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Abstract

Synthetic polymeric materials offer many exciting advantages with the plethora of
functionalization techniques affording materials with unique properties, multiple functionalities,
and elaborate architectures for a variety of applications. In the drug delivery field, the use of
synthetic polymers as nano-sized drug carriers in cancer nanomedicine has gained tremendous
interest as an alternative to conventional small molecule anticancer drugs to reduce drug-related
toxicity and increase targetability. Like other nanocarriers, synthetic polymeric nanocarriers rely
on passive-drug targeting, also known as the Enhanced Permeability and Retention (EPR) effect
in leaky tumor vasculature for delivery of therapeutics. The biological complexity and barriers that
exist in the body however have proven to be a huge challenge in selectively delivering therapeutics
to cancer cells. Synthetic polymers also offer significant advantages for improved isolation and
characterization of microbes attached to surfaces compared to conventional techniques. However,
the retrieval of microbes from synthetic polymer interfaces with high spatial precision without
damaging the underlying live bacterial cells remains a critical challenge for further
characterization. Therefore, the goal of this dissertation is to explore and develop synthetic,
functional, stimulus-responsive polymeric interfaces (polymeric micelles, photodegradable
hydrogels) for targeted drug delivery to cancer cells and improved isolation of microbes for

molecular characterization.

The majority of this thesis (chapters 2, 3, and 4) focuses on utilizing the intrinsic
properties present in tumor microenvironments (TME), mainly elevated levels of reactive oxygen
species (ROS) and overproduction of matrix metalloproteinase-2 (MMP-2) enzyme for the design
and synthesis of stimuli-sensitive synthetic block copolymer polymeric micelles (BCPMs) by

reversible addition-fragmentation chain transfer (RAFT) polymerization for targeted delivery of



therapeutics to cancer cells. The synthesized BCPMs were extensively studied and evaluated for
their chemistry and biological functions in in vitro cancer therapy. In chapter 2, the conventional
chemotherapeutic drug, Doxorubicin (DOX) was loaded physically into the hydrophobic core of
BCPMs bearing a library of oxidation-sensitive thioether groups. Results showed that the micelles,
especially micelles with intermediate ROS sensitivity, significantly increased toxicity of DOX in
liver cancer cells (HepG2) but protected normal cells, human umbilical endothelial cells
(HUVECs) from DOX cytotoxicity. Taking it a step further, in chapter 3, hydrogen sulfide (H2S)
prodrug (ADT) was chemically conjugated to the core of BCPMs bearing oxidation-sensitive
thioether group and the anti-cancer effects of H>S in colon cancer cells (HT29) were evaluated. A
greater anti-proliferative effect was observed in HT29 cells with no significant toxicity in HUVEC
cells. In chapter 4, a different approach was taken where BCPM bearing MMP-2 enzyme
cleavable peptide motifs and chemically conjugated ADT was designed for site-specific delivery
of HoS to cancer cells. The greater release of H2S from MMP-2 sensitive micelles exhibited
stronger anti-proliferative activity in HT29 cells. The final portion of this thesis (chapter 5)
focuses on the development of the polymer surface dissection (PSD) method which uses
biofunctionalized, photodegradable polyethylene glycol (PEG)-based hydrogels for the isolation
of microbes from polyvinylidene difluoride wastewater membrane surfaces. The flocs were
extracted with high spatial precision and minimal DNA damage after exposure to spatiotemporally
controlled ultraviolet (UV) light using a patterned illumination tool, allowing for follow-up
characterization by 16S rRNA sequencing. The technique allows for the identification of microbes
that form small flocs on membrane surfaces without requiring a culture step for enrichment, and
will be used in future work to identify communities of microorganisms that initiate membrane

biofilms in bio-separation processes.
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especially micelles with intermediate ROS sensitivity, significantly increased toxicity of DOX in
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greater anti-proliferative effect was observed in HT29 cells with no significant toxicity in HUVEC
cells. In chapter 4, a different approach was taken where BCPM bearing MMP-2 enzyme
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of HoS to cancer cells. The greater release of H2S from MMP-2 sensitive micelles exhibited
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focuses on the development of the polymer surface dissection (PSD) method which uses
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1 Introduction

1.1 Polymers in Daily Life

Polymers (natural, synthetic, or pseudo-synthetic) are a versatile class of advanced
materials found in almost every material in our daily life and are an emerging cornerstone for a
variety of applications (biomedical, water treatment, textile). Synthetic polymers particularly, first
developed in the early 1960s during the Second World War offer several advantages over natural
polymers as they can be designed, synthesized, and modified to afford various structures with
desired physical and chemical properties.'*> With the remarkable advancement and vast toolbox of
polymer chemistry and post-polymerization modification techniques in the last few decades,
polymer scaffolds with increasing complexity and functionality can be generated to improve
material performances. In fact, functional groups can be selectively installed at predefined points
within a polymer chain affording self-regulating and life-mimicking properties for a variety of
applications. Chapter 1 of this thesis reviews the use of polymeric materials as nanocarriers in the
drug delivery field and as interfaces for the isolation of microbes while simultaneously

highlighting the challenges associated with their successful translation.
1.2 The concept of nanomedicine

Ever since the modern era discovery of nanoscience by pioneer physicist Richard P.
Feyman with the concept of manipulation of matter at atomic level®, the term “nanotechnology”
famously coined by scientist Norio Taniguchi has found its way to various applications in creating
new materials with improved properties at the nanometer scale, including medicine.* The use of
nanotechnology in medicine, often referred to as “nanomedicine”, is where materials ranging in
size from 1-100 nm are investigated for possible preventive, diagnostic, and therapeutic

applications.’ Indeed, nanomedicine offers several advantageous features including versatile



surface modifications due to large surface-to-volume ratio, the ability to incorporate payloads of
both water-soluble/insoluble molecules, and the tuning of pharmacokinetic or pharmacodynamics
of the active components.

The first nanomedicine approved by the United States Food and Drug Administration
Agency (FDA) in 1995 called DOXIL®, composed of polyethylene glycol (PEG) liposomal
doxorubicin (DOX), a clinical anticancer drug was used for the treatment of cancer. The use of
DOXIL®, exhibited a significant decrease in DOX-related cardiotoxicity with an extended overall
pharmacokinetic profile compared to free DOX.® Following this, several other nanomedicines
made of different materials such as protein (Abraxane®), crystals (Emend®), lipid (Abelcet®),
inorganic materials (Feridex®), and polymer (Genexol®) made their way to successful clinical
translation cite.”® To date, diverse organic (liposomes, dendrimers, lipids, carbon nanotubes,
polymers) and inorganic (metals) nanomaterials have been extensively studied as nanocarriers in
nanomedicine for the delivery of therapeutics. These nanocarriers have shown immense potential
such as prolonging drug circulation time, improving drug bioavailability, reduced drug side effects,
controlled drug release profile, and high specificity compared to conventional drugs. The use of
nanocarriers drugs, therefore, facilitates the transport of conventional free drugs to intended sites
with effective therapeutic concentrations by preventing degradation, avoiding unspecific
interactions, and clearance from the body.’

1.2.1 Polymeric Nanomaterials in Therapeutics

Amongst the commonly studied nanocarriers, polymeric nanocarriers (nanocapsules,
nanogels, dendrimers, micelles) have shown great potential as drug delivery vehicles due to their
biocompatibility, biodegradability, and versatility.'® In particular, polymeric micelles (PMs), first

developed in 1980s are distinctly advantageous as nanocarriers in cancer therapy due to their



ability to improve the aqueous solubility of a variety of hydrophobic anti-cancer drugs, facile
preparation methods, biocompatibility, and tumor targetability.''"'* By definition, PMs are nano-
sized colloidal particles comprised of amphiphilic polymers that self-assemble in aqueous
environment.'* The smaller and narrower size distribution (10-100 nm) of PMs has enabled its
prominent accumulation in solid tumor sites by the enhanced permeability and retention (EPR)
effect, a passive targeting strategy discovered by Matsumura and Maeda based on the high
permeability of tumor vasculature resulting from unaligned endothelial cells, lack of smooth
muscle layer, and poor lymphatic drainage.!>!® The hydrophilic shell of PMs provides steric
stability and reduces nonspecific uptake by the reticuloendothelial systems (RES), thus prolonging
circulation time in the body.!” Additionally, the hydrophilic shell allows for active targeting by
conjugation of the surface with various targeting moieties (antibody, receptor ligands, cell-
penetrating peptides) for targeted delivery to tumor sites.!®

The first PM formulation (Genexol®-PM) based on the block copolymer mPEG-b-poly(p,i.-
lactic acid) loaded with paclitaxel (PTX) in the core was approved for the treatment of a variety of
cancer.'” ! Genexol®-PM demonstrated an increase in antitumor efficacy and a threefold increase
in the maximum tolerated dose compared to free PTX in pre-clinical studies. Since then, it is worth
nothing that several drug-loaded PM formulations (SP1049C, NK911, NK105) are under clinical
investigation.”»*> To improve stability during circulation and prevent the pre-mature release of
drugs, a newer generation of PM-formulation (NC-6300, NK012) with the chemical coupling of
the drug to the polymer chains via a reversible bond or chemical crosslinking of the core or the
shell instead of physical loading of drugs has been explored as an alternative.?>** Kataoka and
colleagues reported a modification of the existing PM formulation (NK911, covalently and

physically loaded DOX) by covalently conjugating DOX or epirubicin to the carboxylic acid



groups of the block copolymer backbone via a hydrazone bond, enabling drug release upon
exposure to pH (pH <5) stimuli.?* The modified PM formulation (NC-6300) showed a
substantially prolonged half-life (4 h) of epirubicin while free epirubicin was cleared in 0.4 h in
male Wistar rats. In mice bearing breast tumors, treatment with NC-6300 resulted in a 74 %
accumulation of free epirubicin in tumor tissues, indicating the efficient release of epirubicin in
tumors.?’

1.2.2 Hydrogen Sulfide

Hydrogen sulfide (H2S), a poisonous gas with a characteristic rotten-egg odor also known as a
gaseous signaling molecule along with other gaseous signaling molecule such as nitric oxide (NO)
and carbon monoxide (CO) stands to benefit greatly from the use of polymeric nanomaterials due
to its versatility of modification, ability to enhance the solubility of poorly water-soluble drugs,
and the tunability of the pharmacokinetic properties to achieve targeted delivery. Over the past
few years, numerous studies have revealed that H>S plays an important role in many physiological
and pathological processes in the human body. Abe and Kimura were the first to report on the
possible physiological function of H2S in 1996.%¢ Following this, H>S has been recognized as a
gaseous signaling molecule, with its biological activities being extensively studied. The
endogenous production of H»S is ubiquitously performed by a series of enzymatic desulfhydration
of cysteine, catalyzed by cysthathionine y-lyase (CSE), cysthathionine -synthase (CBS), and 3-
mercaptopyruvate sulfur transferase (3-MST). HoS can also be synthesized from methionine
instead of cysteine, through the trans-sulfuration pathway.?’ CSE is mainly expressed in the liver
and cardiovascular system?® whereas CBS is heavily expressed in the brain and central nervous

system.?’ Although its biological mechanism is not fully understood, H>S exerts a host of



regulatory functions such as neuromodulatory,*® vasodilatory,®! anti-apoptic,*? proangiogenic,*

anti-oxidative,** cytoprotective,*® and anti-cancer.>®’

With the discovery of the diverse biological significance of H>S, the potential for H>S-based
therapy has attracted growing attention. Due to its volatility, fast diffusion and short half-life in
the body, the controlled delivery of HaS is extremely challenging, especially with the toxic nature
of HoS. As an alternative, sulfide salts such as sodium hydrosulfide (NaHS) and sodium sulfide
(NazS) are commonly explored and utilized in a majority of studies on H2S biology. In aqueous
solutions however, the instantaneous release of HoS from sulfide salts results in the acute elevation
of local H2S concentration, causing side effects. To overcome this issue, a number of organosulfur
compounds that release H2S through several mechanisms such as hydrolysis or reactions with
thiol-containing compounds have been developed as shown in Table 1 with known bioactivities.
These organosulfur donors include Lawessons’s reagent derivatives such as GY'Y4137,%® anethole
dithiolethione (ADT) derivatives such as ADT-OH** and AP39,% polysulfides such as diallyl
trisulfide (DATS),*"*? N-(benzoylthio)benzamides (NSHD1), arylthioamides (Thiobenzamides),*’
S-aroylthiooximes (SATOs),* and thiocarbamates.** In an effort to achieve site-specific delivery
and enable better spatiotemporal control of H,S release, several enzymes,*® light,*’ pH triggered,*®
and ROS triggered donors***° have also been reported by different groups as it enables a better
spatiotemporal control of H»S release. Zhao and Pluth reported a cell-specific stimulus-responsive
H>S donor where ROS, which is overproduced under many pathological conditions, induced the
release of carbonyl sulfide (COS) that is subsequently converted to H2S by the action of ubiquitous
enzyme carbonic anhydrase.>® This approach to delivering H»S with ROS is the first example of a
disease-specific stimulus, which could be utilized to deliver HS in a specific manner to diseased

tissues under oxidative stress.



Table 1.1: Common H>S donors and their known release mechanisms as well as related

bioactivities
Release HaS Donor Structure Bioactivity
Mechanism
Reduction Dithiolethiones S Anti-inflammation,
(Enzymatic) R’g Anti-cancer
Lawesson’s reagent oo Oﬁ/\s: o @om Anti-inflammation,
§3 Anti-cancer,
Vasodilation
GYY4137 0 Anti-inflammation,
s TN Anti-cancer, Ion
Meo@iisﬁz channel
Hydrolysis [oj modulation,
Phosphorodithiotes® y §® Anti-inflammation,
@Ni‘gfoR Anti-oxidative
S-Aroylthiooximes (SATOs) o Anti-cancer
@S/NT©
R
Polysulfides (Diallyl /\/S\S/\/ -
Trisulfide, DATS)
Acyl-protected Perthiol Rj(S‘S/R' Cardioprotective
o
N-(Benzoylthio)benzamide o Y@ Cardioprotective
Thiol- (NSHD1) ©)kS/N o)
triggered Dithioperoxyanhydrides o Vasodilation
S
0
Arylthioamides i Vasodilation
(Thiobenzamides) AT NR.
Thiol- N-thiocarboxyanhydrides R Angiogenesis
triggered—+ (NTAs) OTN%
Enzymatic o




Despite the promising results through the discovery of these small H>S donors, there are
still several issues that needs to be addressed for H»S based therapies including poor water
solubility, relatively fast HoS release under physiological conditions, the toxicity of the donors as
well as their decomposition products, and high renal clearance rates resulting in low therapeutic
efficiency. As such, the use of polymeric nanomaterials for the delivery of HoS presents an
opportunity to address the issues associated with small H>S donors and sulfide salts. In the field
of Hz2S delivery, the use of polymeric nanomaterials, especially PMs has enabled the controlled
release of H2S, reduced toxicity, and much higher biological activities relative to the small-
molecule HaS donors. Successful stories include a polymeric H2S donor micelles containing an
anethole dithiolethione (ADT) moiety in the micellar core reported by the Hasegawa group,
capable of protecting rat cardiomyocytes from ischemic cell death, owning to the sustained release
profile of H>S compared to the donor alone (ADT-OH).>! Additionally, the group of Matson
reported a S-aroylthooxime (SATO) functionalized block copolymer micelles (BCM) exhibiting a
slower cysteine-triggered H»S release compared to the donor SATO. Furthermore, the micelles
significantly reduced the survival of HCT116 colon cancer cells compared to NaxS, SATO, and
GYY4137, but was well tolerated by immortalized fibroblasts (NIH/3T3 cells).>
1.2.3 Challenges for Clinical Translation
1.2.3.1 Biological Barriers

When introduced into the blood circulation system, the fate of the bio-distribution of most
nanoparticles depends heavily on the potential formation of protein corona upon contact with

plasma proteins.>*->*

The formation of protein corona often modifies the interaction of
nanoparticles with cells and changes its pharmacokinetic behavior, therefore preventing its

recognition and further leading to the loss of targeting ability. Additionally, it has been recognized



that the physico-chemical properties (stability, size distribution, morphology, and surface
properties) of nanoparticles significantly influences the extent and constituent of protein corona
formation and thereby its pharmacokinetic profile as well as uptake within the blood compartment.
The loss of targeting ability causes nanoparticles to accumulate mostly in the liver and spleen due
to opsonization and uptake by the mononuclear phagocytic system (MPS).>* For example, Salvati
et al. reported a loss in targeting specificity of a transferrin receptor targeting ligand functionalized
silica nanoparticle in A549 lung cancer cells. Despite the use of polyethylene glycol (PEG), which
has been shown to reduce the formation of the protein corona, the targeting ability with
corresponding receptors on A549 cells were lost upon exposure to biological serum.>

While a handful of PM formulations are being investigated in the clinical stages, the
complex biological environment remains a huge challenge especially in retaining the stability of
PM upon administration. The adsorption of protein onto the corona and dilution in the bloodstream
disrupts the stability of the micellar structure. When the concentration is below the critical micelle
forming concentration (CMC), micelles can disintegrate causing premature drug loss and
compromising its blood circulation time through opsonization and deposition within the spleen
and liver. In addition, the unfavorable drug distribution reduces the therapeutic efficacy of the
encapsulated drugs and causes significant toxicity in off-targets sites. As an example, a significant
distribution in off-target sites were observed for NC-6004, a successful clinical-stage PM
formulation for cisplatin with prolonged circulation times. NC-6004 exhibited only 10 % of the
injected dose is taken up in the tumor, and the rest accumulating in the liver and spleen at high
levels. In another example, the micellar drug Taxotere® is removed from the blood circulation
quickly once intravenously injected.’® With BCPM formulations, it is similarly recognized that

properties such as stability, size distribution, and surface properties impact their biodistribution



and pharmacokinetic profile.’”*® For example, the larger block copolymer micelles (BCM) (60
nm) resulting from varying block lengths of PEG and poly(caprolactone) (PEG-b-PCL) was less
susceptible to plasma clearance with a much longer circulation half-life (29 h) compared to the
smaller BCM (25 nm) (circulation half-life of 13 h). However, functionalization of the same BCM
surface with epidermal growth factor (EGF) had no effect on the clearance via MPS.>® This again
highlights the unexpected consequences in a complex biological environment due to recognition
by MPS on the bio-distribution and pharmacokinetic behavior of most nanoparticles.
1.2.3.2 Complex Tumor Microenvironment
1.2.3.2.1 Tumor-associated cellular heterogeneity

Effective delivery of anti-cancer agents has been hindered tremendously by the overall
complexity that exists in tumors. In solid tumor masses, the tumor microenvironment (TME) is
highly heterogeneous comprising of extracellular matrix (ECM), stromal cells (fibroblasts,
pericytes, blood network, lymphatic network, mesenchymal stromal cells), and immune cells along
with distinct physiological conditions such as hypoxia, acidosis, interstitial pressure gradients,
increased production of enzymes such as matrix metalloproteinases (MMPs), and elevated levels
of reactive oxygen species (ROS).%® After being cleared from circulation, nanomedicine has to
extravasate from the dense network of tumor-associated cells (fibroblasts, endothelial cells,
pericytes) that provide structural support and generate neovascularization for cancer growth to
reach the tumor site, hindering efficient extravasation.®® The targeting of tumor vasculature
however was successfully demonstrated by Zhang et al with the design of avf3 integrin (found in
tumor blood vessels and is associated with angiogenesis and malignant tumor growth)-targeting
peptide arginine-glycine-aspartic acid (RGD)-functionalized poly(ethylene glycol)-b-poly(d,I-

lactide) (PEG-PLA) PMs. In an in vivo model of B16-F10 melanoma-bearing mice, the micelles



loaded with chemically conjugated DOX or physically loaded combretastatin A4 showed superior
destruction of the tumor vasculature and reduction of tumor cell proliferation with low side
effects.®!

On the other hand, tumor-associated immune cells (T-cells, B-cells, Natural Killer Cells,
macrophages, dendritic cells, and neutrophils) play a diverse role in the establishment,
maintenance, and progression of tumors at various stages and can either be pro- or anti-
tumorigenic.®? The chronic exposure of the TME to inflammatory cytokines typically results in the
anergy of these immune cells paired with a severe lack of anti-tumor response.®*%* In fact,
macrophages with M1 and M2 phenotypes are associated with a large portion of immune cells
known for aggressive and fast-growing tumors due to their phagocytic nature, enhanced
cytotoxicity, promotion of vascularization, and role in the upregulation of pro-inflammatory
cytokines, ROS, and collagen and MMPs in the ECM.5>%® Therefore, their macrophages are known
to be a sinkhole in trapping and preventing the extravasation of nanocarriers to tumor sites, making
them a unique target for cancer therapy. In this regard, R837, an FDA-approved immunostimulant
that binds TLR7 overexpressed in the endosome/lysosome of macrophages and has the potential
to suppress tumor growth by facilitating infiltration of cytotoxic T cells were loaded into PMs to
selectively target tumor-associated macrophages in breast cancer. The combinational treatment of
the tumor-macrophage targeted PM, which stimulated the maturation of tumor-associated
macrophage and triggered an anti-tumor immune response together with DOX-loaded PM, which
significantly induced cell death exhibited a synergistic combination of immunotherapy and

chemotherapy that was promising against malignant cancer.%’
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1.2.3.2.2 Tumor physiology (Hypoxia and Acidosis)

The dynamic changes in the complex TME and abnormal growth of tumor vasculature
resulting in insufficient diffusion and perfusion in the proliferating tumor tissues leads to two main
metabolic issues, hypoxia and acidosis. Both the overconsumption of oxygen by rapidly
proliferating tumor cells and abnormal tumor vasculature causes a pathological condition called
hypoxia, defined as the shortage of oxygen.®®* 7 Due to the larger distance from the core of the
solid tumor to blood vessels ranging from 70-150 pm, the diffusion of oxygen by rapidly
proliferating cells is hindered thereby causing an oxygen tension varying from <0.1 mmHg

(anoxia) to 15 mmHg.”""

Consequently, tumor hypoxia suppresses apoptosis and immune
reactivity and promotes the release of various growth factors involved in angiogenesis by
neighboring cells, hence increasing its invasiveness and metastasis which is linked to drug
resistance.”® On the other hand, compared to physiological pH. of 7.2-7.4, the extracellular matrix
of malignant tumors has been reported to be slightly acidic with a pHe of 6.5-6.9 and causes tumors
to be more metastatic and resistant to various anti-cancer drugs.”* Due to the abnormal tumor
vasculature and hypoxic conditions present in TME, tumor cells obtain energy from the oxygen-
independent glycolysis also known as the Warburg effect where a significant increase in glucose
uptake and fermentation of glucose to lactate is observed. This increase in uptake and conversion
to lactate leads to an increase in production and excretion of H' ions.”>’® To maintain the
intracellular pH at physiological levels, the excess protons are fluxed to the extracellular
environment, resulting in a slightly acidic pH (6.5-6.9). This pH gradient limits the efficient

delivery of drugs as it alters the charge of the carrier and drug, further preventing its safe journey

to the tumor site.
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1.3 Polymeric Interfaces for Capture and Detection of Microbes

Pathogenic microbes such as Escherichia coli O157:H7, Salmonella, Pseudomonas
aeruginosa, Staphylococcus aureus, Listeria monocytogenes, Legionella parisiensis and
Campylobacter are reported to be a serious threat to human life and health where infections occur
through direct or indirect contact by air, food, medical equipment, and even drinking water.””’®
Bacterial-related contamination in the food industry alone accounted for roughly 47.8 million
illnesses in the United States every year.” In industry, biofilm formation (biofouling) has been

0 contamination of food

linked to degradation and corrosion of pipes and heat exchangers,®
products,®' medical implant infection,®? and reduction in membrane life in most water-treatment
plants,® causing enormous financial expenditure and burden. Today, implant-related infections
due to biofilm formation and contamination remain significantly high with patients, typically

8485 While antibiotics have been

requiring revision surgery in the case of a severe infection.
commonly used to treat bacterial infections, antibiotic resistance has become a serious, alarming
issue.®®*” Upon the formation of biofilm, bacteria embedded within the biofilm are protected by
self-secreted extracellular polymeric substances (EPS) and eventually become resistant to host
immune responses as well as antibiotics.®® Therefore, there is an urgent need to detect pathogenic
microbes in an early and precise manner to develop effective tools to combat bacterial infections
and biofilm formation. The commonly used or “gold standard” method to detect and quantify
bacteria is based on culturing, which includes pre-enrichment, plating, culturing, biochemical
detection, and serological validations.’® Despite providing quantitative information in a quick and
cost-effective manner, culture-based methods bias the analysis on the most culturable isolates, and
19192

are time-consuming, labor intensive, and not sensitive enough, making them impractica

Modern molecular-based techniques (polymerase chain reaction (PCR)) and immunological
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assays (enzyme-linked immunosorbent assay (ELISA)) have been developed to overcome the
limitations of the culture-based methods by providing rapid results and increased detection
sensitivity.”> > These methods however are expensive, require significant sample preparation, and
have high risk of contamination.”® The abundance of limitations, therefore, motivates the need for
culture-free and non-destructive methods to isolate and characterize microbes.

Synthetic polymeric materials whether in the micro, macro, or nano- sized range are used
in a broad range of applications including biosensors/interfaces to capture, isolate, and detect
microorganisms.”®®? Given the diverse palette of synthesis and fabrication techniques, synthetic
polymers can be produced with a variety of functionalities with specific chemical, biological, and
physical features to selectively interact or capture microorganisms by surface modification with
bioaffinity molecules (antibodies, nucleic acid, peptides, enzymes, carbohydrates), or
incorporation of anti-fouling and anti-bacterial properties. In particular, synthetic polymeric
materials have been considered a significantly advantageous support/template for the covalent
immobilization of lectins, a biomolecule/affinity probe for the capture of bacteria.!’®!! Lectins
are a group of carbohydrate-binding proteins that can interact specifically with carbohydrates
through van der Waals forces, hydrophobic interactions, hydrogen binding, or metal coordination
in a highly reversible and non-covalent manner.'>!% Additionally, lectins show higher resistance
in extreme conditions against denaturation, can be functionalized with higher densities per unit
area due to their smaller molecular size, achieves rapid agglutination with bacteria, and are less
expensive.!%1% Some of the commonly used lectins, each with different degrees of affinity for
the capture and isolation of microbes includes Wheat Germ Agglutinin (WGA), Concanavalin A
(Con A), Peanut Agglutinin (PNA), Maackia Amurensis (MAL), Elex Europaeus Agglutinin

(UEA), and Lens Culinaris Agglutinin (LCA).'07108
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Of the numerous synthetic polymeric material platforms, hydrogels which are hydrophilic
polymers with a three-dimensional (3D) network structure, have high water content, nutrient
permeability, and excellent biocompatibility has emerged as a promising interface for the capture,
detection, and treatment of bacterial infections.!® ! With the highly tunable physicochemical
properties and versatile functionalization techniques, hydrogels, especially light-responsive
hydrogels, have been widely modified to confer anti-microbial properties in the drug delivery and
tissue engineering field to combat bacterial infection and assist in wound healing.””!!>"!17 As light
offers control of wavelength, intensity, and irradiation time, it enables spatial and temporal control
of materials, which is highly desirable in numerous applications.!'® For example, Wu et al.
reported a photothermal hydrogel synthesized by radical polymerization and composed of 3-
(trimethoxysilyl)propyl methacrylate and mesoporous silica (mSiO2) modified copper sulfide
(CuS) nanoparticles for promotion of wound healing at tolerable temperatures.”” Upon irradiation
of near-infrared (NIR) light for 10 minutes, the combination of hyperthermia, production of ROS,
and controlled release of copper ions from the hydrogel (N-isopropylacrylamide (NIPAAm) and
acrylamide (AAm)) exhibited an antibacterial efficacy of 99.80% and 99.94% against S. aureus
and E. coli, respectively, while simultaneously accelerating wound healing.

