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ABSTRACT

Amphiphilic hybrid polymers have attracted significant interest as biomaterials for both
fundamental research and practical clinical applications due to their unique polymer structure and
properties relative to the conventional symmetric polymers. Often referred to as “Janus” polymers
combine two different polymer segments (hydrophilic and hydrophobic) of varying degrees, sizes,
and functionalities to obtain a single amphiphilic or hetero-functional macromolecule with
characteristic features. In particular, amphiphilic “Janus” polymers and their self-assemblies have
shown apparent success in nanomedicine owing to their ability to provide highly ordered nanoscale
multimolecular aggregates, including micelles and vesicles. However, engineering these
polymeric materials on a large scale with nanoaggregates of desirable size and morphology
remains challenging. Herein novel synthetic routes and characterization for amphiphilic Janus
polymer libraries and their nanoaggregates are presented. The first library discusses the design,
synthesis, and characterization of self-assembling amphiphilic Janus dendrimers, which consisted
of NH3™ (cationic), COO" (anionic), and OH (neutral) polyamidoamine (PAMAM) as hydrophilic
segments and fatty acid branches as the hydrophobic segment. The results of this study afford
opportunities to evaluate in-vivo efficacy as well as stability and interactions with bloodstream
components. The second system involves in-situ self-assembly, known as polymerization-induced
self-assembly (PISA). Using the PISA approach, we designed the first cationic dendritic macro
chain transfer agent to synthesize a Janus-type hybrid polymer called a linear dendritic block

copolymer (LDBCs). These studies offer a one-pot polymerization method for a new class of



fluorinated Janus-type LDBC for a '°F magnetic resonance imaging (MRI) agent. These results
showcase novel yet efficient pathways toward building next-generation biomaterials with unique

morphologies and tunable properties.
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CHAPTER I: INTRODUCTION
1.1 AMPHIPHILIC JANUS POLYMERS

Over the past few decades, amphiphilic Janus polymers have attracted interest in
biomaterials for both fundamental and practical clinical applications. This growing interest is due
to their different structure combinations and unique properties relative to conventional symmetric
polymer systems.! Amphiphilic Janus polymers combine two different polymer segments
(hydrophilic and hydrophobic) of varying degrees, sizes, and functionalities to obtain a single

amphiphilic or hetero-functional macromolecule with characteristic features (Fig. 1).2

Tree crown resembling
hydrophobic segment

Tree crown resembling
Core connection
between two segments

Tree roots resembling
hydrophilic segment

Figure 1. Structural homology of Janus dendrimers to a tree !

The first idea about Janus polymers was given in 1992 by the Nobel laureate Pierre-Gilles

de Gennes. He described particles where one half of the surface is hydrophobic while the other



part is hydrophilic, being called Janus grain.® The first example of Janus polymers was reported in
1993 by Jean M.J. Fréchet, using the convergent approach to synthesize poly(benzyl ether)
dendrons.* The literature reports several types of Janus polymers: Janus dendrimers, Janus type
block copolymers, Janus type linear dendritic block copolymers are the most common and well-

studied systems. >

The broken symmetry of Janus polymers offers the opportunity to form complex self-
assembled polymer materials and presents a new class of properties that are presently
inconceivable for homogeneous or symmetrical polymers. Due to their unique features, Janus
polymers have a promising future in pharmaceutical and biomedical fields, as seen from their
recent interest in forming supramolecular hydrogels, enabling polymer nanoparticle delivery

systems such as micelles and vesicles for drug encapsulation.®

1.2 POLYMERIC NANOPARTICLES IN NANOMEDICINE

Nanotechnology accommodates many parts of human life, including agriculture,
transportation, electronics, communication, and medicine. Nanotechnology involves
understanding and controlling matter at the nanoscale dimension (1 to 100 nm) to create new
particles and devices.!*"*®* Nanomedicine is the application of nanotechnology in medicine and
health care research, which aims to engineer materials at the nanoscale to develop new drugs and

delivery systems that mimic or aid understand the cellular processes at the molecular level.**

Polymeric nanoparticles are one of the most well-studied organic strategies for
nanomedicine. To determine the ideal nanoparticle system for more effective targeted delivery of
therapeutic applications, particle size, morphologies, surface charge, polymer material choice, and

formulation techniques are all research areas of interest. In addition, attention is given to the



polymer backbone's geometry, resulting nanostructure, and toxicity of the material. Some relevant

advanced applications in nanomedicine involve efficient drug delivery, disease diagnosis,

molecular imagine, tissue engineering, theranostics, etc. (Fig. 2).1%17
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Figure 2. Applications in nanomedicine

In early nano-based applications, initial uses of polymeric nanoparticles were built on non-

biodegradable polymers, such as poly(methyl methacrylate) (PMMA), polyacrylamide, and

polyacrylates. Polymeric nanoparticles were designed such that the particles exhibit rapid and

efficient clearance through the body via urine or feces. However,

inflammatory reactions and

chronic toxicity were observed using non-biodegradable materials, and thus an adjustment in focus

to biodegradable polymers occurred. Biodegradable polymeric nanoparticles became of interest

due to reduced toxicity concerns and the ability to influence specific drug release kinetic patterns.*8

1.3 THE TUMOR MICROENVIRONMENT

During that time, discoveries were made regarding nanoparticle entry, circulation, and

cellular uptake. It was found that nanoparticles in the 20400 nm particle size range can



accumulate at tumor cells via the passive targeting mechanism or enhanced permeability and
retention (EPR) effect (Fig. 3).1° The vascular endothelial lining of the tumor-tissue blood vessels
shows significant gaps between adjacent cells, and cancer tissues lack adequate lymphatic drainage
simultaneously.? Therefore, the drug-loaded nanoparticles are leaked from the blood circulation
through these gaps into the tumor tissue, where they are retained for a prolonged period due to the

defective lymphatic system, resulting in passive targeting of cancer tissues.?

