while retaining their intrinsic resistance-proof nature.

While successful in reducing in vitro cytotoxicity, it remains to be seen if PK AP phages
can treat wound or systemic infections in a mouse model. Previous works demonstrate the
efficacy of poly(L-lysine) and poly(L-leucine) block copolymer hydrogels in treating infected
wounds,'®® but treatment of bacteremia is less explored due to documented systemic toxicity.??!
Future studies are necessary to determine if phage delivery is sufficient to overcome barriers to
systemic administration.

Building on the findings of this dissertation, M13-based polymer delivery represents a
generalizable platform that can be expanded to treating other infections. Further modifications to
the receptor binding protein could enable targeting of gram-negative organisms, as polyK
exhibited broad spectrum antimicrobial activity. The efficiency in loading other polymers
remains unexplored. As the hydrophilic and cationic nature of polyK facilitated both covalent
and electrostatic attachment to M 13, it can be anticipated more hydrophobic or neutral polymers
would see lower drug-to-phage ratios. However, conjugating different polymers could yield

greater potential for clinical applications, if they possess an initially higher selectivity index than
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polyK, or enable targeting of species with limited susceptibility to polyK, such as fungi.
Polymer-phage delivery could be adapted for cancer treatment; there is substantial effort to
document cancer antigens as targets for antibody drug conjugates,??? and many cancer cells
exhibit a stronger negative surface charge than healthy cells, making them more susceptible to
cationic polymers.??* Looking forward, we are optimistic that future researchers will build on the

findings of this work in the fight to combat antimicrobial resistance.
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