1.3.1 Challenges for Capture and Detection of Microbes
1.3.1.1 Characterization of Biofilm Formation

Despite the numerous efforts in combating bacterial infections in the drug delivery and
tissue engineering field with the use of synthetic polymeric materials, there is a lack of tools for
effectively characterizing and preventing biofilm formation in most industries. In the water-
treatment industry specifically, conventional strategies to alleviate biofilm formation in industries

involving scheduled cleaning, disinfecting treatments, chemical and physical treatments have not
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been sufficient in effectively removing biofilm formation due to enhanced resistance.''*"!?* Instead,
more effort has been focused on the modification of polymeric surfaces/coatings to prevent or
weaken microbial adhesion, thus endowing anti-fouling properties.'?!~1>* For example, a study
using zwitterionic polyurethane polymer functionalized with carboxybetaine precursor
(diethylamine ethyl acetate (DEAEA)) and DEAEA diol effectively resisted biofilm formation
against two very challenging strains that form biofilm (P. aeruginosa PAO1 and Staphylococcus
epidermidis) for a period of six months, demonstrating a long-term anti-fouling strategy.!?*> While
promising, it is still extremely difficult to find the materials with the highest repressive
characteristics against the attachment of microorganisms and formation of biofilm. Therefore,
there is a need to understand the exact mechanisms of biofilm formation and the spatiotemporal
dynamics of interspecies interactions and communication, as it could provide detailed insights into
the underlying adhesion mechanisms and bacterial community dynamics, further facilitating the
design of effective methods for mitigating biofilm formation. In fact, recent findings have pointed
towards early colonizers being the cornerstone of biofilm formation by expression of EPS and
recruitment of other microorganisms in membrane-related processes.!?*!?” However, given the
complex and heterogenous nature of EPS, the isolation and quantification of biofilm formation
from membrane surfaces are limited to a number of tools, mainly membrane autopsies and laser
capture microdissection (LCM).!?%!2 A major drawback with both these methods is their
destructive nature to both the cells and underlying surfaces, which is not ideal for extraction of
EPS as it alters its physical and chemical properties.'*® Hence, novel methods for improved
isolation of cells from underlying surfaces are needed for successful characterization, allowing for

the identification of communities of microorganisms that initiate biofilm formation.
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1.4 Thesis Approach and Central Objective

The main objective and focus of this dissertation is to explore and develop synthetic,
functional, stimulus-responsive polymeric interfaces (polymeric micelles, photodegradable
hydrogels) for targeted drug delivery to cancer cells and improved isolation of microbes for
molecular characterization. The proposed strategies were extensively studied and evaluated for
their chemistry and biological functions in terms of cancer therapy and isolation of microbes from
polyvinylidene difluoride (PVDF) wastewater membrane surfaces for molecular characterization.
The new design considerations herein address the current limitations of the conventional
nanocarriers for drug delivery and conventional techniques for isolation and characterization of
microbes.

1.4.1 Bioresponsive polymeric micelles for cancer-targeted drug delivery

The majority of this thesis (chapters 2, 3, and 4) focuses on utilizing the intrinsic
properties present in tumor microenvironments (TME), mainly elevated levels of reactive oxygen
species (ROS) and overproduction of MMP-2 enzyme for the design and synthesis of stimuli-
sensitive synthetic block copolymer polymeric micelles (BCPMs) by reversible addition-
fragmentation chain transfer (RAFT) polymerization and substitution of pentafluorophenyl ester
group for delivery of either physically loaded or chemically conjugated drugs selectively to cancer
cells. Under the ROS-sensitive BCPM approach, the conventional chemotherapeutic drug,
Doxorubicin (DOX) was loaded physically into the hydrophobic core of BCPMs bearing a library
of oxidation-sensitive thioether groups (chapter 2). Results showed that the micelles, especially
micelles with intermediate ROS sensitivity, significantly increased toxicity of DOX in liver cancer
cells (HepG2) but protected normal cells, human umbilical endothelial cells (HUVECs) from DOX

cytotoxicity. Taking it a step further, in chapter 3, hydrogen sulfide (H>S) prodrug (ADT) was
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chemically conjugated to the core of BCPMs bearing oxidation-sensitive thioether group and the
anti-cancer effects of H>S in colon cancer cells (HT29) were evaluated. A greater anti-proliferative
effect was observed in HT29 cells with no significant toxicity in HUVEC cells. In chapter 4, a
different approach was taken where BCPM bearing MMP-2 enzyme cleavable peptide motifs and
chemically conjugated ADT was designed for site-specific delivery of HoS to cancer cells. The
greater release of H2S from MMP-2 sensitive micelles exhibited stronger anti-proliferative activity
in HT29 cells.
1.4.2 Biofunctional photodegradable hydrogels for capture and isolation of

microbes

The final portion of this thesis (chapter 5) focuses on the development of the polymer
surface dissection (PSD) method which uses biofunctionalized, photodegradable polyethylene
glycol (PEG)-based hydrogels for the isolation of microbes from polyvinylidene difluoride
(PVDF) wastewater membrane surfaces. The flocs were extracted with high spatial precision and
minimal DNA damage after exposure to spatiotemporally controlled ultraviolet (UV) light using
a patterned illumination tool, allowing for follow-up characterization by 16S rRNA sequencing.
The technique allows for the identification of microbes that form small flocs on membrane surfaces
without requiring a culture step for enrichment, and will be used in future work to identify

communities of microorganisms that initiate membrane biofilms in bio-separation processes.
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2 Polymeric micelles with fine-tuned oxidation sensitivities for anti-

cancer drug delivery

The work in this chapter was done under the mentorship of Dr. Urara Hasegawa during her

tenure at Kansas State University

Abstract

Oxidation-sensitive drug delivery systems have immense potential in treatment of cancer
that overproduces reactive oxygen species (ROS) such as hydrogen peroxide (H202). Despite the
development of several drug carriers that release drugs in response to ROS, the lack of selectivity
towards cancer cells over healthy cells remains a challenge. Here, we report the design and
characterization of thioether-bearing polymeric micelles with varying oxidation sensitivities. The
oxidation experiments of different thioether model compounds as well as molecular modeling
show that the rate of thioether oxidation can be modulated by both electronic and steric effects of
the substituent groups bound to the sulfur atom. The micelles were prepared from amphiphilic
diblock copolymers bearing different thioether groups on the hydrophobic segment, which
becomes hydrophilic upon oxidation leading to micellar dissociation. The dissociation rate of the
micelles in the presence of H,O» was significantly affected by changing the thioether groups. The
different dissociation rates of these micelles were also confirmed in human liver cancer HepG2
cells, which overproduce ROS, by observing the fluorescence recovery of the micelles containing
self-quenched fluorophores. Furthermore, the micelles were loaded with doxorubicin (Dox) to
evaluate their potential in drug delivery applications. Dox release from the micelles was
accelerated in the presence of H>O». Encapsulating Dox in micelles having a moderate oxidation

sensitivity significantly increased toxicity in HepG2 but reduced toxicity in human umbilical vein
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endothelial cells (HUVECs), showing that cancer-specific drug delivery can be achieved by
modulating the oxidation sensitivity of thioether groups in the micelles. Therefore, thioether-
bearing micelles with fine-tuned oxidation sensitivity have potential for improving efficacy and
safety of drugs in cancer treatment.

2.1 Introduction

Elevated levels of reactive oxygen species (ROS) such as hydrogen peroxide (H20>),
superoxide anion radical (O.), singlet oxygen ('02), and the hydroxyl radical (-OH) are
commonly observed in different types of cancer.'*’!3? These species are produced during
mitochondrial electron transport in aerobic respiration or by the action of nicotinamide adenine
dinucleotide phosphate oxidases, and cause oxidative cellular damage including lipid peroxidation,
DNA cleavage and protein modification.!**> While ROS are maintained at basal levels in normal
cells, many cancer cells exhibit increased rates of ROS production due to high metabolic activity
and impaired antioxidant systems.'?*"13 This redox imbalance in cancer cells contributes to the
characteristic tumor microenvironment, which stimulates tumor growth, invasion, and
metastasis. '3

In the field of drug delivery, this oxidative tumor microenvironment has attracted attention
as one of the hallmarks of cancer that provide a unique opportunity for cancer-specific drug
delivery. Recently, many types of oxidation-sensitive drug carriers that release drugs in response
to ROS have been developed with the goal to enhance drug accumulation in cancer tissue. These
drug carriers include polymeric micelles, polymersomes, and other polymeric nanoparticles, which
are composed of amphiphilic polymers containing an oxidation-sensitive building block that alters

its water solubility or degrades upon oxidation by ROS. Examples of such building blocks are
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polymers containing thioether, arylboronate ester and thioketal moieties'**!'** (Figure

2.1).
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Figure 2.1. Oxidation-sensitive polymers. (a) Poly(propylene sulfides) (PPS).!*? (b) Poly (V-
acryloylthiomorpholine).!*® (c) Poly(1,4-phenyleneacetonedimethylene thioketal).'** (d)
Poly(esters) containing arylboronate ester moieties.'*!

Thioether-containing polymers are among the most widely used building blocks to confer
oxidation sensitivity to drug carriers. Thioethers are known to be oxidized by ROS, analogous to
the oxidation of methionine residues of proteins under oxidative stress.'** Along with this
oxidation reaction, thioethers, which have low dipolar moments, are converted to polar sulfoxides
and, in part, sulfones (Figure 2.2). Therefore, thioether-containing polymers undergo a
hydrophobic-hydrophilic phase transition upon oxidation. Hubbell and colleagues were the first to
report oxidation-sensitive polymersomes and polymeric micelles prepared from amphiphilic block
copolymers consisting of a hydrophobic poly(propylene sulfide) (PPS) block and a hydrophilic
poly(ethylene glycol) (PEG) block, which dissociate in the presence of H>O» under physiological
conditions.!37:13%145.146 Thege nanostructures improved delivery of a wide variety of drugs, such as
siRNA,' cyclosporin A,'* gardiquimod, and ovalbumin'® to cancer and dendritic cells.
Following these reports, other types of thioether-containing polymers such as

poly(methionine)'>%!*! and poly(N-acryloyl thiomorpholine)'*® have been developed.
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Figure 2.2. Oxidation of thioether to sulfoxide and sulfone

Despite the promising results of oxidation-sensitive drug carriers, their selectivity towards
cancer remains questionable. So far, most studies have focused on improving the ROS sensitivity
of the drug carrier. For example, sulfur in thioether-containing polymers is replaced with selenium
or tellurium to increase their susceptibility to oxidation.!**!3> However, considering ubiquitous
ROS production in healthy tissues, drug carriers with a high ROS sensitivity may react with ROS
at basal levels (< 10 nM)!>* leading to non-specific drug release. Indeed, according to the report
by Duvall ef al., while drug release from PPS-based polymeric micelles was enhanced in murine
macrophages that overproduce ROS in response to lipopolysaccharide activation, a significant
amount of drug release was also observed for non-activated macrophages.'>® This indicates that
PPS-based drug carriers can be destabilized in healthy tissues containing low levels of ROS.
Therefore, fine-tuning of the ROS sensitivity is needed to develop drug carriers that are stable in
healthy tissues, but release payloads in tumor tissues associated with elevated ROS levels (> 0.1-
10 pM). 134

Here, we present a library of thioether-containing polymeric micelles having different
oxidation sensitivities (Figure 2.3). The oxidation of the thioether groups is expected to be
dependent on the electronic and steric effects of the substituent groups attached to the sulfur atom.
Therefore, we hypothesize that the oxidation sensitivity of polymeric micelles can be controlled
by designing amphiphilic block copolymers with different thioether pendant groups. Dissociation

of these micelles in the presence of H>O> and human liver cancer HepG2 cells was investigated.
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Furthermore, these micelles were encapsulated with doxorubicin (Dox) to evaluate intracellular

Dox release and cytotoxicity.

NSNS R Self-assembly
Thicether groups with IL ;J
different oxidation
sensitivities —l’\ ‘o ~N
Doxorubicin %::.'. “~a”

Endothelial cell (Dox) rfl \_L
(Low ROS levels)

Cancercell A0 L
(High ROS levels) Micelle dissociation

Figure 2.3. Polymeric micelles bearing thioether groups with fine-tuned oxidation sensitivities
for site-specific drug release in cancer cells overproducing reactive oxygen species (ROS).

2.2 Experimental Section

2.2.1 Materials

Pentafluorophenyl acrylate (PFPA), 3-methylthiopropylamine (TP), and thiomorpholine
(TM), were purchased from Tokyo Chemical Industry (USA). 4-(methylthio)benzylamine-HCl
salt (TPh-HCI) was purchased from Enamine (USA). 4-acryloylmorpholine (AM), 2,2’-
azobis(isobutyronitrile) (AIBN), 2-(dodecylthiocarbonothioylthio)-2-methylpropionic  acid
(CTA), aluminum oxide (Al2O3), 1-methyl-2-pyrrolidinone (NMP), 4-dimethylamiopyridine
(DMAP), deuterated chloroform (CDCl3), calcium hydride (CaH>), trifluoroacetic acid (TFA),
sodium dodecyl sulfate (SDS), phosphor pentoxide (P4O10) and 4A molecular sieves were
purchased from Sigma Aldrich (USA). 1,4-dioxane, anhydrous dimethylformamide (DMF),

tetrahydrofuran (THF), acetonitrile (CH3CN), ethyl acetate (EtOAc), diethyl ether (Et20), ethanol
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(EtOH), triethylamine (TEA), potassium hydroxide (KOH) pellets, acetic anhydride (Ac.0),
sodium bicarbonate (NaHCO3), hydrochloric acid (HCI), hydrogen peroxide (H202) solution
(3and 50 wt%) (H202), phosphate-buffered saline (10x, PBS), Nile red, Hoechst 33342,
MEM, fetal bovine serum, penicillin-streptomycin, trypsin-EDTA, and N-acetyl-L-cysteine
(NAC) were purchased from Fisher Scientific (USA). Fluorescein isothiocyanate isomer I was
purchased from Acros Organics. Tert-butyl N-(2-aminoethyl) carbamate was purchased from
Oakwood Products. XPell pellets were purchased from Xplosafe (USA). Regenerated cellulose
dialysis tubing (MWCO 2 kDa) was purchased from Spectrum Laboratories (USA). Sephadex
LH20 and G20 were purchased from GE Healthcare (USA). Doxorubicin-HCI was purchased from
Cayman Chemical Company (USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was purchased from MP Biomedical (USA). HepG2 cells and HUVECs were
purchased from ATCC (USA). Transparent and black 96 well plates and disposable 5 mL
polypropylene columns were purchased from ThermoFisher Scientific (USA). The glass-bottom
dishes were purchased from Matsunami Glass (USA). 200 mesh carbon-coated copper grids were
purchased from Electron Microscopy Science (USA).

AIBN was recrystallized from MeOH. Pentafluorophenyl acrylate and 4-acryloylmorpholine were
passed through a plug of AlbO3 to remove the inhibitor. 1,4-dioxane was distilled from CaH; and
kept over molecular sieves and XPell pellets. Thioether amines (TM and TPh) and TEA were
dried over KOH pellets. Other reagents were used as received without further purification.

2.2.2 Instrumentation

Proton NMR ("H NMR) Spectroscopy. '"H NMR spectra were measured with a Varian 400MHz

NMR spectrometer. A number of 32 scans was collected and the delay time (D1) was set to 10 s
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for polymers and 1 s for small compounds. The chemical shifts are referenced to the residual
undeuterated NMR solvent signal at 7.26 ppm (CDCl3),

Attenuated Total Reflection Infrared Spectroscopy (ATR-IR). Attenuated total reflection
infrared (ATR-IR) spectra were obtained using a Perkin Elmer Spectrum 400 spectrometer.

Gel Permeation Chromatography (GPC). Elution profiles of the polymers were obtained using
a ResiPore PL1113-6300 GPC column on an Agilent Technologies 1220 Infinity II LC GPC
system equipped with a 1260 RI detector and a 1260 MCT column oven. THF was used as the
eluent with a flow rate of 1.0 mL/min. The temperature of the RI detector and column oven was
40 °C. The polymers were dissolved in THF at 5 mg/ml and 10 pL of the solution was injected.
The polydispersity index (Mw/M,) was calculated from the elution profiles of a polystyrene
standard (Agilent).

UV-Vis spectroscopy. The UV/Vis spectra were measured on a Thermo Scientific Nanodrop One®
spectrophotometer.

Dynamic Light Scattering (DLS). Dynamic light scattering measurements were done using a
Malvern Zetasizer Nano ZS Series instrument. Freshly prepared micelle solutions were filtered
using a polyethersulfone (PES) syringe filter (pore size: 0.45 pm) and placed in disposable micro
cuvettes (ZEN0040, Malvern). The Z-average diameter and polydispersity index (PDI) of the
micelles were determined by the cumulant method. For multimodal samples, the CONTIN analysis
was used to determine the size distribution.

Transmission Electron Microscopy (TEM). The morphology of the micelles was observed by
transmission electron microscopy using the negative staining method. The micelle solution (1
mg/ml in water) was mixed with 2 w/v% uranyl acetate aqueous solution (volume ratio of 1:1) and

added to 200 mesh carbon-coated copper grids. The grids were air-dried after removing the
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solution by blotting the side of the grid with filter paper. Images were acquired on a FEI Tecnai
G2 Spirit BioTWIN instrument operating at 80 kV.

UV-Vis / fluorescence spectroscopy with Plate Reader. The UV-Vis absorbance and
fluorescence intensities were measured with a Tecan infinite M200 plate reader.

Confocal Laser Scanning Fluorescence Microscopy (CLSFM). Fluorescence images were
acquired on an Olympus Fluoview FV1000-D confocal microscope equipped with 405, 473, 559,
and 632 nm lasers. Colocalization analysis of images was performed using the FV-10-ASW
software. Pearson’s correlation coefficients were obtained using three single slice images.

2.2.3 Synthesis of PPFPA Homopolymer

PPFPA was synthesized by RAFT polymerization using AIBN as the initiator and 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid as the chain transfer agent (CTA). For
PPFPA20, 1190.6 mg (5 mmol) of PFPA, 72.9 mg (0.2 mmol) of CTA, and 3.28 mg (0.02 mmol)
of AIBN were dissolved in 1,4-dioxane (Total volume: 2.5 mL). For PPFPA40, 476.2 mg (2 mmol)
of PFPA, 14.6 mg (0.04 mmol) of CTA, and 0.657 mg (0.004 mmol) of AIBN were dissolved in
1,4-dioxane (Total volume: 2.0 mL). The reaction mixture was deoxygenated by five freeze-pump-
thaw cycles, heated to 60 °C under argon and stirred for 24 h. The polymerization was stopped by
opening the Schlenk tube to air and cooling the reaction mixture to room temperature. The reaction
mixture was added dropwise to 75 mL of EtOH. The precipitate was filtered, washed with 10 mL
EtOH and dried under reduced pressure to yield yellow solids (1040.8 mg (82%) for PPFPA20
and 401.2 mg (82%) for PPFPA40). The polymers were characterized by 'H NMR, GPC, and FT-

IR as shown in Supporting Information.
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2.2.4 Synthesis of PAM-PPFPA Diblock Copolymer

For PAM-PPFPA20, 352.9 mg (2.5 mmol) of AM, 157.9 mg (0.031 mmol) of PPFPA20,
and 0.411 mg (0.0025 mmol) of AIBN were dissolved in 1,4-dioxane (Total volume: 2.5 mL). For
PAM-PPFPAA40, 282.3 (2.0 mmol) of AM, 245.4 mg (0.025 mmol) of PPFPA40, and 0.328 mg
(0.002 mmol) of AIBN were dissolved in 1,4-dioxane (Total volume: 2.0 mL). The reaction
mixture was deoxygenated by five freeze-pump-thaw cycles, heated to 60 °C under argon and
stirred for 24 h. The polymerization was stopped by opening the Schlenk tube to air and cooling
the reaction mixture to room temperature. The reaction mixture was added dropwise to 75 mL of
Et20. The precipitate was filtered, washed with 10 mL Et>;O and dried under reduced pressure to
yield yellow solids (410 mg (80%) for PAM-PPFPA20 and 458 mg (87%) for PAM-PPFPA40).
The polymers were characterized by 'H NMR, GPC and FT-IR as shown in Supporting
Information.
2.2.5 CTA End Group Removal from PAM-PPFPA Diblock Copolymer

The CTA end group was removed by radical-induced cleavage of the thiocarbonylthio
group.'>® 380 mg (0.021 mmol) of PAM-PPFPA20 polymer and 123 mg (0.75 mmol) of AIBN,
440 mg (0.019 mmol) of PAM-PPFPA40 and 110 mg (0.67 mmol) of AIBN were dissolved in 3
mL of 1,4-dioxane, respectively. The solution was deoxygenated by five freeze-pump-thaw cycles,
heated to 70 °C under argon, and stirred for 24 h. The reaction was stopped by opening the Schlenk
tube to air and cooling the reaction mixture to room temperature. The reaction mixture was added
dropwise to 90 mL of Et2O. The precipitate was filtered, washed with 10 mL Et,O, and dried under
reduced pressure to yield white solids (320 mg (85%) for PAM-PPFPA20 and 382 mg (87%) for
PAM-PPFPA40). The polymers were characterized by GPC, and FT-IR as shown in Supporting

Information.
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2.2.6 Synthesis of Thioether-Containing Block Copolymers

After drying at 40 °C under vacuum for 24 h in the presence of P4O10, 40 mg of PAM-
PPFPA polymers (0.045 and 0.071 mmol of PFPA groups for PAM-PPFPA20 and PAM-
PPFPAA40, respectively) was dissolved in 2 mL anhydrous DMF, followed by the addition of
thioether amines (5 eq. relative to PFPA groups). In the case of TPh-HCI, 5 eq. of TEA relative to
PFPA groups was added. After three purge-evacuate cycles, the reaction mixture was heated at 50
°C under argon and stirred for 24 h. The reaction mixture was cooled to room temperature, filtered
through a plug of glasswool and added dropwise to 60 mL of Et;O. The precipitate was filtered,
washed with 10 mL of Et2O, and dried under reduced pressure to yield white solids. The polymers
were dissolved in 6 mL of tetrahydrofuran and filtered through a plug of glasswool to further purify

the polymers by removing the amine pentafluorophenol salts and TEA- HCI yielding 30.4 mg

(83%) for PAM-PTP20, 29.8 mg (82%) for PAM-PTM?20, 27.9 mg (72%) for PAM-PTPh20, 29.5
mg (87%) for PAM-PTP40, 28.2 mg (83%) for PAM-PTM40, and 26.7 mg (71%) for PAM-
PTPh40. The polymers were characterized by 'H NMR, FT-IR, and GPC as shown in Supporting
Information.
2.2.7 Synthesis of Thioether/FITC-Containing Diblock Copolymers

PAM-PPFPA40 was dried at 40 °C under vacuum for 24 h in the presence of P4O10. The
PAM-PPFP40 diblock copolymer (15 mg, 0.027 mmol of PFPA group) was dissolved in 1 mL
anhydrous DMF, followed by the addition of FITC-NH2-TFA (0.516 mg, 0.00092 mmol, 0.034
eq. relative to PFPA group) and TEA (0.116 mg, 0.0011 mmol). The reaction mixture was heated
at 50°C under argon following three purge-evacuate cycles and stirred for 24 h. Next, thioether
amines (0.056 mmol, 2 eq. relative to PFPA groups) were added to the reaction mixture under

argon. In the case of TPh-HCI, TEA (0.056 mmol, 1 eq. relative to TPh-HCI) was added. The
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reaction mixture was heated at S0°C under argon following three purge-evacuate cycles and stirred
for another 24 h. The polymer was separated from wunreacted thioether amines and
pentafluorophenol by Sephadex LH-20 size exclusion column chromatography (column diameter:
13 mm, length: 250 mm) using DMF as the eluent. The absorbance at 280 nm of each fraction was
measured using Nanodrop and plotted as a function of elution volume to obtain the elution profile.
Fractions containing polymer were combined, diluted 2x with deionized (DI) water and dialyzed
against 1 L of DI water for 2 d, with regularly replacing the water. Polymers were recovered by
lyophilization.

2.2.8 Preparation of Micelles

The thioether-containing block copolymers were dissolved in NMP (25 mg/mL) and added
dropwise to DI water (volume ratio 1:9) under stirring (final concentration: 2.5 mg/mL). The
solutions were dialyzed (MWCO, 2kDa) against 1 L of DI water for 1 d, with regular replacing
the water. To determine polymer concentration after dialysis, part of the micelle solution was
lyophilized and the amount of polymer was determined gravimetrically.