Normal vessels Tumor vessels

@ Nanoparticles @  Vessel endothelial cell ®  Pericyte
e Normal cell (0 P Macrophage ® > Tumor cell ¢  Fibroblast
Basement membranes Extracellular matrix

Figure 3. Enhanced permeability and retention (EPR) effect 2°

As the field began to grow, two crucial modes for using and applying polymeric
nanoparticles in nanomedicine arose. The first method involved encapsulating therapeutic agents
in polymer aggregates.?>?> The second method included conjugating or coupling the therapeutic
agent onto the polymer backbone. Today, the most clinically relevant formulations obtained via
the conjugation method are polymer-drug conjugates, polymer-protein conjugates, and dendrimer
drugs.?5% This approach increases the molar mass of the therapeutic agent, assures prolonged

circulation times, and enhances the solubility of hydrophobic therapeutics.®*? But, the lack of
4



versatility limits the applications of this strategy because only a handful of therapeutic/imaging
agents could preserve their original properties after a covalent conjugation.3-* On the other hand,
encapsulation offers accessibility for a vast range of guest molecules. This method utilizes
noncovalent interactions such as hydrophobic interactions, hydrogen bonding, and electrostatic
interactions to load the guest molecule into a polymeric nanoparticle.®®*” This approach is effective
in synthetic and therapeutic efficacy because the therapeutic/imaging agent does not involve a
direct chemical reaction to load or release. The properties of the polymeric nanoparticles directly
affect the success of the method. The selected polymeric system can form stable nanoparticles with
biocompatible morphologies and sizes while encapsulating the therapeutic agent. Additionally, it

can be equipped with targeting and releasing strategies. 3840

1.4 POLYMERIC NANOPARTICLES CHARACTERIZATION

Particle size is one of the main determinants of biodistribution and retention of the
nanoparticles in target tissues. For size determination, dynamic light scattering (DLS) is commonly
used.*#2 DLS measures the Brownian motion of nanoparticles in suspension and relates its
velocity, known as translational diffusion coefficient (D,) to the size of nanoparticles according to

the Stokes—Einstein Equation 1.

Ky T

Dp = ——— 1
R ) (1)

Where D;, represent the hydrodynamic diameter (particle size), Kz is Boltzmann's constant, T is
thermodynamic temperature, and 7 is dynamic viscosity.*® The polydispersity index (PDI) is used
to evaluate the average uniformity of a particle solution, and larger PDI values correspond to a
larger size distribution in the system. PDI can also indicate nanoparticle aggregation along with

the consistency and efficiency of particle surface modifications throughout the particle sample.**
5



A PDI value from 0.1 to 0.25 indicates a narrow size distribution, and a PDI value greater than 0.5
indicates a broad distribution.”® DLS assumes a spherical shape for nanoparticles; therefore, it is
important to validate this assumption via microscopic examination. Transmission electron
microscopy (TEM) is a microscopy technique in which an electron beam is transmitted through a
suspension on a grid to procedure an image of nanoparticles. TEM provides high-resolution images

of nanoparticles with sample preparation that is unlikely to disturb the morphology.

The surface charge of the nanoparticles is usually expressed as zeta potential, which is
commonly measured by laser Doppler electrophoresis. This technique evaluates the
electrophoretic mobility of suspended nanoparticles in a media and measures the potential at the
boundary of the outer layer. Generally, particles with zeta potential more positive than +30 mV or
more negative than —30 mV have colloidal stability maintained by electrostatic repulsion.*® There
have been reported studies that explain cationic nanoparticles are better internalized into the cells
due to the negative charge cell surface, while neutrally or negatively charged nanoparticles are less

efficiently internalized by the different cells.*’

The critical association or aggregation concentration (CAC) or critical micelle
concentration (CMC) can be used to evaluate the stability of self-assembled nanoparticles. The
CAC, or CMC, is the concentration at which a self-assembled particle or micelle
associates/dissociates.*® This value provides a quantitative measure of the physical stability of
nanoparticles. A relatively low CAC/CMC indicates a more stable micelle system than a high
CAC/CMC. In other words, nanoparticles with a low CAC/CMC can resist dissociation upon

dilution in the blood.