2.2.9 Ciritical Micelle Concentration (CMC)

The CMC of the micelles was determined using the Nile red method.'*” To 350 uL of the
micelle solutions at different concentrations, 3.5 pL of 0.1 mg/mL Nile red solution in DMSO was
added and kept at RT for 2 h in the dark. The micelle/Nile red mixtures were transferred to a 96-
well plate (100 pL/well, n=3) and incubated at room temperature for 2 h in the dark. The
fluorescence intensity (Aex=530 nm, Aem=630 nm) was recorded and plotted against
log(concentration). The CMC values were determined based on the intersection between the linear

fits of the low and high concentration regions as shown in Supporting Information.
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2.2.10 Change in Size Distribution of the micelles in the presence of H,O:

To evaluate the micelle dissociation in the presence of H202, 90 pL of 1 mg/mL micelle
solutions were mixed with 10 uL. of H>O; (Final concentration of H>O2: 100 mM) and incubated
at 37°C. The size distribution of the micelles was measured by DLS at the indicated time points.
2.2.11 H20: Scavenging Rate of the Thioether Model Compounds by lodide

Oxidation Assay

The thioether model compound dissolved in 2.16 mL in 10% DMF/PBS (pH7.4) in glass
vials were mixed with 0.27 mL H>O> in PBS (pH7.4) to give final concentrations of 10 mM of the
model compound and 1.0 mM H0O». At the indicated time points, 0.2 mL of the solutions was
withdrawn and mixed with 0.2 mL of a 1000 mM Nal solution in 10% DMF/PBS (pH7.4) inside
a glass vial. After reacting for 15 min, the samples were transferred to a quartz cuvette and the
absorbance at 350 nm measured due to the I3~ anion formed by oxidation of the I' anion by

remaining H>O». The % Remaining H>O; was calculated as follows:

% Remainine H.0., = [Abs of sample] < 100
oRemaining H2%2 = [Abs of nontreated sample]

After collecting the last data points, the thioether model compound/H>O; solutions (2.7
mL) were lyophilized and the residue was extracted with CHCI3 (4 mL total). After removing
solvent in a flow of air and drying under vacuum at 40°C, the residue was dissolved in deuterated
chloroform to measure '"H NMR. 'H NMR spectra were in agreement with the product obtained

by oxidation of the model compound in aqueous H>O».
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2.2.12 Monitoring of Micelle Dissociation by the Fluorescence Recovery of Self-
Quenched Fluorophores
The thioether/FITC-containing micelle solutions (0.5 mg/mL,10 puL/well) were placed in a
96 well plate and mixed with 90 uL/well of H2O2 in 100 mM PBS (pH 7.4) containing 10 mM
EDTA (micelles: 0.05 mg/mL, H>O2: 90 mM)). The plate was sealed with a plate sealer and
incubated at 37°C in the dark. At the indicated time points, fluorescence intensities (FI) (1ex=490
nm, Aem=520 nm) of H>O» treated and nontreated micelles were measured using a microplate

reader. The percent increase in FI of thioether/FITC-containing micelles was calculated as follows:

[(FI of H,0, treated ) — (FI of nontreated )]

% F1 = x 100
o Flurosecence recovery [(Max. FI of H,0,treated) — (FI of nontreated )]

2.2.13 Preparation of Dox-Loaded Micelles

Dox-HCl was dissolved in DMSO at 10 mg/mL and mixed with TEA (1 eq.). This solution
(20 pL) was mixed with 100 pL of 10 mg/mL thioether-containing polymer solution in NMP and
added dropwise to 880 puL of DI water and kept under stirring in the dark for 1 h at RT. The Dox-
loaded micelles were separated from free Dox by ultrafiltration using an Amicon filter with
MWCO of 3 kDa (14,000 x g, 25 min) and subsequently washed with DI water by ultrafiltration
(3x) to remove the organic solvents. The absorbance at 500 nm of the first filtrate was measured
using Nanodrop to quantify the Dox loading efficiency.
2.2.14 Determination of the Dox concentration

The Dox-loaded micelle solution (1 uL) was mixed with DMSO (9 uL) and the absorbance
at 500 nm was measured to determine the Dox concentration in the micelle solution. The standard
samples were prepared by dissolving Dox-HCI in water/DMSO (10/90 v/v%) and the absorbance

at 500 nm was measured to prepare the standard curve.
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2.2.15 Dox Release from the Micelles in Response to H,O:

Dox-loaded micelles (90 pL) were mixed with 10 uL. of 50 mM H>O> solution or PBS and
incubated for 2 h at 37 °C in the dark. The Dox-loaded micelles were separated from free Dox by
Sephadex G-25 size exclusion column chromatography (column diameter: 13 mm, height: 70 mm)
using PBS as the eluent. The fractions containing the micelles were combined, lyophilized and
dissolved in 30 pL of DMSO. The absorbance at 500 nm was measured to determine the Dox
concentration in the samples (C). To determine the initial Dox concentration (C,) in each sample,
100 pL of the Dox-loaded micelle solutions were lyophilized, dissolved in 30 pL. of DMSO and
the absorbance at 500 nm was measured. Percent Dox release from the micelles after the addition

of water or H>O; was calculated as follows:

% Dox Release = ( ° ) x 100

o

2.2.16 Cell Culture

Human liver cancer HepG2 cells were cultured in MEM containing 10% fetal bovine serum
and 1% penicillin-streptomycin (10,000 U/mL) in a 5% COx incubator at 37 °C. Human umbilical
vein endothelial cells (HUVECs) were cultured in a vascular basal medium containing the cell
growth kit and 0.1 % Amphotericin B in a 5 % CO- incubator at 37 °C.

2.2.17 Dissociation of Thioether/FITC-containing Micelles in HepG2 Cells

HepG?2 cells were seeded in quadruple well glass-bottom dishes at a density of 2.0 x 10*
cells/well and cultured for 1 d. The medium was replaced with 100 pL/well of fresh medium
containing 8 nM Hoescht 33342 dye, and cells were incubated for 5 min at 37 °C. Then, the
Hoechst 33342 solution was removed and 90 pL of fresh medium and 10 pL of 0.5 mg/mL
thioether/FITC-containing micelle solution were added (Final micelle concentration: 0.05

mg/mL). After culturing for 4 and 24 h, cells were washed with PBS and observed by CLSFM.
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For the N-acetylcysteine (NAC)-treated cells, the cells were pre-treated with 5 mM of NAC in the
culture medium for 3 h, treated with Hoechst 33342 dye for 5 min and incubated in the medium
containing 5 mM NAC and 0.05 mg/mL of thioether/FITC-containing micelles. The images were
analyzed using ImageJ software to evaluate the fluorescence intensity due to dissociated micelles
within cells. The mean fluorescence intensity was calculated by subtracting the mean fluorescence
intensity of the background (non-cell area) from the mean fluorescence intensity of the cell area.
2.2.18 Cytotoxicity of Dox-Loaded Micelles in HepG2 and HUVECs

HepG2 cells and HUVECs were seeded in a 96-well plate at a density of 1.0 x 10* cells/well
and 5.0 x 10° cells/well, respectively and cultured for 1 d. After the medium was replaced with
100 pL/well of fresh medium containing 10 uL. of the aqueous solution of the micelles loaded
with/without Dox or 1 pL. of Dox/DMSO, the cells were cultured for 2 d in a CO; incubator. The
medium was replaced with 100 pL of 0.5 mg/ml of MTT in a medium. The cells were cultured for
3 h and the formazan crystals formed were dissolved in 100 uL/well of 100 mg/mL sodium dodecyl
sulfate (SDS) solution in 0.01 M HCI (aq). The absorbance at 570 nm was measured using a
microplate reader and cell viability was expressed as % of the absorbance of untreated cells.
2.2.19 Intracellular Distribution of Dox in HepG2 Cells

HepG?2 cells were seeded in quadruple well glass-bottom dishes at a density of 2.0 x 10*
cells/well and cultured for 1 d. The medium was replaced with 100 pL of fresh medium containing
8 nM Hoescht 33342 dye, and cells were incubated for 5 min at 37 °C. The medium was then
replaced with 100 pL of fresh medium containing 10 puL of Dox-loaded micelle solution or 0.2 pL.
of Dox/DMSO (Final Dox concentration: 2 nM). After culturing for 0, 1, 4, and 24 h, cells were

observed by CLSFM.
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2.2.20 Molecular Modeling

Density functional theory (DFT) calculations were performed using the Vienna ab initio
simulation package (VASP).!3® The generalized gradient approximation GGA-PBE'® functional
was used to account for electron exchange-correlation effects. The projector augmented wave
(PAW) method'®® was used to represent the ionic cores. All the calculations were spin-polarized.
The energy cutoff for the plane wave function was 400 eV. The break condition for self-consistent
interaction is 1 x 107, Tonic relaxation was stopped when the forces on all atoms were smaller than
-0.02 eV/A. The T k-point was employed throughout the entire DFT calculations.

TPAM, TMAM, and TPhAM and their corresponding oxidized products, sulfoxides, were
placed in a large box of 25%25x25 A’ for geometry optimization as shown in Figure A.1
(Supporting Information). The vibrational frequencies were obtained based on the simple
harmonic approximation of the optimized molecular structures. The S-O bond stretching modes
were corroborated by FT-IR spectroscopy. Bader charge analysis!®' of the S atom in TPAM,

TMAM and TPhAM was also performed to evaluate its nucleophilicity.

2.3 Results and Discussion

2.3.1 Effect of Chemical Structure on Oxidation of Thioether Compounds
Thioethers are known to be oxidized by biologically relevant oxidants such as hydrogen
peroxide (H202), which is the most abundant ROS in the human body. The proposed mechanism
of thioether oxidation by H>O; involves the transfer of oxygen by nucleophilic attack of the sulfur
atom onto H>0,.!%? Therefore, it is expected that the oxidation sensitivity of thioethers depends on
the nucleophilicity of the sulfur atom, which can be fine-tuned by changing the substituent groups.
To test this hypothesis, we prepared three different thioether amide compounds, 3-

methylthiopropylamide (TPAM), thiomorpholine amide (TMAM), and 4-
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(methylthio)benzylamide (TPhAM) (Figure 2.4a), and investigated their oxidation by H>O».
TPAM, TMAM, and TPhAM were reacted with H>O, and the remaining H>O> was determined
by the iodide oxidation assay at the indicated time points.!*> TPAM reacted rapidly with H>O, and
was consumed completely within 20 h (Figure 2.4b). The oxidation of TPhAM was much slower
and 40% of H>O; remained after 48 h. This might be due to the electron-withdrawing effect of the
phenyl group, which decreases electron density on the sulfur atom and lower its nucleophilicity
thereby slowing down the oxidation by H2O2. TMAM, on the other hand, showed intermediate
reactivity with 10% of H2O; remaining after 48 h. Since the chemical environment around sulfur
is similar for TMAM and TPAM, the slower oxidation of TMAM seems to be related to the ring

structure.
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Figure 2.4. Oxidation of thioether model compounds by H>O». (a) Chemical structures of
TPAM, TMAM, and TPhAM. (b) Oxidation rate of the model compounds. H>O> consumption
upon the addition of the model compounds was monitored in 100 mM PBS (pH 7.4) at 20°C by
the iodide oxidation assay. Model compounds: 10 mM. H>O7: 1.0 mM. »=3.

To confirm that the thioether model compounds can be oxidized to the corresponding
sulfoxide, the model compounds were reacted with H>O, and characterized by FT-IR. As shown
in Figure 2.5, an absorbance at around 1000-1050 cm™!, which is attributed to the sulfoxide S=O
stretching vibration appeared in the IR spectra for all products, indicating that the sulfides had

been oxidized to sulfoxides. According to DFT calculations, the vibrational frequencies for S=O
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stretching in the sulfoxide species of TPAM, TMAM, and TPhAM are 1066 cm™, 1049 cm™!, and
1072 cm™ respectively (Table 2.1). These values agree rather well with values determined
experimentally by FT-IR, and thus confirm the formation of sulfoxides. Furthermore, we also
confirmed sulfoxide formation by '"H NMR (see experimental details and Figures A.2 and A.3 in

Supporting Information).

Table 2.1. FT-IR characterization and charge analysis of thioether model compounds.

v(S=0)*[em!] v (S=0)°[ecm']  Charge on S atom®[e]

TPAM 1015 1066 -0.010
TMAM 1000 1049 - 0.042
TPhAM 1042 1072 +0.074

* Experimental.

b Calculated.

To evaluate the effects of the substituent groups on thioether oxidation, we performed
Bader charge analysis on the sulfur atom of the thioether model compounds. As for the linear
thioether compounds (TPAM and TPhAM), the thioether compound with a more negatively
charged sulfur atom (TPAM) accelerates oxidation (Figure 2.4b), which is in agreement with the
mechanism proposed for thioether oxidation, where the nucleophilic attack of the sulfur atom on
an oxygen atom of H>O; leads to the formation of sulfoxide.!®?> On the other hand, while the charge
on the sulfur atom in TMAM was higher than that of TPAM, the oxidation of TMAM was slower
than that of TPAM. This unexpected result may relate to its cyclic structure. It has been reported
that one of the key steps of thioether oxidation is the formation of a thioether-H>O» adduct, which

is affected by both electronic and steric effects of the substituent groups.!®* Therefore, the
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formation of this intermediate may not be favored due to the ring strain of TMAM, thereby slowing

down its oxidation compared to TPAM.
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Figure 2.5. FT-IR spectra of thioether model compounds before and after H>O: treatment. The
model compounds were incubated with 1 M H>O> at 20°C. FT-IR spectra were collected before
(solid line) and after (dotted line) oxidation. (a) TPAM, (b) TMAM, (c) TPhAM.

2.3.2 Synthesis of Thioether-Bearing Diblock Copolymers

Encouraged by the model compound results, we designed amphiphilic diblock copolymers
consisting of a hydrophilic poly(N-acryloyl morpholine) (PAM) block and a hydrophobic block
bearing different thioether groups as shown in Figure 2.6. We first synthesized the

poly(pentafluorophenyl acrylate) polymers (PPFPA) with different lengths (PPFPA20 and
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PPFPAA40, Table 2.2, Figure A.4, Supporting Information) by reversible addition-fragmentation
chain transfer (RAFT) polymerization using 2-(dodecylthiocarbonothioylthio)-2-methylpropionic
acid as the chain transfer agent (CTA). These polymers were used as macro CTAs to synthesize
the PAM-PPFPA diblock copolymers with a PAM block length of 90 units. The obtained polymers
had narrow size distributions with M/M, below 1.15 as measured by GPC (Table 2.2, Figure
A.S, Supporting Information). After removing the trithiocarbonate end group by radical-induced
cleavage,'* the PAM-PPFPA diblock copolymers were modified with amine-containing thioether

compounds by substituting the pentafluorophenyl ester group to form amides,!%>166

yielding the
thioether-bearing diblock copolymers (TP, TM and TPh). Successful conjugation of the thioether
amines was confirmed by the absence of C-F stretching vibration (1000 cm™), C=C stretching
vibration of the aromatic ring (1510 cm™), and C=0 stretching vibration of the activated ester
group (1780 cm) in the FT-IR spectra. (Figures A.6 and A.7, Supporting Information).
Furthermore, GPC showed that all the thioether-bearing block copolymers had a unimodal size

distribution with a low M.,/M, (Table 2.2 and Figure A.8, Supporting Information). The presence

of the thioether groups was also confirmed by 'H NMR (Figure A.9, Supporting Information).
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Figure 2.6. Synthesis scheme of the thioether-bearing block copolymers. (a) AIBN, 1,4-dioxane,
60 °C, 24 h, (b) AIBN, 1,4-dioxane, 60 °C, 24 h, (c) AIBN, 1,4-dioxane, 70 °C, 24 h, (d) DMF,
thioether amine, 50 °C, 24 h.
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Table 2.2. Characterization of the thioether-bearing block copolymers.

Polymers n® m*  M./M,®  Dn[nm]° PDI® CMC [pM]¢
PPFPA20 20 1.14 - - -
PPFPA40 40 1.10 - - -
PAM-PPFPA20 - 90 1.10 - - -
PAM-PPFPA40 - 90 1.10 - - -
TP20 - 1.22 155+6  0.53£0.06 20.9
TM20 - 1.28 30+ 4 0.17 + 0.03 12.9
TPh20 - 1.11 29+5 0.09 +0.01 3.2
TP40 - 1.21 183 +7 0.56 + 0.03 19.6
TM40 - 1.24 25+3 0.17 +0.01 4.7
TPh40 - 1.19 28+4 0.08 £ 0.01 1.7

aDetermined by 'H NMR.

® Weight average molecular weight (M) and number average molecular weight (A,) determined
by GPC using polystyrene standard.

¢ Hydrodynamic diameter (Dn) and polydispersity index (PDI) of the micelles in PBS as
determined by DLS using the cumulant method.

4 Critical micelle concentration (CMC) in water as determined by the Nile red fluorescence
assay.

2.3.3 Preparation and Characterization of the Thioether-Bearing Micelles

The micelles were prepared by self-assembly of the TP, TM, and TPh diblock copolymers
from organic solvent in water. In all cases, the thioether-bearing block was hydrophobic enough
to drive micellization. The TM20, TM40, TPh20 and TPh40 polymers formed monodisperse
micelles with a diameter (Dy) in the range of 25-30 nm as determined by DLS (Table 2.2). There
was no obvious effect of the thioether-bearing block length on micelle size. In contrast, the TP20

and TP40 polymers showed a broad peak in the range of 50-200 nm. The morphology of the
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micelles was confirmed by TEM using the negative staining method (Figure 2.7). Monodisperse
spherical structures were observed for TM20, TM40, TPh20, and TPh40 micelles. While DLS did
not show a notable effect of thioether block length on Dy, the TEM images of the micelles formed
from the polymers with a longer thioether-bearing block (TM40 and TPh40) appeared much larger
compared to those obtained for the shorter polymers (TM20 and TPh20). Since only the
hydrophobic core of the micelles can be observed with the negative staining method and not the
PAM corona, the TEM images indicate that the polymers with a longer thioether-bearing block
form a micelle with a larger hydrophobic core. The size of TP20 and TP40 micelles were rather
heterogeneous containing some large spherical structures of about 50 nm. Furthermore, the critical
micelle concentrations (CMCs), the polymer concentration above which micelles form, were
determined by the Nile red method to assess the thermodynamic stability of micelles. (Figure
A.10, Supporting Information).'>” TPh20 micelles showed the lowest CMC indicating the highest
structural stability compared to TM20 and TP20 micelles (Table 2.2). This may be due to the
lower aqueous solubility and/or n-n stacking of the aromatic ring of TPh groups, which stabilizes
the micellar structure. Furthermore, the polymers with a longer thioether-bearing block exhibited

lower CMCs, showing that a longer hydrophobic polymer chain stabilizes the micellar structure.
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(b)

(d) (e) -

Figure 2.7. TEM image of the micelles negatively stained with 2% uranyl acetate solution. (a)
TP20, (b) TM20, (c) TPh20, (d) TP40, (¢) TM40, (f) TPh40. Scale bars: 200 nm.

2.3.4 Dissociation of Thioether-Bearing Micelles in Response to H,O»

We tested whether the thioether-bearing micelles dissociate in the presence of H2O». The
size distributions of the thioether-bearing micelles (1 mg/mL) incubated with 100 mM H»0O: (aq)
at 37°C were measured by DLS. In the case of TP20 micelles, the intensity of the scattered light
decreased rapidly within 2 h, showing dissociation of the micelles in the presence of H>O» (Figure
2.8a). The TM20 micelles also showed a significant decrease in the scattered light intensity after
2 h (Figure 2.8b). Although no dissociation of TPh20 micelles was observed for 8 h, the intensity
of the scattered light by the micelles significantly decreased after 12 h (Figure 2.8c). For the
micelles having a longer thioether-bearing block (TP40, TM40, TPh40), the dissociation was
slower compared to the polymers with a shorter thioether-bearing block as shown in Figure 2.8d-
f. Interestingly, while the peak due to the original TP40 micelles disappeared within 2 h, larger

particles of 500-700 nm appeared, which might be due to the aggregation of the partially
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oxidized/destabilized micelles. The formation of larger structures was also observed for TM40
after 8 h. Micelle dissociation after H>O; treatment was also confirmed by TEM using the negative
staining method. For TP20 and TM20 micelles, the micellar structures were not observed after 24
h as shown in Figure A.11a-b (Supporting Information). In the case of TPh20 micelles, spherical
structures were still observed even after 24 h (Figure A.11¢, Supporting Information). Similarly,
no micellar structures were observed for the TP40 and TM40 micelles after 24 h as shown in
Figure A.12a-b (Supporting Information), while spherical structures could be still observed for
TPh40 micelles (Figure A.12¢, Supporting Information). These TEM images are in agreement
with the changes observed by DLS. It should be noted that the positively stained (black) spots that
appear in the TEM images of TP20, TM20, TP40, and TM40 micelles treated with H,O- are due
to the interaction of sulfoxide and/or thioether groups of the dissociated polymers with uranyl
acetate resulting in aggregation. This is supported by our observation that the H>O> treated samples
became turbid upon the addition of the uranyl acetate staining solution, whereas the micelle
solution without H>O> stayed clear. Furthermore, to show that micelle dissociation was induced
by the oxidation of the thioether groups, the presence of sulfoxides was confirmed by FT-IR. As
shown in Figure A.13 in Supporting Information, we observed the sulfoxide vibration at around

1100 cm™ for TP20, TM20, and TPh20 micelles treated with H,O.
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Figure 2.8. Dissociation of the thioether-bearing micelles upon oxidation. The micelles (0.9
mh/mL) were treated with H>O: (1 eq. to thioether groups) at 37°C. At the indicated time points,
the size distribution of the micelles was measured by DLS. (a) TP20, (b) TM20, (c) TPh20, (d)
TP40, (e) TM40, (f) TPh40. H>O: concentration: (a-c) 1mM, (d-f) 2 mM.

2.3.5 Dissociation of Thioether-Bearing Micelles in HepG2 cells

To monitor the dissociation of the micelles under physiologically relevant conditions, we
prepared thioether-bearing micelles containing self-quenched fluorescein isothiocyanate (FITC)
fluorophores in the micelle core (Figure 2.9a). The intact micelles are expected to be non-
fluorescent due to self-quenching of FITC, whereas dissociation of the micelles will cause a
recovery of fluorescence.'®” The micelles were incubated in 100 mM H»O: (aq) at 37°C, and the
fluorescence recovery of the micelles was monitored (Figure 2.9b). A rapid increase of
fluorescence intensity was observed for the TP/FITC micelles, which reached a plateau after 2 h.
The TM/FITC micelles showed a slower fluorescence increase compared to the TP/FITC micelles
and complete dissociation was observed after 9 h. Furthermore, much slower fluorescence

recovery was observed for the TPh/FITC micelles, which required 50 h for complete dissociation.
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These results are in good agreement with the change in the size distribution of the micelles in the
presence of H,O» (Figure 2.8) and follow the reactivity trend of the thioether model compounds
towards H>O» oxidation (Figure 2.4b).
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Figure 2.9. Dissociation of the thioether-bearing micelles in the presence of H20». (a) Chemical
structure of the thioether/FITC-bearing micelles. (b) Dissociation of the thioether/FITC-bearing
micelles upon oxidation as determined by fluorescence recovery of self-quenched FITC
fluorophores. The TP/FITC (triangles), TM/FITC (diamonds) and TPh/FITC (squares) micelles
(0.05 mg/mL in PBS (pH7.4, 100 mM)) were incubated with 100 mM H>O> at 37°C and the
fluorescence intensity (Aex=490 nm, Aem=520 nm) was measured at different time points. n=3.

We next evaluated the dissociation of the thioether/FITC-bearing micelles in human liver
cancer HepG2 cells. It is known that cancer cells produce elevated levels of ROS.!®3"1"! Therefore,
we hypothesized that the micelles would be oxidized by intracellular ROS after cellular uptake
and subsequently dissociated. HepG2 cells were treated with the thioether/FITC-bearing micelles
for 24 h and observed by CLSFM after 4 and 24 h to assess micelle dissociation (Figure 2.10a-h).
To show that the dissociation of the micelles can be inhibited by scavenging intracellular ROS, we
also pretreated the cells with the ROS scavenger N-acetylcysteine (NAC) before treatment with
the micelles. For cells without NAC treatment (NAC(-)), bright fluorescence spots (yellow color
in Figure 2.10) appeared within cells after 4 h of incubation with TP/FITC micelles while those

yellow spots in NAC-treated cells were significantly weaker. This result clearly shows that the
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dissociation of TP/FITC micelles was induced by intracellular ROS. For TM/FITC micelles, the
fluorescence was relatively weak after 4 h but became stronger after 24 h, which is different from
TP/FITC micelles, which showed strong FITC fluorescence at the earlier time point (4 h) and
exhibited minimal change after 24 h (Figure 2.10b and f). This indicates that TP/FITC micelles
undergo a dissociation at an earlier time point compared to TM/FITC micelles. In addition, the
fluorescence observed in the cells treated with TPh/FITC micelles was much weaker than that
observed in the cells treated with TP/FITC and TM/FITC micelles, showing that TPh/FITC
micelles are more stable than TP/FITC and TM/FITC micelles. These results are in line with the

different dissociation rates of the micelles in the presence of H2O2 as shown in Figure 2.9b.
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Figure 2.10. Dissociation of the thioether/FITC-bearing micelles in HepG2 cells. HepG2 cells
were treated with (a,e) medium only, (b, f) TP/FITC, (c, g) TM/FITC, (d, h) TPh/FITC micelles
for (a-d) 4 h and (e-h) 24 h in the absence/presence of the ROS scavenger N-acetylcysteine
(NAC, 5 mM). An increase in the fluorescence intensity of the thioether/FITC micelles due to
dissociation was observed by CLSFM. Left panel: Hoechst 33342 (nucleus, blue) and FITC
(yellow), Right panel: DIC. Scale bars: 20 pm. (i,j) Intracellular fluorescence intensity in HepG2
cells treated with thioether/FITC-bearing micelles. The CLSFM images were analyzed to
determine fluorescence intensity within HepG2 cells nontreated (NT) and treated with TP/FITC,
TM/FITC, and TPh/FITC micelles for (i) 4 and (j) 24 h in the absence (open columns) or
presence (filled columns) of NAC. **p<0.01, ***p<0.001, n.s. p>0.05 (n=3).

2.3.6 Dox-Loaded Thioether-Bearing Micelles
To explore the potential application of the thioether-bearing micelles for drug delivery

applications, we encapsulated the anticancer drug doxorubicin (Dox) in the micelles to evaluate
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their functions as drug carriers. Dox and the thioether-bearing polymers (1:5 by weight) were
mixed in N-methyl pyrrolidone (NMP) and added dropwise to water to prepare Dox-loaded
micelles. As shown in Figure 2.11a, all micelles had drug loading capacities of >15 w/w%.
(weight ratio of Dox/micelle). In the case of TPh20 and TPh40 micelles, nearly all Dox was
encapsulated (about 20 w/w%), which may be due to the strong interaction between the aromatic
ring of TPh and anthraquinone rings of Dox. Furthermore, there was no obvious effect of thioether
block length on Dox loading.

Dox release from the thioether-bearing micelles was measured in the presence of 10 mM H>0»
at 37°C. As shown in Figure 2.11b-d, the amount of Dox released was significantly higher in the
presence of H>O, showing that the micelles release Dox in response to H,O>. TP40, TM40, and
TPh40 micelles released approximately 3, 2.5, and 2 times higher amount of Dox after 1 h of
incubation with 10 mM HO; relative to the non-treated micelles (H2O> (-)). This observation
agrees with the oxidation-sensitive dissociation of the micelles as shown by DLS (Figure 2.8) and
the fluorescence recovery assay (Figure 2.9b) where TP40 micelles exhibited the fastest

dissociation followed in order by TM40 and TPh40 micelles.

46



(b)

—
D)

30 100
3 25 80
3 (7]
2 20| a
g £
< 15 n=
3
L Do 40
= 10 =
3 20 4
8 5
0 L 0 . . - r
™ ™ TPh 0 30 60 90 120 150
(c) (d Time [min]
100 100
30 80
[ L]
0 0
3 60 3 60 -
[3 [
£ »
8 40 8 40 4
= B
20 A 20
0 : . L . 0
0 30 60 90 120 150 0 30 60 90 120 150

Time [min] Time [min]
Figure 2.11. Characterization of Dox-loaded thioether-bearing micelles. (a) Dox loading for the
different micelle solutions. Dox was mixed with thioether-bearing micelles (Dox:micelles = 1:5
by weight) in NMP and added dropwise to water to prepare Dox-loaded micelles. Free Dox was
removed from the micelles by ultrafiltration and quantified by UV-Vis spectroscopy to determine
the Dox loading capacity (Dox/micelles w/w%). Gray bar: TP20, TM20 and TPh20, White bar:
TP40, TM40 and TPh40. n=3. (b-d) Dox release in response to H>O». The thioether-bearing

micelles (b), TP40, (c) TM40, (d) TPh40 loaded with Dox (Dox concentration: 4 mM) were
incubated in the absence (grey circles) or presence (white circles) of 5 mM H>O, at 37°C. n=3.

The cytotoxicity of the Dox-loaded micelles was evaluated in HepG2 cells and human
umbilical endothelial cells (HUVECs) by MTT assay. As shown in Figure 2.12a and Table 2.3,
encapsulating Dox in the TP40 and TM40 micelles significantly increased its cytotoxicity in
HepG2 cells as shown by the lower LCso values compared to Dox alone. The LCso value for Dox-
loaded TPh40 micelles was slightly higher compared to the TP40 and TM40 micelles but lower
than Dox alone. These results indicate that TP40 and TM40 micelles efficiently released Dox in
HepG2 cells, which are known to overproduce ROS!%17!while the TPh40 micelles were not

sensitive enough to release similar amounts of Dox in response to ROS produced by HepG2 cells.
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In contrast to HepG2 cells, TM40 and TPh40 micelles showed significantly higher LCs (i.e., lower
cytotoxicity) than Dox alone in HUVECs having basal levels of ROS (Figure 2.12b). This
protective effect in HUVECs seems to relate to the higher stability of these micelles in the presence
of ROS at basal levels, which prevents the release of Dox within HUVECs. Compared to TM40
and TPh40 micelles, Dox encapsulated in TP40 micelles showed higher toxicity, indicating TP40
micelles with a high sensitivity towards ROS can be destabilized by basal ROS levels in HUVECs
resulting in Dox release. Overall, TM40 micelles, exhibiting moderate ROS sensitivity, seems to
be the most promising drug carrier to increase the cytotoxicity of Dox in cancer cells (HepG2) but
protect normal cells (HUVECs) from the side effects of Dox. It is important to note that all micelles
without Dox were not toxic at concentrations up to 1 mg/mL (Figure A.14, Supporting

Information), which is higher than the micelle concentrations tested in Figure 2.12.
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Figure 2.12. Cytotoxicity of the Dox-loaded micelles in (a) HepG2 cells and (b) HUVECs. Cells
were cultured in the presence of Dox and Dox-loaded micelles for 2 d. Cell viability was
measured by MTT assay. n=3.
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Table 2.3. LCso values of Dox and the Dox-loaded micelles in HepG2 cells and HUVECs as
determined by MTT Assay.

LCso [uM]
HepG2 HUVEC
Dox 0.520 0.077
Dox-TP40 0.028 0.385
Dox-TM40 0.031 >0.480
Dox-TPh40 0.060 >0.67

To understand the reason for the enhanced cytotoxicity of the Dox-loaded micelles in
HepG2, we further explored how the thioether-bearing micelles affect the intracellular distribution
of Dox in HepG2 cells using its intrinsic fluorescence properties. In contrast to Dox alone, which
shows immediate accumulation in the nucleus, the majority of Dox was observed in the cytoplasm
along with the moderate accumulation of Dox in the nucleus after 4 h in the case of Dox-loaded
micelles (Figure 2.13). Since the FITC-labeled micelles were observed only in the cytoplasm and
not in the nucleus as shown in Figure 2.10, it is unlikely that Dox-loaded micelles entered the
nucleus. This implies that Dox must have been released from the micelles in the cytoplasm in order
to enter the nucleus. Therefore, the observed slow accumulation of Dox in the nucleus suggests a
sustained release of Dox from the micelles inside the cells.

To evaluate the colocalization of Dox with the nucleus in a quantitative way, we
determined the Pearson’s Correlation Coefficient (PCC) from the 3D Z-stack images. PCC values
close to 1 indicate that fluorescence intensities of two probes are perfectly and linearly related (i.e.,
colocalization), a value of zero indicates that the distributions of two probes are not correlated with

one another (no colocalization), and values near -1 imply the perfect inverse colocalization of two
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probes. As shown in Figure 2.14, the PCC values increased within 1 h for Dox showing rapid
colocalization with the nucleus while the Dox-loaded micelles show intermediate PCC values (0.3-
0.5) even after 4 h, indicating a moderate correlation of the Dox and Hoechst fluorescence signals.
This difference between Dox and the Dox-loaded micelles seems to be due to a sustained release
of Dox from the micelles. Therefore, enhanced toxicity of the Dox-loaded micelles can be
attributed to the sustained release of Dox from the micelles as shown by CLSFM, enabling
continuous delivery of Dox for an extended period. In addition, it has been reported that while Dox
is prone to hydrolysis in physiological buffer solution, encapsulating Dox within a hydrophobic
core of micelles significantly slows down its hydrolysis.!”? Therefore, it is possible that the
beneficial effects of the micelles is also due to the improved chemical stability of Dox under

biological condition.
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Hoechst 33342

Figure 2.13. Intracellular distribution of Dox in HepG2 cells. Cells were cultured in the presence
of (a) Dox and the Dox-loaded micelles (b)TP40, (c) TM40 and (d) TPh40. After culturing for 4
h, cells were observed by CLSFM. Dox concentration: 0.5 uM. Left panel: Hoechst 33342
(nucleus, blue), center: panel Dox (red), Right panel : Merged. Scale bars: 20 pm.
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Figure 2.14. Colocalization analysis of Dox with the cell nucleus (Hoechst 33342) of HepG2
cells. Person’s correlation coefficient (PCC) was calculated from the CLSFM 3D image slices

obtained at the indicated time points. Free Dox (circles), Dox-loaded micelles. TP40 (triangles),
TM40 (diamonds) and TPh40 (squares). n=3.

2.4 Conclusion

We herein report a library of thioether-bearing polymeric micelles with different oxidation
sensitivities. The effects of substituent groups on the H>O: oxidation of thioether were first
investigated using different thioether model compounds, 3-methylthiopropylamide (TPAM),
thiomorpholine amide (TMAM), and 4-(methylthio)benzylamide (TPhAM). TPAM with a more
nucleophilic sulfur atom, according to Bader charge analysis, showed much faster oxidation than
TPhAM. On the other hand, the cyclic thioether TMAM, which showed a higher charge density
than TPAM exhibited slower oxidation than TPAM. These results indicate that both electronic and
steric effects contribute to the oxidation rate of thioethers. A similar trend was observed for the
polymeric micelles bearing these thioether groups (TP, TM, and TPh micelles). Micelle
dissociation following the oxidation of thioether groups was confirmed both in the presence of
H>0; and human liver cancer HepG2 cells, which produce elevated levels of ROS. The
dissociation rate was faster for TP micelles followed in order by TM and TPh micelles.

Furthermore, the thioether-bearing micelles were loaded with Dox and their potential application
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in cancer treatment was investigated. Among the micelles, TM micelles significantly increased the
toxicity of Dox in HepG2 cells but protected normal cells (HUVECs) from Dox cytotoxicity. These
results clearly show that the dissociation of thioether-bearing micelles can be modulated by
designing thioether groups with different substituent groups. Therefore, fine-tuning oxidation
sensitivities of the thioether groups is a promising approach for rationally designing cancer cell-
specific drug delivery systems that release drugs in cancer tissues under oxidative stress but are

stable in healthy tissues.
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3 ROS-sensitive hydrogen sulfide donor micelles for cancer-

targeted delivery

The work in this chapter was done under the mentorship of Dr. Urara Hasegawa during her

tenure at Kansas State University

Abstract

Hydrogen sulfide (H2S), an important gaseous signaling molecule in the human body has
shown immense therapeutic potential such as inhibition of cancer cell proliferation. Since the anti-
cancer effect of exogeneous H»S is known to be significantly affected by the concentration and
duration of exposure, the development of HoS-releasing materials with controlled release of HoS
is thereby crucial. Despite the development of several H2S donors that exhibit controlled release
of HS, there is a lack of site-specific delivery of HoS especially to cancer cells. Here, reactive
oxygen species (ROS)-sensitive polymeric micelles were prepared from amphiphilic block
copolymers consisting of a hydrophilic poly(N-acryloyl morpholine) (PAM) segment and a
hydrophobic segment bearing H,S-releasing anethole dithiolthione (ADT) group and an oxidation-
sensitive thioether motif (TP) for selective and controlled delivery of H2S to cancer cells in
response to elevated levels of ROS . In the presence of hydrogen peroxide (H>O»), a greater release
of HoS was observed in colon cancer cells from the ROS-sensitive micelles due to the faster
dissociation rate compared to the non-sensitive micelles and the H>S donor (ADT). Furthermore,
the ROS-sensitive micelles exhibited greater anti-proliferative activity in colon cancer with no
obvious cytotoxicity in human umbilical endothelial cells (HUVECs), which is known to produce

basal levels of ROS.
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3.1 Introduction

Hydrogen sulfide (H2S) has been recognized as an important cellular signaling molecule
belonging to a family known as gasotransmitters along with nitric oxide (NO) and carbon
monoxide (CO). In the body, H»S is ubiquitously produced by the action of a series of enzymes
consisting of cystathionine vy-lyase (CSE), cystathionine [-synthase (CBS), and 3-
mercaptopyruvate sulfur transferase (3-MST).?” Accumulating evidence has shown that both
endogenous production of H2S and exogenous administration of H>S exerts diverse regulatory

33,173,174

functions in the body including proangiogenic, vasodilatory,'!” neuromodulatory,*® anti-

36178179 and cytoprotective effects.> Among the

apoptotic,!’® anti-inflammatory,'”” anti-cancer,
diverse therapeutic effects of HaS, its dual role in cancer biology has attracted vast attention. An
increase in expression of the three main H>S producing enzymes, cystathionine y-lyase (CSE),
cystathionine B-synthase (CBS), and 3-mercaptopyruvate sulfurtransferase (3MST) has been
reported in numerous types of cancer, suggesting that endogenous H>S production is important for
the growth and proliferation of cancer.'®133, Inhibition or silencing of CBS particularly in colon,
ovarian, and breast cancer have been explored and were shown to exhibit anti-tumor activity.!318
Interestingly, the anti-cancer effects by inhibition or silencing of H2S biosynthesis is contradicted
by many studies where exogeneous administration of H,S exert anti-cancer effects in vitro and in
vivo [T8179:186-189 T date, sulfide salts such as Na,S and NaHS are the most widely used H»S donors
to study the biological activities of H2S. While convenient, there is a discrepancy in the release
rate along with a proper dosage of HoS to suppress the growth of cancer cells due to the

instantaneous and uncontrollable release of HoS from these salts, which do not accurately mimic

the controlled endogenous production of H»S.
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With the increasing awareness of the role of H>S in cancer biology, which has been reported
to be heavily dependent on the concentration, duration, and location of H>S exposure, many studies
have been reported with varying HoS donors used to evaluate its potential in suppressing cancer
call growth. Synthetic H>S donors including Lawessons’s reagent derivatives such as morpholin-

),!88 anethole dithiolethione

4-ium 4-methoxyphenyl(morpholino) phosphinodithioate (GYY4137
(ADT) derivatives such as ADT-OH,* and naturally occurring polysulfides such as diallyl
trisulfide (DATS)**> with various H»S release mechanisms have attracted attention in studying
the anti-cancer effects of HoS due to their protective effects and ability to release H2S over a
prolonged period of time. For example, continuous exposure of the water-soluble and slow-release
H>S donor GYY4137 at high concentrations was shown to remarkably inhibit cancer cell
proliferation in various cancer cell lines by induction of cell cycle arrest, apoptosis, and
intracellular acidification.'8%!88 A similar effect was observed in colorectal cancer (Caco-2) where
treatment with 0.5-1.0 mM GYY4137 inhibited proliferation by induction of cell cycle arrest,
apoptosis, and necrosis.!”” More recently, a novel hybrid H»S-releasing donor, HA-ADT with
hyaluronic acid (HA) conjugated to ADT-OH demonstrated superior ability in releasing greater
amounts of HoS and significantly inhibiting proliferation through suppression of angiogenesis in
human breast cancer cells compared to other donors (NaHS and GYY4137). "Despite the
promising results of these donors in exhibiting anti-cancer effect, there is a lack of site-specificity
as most of these HoS donors utilize molecular triggers that are ubiquitously present in the body,
thus inducing H»S release in any part of the body. Hence, these donors are less viable in studying
the anti-cancer effects of H»S in specific target cells or tissues.

To achieve site-specific delivery of H»S, donors that release H»S in response to stimuli such

as reactive oxygen species (ROS),*® enzyme activation,*® light,'”! and pH*® modulation have
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emerged as a promising approach and demonstrated superior protective effects. Of particular
interest is the ROS-activated carbonyl sulfide (COS) donors reported by Pluth and co-workers,
where COS release is triggered by hydrogen peroxide (H>O2) commonly overproduced in many
pathological conditions, followed by hydrolysis to produce hydrogen sulfide by ubiquitous enzyme
carbonic anhydrase.’® This was the first example of H2S donor triggered by disease-specific
cellular species and was capable of exhibiting cytoprotective effects against oxidative stress in
cervical cancer cell (HeLa). Despite the promising potential of these diverse arrays of H2S donors,
several challenges still remain in regards to the delivery of HzS to cancer cells. First, a majority of
H>S donors still show relatively fast HoS release under physiological conditions which is not
desirable for therapeutic in suppressing cancer cell growth requiring sustained release of H»S.
Secondly, the biological effects of these low molecular weight organic compounds are often
blurred due to their decomposition products. In addition, these small donors are rapidly removed
from the blood circulation by renal clearance, resulting in low therapeutic efficiency.
Macromolecule-based donors such as polymer-drug conjugates as well as polymeric
nanoparticles have been known to significantly prolong the blood circulation time of drugs,
enhance their accumulation in the target tissues and alleviate side effects. In the field of HoS
delivery, there have been several reports of macromolecule-based systems for H,S delivery.3%!%2
Previously, a polymeric H2S donor micelle containing ADT moiety in the micellar core capable of
protecting rat cardiomyocytes from ischemic cell death, owning to the sustained release profile of
H,S compared to the donor alone (ADT-OH) was reported.'®* Foster and colleagues reported a S-
aroylthiooxime (SATO) functionalized amphiphilic block copolymer micelles, which showed a
substantially slower cysteine-triggered H>S release compared to the donor (SATO) alone and

demonstrated anti-cancer activity.’? The micelles significantly reduced the survival of HCT116
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colon cancer cells compared to Na>S, SATO, and GYY4137 donors, but was well tolerated by
immortalized fibroblasts (NIH/3T3 cells). Interestingly, this was one of the first studies that
demonstrated the ability of H>S macromolecule-based systems to selectively suppress cancer cell
growth, which the authors attributed to the sustained release of H»S. Although the H>S donor
micelles show sustained H»S release compared to their respective small H2S donors, the lack of
cell-type specificity may be a drawback in understanding the exact role of H»S, especially in cancer
biology.

Here, we designed and synthesized H2S donor micelles containing H>S-donating ADT groups
as previously reported®’"!’* with the addition of an oxidation-sensitive thioether group in the
hydrophobic micellar core for site-specific delivery of H2S in response to elevated levels of
reactive oxygen species (ROS) in cancer cells (Figure 3.1). Thioether-containing polymers are
among the most widely used building blocks to confer oxidation sensitivity to drug carriers.
Thioethers that have low dipolar moments are known to be oxidized by ROS to polar sulfoxides
and, in part, sulfones. We envisioned that the HoS release profile from the micelles will be
modulated by controlling the micellar association/dissociation in response to elevated levels of
ROS at diseased sites such as cancer cells, where the thioether groups will be converted to
hydrophilic groups and thereby destabilize the micellar structure. Dissociation of these micelles in
the presence of H20> and human colon cancer HT29 cells was investigated. Furthermore, the
cytotoxicity of these micelles in HT29 and human umbilical vein endothelial cells (HUVECs) were

evaluated.
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Figure 3.1. H>S donor micelles bearing oxidation-sensitive thioether group for targeted delivery
of H2S in cancer cells with elevated levels ROS (courtesy of Hasegawa and Radaha).

3.2 Experimental Procedures

3.2.1 Materials

Pentafluorophenyl acrylate (PFPA) was purchased from Tokyo Chemical Industry (USA). 4-
acryloylmorpholine (AM), 2,2’-azobis(isobutyronitrile) (AIBN), 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid (CTA), aluminum oxide (AlO3), 1-
methyl-2-pyrrolidinone (NMP), deuterated chloroform (CDCI3) deuterated dimethyl sulfoxide
((CD3)2S0), calcium hydride (CaH>), trifluoroacetic acid (TFA), sodium dodecyl sulfate (SDS),
phosphor pentoxide (P4O10) and 4A molecular sieves were purchased from Sigma Aldrich (USA).
Tris(trimethylsilyl)silane, 1,4-dioxane, anhydrous dimethylformamide (DMF), tetrahydrofuran
(THF), diethyl ether (Et,O), ethanol (EtOH), hexane (HA) triethylamine (TEA), potassium
hydroxide (KOH) pellets, hydrogen peroxide (H202) solution (50 wt%), hydrochloric acid
(HCI), Tricine, Sodium Chloride (NaCl), calcium chloride (CaCl,), Leucine, Nile red, Hoechst
33342, McCoy’s 5A, fetal bovine serum, penicillin-streptomycin, and trypsin-EDTA were

purchased from  Fisher Scientific (USA). Fluorescamine was  purchased from
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Acros Organics. XPell pellets were purchased from Xplosafe (USA). Regenerated cellulose
dialysis tubing (MWCO 2 kDa) was purchased from Spectrum Laboratories (USA). ADT-NH»
was synthesized as reported previously.'** Sephadex LH20 and G20 were purchased from GE
Healthcare (USA). WSP-1 fluorescent probe was purchased from Cayman Chemical Company
(USA). HT29 cells were purchased from ATCC (USA). Amicon® Ultra 4 mL Centrifugal Filters,
transparent and black 96 well plates and disposable 5 mL polypropylene columns were purchased
from Thermo Fisher Scientific (USA). The glass-bottom dishes were purchased from Matsunami
Glass (USA). 200 mesh carbon-coated copper grids were purchased from Electron Microscopy
Science (USA).

Pentafluorophenyl acrylate and 4-acryloylmorpholine were passed through a plug of Al2Osto
remove the inhibitor. AIBN was recrystallized from MeOH. 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid was recrystallized from HA. 1,4-dioxane was distilled from CaH> and kept
over molecular sieves and XPell pellets. TEA was dried over KOH pellets. Other reagents were
used as received without further purification.

3.2.2 Instrumentation

Proton NMR ("H NMR) Spectroscopy. '"H NMR spectra were measured with a Varian 400MHz
NMR spectrometer. A number of 32 scans was collected and the delay time (D1) was set to 10 s
for polymers and 1 s for small compounds. The chemical shifts are referenced to the residual
undeuterated NMR solvent signal at 7.26 ppm (CDCl3) and 2.50 ((CD3)2S0O),

Attenuated Total Reflection Infrared Spectroscopy (ATR-IR). Attenuated total reflection
infrared (ATR-IR) spectra were obtained using a Perkin Elmer Spectrum 400 spectrometer.

Gel Permeation Chromatography (GPC). Elution profiles of the polymers were obtained using

a ResiPore PL1113-6300 GPC column on an Agilent Technologies 1220 Infinity II LC GPC
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system equipped with a 1260 RI detector and a 1260 MCT column oven. THF was used as the
eluent with a flow rate of 1.0 mL/min. The temperature of the RI detector and column oven was
40 °C. The polymers were dissolved in THF at 5 mg/ml and 10 puL of the solution was injected.
The polydispersity index (Mw/M,) was calculated from the elution profiles of a polystyrene
standard (Agilent).

UV-Vis spectroscopy. The UV/Vis spectra were measured on a Thermo Scientific Nanodrop One®
spectrophotometer.

Dynamic Light Scattering (DLS). Dynamic light scattering measurements were done using a
Malvern Zetasizer Nano ZS Series instrument. Freshly prepared micelle solutions were filtered
using a polyethersulfone (PES) syringe filter (pore size: 0.45 pm) and placed in disposable micro
cuvettes (ZEN0040, Malvern). The Z-average diameter and polydispersity index (PDI) of the
micelles were determined by the cumulant method.

Transmission Electron Microscopy (TEM). The morphology of the micelles was observed by
transmission electron microscopy using the negative staining method. The micelle solution (1
mg/ml in water) was mixed with 2 w/v% uranyl acetate aqueous solution (volume ratio of 1:1) and
added to 200 mesh carbon-coated copper grids. The grids were air-dried after removing the
solution by blotting the side of the grid with filter paper. Images were acquired on a FEI Tecnai
G2 Spirit BioTWIN instrument operating at 80 kV.

UV-Vis/fluorescence spectroscopy with Plate Reader. The UV-Vis absorbance and
fluorescence intensities were measured with a Tecan infinite M200 plate reader.

Confocal Laser Scanning Fluorescence Microscopy (CLSFM). Fluorescence images were
acquired on an Olympus Fluoview FV1000-D confocal microscope equipped with 405, 473, 559,

and 632 nm lasers.
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3.2.3 Synthesis of PPFPA Homopolymer

PPFPA was synthesized by RAFT polymerization using AIBN as the initiator and 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid as the chain transfer agent (CTA). For
PPFPA26, 595.3 mg (2.5 mmol) of PFPA, 36.5 mg (0.1 mmol) of CTA, and 1.64 mg (0.01) mmol)
of AIBN were dissolved in 1,4-dioxane (Total volume: 2.5 mL). The reaction mixture was
deoxygenated by six freeze-pump-thaw cycles, heated to 60 °C under argon and stirred for 24 h.
The polymerization was stopped by quenching the reaction with liquid nitrogen and opening the
Schlenk tube to air. After thawing to room temperature, the reaction mixture was added dropwise
to 75 mL of EtOH. The precipitate was filtered, washed with EtOH (3x10 mL) and dried under
reduced pressure to yield 485.3 mg of yellow solids. The filter was then washed with CH>Cl, (3x4
mL) and evaporated at room temperature. After drying under reduced pressure, 20.8 mg of yellow
solids were recovered with a total yield of 506.1 mg (80%). The polymers were characterized by

'H NMR, GPC, and FT-IR as shown in Supporting Information.

3.2.4 Synthesis of PAM-PPFPA Diblock Copolymer

PAM-PPFPA diblock copolymer was synthesized by dissolving 352.9 mg (2.50 mmol) of AM,
157.9 mg (0.031 mmol) of PPFPA, and 0.3411 mg (0.0025 mmol) of AIBN in 1,4-dioxane (Total
volume: 2.50 mL). The reaction mixture was deoxygenated by five freeze-pump-thaw cycles,
heated to 60 °C under argon, and stirred for 24 h. The polymerization was stopped quenching the
reaction with liquid nitrogen and opening the Schlenk tube to air. After cooling to room
temperature, the reaction mixture was added dropwise to 75 mL of Et20. The precipitate was
filtered, washed with 10 mL Et20 (3x10 mL), and dried under reduced pressure to yield 433.3 mg
yellow solids. The filter was then washed with CH>Cl> (4x4 mL) and evaporated at room

temperature. After drying under reduced pressure, 24.6 mg of yellow solids were recovered with
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a total yield of 457.9 mg (89%). The polymers were characterized by 'H NMR, GPC, and FT-IR

as shown in the supporting information.

3.2.5 CTA End Group Removal from PAM-PPFPA Diblock Copolymer

The CTA end group was removed by radical-induced cleavage of the thiocarbonylthio group.'®>
PAM-PPFPA polymer (400 mg, 0.017 mmol) and AIBN (109 mg, 0.67 mmol) were dissolved in
3 mL of 1,4-dioxane. The solution was deoxygenated by five freeze-pump-thaw cycles, heated to
70 °C under argon, and stirred for 24 h. The slightly purple reaction mixture was placed in liquid
nitrogen and opening the Schlenk tube to air. After warming to room temperature, the reaction
mixture was added dropwise to 80 mL of Et20. The precipitate was filtered, washed with Et20
(2x10 mL), and dried under reduced pressure to yield 366.4 mg (92%) of white solids. The

polymers were characterized by GPC and FT-IR as shown in Supporting Information.

3.2.6 Synthesis of ADTM and ADT-TPM Block Copolymers.

PAM-PPFPA polymer (30.3 mg, 0.034 mmol of PFPA groups) was dried at 40 °C under vacuum
for 24 h in the presence of P4O19. The polymer was dissolved in 0.80 mL anhydrous DMF followed
by the addition of ADT-NHz2-TFA (6.52 mg, 0.017 mmol, 0.5 eq. relative to PPFPA23 groups or
13.05 mg, 0.034 mmol, 1 eq. relative to PPFPA26 groups) and TEA (0.034 mmol, 2 eq. relative to
ADT-NH>-TFA or 0.068 mmol, 2 eq. relative to ADT-NH>-TFA). After three purge-evacuate
cycles, the reaction mixture was heated at 50 °C under argon and stirred for 24 h. Next, TP-NH>
(7.17 mg, 0.068 mmol, 4 eq. relative to remaining PPFPA26 groups) was added to the reaction
mixture under argon. The reaction mixture was heated at 50 °C under argon following three purge-
evacuate cycles and stirred for another 24 h. The polymer was separated from unreacted ADT-
NH> and pentafluorophenol by Sephadex LH-20 size exclusion column chromatography (column

diameter: 13 mm, length: 250 mm) using DMF as the eluent. The absorbance at 436 nm of each
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fraction (1 mL) was measured using Nanodrop and plotted as a function of elution volume to obtain
the elution profile (Figure B.4, Supporting Information). Then, fractions containing the polymers
were combined, diluted 2x with deionized (DI) water, and dialyzed against 4 L of DI water for 2

d, with regular replacement of the water. Polymers were recovered by lyophilization.

3.2.7 Preparation of Micelles

The ADTM and ADT-TPM block copolymers were dissolved in NMP (100 mg/mL) and added
dropwise to DI water (volume ratio 1:9) under stirring (Final concentration:10 mg/mL). The
solutions were dialyzed (MWCO, 2kDa) against 4 L of DI water for 3 d, with regular replacement
of water. To determine polymer concentration after dialysis, part of the micelle solution was
lyophilized and the amount of polymer was determined gravimetrically. The remaining micelle
solution was concentrated and further purified using an Amicon Ultra-4 centrifugal filter followed
by absorbance measurement at 436 nm using Nanodrop. ADT concentration was determined from

a standard curve of ADT-NH> measured at 436 nm using Nanodrop.

3.2.8 Ciritical Micelle Concentration (CMC).

The CMC of the micelles was determined using the Nile red method.!® To 350 pL of the micelle
solutions at different concentrations, 3.5 pL of 0.1 mg/mL Nile red solution in DMSO was added.
The micelle/Nile red mixtures were transferred to a 96-well plate (100 pL/well, n=3) and incubated
at room temperature for 2 h in the dark. The fluorescence intensity (Aex=530 nm, Aem=630 nm) was
recorded and plotted against log(concentration). The CMC values were determined based on the
intersection between the linear fits of the low and high concentration regions as shown in Figure

B.5, Supporting Information.
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3.2.9 Dissociation of Micelles in the presence of H,O:

The-micelle solutions (2.5 mg/mL, 90 uL) in PBS (pH 7.4) were incubated with/without 10 pL
H>0: (Final concentration of H>O2: 100 mM ) at 37 °C. The size distribution of the micelles was
measured by DLS at indicated time points. The dissociation rate of micelles was determined as

followed:

) Scattered light intensity at indicated time point [kcps]
% Intensity = - - - - x 100
Scattered light intensity at time zero [kcps]

3.2.10 Cell Culture

HT-29 human colon cancer cells were cultured in McCoy’s SA medium containing 10% fetal
bovine serum and 1% penicillin-streptomycin (10,000 U/mL) in a 5% COx incubator at 37 °C.
Human umbilical vein endothelial cells (HUVECs) were cultured in a vascular basal medium
containing the endothelial cell growth kit-VEGF and Amphotericin B in a 5 % CO2 incubator at
37 °C.