CAC/CMC can be measured using various detection methods, such as chromatography,

conductivity, surface tension, light scattering, and fluorescent probes.**5® The most commonly
6



used method to measure CAC/CMC is to utilize fluorescence probes, such as pyrene, to indicate
micelle dissociation. Pyrene is a polycyclic hydrophobic aromatic hydrocarbon that partitions in
self-assembled nanoparticles' hydrophobic domain during assembly.>* When a nanoparticle
dissociates, pyrene is exposed to water, showing a different fluorescence profile than when in the
hydrophobic environment of the nanoparticles. Therefore, the CAC/CMC can be determined by
monitoring the change in the fluorescence profile of pyrene, defined as the concentration at which
a drastic band shift is observed. In addition, light scattering is used to determine CAC/CMC. This
technique measures the count rate (the intensity of scattered light in DLS), proportional to the
number of nanoparticles in solution when nanoparticles size is constant. The count rate is plotted
against nanoparticles concentration. The CAC/CMC is defined as the concentration above which
the count rate shows a linear increase with the concentration of the components of nanoparticles.>®
The CAC/CMC measurement is a relatively simple and sensitive method of evaluating
nanoparticles stability. Still, a disadvantage is that the application is limited to micelles and self-

assembled nanoparticles, whose formation is influenced by concentrations of the components.

Confocal microscopy and flow cytometry are generally used to study the cellular uptake of
nanoparticles. These methods require nanoparticles to be labeled with a fluorescent marker, which
is done by encapsulation or conjugation. When the aim is to track nanoparticles, it is desirable to
label the nanoparticles with a fluorescent marker and confirm the stability of the dye-loaded
nanoparticles in a solution similar to physiological fluid. Preferably, a drug and a nanoparticle
should be separately labeled so that the drug delivery capability of the nanoparticles may be

accurately evaluated.



1.5 POLYMER SELF-ASSEMBLY

Morphologies resulting from polymer self-assemblies are directly associated with the
physical properties of each polymer segment and mainly depend upon the hydrophobic and
hydrophilic ratio of the polymer. Based on the theories of self-assembly established by
Israelachvelli et al.,*® the effect of inherent molecular curvature on the packing of polymer chains
leads to these morphological outcomes. The packing parameter (p) defined in Equation 2 combines

polymer properties to predict the curvature and the prepared morphologies.®’

(2)

Here, v is the volume of the hydrophobic chain, ae is the equilibrium area per molecule at the

aggregate interface, and L is the length of the hydrophobic chains.

Vesicles
Polymer

1R2<Ps1

Figure 4. The different morphologies obtained by targeting different packing parameters °’

Lower hydrophobic content results in a high curvature of the hydrophilic portion, resulting

in micelles where p < 1/3. On the other hand, a low-curvature system, resulting from many
8



favorable Van der Waals interactions, results in a vesicle morphology where p > 1/2. When the p-
value is between 1/3 and 1/2, resulting in the formation of worms (Fig. 4). By taking advantage of
this phenomenon, Janus polymers can be engineered to achieve the desired morphologies by
simply changing the hydrophobic to hydrophilic weight ratio. However, p does not account for the
kinetics of particle formation, which results in several experimental considerations. Several
research groups 2! have determined that self-assembling amphiphilic polymers undergo a kinetic
pathway where micelles are formed, elongate into tubes/worms, and eventually pinch off into
vesicles. This corresponds to either additional material incorporated into the nanoparticle or fusion
of micelles. Worms are the least mechanically stable morphology, especially as they lengthen. This
free energy penalty can be removed by the polymer spontaneously folding into vesicles. It requires

sufficient material with a large enough hydrophobic core to aggregate into a bilayer vesicle.

Micelles and bilayer vesicles are biologically mimic morphologies, so they have a higher
potential as nanocarriers inside the body. Both are spherically shaped nanoparticles that comprise
a hydrophobic core (assembly of hydrophobic blocks) and a hydrophilic corona (outer shell).
These morphologies offer an optimal drug delivery system for therapeutic agents. The hydrophilic
shell enhances the stability of the nanocarrier in the blood by providing steric protection, and the

hydrophobic core can carry hydrophobic molecules with high loading capacity. 2

1.6 BIOIMAGING

Bioimaging is one of the powerful techniques to gain insights into biological processes and
detect malfunctions inside the body. Over the last few decades, several bioimaging techniques
were established to create images of organs, veins, and cells, such as magnetic resonance imaging

(MRI), positron emission tomography (PET), ultrasound imaging, and computerized tomography



(CT). However, the search for time-dependent, cost-effective, and safe bioimaging techniques with
an excellent resolution continues. Fluorescence imaging allows a pathway to visualize the
biological processes from the cellular down to the molecular level in a non-destructive way.
Fluorescence-based diagnosis of diseases and fluorescence image-guided surgery has been shown
to be successful applications.®’®® There are several types of bioimaging probes that have been
reported in the literature. Fluorescent organic dyes can exhibit high photoluminescence quantum
yields (PLQYs), and a large diversity of dyes with adjustable optical characteristics are easily
available. However, those small organic molecules usually exhibit poor (photo)stability, and
photobleaching frequently creates problems.®®"3 The stability of the fluorescent probes can be
improved by the use of inorganic quantum dots containing heavy metals like cadmium, lead, or

indium, but the company of those heavy metals increases the cytotoxicity.”