3.2.11 Cell Viability Assay in HT29 cells

HT29 cells and HUVECs were seeded in a 96-well plate at a density of 3.0 x 10° cells/well and
5.0 x 10° cells/well and cultured for 1 d. The medium was replaced with 100 pL/well of fresh
medium containing ADTM and ADT-TPM micelles and the cells were cultured for 5 d for HT29
cells and 2 d for HUVEC cells in a CO; incubator. The medium was then replaced with 100 puL of

0.5 mg/ml of MTT in medium and the cells were cultured for 2 h. The formazan crystals formed
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were dissolved in 100 pL/well of 100 mg/mL sodium dodecyl sulfate (SDS) solution in 0.01 M

HCI (aq). The absorbance at 570 nm was measured using a microplate reader.

3.2.12 HsS release from the micelles in HT29 lysate with the WSP-1 H:S fluorescent
detection probe

HT29 cell lysate was diluted with PBS at a volume ratio of 1:5 and mixed with WSP-1 (final

concentration: 25 uM for WSP-1). This mixture was then mixed with the micelle solutions

followed by H>O» in a 96 well plate (final concentrations: 50 uM for ADT groups and 10 mM

H>0>). The fluorescence intensity was measured as a function of time on the plate reader (Aex =

465 nm, Aem = 515 nm).

3.2.13 H:S Release by Fluorescent dye WSP-1 in HT29 Cells

Measurement of H»S release in HT29 cell was performed as reported previously.'’” Briefly, HT29
cells were seeded in a 96-well plate (5x10* cells/well) and cultured for 1 d. The medium was
replaced with 100 pL/well of WSP-1/DMSO in PBS (Final concentration of WSP-1 in DMSO: 25
puM) and incubated for 30 mins at 37 °C. Then, the WSP-1/DMSO in PBS solution was removed
and 100 pL/well of fresh medium containing ADTM and ADT-TPM micelles were added (Final
concentration of ADT: 50 uM). Fluorescence intensity (Aexcitation = 480 nm, Aemmission= 520 nm) was
measured at indicated time points using a microplate reader. As a control, the cells were replaced

with 100 pL/well of fresh medium.
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3.3 Results and Discussion

3.3.1 Synthesis of ROS-sensitive H2S Donor Micelles (ADT-TPM and ADTM)

In previous reports, polymeric micelles consisting of amphiphilic block copolymers composed of
a hydrophilic PEG segment and hydrophobic segment bearing ADT moieties were prepared by
reversible addition-fragmentation chain transfer (RAFT) polymerization. The micelles were
shown to release H»S significantly slower compared to the donor, ADT-OH as well as protect rat
cardiomyocytes from ischemic damages in an in vitro ischemic model. Here, ROS sensitivity is
conferred to the existing design of H>S donor micelles to deliver H»S site-specifically to diseased
sites such as cancer cells, where elevated levels of ROS have been reported. The ROS-sensitive
H>S donor micelles were prepared with an amphiphilic diblock copolymer consisting of a
hydrophilic poly(N-acryloyl morpholine) (PAM) block and a hydrophobic block bearing ROS-
sensitive thioether and HS-releasing dithiolthione group (ADT) as shown in Figure 3.2. It is
expected that the release of H2S from the micelles would be modulated by the destabilization of
the micellar structure in response to oxidation of thioether groups to sulfoxides or sulfones by

ROS.

The block copolymer PAM-b-poly(pentafluorophenyl acrylate) block copolymer was first
synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization followed
by the CTA group removal via the radical-induced cleavage of thiocarbonylthio group'®® as shown
in Figure 3.2. The polymers were successfully synthesized with narrow size distribution (Mw/Mn)
of 1.15 and below as measured by GPC (Figure B.1, Supporting Information) with a block length
of 23 for the first hydrophobic block followed by a block length of 97 for the diblock copolymer
determined by '"H NMR. After removal of the CTA end group, the diblock copolymer was

modified by substituting the pentafluorophenyl ester group to form amides sequentially with ADT-
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NHa at a ratio of 0.5 relative to PPFPA groups followed by TP-NH; in two times excess relative
to the remaining PPFPA group. As a control, the diblock copolymer was modified with ADT-NH>
only in two times excess relative to PPFPA groups. Then, the polymers were isolated from
unconjugated ADT-NH> and TP-NH> by Sephadex LH-20 size exclusion column chromatography.
The absorbance due to ADT group at 436 nm was measured to obtain elution profiles of the ADT-
conjugated polymers and ADT-NH: (Figure B.4, Supporting Information). Based on the area
under the peaks for ADT-conjugated polymer and free ADT-NH: group, a 98 % and
99%conjugation was determined for the ROS-sensitive H2S donor micelles (ADT-TPM) and
control (ADTM) respectively, thus confirming the successful conjugation of both ADT- NH> and
TP-NHo. The successful conjugation of TP-NH> and ADT-NH> motifs were further confirmed by
'"H NMR (Figure B.2, Supporting Information). In addition, FT-IR measurements showed the
absence of pentafluorophenyl ester group by the absence of C=0O stretching vibration of the
activated ester group (1780 cm™), C=C stretching vibration of the aromatic ring (1510 cm™), and

C-F stretching vibration (1000 cm™) in the FT-IR spectra (Figure B.3, Supporting Information).

S

i F | F_@ CioH i OH \)OL (b) (c)
C12H25\SAS>§rOH \i j@: — 12H2s~ o S/% N/\ — C12H25\S SWOH _e_
o O I F oo o K/O o)
CTA F AM

(\N o oo
PFPA F ° F F
F F F F
F F
PPFPA PAM-PPFPA

CTA Removed PAM-PPFPA

Figure 3.2. Synthesis Scheme of the ADT-TPM and ADTM block copolymers. (a) AIBN, 1,4-
dioxane, 60 °C, 24 h (b) AIBN, 1,4-dioxane, 60 °C, 24 h (c) AIBN, 1,4-dioxane, 70 °C, 24 h (d)
DMF, ADT-NH; - TFA and TEA at 50 °C for 24 h followed by addition of TP-NH; at 50 °C for
24 h
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3.3.2 Preparation and Characterization of ADT-TPM and ADTM Micelles

The micelles were prepared by self-assembly of the ADT-TPM and ADTM diblock copolymers
in PBS. As shown in Figure 3.3, both ADT-TPM and ADTM polymers formed monodisperse
micelles with a Z-average diameter (Dn) of 3644 nm and 30+3 nm, respectively as determined by
dynamic light scattering (DLS). TEM measurements by the negative staining method further
confirmed the presence of spherical micelles as observed in Figure 3.2. To evaluate the
thermodynamic stability of the micelles, the critical micelle concentration (CMC), the polymer
concentration above which micelles form, was determined by the Nile red method!*’ (Figure B.5,
Supporting Information). In the case of ADT-TPM micelles, a CMC value of 29.6 pM was
determined whereas ADTM micelles exhibited a lower CMC value of 8.2 nM. This shows that the

ADTM micelles are slightly more stable thermodynamically compared to ADT-TPM micelles.
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Figure 3.3. Characterization of ADT-TPM and ADTM micelles. (a-b) Size distribution by DLS,
(c-d) TEM images of micelles negatively stained with 2% uranyl acetate solution. (a,c) ADT-
TPM micelles, (b,d) ADTM micelles. Scale bar: 200 nm.
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3.3.3 Dissociation of micelles in the presence of H>0O>

Next, the dissociation of ADT-TPM and ADTM micelles in the presence of H>O> was evaluated.
The micelles (1 mg/mL) were incubated in the presence/absence of 100 mM H»O; at 37 °C and
the size distribution was monitored by changes in the light intensity scattered determined by DLS.
Within the first 2 h of treatment, the ROS-sensitive micelles, ADT-TPM exhibited a 35 % decrease
in the intensity of light scattered, showing dissociation of the micelle (Figure 3.4a). Over a period
of 24 h, a 50 % decrease in intensity of light scattered was observed. On the other hand, only a
slight decrease of about 5 % in the intensity of light scattered was observed for the control micelles,
ADTM in the first 2 h (Figure 3.4a). Even after treatment for 24 h, ADTM micelles displayed
only a 10 % decrease in intensity of light scattered compared to 50% decrease in intensity of light
scattered for ADT-TPM micelles. To show that the dissociation of ADT-TPM micelles was
induced by oxidation of the thioether group by H>O», the presence of sulfoxide vibration at around
1100 cm™ was confirmed by FT-IR (Figure 3.4b). The dissociation of ADT-TPM micelles bearing
ROS-sensitive thioether group upon oxidation by H>O> indeed confirms the ROS-sensitivity of

ADT-TPM micelles.
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Figure 3.4. Dissociation of ADT-TPM (squares) and ADTM (circles) micelles upon oxidation
by H20>. The micelles were treated with 100 mM H2O:at 37°C and change in the scattered light
intensity of micelles was monitored by DLS (a) Change in scattered light intensity, (b) FT-IR
spectra of ADT-TPM micelles before (solid line) and after (dotted line) treatment with H>O».
Red line indicates sulfoxide vibration. n=3.

3.3.4 H:S Release from Micelles in the presence of H2O: in HT29 Cell Lysate

The H»S release profiles from ADT-TPM and ADTM micelles in the absence/presence of H2O2
were investigated in cell lysate using the WSP-1 H,S detection probe. In previous reports, it was
shown that H»S release is induced by intracellular components, presumably enzymes as ADT-
based HoS donors released HoS in cell lysate but not in fetal bovine serum or glutathione-
containing PBS.!"”* Hence, it is expected that the oxidation of thioether groups by H>O, would
induce the dissociation of micelles and subsequent release of H»S. In the presence of H>O», a
greater release of HoS was observed from the ROS-sensitive micelle, ADT-TPM compared to
ADTM micelles as shown in Figure 3.5. In the absence of H20,, minimal release of H>S was
observed for both micelles. These results indicate that ADT-TPM micelles undergo a greater

degree of dissociation in the presence of H»O,, thus releasing more H>S compared to ADTM

micelles.
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Figure 3.5. HoS release in HT29 cell lysate. ADT-TPM and ADTM micelles were added to
HT29 cell lysate containing WSP-1 H>S detection probe in the absence/presence of 100 Mm
H>0,. Fluorescence intensity (Aex=465 nm, Aem=515 nm) was monitored at indicated time point.
ADT-TPM (+) H2Oz: circles, ADT-TPM (-) H2Oz: triangles, ADTM (+) H20»: diamonds,
ADTM (-) H20z: squares. n=3

3.3.5 H>:S Release from Micelles in HT29

It is widely known that cancer cells produce elevated levels of ROS.!®"17! So, we next investigated
the release of H>S from the micelles in human colon cancer HT29 cells. HT29 cells were cultured
in the presence of both micelles (ADT-TPM and ADTM) and the small H,S donor, ADT and the
H,S release in comparison to the non-treated cells (medium only) were determined using the
fluorescent HoS-detection dye, WSP-1. An increase in fluorescence intensity for cells treated with
medium only is expected as HT29 cells are known to produce H>S endogenously. As shown in
Figure 3.6, ADT-TPM micelles exhibited greater release of H>S overall compared to ADTM
micelles, small H>S donor, ADT, and non-treated cells. When comparing both micelles, ADT-
TPM micelles released approximately 2 times more H2S after 6 h of incubation compared to
ADTM micelles. On the other hand, ADT and non-treated cells released a similar amount of H»S.

This observation is consistent with the ROS-sensitivity of the micelles (Figure 3.4) and H>S
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release in HT29 cell lysate (Figure 3.5) where ADT-TPM micelles exhibited greater dissociation

in response to H>O», thus resulting in a higher release of H»S.
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Figure 3.6. H>S release in HT29 cells. Cells were cultured in the presence of ADT-TPM (circles)
and ADTM (squares) micelles, ADT donor (diamonds), and medium as a control (triangles) at
indicated time points (ADT Concentration: 50 uM). Cells were washed and incubated prior with
WSP-1 H:S detection dye for 30 min. Fluorescence intensity (Aex=480 nm, Aem=520 nm) was
monitored at indicated time point. n=3

3.3.6 Anti-proliferative Effect of Micelles

As H2S has been reported to play an important role in the inhibition of cancer cell
proliferation,*®>%17%:198 the anti-proliferative effect of ADT-TPM and ADTM micelles in HT29
cells and human umbilical endothelial (HUVEC) cells were evaluated by MTT assay. As shown
in Figure 3.7a, ADT-TPM micelles exhibited a greater anti-proliferative effect compared to
ADTM micelles and ADT in HT29 cells, which are known to produce elevated levels of ROS. At
an ADT concentration of 100 uM, ADT-TPM micelles showed a cell viability of 60 % compared
to 70 % and 78% for ADTM micelles and ADT respectively. This enhanced anti-proliferative
effect of ADT-TPM micelles is attributed to the greater release of HoS in response to elevated

levels of H>O» as observed in Figure 3.5-3.6. In contrast to HT29 cells, no significant decrease in
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cell viability was observed in HUVEC cells with basal levels of ROS for both ADT-TPM and
ADTM micelles (Figure 3.7b). However, the donor ADT exhibited greater cytotoxicity with cell
viability of about 50% at an ADT concentration of 100 uM compared to both micelles (82 % for
ADTM micelles and 90% for ADT-TPM micelles) which have been previously shown to exhibit

similar effects in RAW blue macrophages.!
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Figure 3.7. Cell viability of ADT donor (triangles), ADTM (circles) and ADT-TPM (squares)
micelles in (a) HT29 and (b) HUVEC cells. Cells were cultured in the presence of micelles for 5
d or 2 d. Cell viability was measured by MTT assay. n=3.

3.4 Conclusion

In summary, H2S donor micelles bearing ADT group and oxidation-sensitive thioether
group (TP) were successfully synthesized. Remarkably, a much greater release profile of H>S was
observed from the oxidation-sensitive H2S donor micelles compared to the control micelle and
H>S donor (ADT) in HT29 colon cancer cells with elevated levels of ROS. The greater release of
H,S subsequently showed enhanced anti-proliferative effects in colon cancer cells. Promisingly,
the oxidation-sensitive H>S donor micelles were well tolerated in HUVEC cells while the HoS

donor (ADT) showed significant cytotoxicity. This result is significant as it may be a valuable
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tool to clarify the exact role of H»S in terms of duration and concentration required to exert anti-

proliferative activity in a targeted and controlled manner.
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4 MMP-2-sensitive hydrogen sulfide donor micelles for cancer-

targeted delivery

The work in this chapter was done under the mentorship of Dr. Urara Hasegawa during her

tenure at Kansas State University

Abstract

Hydrogen sulfide (H2S) has been shown to be involved in many physiological and
pathophysiological functions as a gaseous signaling molecule in the body such as anti-cancer
effects. With the anti-cancer effect of HoS being largely attributed to the concentration and duration
of exposure in a localized manner, the need for H>S donors that can trigger H»S release selectively
to cancer cells is important. Here, MMP-2 enzyme sensitive polymeric micelles were prepared
from amphiphilic block copolymers consisting of a hydrophilic poly(N-acryloyl morpholine)
(PAM) segment and a hydrophobic segment bearing H,S-releasing anethole dithiolthione (ADT)
group and MMP-2 cleavable peptide motif for site-specific and controlled delivery of H»S to
cancer cells in response to upregulation of MMP-2 enzyme. The dissociation of MMP-2-sensitive
micelles was significantly affected in the presence of MMP-2 enzyme, hence releasing more HoS
in colon cancer cells compared to the control and the H>S donor (ADT). In addition, the MMP-2
sensitive micelles exhibited a more potent anti-proliferative activity in colon cancer. Hence, the
design of MMP-2-sensitive H>S donor micelles which releases HoS in cancer cells in response to
overproduction of MMP-2 enzyme could potentially provide a more detailed insight into the anti-

cancer effects of H>S.
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4.1 Introduction

H>S as a signaling molecule have shown immense therapeutic potential such as

33,173

vasodilatory,!” proangiogenic, anti-inflammatory, '*” neuromodulatory,*® cytoprotective,>*

and anti-cancer effects. 36178179

ever since its discovery by Abe and Kimura in 1996 on its possible
physiological function in the nervous system. Of particular interests is the increasing awareness of
the role of H>S in exerting anti-cancer effects where inhibition or silencing of H2S producing
enzyme cystathionine B-synthase (CBS) specifically in the colon and ovarian cancer has been
shown to suppress cancer cell growth in preclinical studies.'%!82 In a different approach, exposure
of H2S from various HzS donors exogenously at higher concentrations or lower concentrations for
a sustained period selectively inhibits cancer cell proliferation and induces apoptosis.>”!"8186 For
example, a recent report by Cai and colleagues showed that ADT-OH, inhibited the growth of
melanoma and induced apoptosis by enhancing the activation of caspase-3 and significantly
increasing the levels of Fas-associated protein with death domain (FADD) protein.’® While
convenient, a lot of these donors lack the ability to mimic the endogenous production of H>S

through enzymatic activation, which could be key to understanding the precise and detailed

mechanistic understanding of the role of H»S in selectively inhibiting cancer cell growth.

As enzymes are innate to living organisms and possess substrate specificity, it makes them
unique and promising targets for diagnosis and specific drug targeting due to elevated levels in
many diseases.?!**? In the field of H2S delivery, only a few enzyme-triggered H.S donors have
been reported in the field of H>S delivery. Wang and coworkers were the first to report an enzyme-
triggered HoS donor where a series of esterase-triggered HoS donors containing the thioester group
was developed by variation of the phenolic moiety, which releases H>S upon esterase-mediated

cleavage of the ester group followed by lactonization.?”> Promisingly, the donors exhibit anti-
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inflammatory effects by inhibiting TNF-a secretion in RAW 264.7 macrophages with no obvious
cytotoxicity up to a concentration of 200 uM, which the authors attributed to the controlled release
rate of HoS from the esterase-triggered donors. However, H,S release could occur non-specifically
throughout the body as esterase enzymes are ubiquitously present in the body. More recently,
Matson and coworkers reported an elastase-triggered H»S-releasing hydrogel bearing human
neutrophil elastase (HNE) degradable peptide as the elastase sensitive moiety and H»S-releasing
S-aroylthiooxime (SATO) for targeted delivery of HaS to diseases with recurring inflammation.'?®
Remarkably, the hydrogel showed greater release of H»S in the presence of elastase enzyme and
exhibited cytoprotective effects against doxorubicin (Dox) in HC29 rat embryonic

cardiomyocytes, thus presenting a promising approach to selectively deliver H2S to inflammation

sites.

The significant upregulation of Matrix metalloproteinases (MMPs), especially MMP-2 enzyme

has been reported in numerous types of cancer***2%

and further explored as a unique target for
tumor-targeted drug delivery via an enzyme-triggered mechanism. Matrix metalloproteinases
(MMPs), especially MMP-2, are known to be involved in cancer invasion, progression, and
metastasis.””” The majority of studies utilize synthetic MMP-2 cleavable peptide sequences or
crosslinkers to confer MMP-2 sensitivity to nanocarriers such as polymeric micelles and
hydrogels.?!*2!* These MMP-responsive nanocarriers typically remain biologically inert and

stable in normal tissues, but release payloads of drugs from the nanocarriers in tumors with

increased levels of MMP-2.

Here, we report the design and synthesis of MMP-2 enzyme sensitive H>S donor polymeric
micelles containing H>S donating ADT group and enzymatically cleavable hydrophobic peptide

motif for site-specific delivery of HoS in response to upregulation of MMP-2 in cancer cells
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(Figure 4.1). Previously, a polymer- H>S donor conjugate and polymeric H>S donor micelles
bearing dithiolthione moiety (ADT) that released H»S in a slow and sustained manner compared
to the small donor itself (ADT-OH) while minimizing the toxic side effects of the small ADT
donor.'°>?!3 In addition, the micelles were shown to further enhance the pro-inflammatory effect
of gardiquimod (GDQ) in murine macrophages and protected cardiomyocytes from ischemic cell
death. By adding MMP-2 cleavable peptide motifs to the existing design of H>S-donor micelles
previously reported, we expect that the release of H2S from the micelles would be accelerated by
the destabilization of micellar structure in response to upregulation of MMP-2 enzymes. In this
respect, the design of MMP-2 sensitive H>S polymeric micelles could potentially provide a
platform in understanding the detailed mechanism of HzS actions in inhibiting cancer cell growth

in various types of cancer.
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Figure 4.1. Polymeric micelles bearing MMP-2 cleavable peptide motifs for targeted delivery of
H>S in cancer cells over-expressing MMP-2 enzyme (courtesy of Hasegawa and Radaha).

4.2 Experimental procedures

4.2.1 Materials
Pentafluorophenyl acrylate (PFPA) were purchased from Tokyo Chemical Industry (USA). 4-
acryloylmorpholine (AM), 2,2’-azobis(isobutyronitrile) (AIBN), 2-

(dodecylthiocarbonothioylthio)-2-methylpropionic acid (CTA), aluminum oxide (Al2O3), 1
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methyl-2-pyrrolidinone (NMP), deuterated chloroform (CDCIz) deuterated dimethyl sulfoxide
((CD3)2S0), calcium hydride (CaH>), trifluoroacetic acid (TFA), sodium dodecyl sulfate (SDS),
phosphor pentoxide (P4O10) and 4A molecular sieves were purchased from Sigma Aldrich (USA).
Tris(trimethylsilyl)silane, 1,4-dioxane, anhydrous dimethylformamide (DMF), tetrahydrofuran
(THF), diethyl ether (Et2O), ethanol (EtOH), triethylamine (TEA), potassium hydroxide (KOH)
pellets, hydrochloric acid (HCI), Tricine, Sodium Chloride (NaCl), calcium chloride (CaCly),
Leucine, Nile red, Hoechst 33342, McCoy’s 5A, fetal bovine serum, penicillin-streptomycin, and
trypsin-EDTA were purchased from Fisher Scientific (USA). Fluorescamine was purchased from
Acros Organics. XPell pellets were purchased from Xplosafe (USA). Regenerated cellulose
dialysis tubing (MWCO 2 kDa) was purchased from Spectrum Laboratories (USA). ADT-NH»
was synthesized as reported previously.'”* The MMP-2 cleavable and non-cleavable peptides,
GPLGL-NH2 ' TFA and GPLL-NH;-TFA, were synthesized at the Center for Molecular Analysis
of Disease Pathways, University of Kansas. Sephadex LH20 and G20 were purchased from GE
Healthcare (USA). WSP-1 fluorescent probe was purchased from Cayman Chemical Company
(USA). Matrix metalloproteinase (MMP-2) was purchased from RD-SYSTEMS. 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from MP
Biomedical (USA). HT29 cells were purchased from ATCC (USA). Amicon® Ultra 4 mL
Centrifugal Filters, transparent and black 96 well plates and disposable 5 mL polypropylene
columns were purchased from Thermo Fisher Scientific (USA). The glass-bottom dishes were
purchased from Matsunami Glass (USA). 200 mesh carbon-coated copper grids were purchased

from Electron Microscopy Science (USA).

Pentafluorophenyl acrylate and 4-acryloylmorpholine were passed through a plug of Al2Osto

remove inhibitor. AIBN was recrystallized from MeOH. 2-(dodecylthiocarbonothioylthio)-2-
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methylpropionic acid was recrystallized from HA. 1,4-dioxane was distilled from CaH> and kept
over molecular sieves and XPell pellets. TEA was dried over KOH pellets. Other reagents were

used as received without further purification.

4.2.2 Instrumentation
Proton NMR (‘H NMR) Spectroscopy. '"H NMR spectra was measured with a Varian 400MHz
NMR spectrometer. A number of 32 scans was collected and the delay time (D1) was set to 10 s

for polymers and 1 s for small compounds. The chemical shifts are referenced to the residual

undeuterated NMR solvent signal at 7.26 ppm (CDCl3) and 2.50 ((CD3)2SO),

Attenuated Total Reflection Infrared Spectroscopy (ATR-IR). Attenuated total reflection

infrared (ATR-IR) spectra were obtained using a Perkin Elmer Spectrum 400 spectrometer.

Gel Permeation Chromatography (GPC). Elution profiles of the polymers were obtained using
a ResiPore PL1113-6300 GPC column on an Agilent Technologies 1220 Infinity II LC GPC
system equipped with a 1260 RI detector and a 1260 MCT column oven. THF was used as the
eluent with a flow rate of 1.0 mL/min. The temperature of the RI detector and column oven was
40 °C. The polymers were dissolved in THF at 5 mg/ml and 10 pL of the solution was injected.
The polydispersity index (Mw/Mn,) was calculated from the elution profiles of a polystyrene

standard (Agilent).

UV-Vis spectroscopy. The UV/Vis spectra were measured on a Thermo Scientific Nanodrop One®

spectrophotometer.

Dynamic Light Scattering (DLS). Dynamic light scattering measurements were done using a
Malvern Zetasizer Nano ZS Series instrument. Freshly prepared micelle solutions were filtered

using a polyethersulfone (PES) syringe filter (pore size: 0.45 um) and placed in disposable micro
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cuvettes (ZEN0040, Malvern). The Z-average diameter and polydispersity index (PDI) of the

micelles were determined by the cumulant method.

Transmission Electron Microscopy (TEM). The morphology of the micelles was observed by
transmission electron microscopy using the negative staining method. The micelle solution (1
mg/ml in water) was mixed with 2 w/v% uranyl acetate aqueous solution (volume ratio of 1:1) and
added onto 200 mesh carbon-coated copper grids. The grids were air-dried after removing the
solution by blotting the side of the grid with filter paper. Images were acquired on a FEI Tecnai

G2 Spirit BioTWIN instrument operating at 80 kV.

UV-Vis/fluorescence spectroscopy with Plate Reader. The UV-Vis absorbance and

fluorescence intensities were measured with a Tecan infinite M200 plate reader.

Confocal Laser Scanning Fluorescence Microscopy (CLSFM). Fluorescence images were
acquired on an Olympus Fluoview FV1000-D confocal microscope equipped with 405, 473, 559,

and 632 nm lasers.

4.2.3 Synthesis of PPFPA Homopolymer

PPFPA was synthesized by RAFT polymerization using AIBN as the initiator and 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid as the chain transfer agent (CTA). For
PPFPA26, 535.8 mg (2.25 mmol) of PFPA, 32.8 mg (0.09 mmol) of CTA, and 1.48 mg (0.009
mmol) of AIBN were dissolved in 1,4-dioxane (Total volume: 567 uL). The reaction mixture was
deoxygenated by six freeze-pump-thaw cycles, heated to 60 °C under argon and stirred for 19 h.
The polymerization was stopped by quenching the reaction with liquid nitrogen and opening the
Schlenk tube to air. After thawing to room temperature, the reaction mixture was diluted with 1.5

mL dioxane and added dropwise to 50 mL of EtOH. The precipitate was filtered, washed with
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EtOH (2x10 mL) and dried under reduced pressure to yield 387.6 mg of yellow solids. The filter
was then washed with CH2Cl> (3x4 mL) and evaporated at room temperature. After drying under
reduced pressure, 55.4 mg of yellow solids was recovered with a total yield of 443 mg (77%). The

polymers were characterized by '"H NMR, GPC, and FT-IR as shown in Supporting Information.

4.2.4 Synthesis of PAM-PPFPA Diblock Copolymer

AM (344.2 mg, 2.44 mmol), PPFPA26 (159.3 mg, 0.024 mmol), and AIBN (0.399 mg, 0.0024
mmol) were dissolved in 1,4-dioxane (Total volume: 2.43 mL). The reaction mixture was
deoxygenated by five freeze-pump-thaw cycles, heated to 60 °C under argon and stirred for 22 h.
The polymerization was stopped quenching the reaction with liquid nitrogen and opening the
Schlenk tube to air. After cooling to room temperature, the reaction mixture was added dropwise
to 60 mL of Et20. The precipitate was filtered, washed with 10 mL Et20 (2x10 mL), and dried
under reduced pressure to yield 424.4 mg yellow solids. The filter was then washed with CH>Cl;
(4x4 mL) and evaporated at room temperature. After drying under reduced pressure, 29.5 mg of
yellow solids was recovered with a total yield of 453.9 mg (90%). The polymers were

characterized by 'H NMR, GPC, and FT-IR as shown in Supporting Information.

4.2.5 CTA End Group Removal from PAM-PPFPA Diblock Copolymer

The CTA end group was removed by radical-induced reduction of the thiocarbonylthio group.'®>
PAM-PPFPA polymer (380 mg, 0.019 mmol), tris(trimethylsilyl)silane (28.2 pL, 0.10 mmol),
andAIBN (6.0 mg, 0.037 mmol) were dissolved in 1.8 mL of 1,4-dioxane. The solution was
deoxygenated by five freeze-pump-thaw cycles, heated to 70 °C under argon and stirred for 23 h.
The slightly purple reaction mixture was placed in liquid nitrogen and opening the Schlenk tube
to air. After warming to room temperature, the reaction mixture was added dropwise to 80 mL of

Et20. The precipitate was filtered, washed with Et20 (2x10 mL), and dried under reduced pressure
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to yield 360.2 mg (95%) of white solids. The polymers were characterized by GPC and FT-IR as

shown in Supporting Information.

4.2.6 Synthesis of ADT-GPLGL and ADT-GPLL Block Copolymers.

PAM99-PPFPA26 polymer (30 mg, 0.038 mmol of PFPA26 groups) was dried at 40 °C under
vacuum for 24 h in the presence of P4O10. The polymer was dissolved in 0.80 mL anhydrous DMF
followed by the addition of MMP-2 cleavable peptide(GPLGL-NH2-TFA) (10.80 mg, 0.019
mmol, 0.5 eq relative to PFPA26 groups) or non-cleavable peptide (GPLL- NH>-TFA)(9.70 mg,
0.019 mmol, 0.5 eq relative to PFPA26 groups) and TEA (0.038 mmol, 2 eq. relative to
GPLGL-TFA or GPLL-TFA). After three purge-evacuate cycles, the reaction mixture was heated
at 50 °C under argon and stirred for 24 h. Next, ADT-NH2-TFA (14.65 mg, 0.038 mmol, 1 eq.
relative to PPFPA26 groups) and TEA (0.076 mmol, 2 eq. relative to ADT-NH>-TFA) was added
to the reaction mixture under argon. The reaction mixture was heated at 50 °C under argon
following three purge-evacuate cycles and stirred for another 48 h. The polymer was separated
from unreacted ADT-NH> and pentafluorophenol by Sephadex LH-20 size exclusion column
chromatography (column diameter: 13 mm, length: 250 mm) using DMF as the eluent. The
absorbance at 436 nm of each fraction (1 mL) was measured using Nanodrop and plotted as a
function of elution volume to obtain the elution profile. To verify the successful conjugation of
MMP-2 cleavable or non-cleavable peptide motif to polymer, fluorescamine assay in DMF of all
fractions were performed.?'%?!"Briefly, 100 pL/well of Tricine buffer (50 mM Tricine, 150 mM
NaCl, 10 mM CaClp, pH 7.5), 50 uL/well of peptide solution in DMF, and 50 pL/well of
fluorescamine solution in acetone (Final concentration of fluorescamine: 2 mM) were added to a
black 96 well plate. The plate was sealed with a plate sealer and incubated at 25 °C for 15 min.

Fluorescence intensity (Aexcitation = 387 nm and Aemission = 480 nm) of each fraction was measured
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using a microplate reader. Then, fractions containing polymer were combined, diluted 2x with
deionized (DI) water, and dialyzed against 4 L of DI water for 3 d, with regular replacement of the

water. Polymers were recovered by lyophilization.

4.2.7 Preparation of Micelles

The ADT-GPLGL and ADT-GPLL block copolymers were dissolved in NMP (100 mg/mL) and
added dropwise to DI water (volume ratio 1:9) under stirring (Final concentration:10 mg/mL). The
solutions were dialyzed (MWCO, 2kDa) against 4 L of DI water for 3 d, with regular replacement
of water. To determine polymer concentration after dialysis, part of the micelle solution was
lyophilized and the amount of polymer determined gravimetrically. The remaining micelle
solution was concentrated and further purified using an Amicon Ultra-4 centrifugal filter followed
by absorbance measurement at 436 nm using Nanodrop. ADT concentration was determined from

a standard curve of ADT-NH> measured at 436 nm using Nanodrop.

4.2.8 Critical Micelle Concentration (CMC).

The CMC of the micelles was determined using the Nile red method.!® To 350 pL of the micelle
solutions at different concentrations, 3.5 pL of 0.1 mg/mL Nile red solution in DMSO was added.
The micelle/Nile red mixtures were transferred to a 96-well plate (100 pL/well, n=3) and incubated
at room temperature for 2 h in the dark. The fluorescence intensity (Aex=530 nm, Aem=630 nm) was
recorded and plotted against log(concentration). The CMC values were determined based on the
intersection between the linear fits of the low and high concentration regions as shown in Figure

C.1, Supporting Information.
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4.2.9 Monitoring of Micelle Dissociation in Response to MMP-2

The-micelle solutions (0.5 mg/mL, 396 puL) in Tricine buffer (50 mM Tricine, 150 mM NacCl, 10
mM CaCl,, pH 7.5) were incubated with/without 4 uL. MMP-2 (Final concentration of MMP-2
enzyme: 43.6 nM ) at 37 °C. The size distribution of the micelles was measured by DLS followed
by collection of fractions (30 pL) at indicated time points. The dissociation rate of micelles was

determined as followed:

) Scattered light intensity at indicated time point [kcps]
% Intensity = - - - - x 100
Scattered light intensity at time zero [kcps]

4.2.10 Determination of free leucine concentration in the micelle solution treated
with MMP-2

The micelle solutions (0.5 mg/mL, 396 uL) in Tricine buffer (50 mM Tricine, 150 mM NaCl, 10
mM CaCl,, pH 7.5) were incubated with/without 4 nL. MMP-2 (Final concentration of MMP-2:
43.6 nM ) at 37 °C. At the indicated time points, 30 pL of the micelle solutions were collected and
stored at -20 °C. The amount of free leucine in the sample was measured by fluorescamine
assay.?!%217 The sample (10 pL/well) was placed in a 96 well black plate and mixed with 10
puL/well of 3.6 mM fluorescamine solution in acetone and 30 pL/well tricine buffer. The plate was
sealed with a plate sealer and incubated at 25 °C for 15 min. Fluorescence intensity (Aexcitation = 387
nm and Aemission = 480 nm) was measured using a microplate reader. The concentrations of free
leucine in the samples were determined using the standard curve (Figure C.2, Supporting

Information) and % cleaved peptide was calculated as follows:

) Concentration of free leucine in the sample [mmol]
% Cleaved Peptide = - — - - X 100
Concentration of peptide in the intact micelles [mmol]
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4.2.11 Cell Culture

HT-29 human colon cancer cells were cultured in McCoy’s 5A medium containing 10% fetal

bovine serum and 1% penicillin-streptomycin (10,000 U/mL) in a 5% CO> incubator at 37 °C.

4.2.12 Cell Viability Assay in HT29 cells

HT29 cells were seeded in a 96-well plate at a density of 3.0 x 10° cells/well and cultured for 1 d.
The medium was replaced with 100 pL/well of fresh medium containing ADT-GPLGL and ADT-
GPLL micelles and the cells were cultured for 5 d in a CO> incubator. The medium was then
replaced with 100 pL of 0.5 mg/ml of MTT in medium and the cells were cultured for 3 h. The
formazan crystals formed were dissolved in 100 uL/well of 100 mg/mL sodium dodecyl sulfate
(SDS) solution in 0.01 M HCI (aq). The absorbance at 570 nm was measured using a microplate

reader.

4.2.13 H:S release from the micelles in HT29 lysate with the WSP-1 H:S fluorescent
detection probe

HT29 cell lysate was diluted with PBS at a volume ratio of 1:5 and mixed with WSP-1 (final

concentration: 25 pM for WSP-1). This mixture was then mixed with the micelle solutions

followed by MMP-2 enzyme in a 96 well plate (final concentrations: 50 uM for ADT groups and

43.6 nM MMP-2 enzyme). The fluorescence intensity was measured as function of time on the

plate reader (Aex =465 nm, Aem = 515 nm).

4.2.14 H:S Release by Fluorescent dye WSP-1 in HT29 Cells

Measurement of HS release in HT29 cell were performed as reported previously.'®” Breifly, HT29
cells were seeded in a 96-well plate (5x10* cells/well) and cultured for 1 d. The medium was

replaced with 100 pL/well of WSP-1/DMSO in PBS (Final concentration of WSP-1 in DMSO: 25
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uM) and incubated for 30 mins at 37 °C. Then, the WSP-1/DMSO in PBS solution was removed
and 100 pL/well of fresh medium containing ADT-GPLGL and ADT-GPLL micelles were added
(Final concentration of ADT: 50 uM). Fluorescence intensity (Aexcitation = 480 nm, Aemmission = 520
nm) was measured at indicated time points using a microplate reader. As a control, the cells were

replaced with 100 puL/well of fresh medium.

4.2.15 Observation of H,S Release by Fluorescent dye WSP-1 in HT29 cells

HT-29 cells were seeded in a quadruple well glass-bottom dish at 2.0 x 10* cells/well with 100
pL/well medium for 1 d. the medium was replaced with 100 pL/well of fresh medium containing
8 nM Hoescht 33342 dye, and cells were incubated for 5 min at 37 °C. Thereafter, the medium
was replaced with 100 pL/well of WSP-1/DMSO in PBS (Final concentration of WSP-1 in DMSO:
2.5 uM) and incubated for 30 mins at 37 °C. Then, the solution was replaced with 100 pL/well of
fresh medium containing ADT-GPLGL and ADT-GPLL micelles (Final concentration of ADT:

25 uM). After culturing for 8 h, cells were observed by CLSFM.

4.3 Results and Discussion
4.3.1 Synthesis of MMP-2 sensitive H>S Donor Micelles (ADT-GPLGL and ADT-

GPLL)

To prepare the MMP-2 sensitive H>S donor micelles, we designed an amphiphilic diblock
copolymer consisting of a hydrophilic poly(N-acryloyl morpholine) (PAM) block and a
hydrophobic block bearing MMP-2 cleavable peptide and H»S-releasing dithiolthione group
(ADT) (Figure 4.2). Previously, polymeric micelles based on amphiphilic block copolymers
composed of a hydrophilic PEG segment and hydrophobic segment bearing ADT moieties were

synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization. The
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micelles were shown to release H»S significantly slower compared to the donor alone, ADT-OH.
In addition, the micelles protected rat cardiomyocytes from ischemic damages in an in vitro

1schemic model.
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Figure 4.2. Synthesis Scheme of the ADT-GPLGL and ADT-GPLL block copolymers. (a)
AIBN, 1,4-dioxane, 60 °C, 24 h (b) AIBN, 1,4-dioxane, 60 °C, 24 h (c)
Tris(trimethylsily)silane, AIBN, 1,4-dioxane, 70 °C, 24 h (d) DMF, GPLGL-NH,-TFA/GPLL-
NH>-TFA, and TEA at 50 °C for 24 h followed by addition of ADT-NH> TFA and TEA at 50 °C
for48 h

As upregulation of MMP-2 enzyme is observed in numerous cancer cells,?**?9>207 we sought to
confer enzyme sensitivity to the existing design of polymeric micelle containing H>S donating
ADT group in the hydrophobic core by addition of hydrophobic peptides containing MMP-2
cleavable peptide motif (GPLGL) for site-specific delivery of H»S to cancer cells. The addition of
MMP-2 cleavable peptide motifs to polymeric micelles have been proven to successfully enhance
tumor targeting and cellular penetration.?!>2!3-18 A recent work with polymeric micelles carrying
MMP-2 cleavable octapeptides for tumor-specific co-delivery of siRNA and paclitaxel drug

displayed enhanced tumor targeting triggered by upregulation of MMP-2.2!? This strategy indeed
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shows great potential for cancer-specific delivery of H>S. The MMP-2-specific peptide sequence
(PLGL) was used based on previous studies on the cleavage specificities of peptide sequences of
nine human matrix metalloproteinases (MMPs) by high throughput Proteomic Identification of
protease Cleavage Sites (PICS) method.?!” An additional glycine unit (GPLGL) was added to the
sequence for improved conjugation degree with a primary amine. A scrambled MMP-2 peptide
sequence (GPLL) was also chosen as a control. We hypothesize that the release of HoS from the
micelles would be modulated by the destabilization of the micellar structure in response to

cleavage of peptide motifs by MMP-2 enzyme.

We first synthesized PAM-b-poly(pentafluorophenyl acrylate) block copolymer (PAM-PPFPA)
by reversible addition-fragmentation chain transfer (RAFT) polymerization followed by the CTA
group removal via the radical-induced reduction'®> as shown in Figure 4.2. Well-defined polymers
were successfully synthesized with narrow size distribution (Mw/Mn) of 1.10 and below as
measured by GPC (Figure C.3, Supporting Information) and a block length of 26 for the first
hydrophobic block (PPFPA) followed by a block length of 99 for the diblock copolymer (PAM)
determined by 'H NMR (Figure C.4, Supporting Information). The diblock copolymer (PAM-
PPFPA) was modified sequentially with GPLGL or GPLL peptide sequences at a ratio of 0.5
relative to PPFPA groups followed by ADT-NH; in two times excess relative to the remaining
PPFPA group by substitution of pentafluorophenol group.!¢¢??° The polymer was isolated from
unconjugated ADT-NH, and the peptide by Sephadex LH-20 size exclusion column
chromatography. The elution profiles of the ADT conjugated polymers and ADT-NH> were
obtained by measuring the absorbance at 436 nm due to ADT group (Figure C.5a-b, Supporting
Information). A 99 % conjugation was determined based on the area under the peaks for ADT-

conjugated polymer and free ADT- NH> group, showing a successful conjugation of both peptide
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followed bv ADT- NH». We also determined the amount of unreacted peptide by the fluorescamine
assay (Figure C.5a-b, Supporting Information).?!!*!7 While the primary amine of ADT-NH, could
also react with fluorescamine, the dithioltione group typically quenches fluorescamine resulting in

little to no fluorescence as observed in Figure C.5a-b.

Based on the unreacted peptide determined by fluorescamine assay, a 98 % conjugation was
observed for both peptide sequences. The successful conjugation of GPLGL or GPLL peptide
motifs and ADT group was further confirmed by the absence of C=0O stretching vibration of
activated ester group (1780 cm™), C=C stretching vibration of the aromatic ring (1510 cm™), and
C-F stretching vibration (1000 cm™) in the FT-IR spectra (Figure C.6, Supporting Information).
In addition, the presence of GPLGL or GPLL peptides and ADT groups was confirmed by FT-IR
(Figure C.7) and '"H NMR (Figure C.4, Supporting Information) with the characteristic peak of

leucine-and ADT group.

4.3.2 Preparation and Characterization of ADT-GPLGL and ADT-GPLL Micelles

The micelles were prepared by self-assembly of the ADT-GPLGL and ADT-GPLL diblock
copolymers in PBS. Both ADT-GPLGL and ADT-GPLL polymers formed monodisperse micelles
with a Z-average diameter (Dn) of 373 nm and 39+4 nm, respectively as determined by dynamic
light scattering (DLS) (Figure 4.3). The presence of spherical micelles were further confirmed by

TEM by the negative staining method as observed in Figure 4.3.
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Figure 4.3. Characterization of ADT-GPLGL and ADT-GPLL micelles. (a-b) Size distribution
by DLS, (c-d) TEM images of micelles negatively stained with 2% uranyl acetate solution. (a,c)
ADT-GPLGL micelles, (b,d) ADT-GPLL micelles. Scale bar: 200 nm.

Furthermore, the critical micelle concentration (CMC), the polymer concentration above which
micelles form, was determined by the Nile red method'”’ to evaluate thermodynamic stability of
micelles (Figure C.1, Supporting Information). Both micelles showed similar CMC values of 3.86
uM and 398 uM for ADT-GPLGL and ADT-GPLL respectively, indicating similar

thermodynamic stabilities of these micelles.

4.3.3 Monitoring of micelle dissociation in the presence of MMP-2
To evaluate the MMP-2 sensitivity of ADT-GPLGL and ADT-GPLL micelles, the micelles were
incubated in the absence/presence of 43.6 nM MMP-2 enzyme at 37 °C and the dissociation of

micelles by MMP-2 enzyme was monitored by changes in the light intensity scattered determined

92



by DLS. In the case of ADT-GPLGL micelles with the MMP-2 cleavable peptide motif (GPLGL),
a 60% decrease in the intensity of light scattered was observed within 24 h in the presence of
MMP-2 enzyme (Figure 4.4a), showing dissociation of micelles due to enzymatic cleavage of
MMP-2 enzyme. On the contrary, minimal dissociation was observed for ADT-GPLL micelles
with MMP-2 non-cleavable peptide motif (GPLL) due to the minimal decrease in intensity of the

scattered light as shown in Figure 4.4a.
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Figure 4.4. Dissociation of ADT-GPLGL (circles) and ADT-GPLL (squares) micelles upon
enzymatic cleavage. The micelles were treated in the (a) presence or (b) absence of 43.6 nM

MMP-2 enzyme at 37°C and change in the scattered light intensity of micelles was monitored by
DLS. n=3.

After treatment with MMP-2 enzyme for 24 h, ADT-GPLL micelles displayed only a 20%
decrease in light intensity compared to a 60% decrease in light intensity for ADT-GPLGL micelles
(Figure 4.4a). Furthermore, no obvious dissociation was observed in the absence of MMP-2
enzyme for both micelles (Figure 4.4b). These results clearly indicate that ADT-GPLGL micelles
bearing MMP-2 cleavable peptide motif can indeed undergo dissociation due to cleavage by MMP-
2 enzymes whereas ADT-GPLL micelles bearing the non-cleavable peptide motif is less

susceptible to MMP-2 cleavage. The MMP-2 sensitivity of ADT-GPLGL and ADT-GPLL
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micelles following dissociation were further confirmed by monitoring the cleavage of peptide by
MMP-2 enzyme with fluorescamine assay. Since MMP-2 enzyme is known to cleave peptide
sequences at the site between glycine (G) and leucine (L),??! fluorescamine assay was again
utilized to detect the resulting leucine fraction from the N-terminus peptide sequence. Leucine
concentration was determined from a calibration curve measured by fluorescamine assay (Figure

C.2, Supporting Information).

For ADT-GPLGL micelles, 40 % of cleaved peptide (leucine) relative to the initial concentration
of GPLGL was observed over a period of 24 h (Figure 4.5a) which is consistent with the
dissociation of micelles shown in Figure 4.4. In contrast, ADT-GPLL micelles did not show any
increase in the amount of cleaved peptide over 24 h (Figure 4.5a), thus confirming the minimal
dissociation displayed in Figure 4. In addition, only 0.5 % of cleaved peptide was observed in 24
h for both micelles in the absence of MMP-2 enzyme (Figure 4.5b) Based on these results, the
dissociation of ADT-GPLGL micelles (Figure 4.3) can be attributed to the cleavage of peptide by
MMP-2 enzyme. Interestingly, ADT-GPLGL micelles did not show complete dissociation even
after 24 h of treatment with MMP-2 enzyme, which is also accompanied by only a 40% increase
in cleaved peptide. This could be due to the reduced accessibility of MMP-2 enzyme to the peptide

motifs with the stable hydrophobic nature of the micellar core.
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Figure 4.5. Cleavage of the peptide conjugated to ADT-GPLGL (circles) and ADT-GPLL
(squares) micelles in response to MMP-2 enzyme. The micelles were incubated in the (a)
presence or (b) absence of 43.6 nM MMP-2 enzyme at 37°C. Fluorescamine assay was used to
detect leucine amino group from the N-terminus of peptide resulting from cleavage by MMP-2
enzyme. Fluorescence intensity (Aex=390 nm, Aem=475 nm) was determined at indicated time
points. n=3.

4.3.4 H:>S Release from Micelles in the presence of MMP-2 enzyme in HT29 Cell

Lysate
The HaS release profiles from ADT-GPLGL and ADT-GPLL micelles in the absence/presence of
MMP-2 enzyme was investigated in the presence of cell lysate using the WSP-1 H>S detection
probe.'”” Previously, it was showed that ADT-based H,S donors released HzS in cell lysate but not
fetal bovine serum or glutathione-containing PBS, implying that H>S release is induced by
intracellular components, presumably enzymes.!** Therefore, we hypothesize that the peptide
motifs within micelles would be cleaved by MMP-2 enzyme resulting in micelle dissociation and
subsequent release of H>S. As shown in Figure 4.6, ADT-GPLGL micelles released two times
greater H>S in the presence of MMP-2 enzyme in HT29 cell lysate. ADT-GPLL micelles on the

other hand showed minimal H»S release both in the presence and absence of MMP-2 enzyme. This
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shows that ADT-GPLGL micelles are more susceptible to dissociation in the presence of MMP-2

enzyme compared to ADT-GPLL micelles.
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Figure 4.6. HoS release in HT29 cell lysate. ADT-GPLGL and ADT-GPLL micelles were added
to HT29 cell lysate containing WSP-1 HaS detection probe in the absence/presence of 43.6 nM
MMP-2 enzyme. Fluorescence intensity (Aex=465 nm, Aem=515 nm) was monitored at indicated
time point. ADT-GPLGL (+) MMP-2: circles, ADT-GPLGL (-) MMP-2: triangles, ADT-GPLL
(+) MMP-2: diamonds, ADT-GPLL (-) MMP-2: squares. n=3

4.3.5 H>S Release from Micelles in HT29

We next evaluated H»S release from the micelles in human colon cancer HT29 cells. It is widely
known that colon cancer cells produce elevated levels of MMP-2.202% HT29 cells were cultured
in the presence of ADT-GPLGL micelles, ADT-GPLL micelles, and ADT donor at 50 uM and the
H>S release in comparison to the non-treated cells (medium only) were measured using the
fluorescent H>S-detection dye, WSP-1. As HT29 cells produce H»S endogenously,'®* a slight
increase in fluorescence intensity for cells treated with medium only is expected. As shown in
Figure 4.7, a similar trend of H»S release for both micelles were observed in cell lysate in the
presence of MMP-2 enzyme (Figure 4.6). The fluorescence intensity gradually increased up to 24

h for both ADT-GPLGL and ADT-GPLL micelles. However, ADT-GPLGL micelles released 2
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times higher amount of H>S after 10 h of incubation compared to ADT-GPLL micelles and the
non-treated cells. The ADT donor itself released similar amount of H>S in comparison to the non-
treated cells. This observation is consistent with the MMP-2 sensitivity of the micelles as shown
by intensity of light scattered (Figure 4.4) and fluorescamine assay (Figure 4.5), where ADT-
GPLGL micelles exhibited greater dissociation in response to MMP-2, thus resulting in a higher

release of H»S.
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Figure 4.7. HoS release in HT29 cells. Cells were cultured in the presence of ADT-GPLGL
(circles) and ADT-GPLL (squares) micelles, ADT donor (diamonds), and medium as a control
(triangles) at indicated time points (ADT Concentration: 50 pM). Cells were washed and
incubated prior with WSP-1 H»S detection dye for 30 min. Fluorescence intensity (Aex=480 nm,
Aem=520 nm) was monitored at indicated time point. n=3

To confirm the release of HoS from ADT-GPLGL and ADT-GPLL micelles in HT29 cells, HT29
cells were cultured in the presence of both ADT-GPLGL and ADT-GPLL micelles (25 pM) and
the H»S release in comparison to the non-treated cells (medium only) were visualized by CLSFM
using the fluorescent HoS-detection dye, WSP-1. At 8 h, a significantly brighter fluorescence

intensity was observed for ADT-GPLGL micelles in comparison to ADT-GPLL micelles and cells

treated with medium only (Figure 4.8). ADT-GPLL micelles on the other hand displayed minimal
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increase in fluorescence similar to the non-treated cells, consistent with the HoS release profile as
shown in Figure 4.7. Therefore, the enhanced anti-proliferative effect of ADT-GPLGL micelles
can be attributed to the greater release of H»S in response to the elevated levels of MMP-2 enzyme

as shown by CLSFM.
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Figure 4.8. Observation of HzS release from ADT-GPLGL and ADT-GPLL micelles (ADT
concentration: 25 pM) in HT29 cells. HT29 cells were pre-treated with Hoechst 33342 followed

by WSP-1 H:S detection dye and then cultured in the presence of micelles. After culturing for 8
h, cells were observed by CLSFM. Scale bar: 20 pm.