1.7 MAGNETIC RESONANCE IMAGING (MRI)

MRI is an in vivo imaging technigque that uses magnetic fields to visualize soft tissues
within the body using a non-destructive way. MRI affords excellent resolution of soft tissues than
CT and x-ray imaging, which makes it particularly useful in neurological, cardiovascular, and
oncological imaging. MRI is presumed safer than PET, CT, and x-ray imaging because it does not
utilize ionizing radiation. MRI uses strong magnetic fields (typically between 0.15 T and 3 T) to
align the nuclear magnetic moments of magnetically active nuclei in the body with an external
magnetic field.”’" Typical anatomical imaging focuses on *H hydrogen nuclei, the most abundant
element in the body. When in the existence of an external magnetic field, the magnetic moment of
the hydrogen nuclei precess around the external magnetic field at a frequency (known as the
Larmor frequency) that is reliant on the gyromagnetic ratio of the nucleus and the strength of the

external magnetic field, given by equation 3:
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where v is the Larmor frequency (MHz), v is the gyromagnetic ratio (MHz/T), and B is the
magnitude of the external magnetic field.’”® The precession of nuclear magnetic moments is
described as a quantum mechanical process. The individual nuclear magnetic moments will align
themselves with the external magnetic field in two degenerate quantum states: either parallel or
anti-parallel, because of the two possible spin states of the nucleus (x%2). The ratio of nuclei in
each state is roughly 1:1. However, the anti-parallel state is slightly more energetic than the parallel
state. For this reason, there are generally more nuclei in the parallel state than the anti-parallel
state; hence there is a net magnetic moment generated within the tissue parallel to the external
magnetic field.”® This vector is denoted as M, and precesses at the same frequency as the nuclear
magnetic moments. The energy difference between the two degenerate states is proportional to the

external magnetic field strength; hence the magnitude of M, increases as B increases.®°

In addition to a strong external magnetic field, a transverse magnetic field perpendicular to
the external field is applied to change the direction of the magnetic moment. This transverse
magnetic field oscillates at the Larmor frequency of Mo, which enables it to interfere constructively
with precession. The net effect is a change in the direction of Mo, with vector components M in
the longitudinal (parallel to the external field) direction and M+ in the transverse (perpendicular)
direction, as shown in Figure 5. Equilibrium magnetization (Mo) occurs as magnetic dipoles align
with the external magnetic field (Bo) (Fig. 5a). Next, a transverse, oscillating magnetic field (BT)
is applied that causes a change in the direction of the equilibrium magnetization (Fig. 5b). This
can be further fragmented down into a longitudinal (M.) and a transverse (M) vector component
(Fig. 5c). Mt decays and ML— M, in time as functions of the relaxation parameters, T1 and T»

(Fig. 5d).8% % In time, My will approach the value of M, due to random thermal motions of the

11



molecule. This is called spin-lattice relaxation, and the time required for this to occur is called the
T1 relaxation time. Additionally, Mt will decay as Mo is regenerated via entropic interactions with
other magnetic dipoles. This process is called spin-spin relaxation and is quantified by the T»
relaxation time. In cooperation, the T1 and T relaxation times are important parameters used to

generate a magnetic resonance image.8:82
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Figure 5. MRI excitation and relaxation phenomena

1.8 THESIS OUTLINE

The main goals of the research outlined in this thesis are to create libraries of novel
amphiphilic Janus hybrid polymers, investigate their self-assembly, and evaluate their potential in

biomedical applications. The project outlined in Chapter 2 summarizes the design, synthesis,

12



characterization, and evaluation of a library of biocompatible self-assembling Janus dendrimers
(JDs) and their resulting nanostructures possessing either a cationic (NHs*), anionic (COO"), or
neutral (OH) surface. The project outlined in Chapter 3 summarizes the synthesis and application
of dendritic macro chain-transfer agents (mCTAs) for in-situ self-assembly, known as
polymerization-induced self-assembly (PISA). This study shows that our newly designed dendritic
chain-transfer agents, mCTA-160H and mCTA-8ala, were capable of performing PISA and
producing amphiphilic linear dendritic block copolymers (LDBCs) in ethanol and water. The
project outlined in Chapter 4 is an extended work from Chapter 3. Chapter 4 summarizes the one-
pot polymerization synthesis of novel fluorinated Janus-type LDBC for a °F magnetic resonance
imaging (MRI) agent. The results of this research outline have created robust and versatile
synthetic strategies to engineer new libraries of Janus polymers, new knowledge in the self-
assembly of amphiphilic LDBCs, and an approach to develop next-generation biocompatible

nanocarriers.
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CHAPTER II: STRUCTURAL AND SURFACE PROPERTIES OF POLYAMINIAMINE
(PAMAM) -FATTY ACID-BASED NANOAGGREGATES DERIVED FROM SELF-

ASSEMBLING JANUS DENDRIMERS

This chapter adapted from Loku Yaddehige, M.; Chandrasiri, 1.; Barker, A.; Kotha, A. K;
Dal Williams, J. S.; Simms, B.; Kucheryavy, P.; Abebe, D. G.; Chougule, M. B.; Watkins, D. L.
Structural and Surface Properties of PAMAM — Fatty Acid-based Nanoaggregates Derived from
Self-assembling  Janus Dendrimers. ChemNanoMat, 2020, 6 (12), 1833-1842.

https://doi.org/10.1002/cnma.202000498. (See appendix D for permission license)

This project is a collaborative work between Dr. Chougule and Dr. Kucheryavy. The
synthesis and characterization of dendrimers and nanoparticle characterization were performed by
Loku Yaddehige, M. Synthesis and characterization of PAMAM hydrophilic dendron were done
by Chandrasiri, I.; Barker, A. 2D NMR spectroscopy was done by Kucheryavy, P. The CAC

analysis were performed by Williams, J. S. Cytotoxicity assay was performed by Kotha, A. K.