4.3.6 Anti-proliferative Effect of Micelles

The antiproliferative effect of ADT-GPLGL and ADT-GPLL micelles as well as the H2S donor
(ADT) in HT29 cells was evaluated by MTT assay. H>S has been reported to play a significant
role in the inhibition of cancer cell proliferation, especially in colon cancer cells>>!7817:186 Hence,
we hypothesize that the release of HoS from ADT-GPLGL micelles would exhibit the anti-
proliferative effect in HT29 cells. As shown in Figure 4.9, ADT-GPLGL micelles exhibited a
higher anti-proliferative effect compared to ADT-GPLL micelles. At an ADT concentration of 100
uM, ADT-GPLGL micelles displayed cell viability of-47 % compared to 70 % for ADT-GPLL
micelles. The enhanced anti-proliferative effect of ADT-GPLGL micelles is attributed to the
greater release of HS in response to elevated levels of MMP-2 enzyme as observed in Figure 4.6

and 4.7.
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Figure 4.9. Cell viability of ADT-GPLGL (circles), ADT-GPLL (squares) micelles, and H>S
donor (ADT) (triangles) in HT29 cells. Cells were cultured in the presence of micelles for 5 d.
Cell viability was measured by MTT assay. n=3.
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4.4 Conclusion

In conclusion, H>S donor micelles bearing MMP-2 cleavable peptide were successfully
prepared and reported. The micelles bearing MMP-2 cleavable peptide sequence showed superior
sensitivity to MMP-2 compared to the control micelles bearing MMP-2 scrambled peptide
sequence (control). A greater release of H>S was observed in colon cancer cells with MMP-2
sensitive micelles compared to the control and the H,S donor (ADT). In addition, the greater
release of HoS from MMP-2 sensitive micelles exhibited stronger anti-proliferative activity in
colon cancer. Hence, the design of MMP-2-sensitive H>S donor micelles, which releases H2S in
cancer cells in response to the overproduction of MMP-2 could potentially provide an insight into

the anti-cancer effects of H»S.
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5 Polymer surface dissection for isolation and identification of

early colonizing bacteria on membrane surfaces

Abstract

Biofilm formation (biofouling) remains an inevitable phenomenon and constant issue in
bio-separation equipment. For example, in water treatment facilities, biofouling often causes
membrane surface deterioration and decreased separation performance. While there has been
significant progress in understanding the factors that influence biofilm formation in membrane
bioreactors, there exists a limited set of tools for characterizing the complex, spatial and temporal
mechanisms of biofouling processes over membrane surfaces. Current methods of characterizing
biofouling rely on membrane autopsies after membrane failure occurs, providing a bulk analysis
across entire membrane segments, which gives only limited end-point information on the
mechanisms that initiate and drive fouling. In an effort to improve our understanding of the spatial
and temporal mechanisms of the biofouling process, a novel method of separating and isolating
small, colonizing microbial aggregates from fouled membrane surfaces at discrete time points is
developed. This polymer surface dissection (PSD) method utilizes photodegradable polyethylene
glycol (PEG)-based hydrogels functionalized with affinity ligands to first detach microbes from
the surface of a fouled membrane. Subsequent exposure of targeted flocs (2000 um?— 60000 pum?)
to patterned ultraviolet (UV) light with high spatial precision allowed for successful extraction and
isolation of flocs from the hydrogel for follow-up characterization using 16S rRNA sequencing
without requiring a culture step for microbial enrichment. The approach is designed to be non-
destructive to both the flocs and the membrane surface and is demonstrated here for isolation and

identification of microbes that form flocs as small as 2000 pm? on PVDF membrane surfaces.
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With these capabilities, PSD approach can be used to identify sub-communities of microorganisms

that initiate and drive membrane biofilm formation in a variety of bio-separation processes.

5.1 Introduction

Biofouling refers to the complex multi-step process of biofilm formation involving
multiple bacterial species embedded in a matrix of extracellular polymeric substances (EPS)
composed mainly of polysaccharides, proteins, lipids, and a variety of nucleic acid.???4%?
Biofouling is driven by irreversible attachment of early colonizing microbes to a surface, followed
by EPS expression, growth, and recruitment of additional microbes into a maturing biofilm.*** The
EPS matrix often serves as platform for surface attachment and sequestration of nutrients and
oxygen. The matrix also acts as a defense mechanism against harsh environmental conditions and
impedes the transport of antibiotics, thus enabling the biofilm to continuously thrive.??>2?® Despite
the significant effort to mitigate biofilm formation, it remains an inevitable phenomenon and a
constant challenge in a number of applications including the healthcare industry, food industry,®!
marine systems,??° and industrial water systems.®* For instance, implant-related infections due to
biofilm formation and contamination remain significantly high with patients typically requiring
revision surgery in the case of a severe infection.®*35 Biofilm formation in in the marine industry
such as biofouling in ship hulls has also shown adverse effects such as increased fuel consumption
due to frictional resistance, corrosion, and high maintenance cost.?3%23!

In the water treatment industry, biofouling represents the “Achilles heel” of membrane-
related fouling, accounting for the majority of membrane foulant which also consisting of

1119

inorganic, organic, and colloidal materia Membrane biofouling in wastewater bioreactors

causes deterioration in membrane permeability and a significant decrease in trans-membrane
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pressure, treated water flux, and separation efficiency.?*?

This demands frequent chemical
cleaning protocols and operational shutdown periods that are typically time-consuming, labor-
intensive, costly, and ultimately shortens membrane lifetimes.!'!>!?* Conventional methods such
as periodic backwashing or adjustment of membrane operational conditions are not sufficient to
control biofouling due to the rapid spatial and temporal growth of microorganisms on the surface
of membranes.'?’ Instead, biological-based anti-fouling strategies such as quorum quenching,
where communication between cells is inhibited through inactivation of autoinducers have been
shown to be more effective in mitigating biofilm formation.?**3> More recently, the prevention
of undesired adhesion interactions between the membrane and microorganism by modification of
membrane properties with anti-microbial and anti-fouling properties utilizing polymeric interfaces
or nanomaterials seems to be a promising approach.'?!"1?* While much effort has focused on
developing biological, chemical, and physical treatment methods to alleviate the early stages of
biofouling, there is a lack of fundamental understanding of the central mechanisms that drive
biofilm formation over these membrane surfaces. An improved, mechanistic understanding of this
complex process may facilitate the design of effective biofouling mitigation strategies, 26236237
Recent findings point towards early colonizers - the first microbes to attach to a clean
membrane surface - as the primary driver of biofilm formation in membrane bioreactors.'??3® The
isolation and characterization methods of these early-stage colonizers however are limited to only
a number of tools that are unable to provide an accurate mechanistic and spatiotemporal
understanding of early-stage biofouling. Current methods of isolating and characterizing microbes
rely heavily on membrane autopsies paired with a combination of molecular and microscopic

methods. Membrane autopsies can provide a bulk analysis across the entire membrane segment,

thus giving only limited endpoint information on the mechanisms that initiate and drive
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fouling.'?$2%240 In addition, the destructive nature of membrane autopsies is not ideal for
extraction of EPS since it causes cell lysis and alters its physical and chemical membrane
characteristics.'*® Another possible approach to extracting microbes is laser capture
microdissection (LCM). LCM uses an optical microscope to identify cells of interest, then places
them in contact with an adhesive transfer film, where a focused IR laser is used to melt the film,
adhering them to the cells of interest. Targeted cells are lifted off the substrate and then lysed for
downstream molecular analysis.!? Although there have been a few reports investigating spatial
heterogeneity in biofilm using LCM, ?*172*} it remains uncommon in microbiology as it is

destructive to either the sectioned cells or to the underlying surface.

Here, we report the development of a polymer surface dissection (PSD) approach to target
and isolate microbes that initiate biofouling spatiotemporally from wastewater membranes without
destroying the microbes or the underlying polyvinylidene difluoride (PVDF) membrane surface
(Figure 5.1). The PSD approach utilizes polyethylene glycol (PEG)-based photo-responsive
hydrogels. Photodegradable hydrogels are formed using PEG-acrylate macromers modified with
photocleavable o-NB chromophores and crosslinked with a four-armed PEG tetrathiol macromers
through Michael-type addition reactions. The photodegradable hydrogels were also functionalized
with affinity ligands (poly-L-lysine and Wheat Germ Agglutinin (WGA)) to facilitate non-
destructive detachment of microbes from membrane surfaces. Upon exposure with patterned light
(365 nm), bond photocleavage causes rapid degradation of hydrogel, enabling sectioning
capabilities of targeted flocs at varying floc sizes at high resolution. The DNA of extracted flocs

were then immediately isolated and characterized by 16S rRNA sequencing.
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Figure 5.1. (A) Preparation of hydrogel by thiol-acrylate addition and functionalization with
bioaffinity ligand (WGA). (B) Schematic of the PSD method. (i) PVDF Membranes are
contacted with wastewater solutions and cell attachment to the surface is characterized using an
optical microscope. (ii) The substrate is then contacted with first layer of pre-formed hydrogel
functionalized with bacteria affinity ligands for flocs transfer. (iii) The hydrogel is removed from
the membrane surface followed by addition of a second pre-formed hydrogel (no bioaffinity
ligand) for clean extraction (iv) Cells of interest are sectioned from hydrogel base after exposure
to patterned UV light (v) Sectioned cell (s) are lifted off from the hydrogel and extracted for 16S
rRNA analysis. (C) Reaction scheme for functionalization of hydrogel with bioaffinity ligand by
maleimide-thiol coupling and N-Hydroxysuccinimide ester-amine reaction

5.2 Experimental Methods

5.2.1 Materials

Triticum vulgare lectin (wheat germ agglutinin, WGA) was purchased from Sigma-Aldrich and
diluted to specific concentrations in buffer and stored at =20 °C. PVDF membranes were purchased
from Novavem. PEG-diacrylate (PEGDA, MW 3400) was purchased from Laysan Bio.
Pentaerythritol tetra (mercaptoethyl) polyoxyethylene (4 arm PEG, ((CH2)>—SH)4) was purchased
from NOF America Corporation. Ethanol (EtOH), methanol (MeOH), and hydrochloric acid (HCI)
were purchased from Fisher. Anhydrous toluene (TL), Maleimide-PEG-NHS-ester, and 3-
mercaptopropyl) trimethoxysilane (MPTS) was purchased from Sigma-Aldrich. QIAamp DNA
Micro Kit was purchased from QIAGEN. All chemicals were used as received unless stated

otherwise.
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5.2.2 Thiol Surface Functionalization

Thiol functionalization onto coverslip surface is used here to provide covalent attachment of the
hydrogel and made as previously reported with slight modification.”® Briefly, five glass coverslips
(1.8 x 1.8 cm) were cleaned with oxygen plasma for 3 min using PDC-001-HCP Plasma Cleaner
(Harrick Plasma) and further hydroxylated in a mixture of 1:1 of MeOH:HCI (37 N) at RT for 1
h. The coverslips were then rinsed in ultrapure water (3x20 mL) and dried under N». For
functionalization with thiol groups, the coverslips were immersed in (3-mercaptopropyl)
trimethoxysilane (MPTS) (269 mM) solution in anhydrous TL (5 v/v) at RT for 4 h, followed by
washing with TL, EtOH/TL (1:1), and EtOH, 3 times each. The thiol-functionalized coverslips
were then dried under N; and stored in ethanol at 4 °C for further use.

5.2.3 Preparation of Photodegradable Hydrogel

The photodegradable hydrogels were synthesized by Michael-type addition reaction as previously
reported.”®2*4245 The hydrogel precursor solution was prepared by adding 5.6 uL (M, 3400 Da, 49
mM) of photodegradable PEGDA in water to 12 pL of PBS (pH 8.0), followed by the addition of
6.9 uL of PEG-tetrathiol (M, 10,000 Da, 20 mM) in water, resulting in an equimolar ratio of
acrylate to thiol. The precursor solution was mixed thoroughly and 7 pL was quicky transferred
onto a perfluoroalkylated glass slide prepared as previously reported.”** The slides were then
contacted with the thiolated coverslip (taped (40.0 um thickness) on both edges), enabling stable
covalent attachment of the hydrogel to the surface by thiol-acrylate coupling. The gelation was
complete after 25 min and the perfluoroalkylated slide was peeled off gently to prevent rupturing

of the hydrogel.
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5.2.4 Functionalization of Hydrogel with Bio affinity Ligand (WGA)

The pre-formed photodegradable hydrogels were functionalized with WGA by maleimide-thiol
coupling and NHS ester-amine reaction. 300 pL of Maleimide-PEG-NHS-ester in PBS (1 mg/mL,
pH 6.7) was first added to the hydrogels and incubated in the dark at RT for 2 h. After 2 h, the
solution was removed, and the hydrogels were washed with PBS (pH 6.7) (3x300 uL). The NHS-
functionalized hydrogels were then immobilized by the addition of 300 pL of WGA in PBS (0.1
mg/mL, pH 7.4) at RT for 2 h, followed by washing with PBS (pH 7.4) (3x300 uL) to remove
physiosorbed molecules.

5.2.5 Transfer of Flocs from Membrane to Hydrogels

Activated sludge wastewater solutions were collected from Manhattan Wastewater Treatment
Plant (Manhattan, KS) into 50 mL falcon tubes. The solutions were washed/resuspended in PBS
(pH 7.4) and kept upright on the bench for 10 min for complete sludge precipitation. Then, 3 mL
of the wastewater solution was harvested from the interphase and added to a scintillation vial
containing 0.8 x 0.8 cm membrane filters (Novamem, PVDF20, 0.02 um) attached to a glass slide
(1.0 x 1.0 cm) at the bottom of the vial. The vials were loosely capped and placed in a shaker (200
rpm) at 25 °C. After 48 h, the membranes attached to the glass slide were gently removed from the
bottom of the scintillation vial in an upright position and placed in contact with the hydrogel for
30 min. Uniform pressure was applied with the use of a 10 g weight for increased contact between
the membrane and hydrogel. The membranes were detached gently to prevent rupturing of both
the membrane and hydrogels.

5.2.6 Degradation of Hydrogel and Extraction of Flocs

Following the transfer of flocs from the membrane to the hydrogel, the second layer of hydrogel

was added to allow for a clean extraction. As before, 7 uLL of the precursor solution was quicky
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transferred onto a perfluoroalkylated glass slide, placed gently upside down onto the first layer of
hydrogel containing flocs, and allowed to react for 22 min. After gelation of the second hydrogel
layer, the perfluoroalkylated slide was peeled off gently. Flocs with desired dimensions were then
identified with a BX51 upright microscope and selectively extracted by exposing the hydrogel to
patterned UV light (365 nm) using the Polygon400 patterning device configured to an upright
microscope (BX51, Olympus). The size of the flocs was measured prior to UV exposure using
Image J software. The patterning device allows for micron-scale spatiotemporal control and the
ability to tune the wavelength, intensity, irradiation time, as well as type of exposure patterns.
Here, multiple patterns including solid rectangles, open rectangles, and ring patterns were used for
extraction of desired flocs. Degraded parts of the hydrogel containing targeted flocs were then
extracted into 200 pL solution (PBS, pH 7.4) by suctioning followed by two washes with a total
liquid volume of 600 pL. The flocs were then stored at -80 °C.

5.2.7 DNA Extraction

Before proceeding to DNA extraction, most of the liquid volume of each individual flocs was
evaporated off leaving approximately 50 pL to keep the flocs hydrated. DNA extraction was then
performed using the Qiagen QIAamp DNA Micro Kit per the manufacturer’s protocol with slight
modification. Briefly, the 50 puL floc samples were lysed overnight (20 h) at 56 °C with 130 pL
Buffer ATL and 20 pL Proteinase K. A mixture of 1 puL carrier RNA (1 pg /uL) in 200 pL buffer
AL followed by 200 pL ethanol was then added to the sample, loaded onto the QIAamp MinElute
spin column, washed, and eluted in 50 pL elution buffer. Elution was repeated a second time to
increase DNA yield with a total volume of 100 puL. The samples were stored at -20 °C before
sequencing analysis. Nanodrop absorbance and Qubit Fluorescence were used to quantify DNA

yield and quality.
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5.2.8 Identification with 16S rRNA Sequencing

The Integrated Genomics Facility (IGF) at Kansas State University provided the sequenced data
as paired end demultiplexed fastq.gz files which were then imported into QIIME2 software for
processing.?*® Each sample had two fastq.gz files representing the forward and reverse reads for
that sample. The forward and reverse reads were merged using the join-pairs method in the g2-
vsearch plugin within QIIME2. The joined reads were then denoised with giime deblur denoise-
168 to obtain error free representative sequences.?*’ After denoising, the resulting high-quality
sequence variant data was further used to determine the taxonomic composition in each sample.
This was done by assigning taxonomy to the sequences using a pre-trained Naive Bayes classifier
trained on the Greengenes 138 99 % OTUs for the V4 region (515F/806R) of the 16s rRNA gene.
The resulting QIIME2 visual artifact was visualized in “view.qiime2.org” website as taxonomic
bar plots and the corresponding family/phylum level table was exported to Microsoft Excel as
.CSV file for further processing. The taxonomic table at the family/level was normalized against
the total number of bacterial sequences per sample to calculate the relative bacterial abundance
(%) in Microsoft Excel. Taxonomically unassigned reads were excluded from the relative
abundance calculation and only taxa representing >1% of relative abundance in at least one of the

samples were used to generate the family level taxonomic heatmaps and phylum level bar plots.

5.3 Results and Discussion

5.3.1 DNA Quantification and 16S rRNA Analysis of Extracted Samples

Here, the major goal was to access the DNA quality and quantity of flocs extracted from
the control (PEG only) and WGA-functionalized hydrogel before proceeding to 16S rRNA

amplicon sequencing. Since WGA-functionalized hydrogel was previously shown to extract

109



higher numbers of cells without significantly decreasing cell viability compared to poly-L-lysine-
functionalized hydrogel, it was used here to extract flocs for further studies on DNA quality and
quantity. Functionalization of the hydrogel with WGA was achieved by maleimide-thiol group
coupling followed by NHS ester-amine reaction as shown in Figure 5.1. Extraction of flocs from
both the control and WGA-functionalized hydrogels were then carried out in a ring or open
rectangle pattern to reduce DNA damage due to UV exposure (Figure 5.2). For larger flocs, the
ring pattern was not sufficient for liftoff of the floc from the hydrogel upon first exposure. This
necessitated the use of an open rectangle instead to avoid repeated exposure to UV light, which is
known to be cytotoxic to bacteria through the generation of reactive oxygen species.**® In addition,
areas of the hydrogel with no flocs present were exposed to UV light under the same conditions

and extracted as a negative control.

\

Ring pattern

7

Open Rectangle

Figure 5.2. Brightfield microscope images of hydrogels during extraction of targeted flocs at
varied time points. Hydrogels were unfunctionalized or functionalized with WGA then extracted
using (A) a 45 mm diameter ring pattern or a (B) 40,000 mm? open rectangle pattern.
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After extraction, DNA from both the flocs and the negative control were isolated using a
Qiagen QIAamp DNA Micro Kit. Low concentrations of DNA from extracted flocs were expected
as isolation was performed without culturing for enrichment, and necessitated the use of
carrierRNA to retain as much DNA as possible.>***" Extraction was followed by evaluation of
DNA yield and quality by Nanodrop absorbance measurements. As shown in Figure 5.3A, flocs
extracted from the control hydrogel in the absence of carrier RNA resulted in a much lower DNA
yield (< 5 ng/uL) compared to flocs of similar sizes isolated in the presence of carrierRNA (>10
ng/pL) (Figure 5.3B-C). In the presence of carrierRNA, a trend of increasing DNA yield with
increasing floc size was observed for both the control and WGA-functionalized hydrogels (Figure
5.3B-C). Furthermore, fairly similar DNA yields for each floc size were observed for the control

and WGA-functionalized hydrogels.
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Figure 5.3. DNA yield and quality quantified by Nanodrop at varying floc sizes. (A) Flocs were
extracted from control hydrogel (without affinity ligand) and DNA was isolated in the absence of
carrierRNA (B) Flocs were extracted from control hydrogel (without affinity ligand) and DNA
was isolated in the presence of carrierRNA. (C) Flocs were extracted from WGA-functionalized
hydrogel and DNA was isolated in the presence of carrierRNA. Floc sizes were determined by
Imagel. n=3

The DNA quality on the other hand, determined by the ratio of absorbance (260/280nm)
were much higher than the ideal quality range (1.8-2.0) due to the presence of carrierRNA that
absorbs at 260 nm as well (Figure 5.3B-C).>°"?>* To accommodate for this, a control sample
containing blank hydrogel and the same amount of carrierRNA were ran through the silica column
and quantified. The resulting DNA yield and corresponding absorbance at 260 nm were then used

to re-evaluate the initial DNA yield and quality results. As observed in Figure 5.4A, the overall
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DNA vyield decreased slightly while the DNA quality fell within the ideal range (1.8-2.0) for flocs
>30,000 um?. Similar to the DNA yield, DNA quality increased with increasing floc size. At the
larger floc sizes (50,000-60,000 pm?), DNA quality peaked at around 1.80 for both the control and
WGA-functionalized hydrogel. In addition, Qubit fluorescence measurements were also
performed since Nanodrop absorbance measurements are known to have lower detection limits
and a tendency to overestimate DNA vyield, especially in the presence of carrierRNA.%! As
expected, Nanodrop absorbance measurement exhibited a threefold higher DNA yield compared

to Qubit Fluorescence measurement, further proving the tendency of Nanodrop to overestimate

DNA yield (Figure 5.4B).
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Figure 5.4. (A) DNA yield (bar chart) and quality (line chart) quantified by the Nanodrop at
varying floc sizes. Blue bars and lines: Flocs isolated from control (without affinity ligand)
hydrogel. Pink bars and lines: Flocs isolated from WGA-functionalized hydrogel. Floc sizes were
determined by ImagelJ (n=3). (B) Comparison of DNA yield quantified by Nanodrop absorbance
and Qubit fluorescence at varying floc sizes.

After quantification of the DNA yield and quality, phylogenetic analysis of the extracted

flocs and control wastewater sample was performed based on 16S rRNA sequencing to

characterize the composition of each floc removed from the membrane surface. Analysis of five
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flocs at varying floc sizes (Figure 5.5B-F) at the family level revealed an abundance of
Flavobacteriacea (~20%) and Weeksellaceae (~10 %) at the smaller floc sizes (2000-40000 pm?)
compared to an abundance of Moraxellaceae (~12%), Bradyrhizobiaceae (~12%), Brucellaceae
(15-25%), and Aeromonadaceae (20-35%) at the larger floc sizes (40000-60000 pm?) (Figure

5.5A). Interestingly, a shift in composition of the dominant bacterial family was observed as the

30 Propionibacteriaceae
Cytophagaceae
Cryomorphaceae
Flavobacteriaceae
Unclassified Weeksellaceae
Unclassified Sphingobacteriales
Unclassified Saprospirales
Chitinophagaceae
Saprospiraceae
Unclassified MVP-88

20 Bacillaceae
Staphylococcaceae
Bradyrhizobiaceae
Brucellaceae
Rhodobacteraceae
Comamonadaceae
Hydrogenophilaceae
Neisseriaceae
Procabacteriaceae
Rhodocyclaceae
Unclassified My I
Aeromonadaceae
Shewanellaceae
Chromatiaceae
Enterobacteriaceae
Moraxellaceae
Pseudomonadaceae
Xanthomonadaceae
Leptospiraceae
Unclassified TM7-1

0 Verrucomicrobiaceae

Group 1 Group 2 Group 3 Group 4 Group 5

floc sizes varied.

Relative bacterial abundance %
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o

Figure 5.5. Heat map showing distribution of family level bacteria (>1% relative bacteria
abundances) at varying floc (group) sizes (arranged in increasing order) accompanied by
corresponding microscopic images (B-F). (B) Group 1: 2000-15000 um? (C) Group 2: 15000-
30000 um? (D) Group 3: 30000-40000 pm?(E) Group 4: 40000-50000 pm? (F) Group 5: 50000-
60000 pum?.

114



At the phyla level, this corresponded to an abundance of Bacteroidetes and Proteobacteria
at the smaller floc sizes and Protobacteria at the larger floc sizes (Figure 5.6). This is consistent
with previous studies on microbial communities in aerobic wastewater treatment systems, where
Proteobacteria and Bacteroidetes were found to be the dominant bacterial phyla. 342% It is
important to note that these studies were conducted at different stages and conditions of reactor
operations, thus presenting a more accurate depiction of the overall distribution of dominant
bacterial communities. However, the PSD method used here for the extraction of microbes that
form small flocs on membrane surfaces successfully demonstrates the capability for follow-up

characterization of bacterial compositions by 16S rRNA sequencing without requiring a culture

step for enrichment.
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Figure 5.6. Distribution of corresponding bacterial phyla with >1% relative bacterial abundance
at varying floc (group) sizes (arranged in increasing order). Group 1: 2000-15000 um?, Group 2:
15000-30000 um?, Group 3: 30000-40000 pm?, Group 4: 40000-50000 um?, Group 5: 50000-
60000 pum?.

5.4 Conclusion

The PSD technique is capable isolation of individual flocs adhered to the PVDF

membranes for genomic analysis. The method uses a hydrogel-based lift-off processes followed
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by exposure of the hydrogel to a spatiotemporally controlled UV light from a patterned
illumination tool. The process does not damage the flocs or the underlying membrane surface.
Here, WGA-functionalized hydrogels were used for capture and isolation of targeted microbes
after initial biofilm formation for follow-up DNA and molecular analysis. DNA analysis of the
extracted flocs in terms of DNA yield and quality showed that the PSD approach was sufficient
for 16S community analysis of the extracted flocs, allowing for accurate identification of microbes
within the floc. Importantly, the method does not require a culture step for microbial enrichment,
which would bias the sequencing in favor of highly-culturable isolates. Sequencing revealed a
diverse composition of bacterial communities at the phylum and family level with varying floc
sizes.

Based on these findings, it can be concluded that the PSD technique allows for genomic
analysis and identification of microbes that form small flocs on membrane surfaces. The PSD
approach offers significant benefits compared to bulk compositional analysis of membrane
biofilms obtained from standard membrane autopsies, which will enable researchers to understand
membrane biofouling in a spatiotemporal manner. Ultimately, the ability to connect microscopic
information (i.e. floc area) with composition (16S rRNA sequencing) at floc sizes as low as 2000
um? as demonstrated here, opens the door to a variety of additional genotype-to-phenotype
determinations such as identification of membrane colonizers that produce high amounts of EPS.
Future work is aimed at using the fully-developed PSD method to identify communities of
microorganisms that initiate membrane biofilms in AnMBR wastewater treatment systems, where

efforts to alleviate membrane fouling currently account for as much as 50% of total energy costs.>*’
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6 Summary and Future Outlook

6.1 Design of stimuli-sensitive micelles for cancer-targeted drug delivery

The vast majority of this dissertation (chapters 2, 3, and 4) focuses on utilizing the
intrinsic properties present in tumor microenvironments (TME), mainly elevated levels of reactive
oxygen species (ROS) and overproduction of MMP-2 enzyme for the design and synthesis of
stimuli-sensitive synthetic block copolymer polymeric micelles (BCPMs) for targeted delivery of
therapeutics to cancer cells with minimized toxic side effects.

6.1.1 ROS-sensitive approach

Under the ROS-sensitive approach, micelles with fine-tuned oxidation sensitivities were
designed so that they are stable in healthy tissues, but release payloads in cancer cells associated
with elevated ROS levels (Chapter 2). As previously reported, thioether-containing drug carriers
have shown promising ability to improve delivery of a variety of drugs in response to elevated
levels of ROS in cancer cells. However, they often suffer from immature release of drugs due to
destabilization of the drug carriers in healthy tissues with low levels of ROS, hence significantly
reducing their selectivity towards cancer cells. In this study, the micelles with fine-tuned oxidation
sensitivities significantly increased toxicity of Dox, a typical chemotherapy drug in liver cancer
cells (HepG2) but protected normal cells (HUVECs) from Dox cytotoxicity, especially in the case
of the intermediate ROS sensitive micelles, TM. Indeed, the fine-tuning of thioether oxidation
sensitivities is a promising approach for rationally designing cancer cell-specific drug delivery
systems that selectively release drugs in cancer tissues under oxidative stress, but are stable in
healthy tissues. As a step forward, hydrogen sulfide (H>S) prodrug (ADT) was chemically
conjugated to the core of BCPMs bearing the same oxidation-sensitive thioether group as

previously reported and the anti-cancer effects of H>S in colon cancer cells (HT29) were evaluated
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(Chapter 3). While numerous macromolecule-based donors for delivery of H>S has been
developed to release HoS in a sustained manner and prevent toxic side effects caused by the donors,
targeted delivery of H»S via macromolecular approaches remains relatively new and under-
explored. Typically, a slower release of H>S from polymeric micelles is expected compared to the
small H>S donor due to the ability of the micellar structure to limit access of molecular triggers to
the H2S donating moiety located in the hydrophobic core. Remarkably, a much greater release
profile of H,S was observed from the oxidation-sensitive H>S donor micelles compared to the
control and HzS donor in colon cancer cells with elevated levels of ROS. The greater release of
H>S subsequently showed enhanced anti-proliferative effects in colon cancer cells with minimal
toxicity in normal cells (HUVECs) with low levels of ROS. This result is significant as it could
clarify the amount and duration of H»S required to exert anti-proliferative activity, whose role has
been largely controversial.

6.1.1.1 Future Work

For future work, I would recommend further engineering the thioether-bearing polymeric
micelle (TM) by adding a ROS generating moiety such as cinnamaldehyde and
benzoyloxycinnamaldehyde to amplify the generation of ROS in cancer cells also known as
‘oxidation therapy’ while simultaneously delivering Dox in response to elevated levels of ROS. It
has been reported that cancer cells are known to adapt to the oxidative stress by enhancing
antioxidant defense systems to compensate for the cellular damage induced by ROS and therefore
causing drug resistance. The increased ROS generation may therefore speed up ROS-induced
apoptosis in cancer cell with heightened oxidative stress while simultaneously enhancing
selectivity and toxicity of Dox in cancer cells in response to elevated levels of ROS. This would

also minimize the toxicity in normal cells with low levels of ROS. Similarly, the use of antioxidant
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suppressing compounds could also reduce the ability of cancer cells to adapt under oxidative stress,
thus reducing drug resistance and increasing the toxicity of drugs.?>® Zinc protoporphyrin is widely
used as an antioxidant suppressing compound to inhibit antioxidant heme oxygenase-1 (HO-1),
which is known to be overexpressed in cancer cells and protect them from oxidative stress. Adding
an antioxidant suppressing compound to the existing thioether-bearing micelles could potentially
enhance the selectivity of thioether-bearing micelles towards cancer cells and further increase the
toxicity of Dox while simultaneously minimizing toxicity in normal cells. In addition, the in vivo
therapeutic effectiveness of these polymeric micelle formulations need to be investigated as they
are known to undergo premature release of drugs during circulation in the body.
6.1.2 MMP-2 sensitive approach

Under the MMP-2 approach, BCPM bearing MMP-2 enzyme cleavable peptide motifs and
chemically conjugated H>S prodrug (ADT) was designed for site-specific delivery of HoS to cancer
cells (Chapter 4). Here, H>S donor micelles bearing MMP-2 cleavable peptides were designed to
achieve site-specific delivery of H>S in cancer cells, which overproduces MMP-2. The micelles
bearing MMP-2 cleavable peptide sequence showed superior sensitivity to MMP-2 compared to
the control micelles bearing MMP-2 scrambled peptide sequence. A greater release of HoS was
observed in colon cancer cells with MMP-2 sensitive micelles compared to the control and the
small H2S donor. In addition, the greater release of HoS from MMP-2 sensitive micelles exhibited
stronger anti-proliferative activity in colon cancer. Hence, the design of MMP-2-sensitive H2S
donor micelles which releases H2S in cancer cells in response to overproduction of MMP-2 could

potentially provide an insight into the anti-cancer effects of H»S.
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6.1.2.1 Future Work

While the H>S donor micelles bearing MMP-2 cleavable peptide motif were shown to be
sensitive to MMP-2 and underwent dissociation (Figure 4.3) due to cleavage of peptides by MMP-
2, only 40 % of peptide was cleaved over a period of 24 h (Figure 4.4). This may be due to the
reduced accessibility of MMP-2 to the peptide motif located in the hydrophobic core of the
micelles. However, the majority of studies utilizing MMP-2-cleavable peptide motifs or linkers
for delivery of anticancer drugs have not reported issues with the accessibility of MMP-2 to the
peptide motifs or linkers. Hence, the stability of H2S donor micelles bearing MMP-2 cleavable
peptide motifs as well as cleavage studies should be further investigated to evaluate the MMP-2
mediated cleavage of peptide motif. This could potentially lead to the fine-tuning of micelle
stability (varying hydrophilic and hydrophobic block lengths) to facilitate the cleavage of peptide
motifs in the micellar core by MMP-2 and further modulate the release of H2S in an effort to
enhance its anti-proliferative effects. If accessibility to MMP-2 indeed is an issue, Cathepsin B,
another enzyme that is overexpressed in cancer cells can be used as a target enzyme as they are
typically smaller in size compared to MMP-2 enzyme. This would enable better access to the
peptide motifs located in the micellar core, and possibly release more H2S. Furthermore, the in
vivo therapeutic effectiveness of these polymeric micelle formulations needs to be investigated to

confirm their stability and specificity towards cancer cells.

6.2 Design of biofunctional and photodegradable hydrogels for isolation of

microbes from membrane surfaces during early-stage biofouling

The last portion of this thesis investigates the development of the polymer surface

dissection (PSD) method which uses biofunctionalized, photodegradable polyethylene glycol
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(PEG)-based hydrogels for isolation of microbes from polyvinylidene difluoride (PVDF)
wastewater membrane surfaces during early-stage biofouling (Chapter 5). Conventional
techniques in characterizing the complex, spatial and temporal mechanisms of biofouling
processes over membrane surfaces rely heavily on the use of membrane autopsies and laser capture
microdissection (LCM), which are both destructive to the underlying live bacterial cells and
surface. In addition, standard membrane autopsies only provide bulk analysis, making it difficult
to understand the mechanisms that initiate and drive biofouling. Here, the PSD approach
demonstrated the ability to isolate targeted flocs with sizes as low as 2,000 pm? by a
spatiotemporally controlled UV light from a patterned illumination tool without damaging the
flocs or underlying membrane surface. More importantly, the PSD technique allowed for genomic
analysis and identification of microbes within isolated flocs without requiring a culture step for
enrichment. This result is significant as culturing typically favors highly-culturable isolates,
therefore creating a biased sequencing result. Hence, the PSD approach is a promising tool that
pairs microscopic information with composition, allowing for identification of early membrane

colonizers in a spatiotemporal manner.

6.2.1 Future Work

With the use of municipal wastewater sludge in this study, preliminary results based on
sequencing at the phylum level showed an abundance of Bacteroidetes and Proteobacteria at the
smaller floc sizes compared to Proteobacteria at the larger floc sizes. This suggests that
Bacteroidetes may play a role in the early stages of biofilm formation while Proteobacteria may
play a role in the later stages of biofilm formation. While these results are not conclusive, it
demonstrates the ability of the PSD method to accurately identify early membrane colonizers in a

spatiotemporal manner. Based on this promising result, future work will focus on identifying
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communities of microorganisms that initiate membrane biofouling in anaerobic membrane
bioreactors (AnMBRs) using the PSD method. Instead of floc areas, other microscopic information
such as extracellular polymeric substances (EPS) expression, which has been linked to attachment
of early colonizing microbes can be used to identify communities of microorganisms that initiate

membrane biofouling.
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Appendix A-Supporting information from Chapter 2

Synthesis of N-(3-(methylthio)propyl)acetamide (TPAM). 3-(methylthio)propan-1-amine (564
mg, 5.4 mmol) and 948 puL of EtzN (6.8 mmol, 1.3 eq) were dissolved in 5 mL CH2Cl, and cooled
on ice for 30 min. To the cold solution was added dropwise over the course of 5 min 643 uL (6.8
mmol, 1.3 eq) Ac20 in 5 mL CH2Cl. After warming to RT and stirring for 24 h ninhydrin stain
indicated the presence of unreacted amine and another 95 pL of AcxO (1.0 mmol, 0.18 eq) and
139 uL of EtsN (1.0 mmol, 0.18 eq) was added. After stirring for another 43 h the reaction mixture
was evaporated in a stream of air at 30°C. The clear oil was dissolved in 10 mL of 5% NaHCOs3
(aq) and the aqueous solution was extracted with CH2Cl (3 x 10 mL). After drying over MgSOas,
the solution was concentrated in a stream of air. The clear oil was dissolved in 10 mL of 1 M HCI
(aq) and extracted with CH2Cl> (3 x 10 mL). The clear organic phase was dried over MgSOas,
concentrated in stream of air and dried under vacuum to yield 576 mg of a viscous oil (3.9 mmol,
72%). '"H NMR in CDCI; (Figure A.2a), (ppm): 5.87 (bs, 1H, NH), 3.33 (m, 2H, CH,NH), 2.52
(t, 2H, CH>S), 2.08 (s, 3H, SCH3), 1.97 (s, 3H, CH3CO), 1.80 (m, 2H, CH,CH>CH>).

Synthesis of 1-thiomorpholinoethan-1-one (TMAM). Thiomorpholine (531 mg, 5.2 mmol), 767
pL of Et3N (5.5 mmol, 1.1 eq) and 9.7 mg of DMAP (0.08 mmol, 0.02 eq) were dissolved in 5 mL
of CH>Cl, and put on ice for 30 min. To the cooled solution was added 520 pL of Ac2O (5.5 mmol,
1.1 eq). After stirring for 43 h the mixture was concentrated in a stream of air. The clear oil was
dissolved in 10 mL of 5% NaHCO3 (aq) and the aqueous solution was extracted with CH>Cl, (3 x
10 mL). After drying over MgSQs, the solution was concentrated in a stream of air. The clear oil
was dissolved in 10 mL of 1 M HCI (aq) and the solution extracted with CH>Cl, (3 x 10 mL). The
clear organic phase was dried over MgSQOs, concentrated in flow of air and dried under vacuum to
yield 443 mg of a clear oil (3.1 mmol, 59%). 'H NMR in CDCls (Figure A.2b, Supporting
Information), & (ppm): 3.86 (m, 2H, CH>NCH»), 3.72 (m, 2H, CH2NCH), 2.61 (m, 4H,
CH>SCH>), 2.09 (s, 3H, CH3CO).

Synthesis of N-(3-(methylthio)benzyl)acetamide (TPhAM). (3-
(methylthio)phenyl)methanamine-HCl salt (952 mg, 5.0 mmol) was suspended in 5 mL of CH2Cl
and cooled on ice for 3 min before adding 1.46 mL of EtsN (10.5 mmol, 2.1 eq). To homogenize
the mixture another 5 mL of CH2Cl, was added. After stirring for 5 min at 0°C 520 uL of AcxO
(5.5 mmol, 1.1 eq) was added making the reaction mixture become clear. After adding 13.3 mg of
DMAP (0.11 mmol, 0.02 eq) the mixture was stirred for 23 h. The reaction mixture was evaporated
in a stream of air at 30°C. The residue was suspended in 10 mL of 5% NaHCOs; (aq) and the
mixture was extracted with CH>Cl (3 x 10 mL). After drying over MgSQOs, the solution was
concentrated in a stream of air. The white solid was suspended in 10 mL of 1 M HCI (aq) and the
mixture was extracted with CH2Cl> (3 x 10 mL). The clear organic phase was dried over MgSOs,
concentrated in a flow of air and dried under vacuum to yield 862 mg of a white solid (4.4 mmol,
87%).'H NMR in CDCl; (Figure A.2¢, Supporting Information), § (ppm): 7.21 (m, 4H, CHaromat),
5.75 (bs, 1H, NH), 4.39 (d, 2H, CH:NH), 2.47 (s, 3H, CHsS), 2.01 (s, 3H, CH3CO).
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Synthesis of N-(3-(methylsulfinyl)propyl)acetamide (TPAM-SO) (90 mg, 0.6 mmol) was
dissolved in 540 pL of water in a glass vial and 68 puL of 9.0 M H,0O; (0.6 mmol, 1 eq) was added.
The mixture was rotated at RT for 28 h, frozen and lyophilized to yield 99 mg of a white solid. 'H
NMR showed complete disappearance of the signals of TPAM and the appearance of new signals
assigned to be those of the sulfoxide as shown by FTIR (Figure 2.5a manuscript). 'H NMR in
CDCI; (Figure A.2d, Supporting Information), & (ppm): 6.55 (bs, 1H, NH), 3.38 (m, 2H, CH»-
NH), 2.74 (m, 2H, CH2S(0)), 2.57 (s, 3H, S(O)CH3), 2.05 (m, 2H, CH>CH>CH>), 2.02 (s, 3H,
CH3CO). In addition, some sulfone formed as suggested by the signals at 6.40 (bs, NH), 3.07 (m,
2H), 2.91 (s, S(O2)CH3), 1.97 (s, COCH3). Other signals of the sulfone were not observed due to
overlap with the sulfoxide signals.

Synthesis of 1-(1-oxidothiomorpholino)ethan-1-one (TMAM-SO) (119 mg, 0.8 mmol) was
dissolved in 817 pL of water in a glass vial and 91 pL of 9.0 M H>0O> (0.8 mmol) was added. The
mixture was rotated for 28 h, frozen and lyophilized to yield 119 mg of a white solid. 'H NMR
showed complete disappearance of TMAM and the appearance of new signals assigned to be the
sulfoxide as shown by FTIR (Figure 2.5b, manuscript). 'H NMR in CDCl; (Figure A.2e,
Supporting Information), & (ppm): 4.48 (m, 1H, CH2NCH>), 4.13 (m, 1H, CH2NCH>), 3.73 (m,
2H, CH2NCH»), 2.84 (m, 2H, CH2S(O)CH>), 2.67 (m, 2H, CH2S(O)CH>), 2.13 (s, 3H, COCH3).
In addition, some sulfone had formed as suggested by the signals at 3.94 (m, CH»), 3.03 (m, CH>),
2.16 (s, COCHa;). Other signals of the sulfone were not observed due to overlap with the sulfoxide
signals.

Synthesis of N-(3-(methylsulfinyl)benzyl)acetamide (TPhAM-SO) (23 mg, 0.1 mmol) was
dissolved in 180 pL of dioxane in a glass vial and to the clear solution was added 76 pL of 1.75
M H20: (aq) (0.1 mmol) and the mixture was stirred for 7 d at RT. The reaction mixture was
diluted with water and the clear solution was lyophilized to yield 25 mg of a white solid. "H NMR
showed 90% of TPhAM to be oxidized to the sulfoxide as shown by FTIR (Figure 2.5c,
manuscript). '"H NMR in CDCl; (Figure A.2f, Supporting Information), § (ppm): 7.57 (d, 2H,
CHaromat), 7.42 (d, 2H, CHaromat), 6.25 (bs, 1H, NH), 4.47 (d, 2H, PhCH>S(0O)), 2.68 (s, 3H,
S(O)CH3), 2.05 (s, 3H, COCH3).

Synthesis of 5-[(2-aminoethyl)thioureidyl]fluorescein TFA salt (FITC-NH:-TFA). FITC-
NH> - TFA was synthesized as reported previously with slight modifications [Simirnov et al., J.
Am. Chem. Soc. 2013, 135, 2887-2890]. Tert-butyl N-(2-aminoethyl)carbamate (50 mg, 0.314
mmol) was dissolved in 50 mL of 0.1 M NaHCOs3 (aq) and 2.5 mL of CH3CN on ice. To this
solution, fluorescein isothiocyanate (100 mg, 0.257 mmol) suspended in 3.5 mL of CH3CN was
added. The reaction mixture was stirred for 1 d in the dark. The clear orange solution was
neutralized with 1 M HCI (aq) and evaporated under reduced pressure at 40°C to remove
CH3CN. The orange-brown precipitate was collected by centrifugation, washed with deionized
water (2 x 10 mL) and lyophilized. The crude product was dissolved in 25 mL EtOAc and
centrifuged to remove an insoluble brown solid. The clear yellow supernatant was evaporated at
40°C under reduced pressure. The solid was dissolved in 2 mL of TFA/water (95/5 v/v%) and
stirred at RT for 2 h. The reaction mixture was evaporated under air flow at RT. The residue was
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dissolved in 1 mL DMF and added dropwise to 50 mL Et;O. The precipitate was collected on a
glass filter, dissolved in water and lyophilized. 'H NMR of the product in ds-DMSO was measured
to confirm the successful synthesis of FITC-NH> - TFA.
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Figure A.1. Molecular structures of TPAM, TMAM, and TPhAM. Color code: brown-C,
yellow-S, blue-N, red-O, white-H
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Figure A.2. "H NMR spectra of the thioether model compounds before (a-c) and after oxidation
with H>O> (d-f). TPAM (a and d), TMAM (b and e) and TPhAM (c and f). Asterik (*) symbols
in (d and e) indicate signals due to the sulfone. Hash (#) symbols in (f) indicate signals from
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Figure A.3. "H NMR spectra of the reaction mixture of the time course experiment. After 48 h
the reaction mixtures were lyophilized, extracted with chloroform, concentrated and dried under
vacuum at 40°C. "H NMR spectra of the samples showed the presence of the sulfoxide of TPAM
(a), TMAM (b) and TPhAM (c). In case of TPAM and TMAM the starting thioether signals are
not present due to evaporation during lyophilization and drying. In case of TPhAM signals of the
starting material have been indicated with hash (#) symbols.
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Figure A.5. GPC elution profiles of (a) PPFPA20, (b) PPFPA40, (c) PAM-PPFPA20, (d) PAM-
PPFPA40, (e) CTA removed PAM-PPFPA20 and (f) CTA removed PAM-PPFPA40. Left panels:
refractive index detector (RID) signal. Right panels: UV absorbance at 310 nm.
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Figure A.6. FT-IR spectra of (a) TPh20, (b) TP20, (c) TM20, (d) CTA removed PAM-
PPFPA20, (¢) PPFPA20. Signals at 1780 (C=0), 1510 (C=C) and 1000 (C-F) cmare due to
vibrations of the pentafluorophenyl acrylate groups. The signal at 1620 (C=0) cm™ is due to the
amide group of PAM.
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Figure A.7. FT-IR spectra. (a) TPh40, (b) TP40, (c) TM40, (d) CTA removed PAM-PPFPA40
and (e) PPFPA40. Signals at 1780 (C=0), 1510 (C=C) and 1000 (C-F) cm™' are due to vibrations
of the pentafluorophenyl acrylate groups. The signal at 1620 (C=0) cm™' is due to the amide
group of PAM.
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Figure A.8 GPC elution profiles of (a) TP20, (b) TM20, (c) TPh20, (d) TP40, (¢) TM40 and (f)
TPh40. RID: refractive index detector signal.
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Figure A.10. A typical fluorescence versus polymer concentration plot to determine the critical
micelle concenatrtion (CMC) by the Nile red fluorescence assay. The CMC values were
calculated from the intersection between the linear fits of the low and high concentration shown
here for TPh20 micelles.

(a) (b)

Figure A.11. TEM images of thioether-bearing micelles after treatment with H>O>. The micelles
were treated with 100 mM H>O; at 37 °C for 24 h. (a) TP20, (b) TM20, (c) TPh20 micelles.
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Figure A.12. TEM images of thioether-bearing micelles after treatment with H>O». The micelles
were treated with 100 mM H>O; at 37 °C for 24 h. (a) TP40, (b) TM40, (c) TPh40 micelles.
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Figure A.13. FT-IR spectra before (solid line) and after (dotted line) treatment with 100 mM
H>0, at 37 °C for 24 h (a) TP20, (b) TM20 and (c) TPh20. Arrows indicate the sulfoxide S=O
stretching vibration.
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Figure A.14. Cytotoxicity of micelles alone in HepG2 cells. HepG2 cells were cultured in the
presence of micelles without Dox for 2 d. Cell viability was measured by MTT assay. TP40
(triangles), TM40 (diamonds), TPh40 (squares).
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Appendix B-Supporting information from Chapter 3
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Figure B.1. GPC elution profiles of (a) PPFPA, (b) PAM-PPFPA and (c) CTA removed PAM-
PPFPA. Left panels: Refractive index detector (RID) signal. Right panels: UV absorbance at 310
nm
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Figure B.2. "H NMR spectra of (a) PPFPA and (b) PAM-PPFPA (¢)ADTM and (d) ADT-TPM
in CDCI; or (CD3)2SO.
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Figure B.4. Absorbance for (a) ADTM and (b) ADT-TPM fractions collected after separation by
LH-20 column chromatography. Absorbance was measured at 436 nm by Nanodrop
corresponding to absorbance of ADT group. The successfully conjugated polymer is eluted in
fractions 11-13 and free ADT group is eluted in fractions 20-25.
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Figure B.5. Example determination of CMC by the Nile red fluorescence assay. The
fluorescence emission intensity was recorded at 630 nm (Aex=530 nm). n=3
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Appendix C-Supporting information for Chapter 4
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Figure C.1. Determination of CMC of (a) ADT-GPLGL and (b) ADT-GPLL micelles by the Nile
red fluorescence assay. The fluorescence emission intensity was recorded at 630 nm (Aex=530 nm).
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Figure C.2. Standard curve of amino group Leucine in Tricine buffer determined by fluorescamine
assay. Fluorescence intensity was measured at A, =390 nm, A, =475 nm. n=3
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Figure C.3. GPC elution profiles of (a) PPFPA, (b) PAM-PPFPA and (¢) CTA removed PAM-
PPFPA. Left panels: Refractive index detector (RID) signal. Right panels: UV absorbance at 310
nm
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Figure C.4. "H NMR spectra of (a) PPFPA and (b) PAM-PPFPA (¢)ADT-GPLGL and (d) ADT-
GPLL in CDCIs or (CD3).SO.
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Figure C.5. (a-b) Absorbance (circles) and amount of free peptide (squares) for (a) ADT-
GPLGL and (b) ADT-GPLL fractions collected after separation by LH-20 column
chromatography. Absorbance was measured at 436 nm by Nanodrop corresponding to
absorbance of ADT group. The successfully conjugated polymer is eluted in fractions 10-13 and
free ADT group is eluted in fractions 20-24. Amount of free peptide was determined by
fluorescamine assay relative to the amount of peptide added to the reaction. Fluorescence
intensity was measured at A, =390 nm, A, =475 nm. n=3. (c-d) Standard curve of peptides (¢)

GPLGL-NH: and (d) GPLL-NH> determined by fluoescamine assay. Peptide solution in DMF
was mixed with fluorometric Tricine buffer followed by the addition of fluorescamine solution in
acetone. Fluorescence intensity was measured at A_ =390 nm, A_ =475 nm after 15 min of

incubation at room temperature. n=3
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Figure C.6. FT-IR spectra of (a) ADT-GPLL, (b) ADT-GPLGL, (¢) CTA removed PAM-
PPFPA, and (d) PPFPA

(a)

(b)

(c)

3700 3200 2700 2200 1700 1200 700
Wavenumber [cm™]

Figure C.7. FT-IR spectra of (a) GPLL-NH>* TFA, (b) GPLGL-NH- TFA and (c) ADT-NH>"
TFA
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Appendix D-List of Abbreviation

Name
I-methyl-2-pyrrolidinone

2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid

2,2’-azobis(isobutyronitrile)

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

3-mercaptopropyl) trimethoxysilane
3-mercaptopyruvate sulfur transferase
3-methylthiopropylamide
3-methylthiopropylamine
4-(methylthio)benzylamide
4-(methylthio)benzylamine
4-acryloylmorpholine
4-dimethylamiopyridine

Acetic anhydride

Acetonitrile

Aluminum oxide

Anethole dithiolethione

Attenuated total reflection infrared spectroscopy
Block copolymer polymeric micelles
Calcium hydride

Carbon monoxide

Carbonyl sulfide

Confocal laser scanning fluorescence microscopy
Copper sulfide

Critical micelle concentration
cysthathionine B-synthase
Cysthathionine y-lyase

Deionized water

Deuterated chloroform

Deuterated dimethyl sulfoxide

Diallyl trisulfide

Diethyl ether

Diethylamine ethyl acetate
Dimethylformamide

Doxorubicin

Dynamic light scattering

Enhanced Permeability and Retention effect
Enzyme-linked immunosorbent assay
Epidermal growth factor

Ethanol

Ethyl acetate

Extracellular matrix

Extracellular polymeric substances
Fluorescence intensities
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Abbreviation
NMP
CTA
AIBN
MTT
MPTS
3-MST
TPAM
TP
TPhAM
TPh
AM
DMAP
AcO
CH;CN
AlO3
ADT
ATR-IR
BCPMs
CaHz
(6[0)
COS
CLSFM
CuS
CMC
CBE
CSE

DI water
CDCls
(CD3)2SO
DATS
Et,O
DEAEA
DMF
Dox
DLS
EPR effect
ELISA
EGF
EtOH
EtOAc
ECM
EPS

FI



Gardiquimod

Gel permeation chromatography
Hexane

Human neutrophil elastase

Human umbilical endothelial cells
Hydrochloric acid

Hydrodynamic diameter
Hydrogen peroxide

Hydrogen sulfide

Hydroxyl radical

Laser capture microdissection
Matric metalloproteinases

Matrix metalloproteinase-2
Mesoporous silica

Methanol

Mononuclear phagocytic system
morpholin-4-ium 4-methoxyphenyl(morpholino) phosphinodithioate
N-acetyl-L-cysteine

Near-infrared light

Nitrogen oxide

Number average molecular weight
Paclitaxel

Pearson’s Correlation Coefficient
PEG-diacrylate

Pentaerythritol tetra (mercaptoethyl) polyoxyethylene
Pentafluorophenyl acrylate
Phosphate-buffered saline
Phosphor pentoxide
poly(N-acryloyl morpholine)
poly(pentafluorophenyl acrylate)
Poly(propylene sulfide)
Polydispersity index
Polyethersulfone

Polyethylene glycol

Polymer surface dissection method
Polymerase chain reaction
Polymeric micelles
Polyvinylidene difluoride
Potassium hydroxide

Proton NMR

Reactive oxygen species
Reticuloendothelial system
Reversible addition fragmentation chain transfer polymerization
S-aroylthiooximes

Singlet oxygen

Sodium bicarbonate
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GDQ
GPC

HA

HNE
HUVECs
HCl

D

H>0O>
H)S

‘OH
LCM
MMPs
MMP-2
mSiO;
MeOH
MPS
GYY4137
NAC
NIR light
NO

M,

PTX
PCC
PEGDA
((CH2)2—SH)4
PFPA
PBS]
P4O10
PAM
PPFPA
PPS

PDI

PES
PEG
PSD method
PCR
PMs
PVDF
KOH

"H NMR
ROS
RES
RAFT polymerization
SATOs
0,
NaHCO3



Sodium dodecyl sulfate

Sodium hydrosulfide

Sodium sulfide

Superoxide anion radical
Tetrahydrofuran

Thiomorpholine amide
Thiomorpholine

Toluene

Transmission electron microscopy
Triethylamine

Trifluoroacetic acid

Tumor microenvironment
Ultraviolet light

Weight average molecular weight
Wheat Germ Agglutinin

165

SDS
NaHS
NaxS
0y
THF
TMAM
™

TL
TEM
TEA
TFA
TME
UV light
Mw
WGA