2.1 ABSTRACT

This study summarizes the synthesis, characterization, and evaluation of a library of
biocompatible self-assembling Janus dendrimers (JDs) and their resulting nanostructure
possessing cationic (NHz"), anionic (COO), and neutral (OH) surfaces, and their potential as

biomaterials. Comprised of a PAMAM dendron as the hydrophilic portion and fatty acid (FA)
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functionalized dendrons as the hydrophobic portion, the physicochemical characterization and in
vitro cell viability of amphiphilic JDs were performed. Microscopy (TEM) and dynamic light
scattering (DLS) analysis indicate the size (i.e., diameters) of spherical JD nanoaggregates ranging
from 40 to 100 nm with zeta-potential values ranging from -17.9 to +58.7 mV corresponding to
cationic, anionic, and neutral functionalized JDs. Furthermore, these systems exhibited spherical
nanoaggregates with critical aggregate concentrations (CAC) ranging from 2.8 to 7.0 mg/L. At
low concentrations (<200 pg/mL), JD’s nanoaggregates showed minimal cell growth inhibitory
properties in the in vitro testing, demonstrating their safety. The results of this study prove that a
simple yet strategic combination of chemically distinctive dendritic segments can afford a versatile

library of unique JDs nanoplatforms with excellent potential for biomedical applications
2.2 INTRODUCTION

In recent years, amphiphilic Janus dendrimers (JDs) have become a primary topic of
supramolecular chemistry due to their flexible functionality and promising bio-organic
capabilities.* Amphiphilic JDs are synthesized by combining hydrophilic and hydrophobic
dendrons of varying generations, sizes, and functionalities to obtain a single amphiphilic or hetero-

functional macromolecule with characteristic features. 84-8

Employing the properties of JDs for the design and development of engineered
nanoaggregates is particularly beneficial. When focusing on their applications in nanomedicine, &
specific properties of the JDs can be utilized to develop biocompatible nanocarriers for drug
therapy. Among such properties are the self-assembly and formation of various types of
supramolecular nanoaggregates in water (i.e., tubes, micelles, and bilayer vesicles) and the specific

tunability achieved through end-group modification of the dendron. °°* There have been
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numerous reports on the biomedical applications of these unique polymeric structures and their
nanoaggregates in the fields of drug conjugation, drug and gene delivery, solubility enhancement

of hydrophobic drugs, and bioimaging.%*™

Interestingly, the position to utilize JDs as engineered nanoaggregates has been limited.
These limitations are often due to surface properties that can affect particle size, surface charge,
biodistribution, and cellular interaction.®? For example, positively charged nanoaggregates have
been reported to have higher cellular uptake in human cells due to a charge associated with the
negative surface of cell membranes.'%? However, nanoaggregates possessing larger cationic charge
densities have been reported to induce cell lysis and, as a result, are toxic to healthy human cells.1%
Alternatively, negatively charged nanoaggregates have been reported for higher circulation times
in the bloodstream. 1* Recently, nanoaggregates with a neutral surface have become known as a

delivery platform for therapeutics in in-vivo cancer models with minimal toxicity. 1010

In regards to size and morphology, it is well noted that nanoaggregates with diameters over
200 nm are inefficient in penetrating tumor tissue as such particle sizes exceed the penetration
barrier of the enacted enhanced permeability retention (EPR) effect. 1°7-1%8 By a strategic approach
toward developing nanoaggregates with controlled surface charge and particle sizes of 10 — 200
nm, these drawbacks can be minimized; thus, achieving safe and efficient engineered nanocarriers

for biomedical application. 1%°

Herein, we present the design, synthesis, characterization, and evaluation of cationic,
anionic, and neutral functionalized polyamidoamine (PAMAM) — fatty acid (FA) amphiphilic JDs
and their self-assembled nanoaggregates in agueous media. In this study, we use biocompatible

dendritic segments for the synthesis of novel JDs to minimize the common challenges of stability

16



and toxicity that traditional nanoaggregates often face. *1° In addition, we summarize the structural
and surface properties of the nanoaggregates as well as an evaluation of biomedical efficacy. The
dendrimers of this investigation, FA-PAMAM-NHz*, FA-PAMAM-OH, and FA-PAMAM-COO

are presented in Figure 6.
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In this report, we hypothesize that nanoaggregates formed from cationic (NHs"), anionic
(CO0O), and neutral (OH) charge PAMAM- FA JDs will impart distinct properties and enable
them for use in biomedical applications. As depicted in Figure 6, the hydrophilic block consists of
a PAMAM dendron. PAMAM is a well-documented hyperbranched polymer and was chosen
based on its synthetic accessibility allowing for a variety of functional groups to be readily
incorporated. On the opposite segment of the dendrimer structure is the hydrophobic FA branch,
which promotes self-assembly into nanostructures via the hydrophobic effect. These were
systematically chosen because of their extended pedigree as biocompatible and biodegradable
materials. In addition, their presence within the dendrimer is vital to the size, stability, and safety

of the resulting nanoaggregate. 111112

The synthesis of our macromolecular library was confirmed via nuclear magnetic
resonance (NMR) and gel permeation chromatography (GPC). Nanoaggregates were then formed
in agueous media, and the resulting structures were studied by dynamic light scattering (DLS) and
transmission electron microscopy (TEM). The effects of surface variation were studied via in vitro
cell viability using A549 luciferase expressing non-small cell lung cancer cells. The findings
within this study show that a simple combination of unique dendritic segments can afford an
exceptional self-assembling polymer platform whose supramolecular nanostructures can be

utilized to maximize therapeutic accessibility.
2.3 RESULTS AND DISCUSSION

2.3.1 DESIGN AND SYNTHESIS
This study aims to synthesize and evaluate PAMAM- FA JDs with distinct surface

properties for biomedical applications. The PAMAM portion was a logical choice for the
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hydrophilic segment due to its extensive use in drug delivery and biomaterials. *** The PAMAM
structure consists of repeating amide segments, which increases biocompatibility and provides
structural gaps to store smaller species via hydrogen bond interactions. ** As the hydrophilic
portion, various modifications can be made to the amine terminal groups to yield surface-
functionalized nanoaggregates in aqueous media. For this investigation, we selected generation-3
(G3) PAMAM. Studies have shown that larger generations of PAMAM exhibit steric hindrance
and crowding. >t Smaller generations are too flexible, causing possible leakage of the drug
payload. '8 Due to its amine surface, at specific pH levels (pH < 7.5), PAMAM-based
nanoaggregates formed in aqueous media will possess positive/cationic surfaces. Although the
design strategy presented here utilizes only a fourth of the typical PAMAM dendrimer, it is
intuitive to expect that the cationic density of an amphiphilic JDs comprised of PAMAM will

increase upon aggregation.

In turn, we introduce a neutral hydroxyl group to the surface of PAMAM G3 (FA-
PAMAM-OH), which will afford nanoaggregates with a neutral surface in aqueous media. For
additional comparison, we include a PAMAM G3 surface with carboxylic acid groups (FA-
PAMAM-COO-), which can provide a negatively charged surface in PBS buffer at pH 7.4. The
variation in surface properties described herein provides numerous advantages regarding the
preparation of amphiphilic JDs, their surface-functionalized aggregates, and the potential

biomedical application of these materials.

For the hydrophobic segment, we have employed lipophilic FA chains attached to 2,2-
bis(hydroxymethyl) propionic acid (bMPA). FAs have been widely studied for their role in cell
membranes and energy storage. *'° Because of their high availability in the human body, FAs are

well known for their biocompatibility and biodegradability, making them suitable candidates for
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developing nanocarriers for biomedical applications. 8-°° The terminal alcohol groups of b(MPA

allow for esterification under mild reaction conditions while providing an additional level of

biodegradability and biocompatibility to the JDs and its resulting nanoaggregate. *2°
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Figure 7. A general synthetic route for the preparation of amphiphilic JDs

A general synthetic scheme for the PAMAM-FA amphiphilic JDs, FA-PAMAM-NH3;",
FA-PAMAM-COO", FA-PAMAM-OH, and their precursors, FA-PAMAM-BOC, FA-PAMAM-
TBE, FAPAMAM-THP, is shown in figure 7. In our previous work, ''* we observed that
amphiphilic block copolymers with 70:30 hydrophobic to hydrophilic ratio self-assemble into
bilayer vesicles in water. Based on our observations as well as those of polymer physics,'* the
molar mass of JDs was designed to keep a 70:30 hydrophobic to hydrophilic weight ratio between

the dendrons to yield more biologically relevant nanoaggregates. 121123

PAMAM dendrons were synthesized by a divergent method in which the growth of the
dendron originated from a core functional group. Using propargyl amine as the focal point,
Michael addition with methyl acrylate formed a half-generation dendron yielding GO0.5. The

reaction was followed by nucleophilic amidation with ethylenediamine to afford full-generation
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dendrimers (Scheme 1-2, Appendix A). PAMAM G2 was treated with tertbutyl acrylate in
methanol to obtain P-PAMAM-G3-TBE (1) with a 90% yield. PAMAM G2.5 was treated with
((tetrahydro-2H-pyran-2-yl)oxy) methanamine in methanol to obtain P-PAMAM-G3-THP (2)
with 81% yield. PAMAM G3 dendron was treated with di-tertbutyl dicarbonate in methanol to

obtain P-PAMAM-G3-BOC (3) with a 92% yield.

The hydrophobic dendron is synthesized by Malkoch esterification, 7 1,1'-
carbonyldiimidazole (CDI) is used to activate the carbonyl group of the bMPA and cesium fluoride
(CsF) as a catalyst with azide focal point and bMPA as the monomer. The final step of the
hydrophobic dendron involves FA attachment using palmitoyl chloride via esterification to obtain
hydrophobic dendron A-MPA-4-FA with a 91% vyield (Scheme 3-4, Appendix A). The presence
of the azide group was confirmed by FTIR using stretching vibrations at 2102 cm™ (Fig. 47,

Appendix A).

The hydrophobic and hydrophilic dendrons were linked by copper(l)-catalyzed azide-
alkyne cycloaddition (CUAAC) *° to obtain the three JD precursors. The hydrophobic dendron
was used in excess to increase the reaction yields and simplify the purification of the final JD.
Indeed, as the final JD and hydrophilic dendron have large molar mass differences, it can be easily
separated from the final JD by size exclusion chromatography. This method, which is a variation
of previously published methods, *?* allowed the three JDs to be synthesized with yields between
79 - 86%. The JDs precursors were thoroughly characterized (vide infra) to confirm structure and
purity as sequential and final reactions would yield target JDs not requiring additional purification.
Accordingly, removal of the protecting groups BOC, TBA, and THP using trifluoroacetic acid
(TFA) afforded the final amphiphilic JDs: FA-PAMAM-NHz;*, FAPAMAM-COO", and FA-

PAMAM-OH.
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2.3.2 POLYMERIC MATERIALS CHARACTERIZATION

The final products were characterized by *H and *C NMR spectroscopy (Fig. 48-53,
Appendix A), HSQC, HMBC, and GPC. Precursor FA-PAMAM-TBE is considered here as a
representative example to discuss the characterization results (Fig. 8). An overlay of NMR spectra
shows characteristic peaks of PAMAM (1.4, 2.19-3.69 ppm) and bMPA-FA (1.27, 5.15 ppm) (Fig.
48, Appendix A). Both segments are present in the spectrum of the coupled product for the
precursors. With respect to the hydrophilic block, the peaks corresponding to the protons in the a
positions of the triazole are shifted downfield in comparison with those in the starting propargyl-
PAMAM dendron (from 3.62 to 4.39 ppm). Concerning the hydrophobic block, the peak
corresponding to the protons in the a position of the triazole is also shifted downfield (from 3.32
to 4.29 ppm) in comparison to the starting azide FA dendron. All other resonance signals remain
unchanged, and a perfect correlation is observed for the signal integrations corresponding to the
hydrophilic and hydrophobic dendrons. In regards to the connection point, *H NMR signal peak at
7.82 ppm corresponds to the hydrogen attached to the triazole ring (H-4) (Fig. 49, Appendix A).
In the 3C NMR spectrum (Fig. 50, Appendix A), signals at 125 ppm and 142 ppm corresponding
to the carbon atoms of the triazole C-4 and C-5. The HSQC spectrum confirms the presence of
triazole ring by exhibiting a signal at 7.82 ppm in *H NMR spectrum corresponding to H-4 and
125 ppm in 3C NMR corresponding to C-4. The same *H NMR signal in the HMBC spectrum
further confirms the formation of the triazole ring by showing a cross peak at 142 ppm in 13C
NMR corresponding to C-5 and H-4 (Figure 8). A similar analysis was done for the other two JDs,

and further information is given in appendix A (Fig 54-65).
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Figure 8. (a) Structure of the triazole ring (b) HSQC NMR spectra of FAPAMAM-TBE (c)
HMBC NMR spectra of FA-PAMAM-TBE

Due to the reduced solubility of amphiphilic JDs in THF, protected JD precursors were
used for the molecular weight characterization. Molecular weight characterization for the JD
precursors is given in Table 1. GPC of protected JDs confirmed the absence of free dendrons that
had not reacted during the CuUAAC process by having a single peak in the chromatographs.

Shoulders appearing adjacent to the main peak in the GPC trace are due to the branching nature of
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the dendrimer affecting its elution in the column. *?® (Fig. 66-68, Appendix A). The dispersity
values range from 1.02 — 1.06, which indicates the presence of monodisperse polymers. With the
precursors confirmed, acid deprotection affords cationic, anionic, and neutral amphiphilic JDs FA-

PAMAM-NH3z*, FA-PAMAM-COOH, and FA-PAMAM-OH.

Table 1. Molecular weight characterization of the JDs by GPC with THF as the elution solvent

Sample g I\m/lzahl'1 g Mgl'l g :\n/l(v)vl'l B
FA-PAMAM-G3-BOC 3785 3625 3801 1.05
FA-PAMAM-G3-TBE 3096 3118 3289 1.06
FA-PAMAM-G3-THP 3665 3716 3781 1.02

M, Mn, Mw, D denote theoretical molar mass, number average molar mass, weight-average
molar mass, and dispersity, respectively.

2.3.3 SELF-ASSEMBLY AND MORPHOLOGY

The aggregates of FA-PAMAM-NH3* (cationic JD) were formed in water, and FA-
PAMAM-COO" (anionic JD), FA-PAMAM-OH (neutral JD) were formed in PBS buffer using the
nanoprecipitation method.*?”-1?° Tabulation of nanoaggregate characteristics is provided in Table
2. The critical aggregation concentration (CAC) of the JD nanoaggregates was evaluated by the
pyrene probe method.**° The CAC denotes the concentration at which self-assembled particles are
associated or dissociated. In the methodology we used, pyrene was employed as a solvatochromic
fluorophore. Pyrene is a lipophilic polycyclic aromatic hydrocarbon, which moves into the
compartments in the lipophilic portion of the nanoaggregate during self-assembly. 3! Pyrene
shows different fluorescent profiles when they are in the lipophilic portion and water, which leads

to the determination of the CAC. This value affords the physical stability of nanoaggregates.
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Table 2. CAC values, the average hydrodynamic diameter of the nanoaggregates by TEM and
DLS (in number and intensity), and surface charge

CAC/ RrpLs(nm) C-potential
Sample (/L) Rrem (nm) PDI p(mV)
Number
FA-PANAM-G3- 70+09  556+41 57.8+167 019  56.1+65
FA-PAMAM-G3- 33+08  475+92  410+90 047  85+16
FA-PAMAM-G3- 28+05  1048+48 931+159 088  -17.9+26

For each of the nanoaggregate sets formed, the CAC values were less than 10 mg/L. The
CAC for the amphiphilic JDs ranged from 2.8 to 7.0 mg/L providing relatively low CAC values,
and they are comparable to those found in the literature and correlate to the candidacy of these
amphiphilic JDs as potential biomaterials.**? Although the CAC values for each of the amphiphilic
JDs are low; there is a significant difference in the CAC based upon the cationic, anionic, and
neutral surfaces. Cationic JD has the highest CAC value (7.0 mg/L), and anionic JD has the lowest
CAC (2.8 mg/L), with the neutral JD having a value of 3.3 mg/L. A low CAC value illustrates a
more stable nanoaggregate system and a resistance to dissociation upon dilution in the blood.*®
Based on CAC values, the results indicate that anionic and neutral JDs form more stable

nanoaggregates compared to cationic JD.

The particle size of the amphiphilic JD nanoaggregates in aqueous media was studied by
dynamic light scattering (DLS). Anionic JDs have a larger particle size with the number average
diameter of 93.1 + 15.9 nm, an intensity average diameter of 102.2 + 14.1 nm with 0.882 PDI (Fig.
71-72, Appendix A). For the neutral JD, the number average diameter 41.0 + 9.0 nm, intensity

average DLS data gave two distributions, small hydrodynamic diameters (53.3 + 12.4 nm), and
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larger hydrodynamic diameter (308.2 + 85.1 nm) with 0.469 PDI (Fig. 73-74, Appendix A).
Cationic JD shows a similar particle size to neutral JD with a number average diameter of 57.8 +
16.7 nm, an intensity average diameter of 103.7 + 40.3 nm with 0.191 PDI (Fig. 69-70, Appendix
A). Based on the PDI value, cationic JDs and neutral JDs shows a narrow size distribution where
PDI values range from 0.1 to 0.5, and anionic JDs show a broad distribution with a PDI value
greater than 0.5. All particle sizes are below 200 nm, which indicates that they have the potential
to escape physiological barriers, take advantage of the EPR effect, possess high potential for
prolonged circulation and reduced filtration by the liver and spleen. Overall particle size analysis

indicates that all three JDs produce nanoaggregates within a favorable range for cellular uptake.

133

To examine the morphology of the aggregates and to support the particle size data obtained
from DLS, TEM analysis was carried out. Cryo-TEM allowed us to observe the dendrimer
aggregates as they are in aqueous solutions and to understand the morphology of the self-
assembled aggregates. Based on the cryo-TEM data (Fig. 9), all amphiphilic JDs show spherically

shaped nanoaggregates that validate our DLS data.

Cationic JDs show a spherical aggregate (Fig. 9a) with an average particle size of 55.6 nm,
which is ideally correlated with the average diameter (57.8 nm) obtained by DLS. The neutral JDs
show spherical aggregates with an average particle size of 47.5 nm, and clusters of nanoaggregate
aggregates (Fig. 9b) are observed, which explains the bimodal distributions of particle size (53.2
nm, 308.2 nm) that were obtained by DLS. For the average diameter of 53.2 nm, we observed a
lower intensity peak when compared to the average diameter of 308.2 nm (Fig. 74, Appendix A).

This is due to the bimodal particle size distribution.
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Figure 9. Cryo-TEM images with utilizing uranyl formate as a contrast agent for (a) FA-
PAMAM-NHs*, (b) FA-PAMAM-OH, and (c) FA-PAMAM-COO"

DLS is relatively weaker at analysing bimodal or multimodal particle size distribution
because the signal of the smaller particle is lost due to the signal intensity of a spherical particle
with a radius r is proportional to r% as a result, the intensity of smaller particles tends to be
weakened by the larger particles.** Anionic JDs show similar spherical aggregates (Fig. 9¢) with
an average particle size of 104.8 nm, which correlates with the average hydrodynamic diameter
(93.1 nm) obtained by DLS. As expected, we observe more aggregations in the FA-PAMAM-OH

due to their neutral surface. Unlike the cationic and anionic JDs, there is no charge separation
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between nanoaggregates, which leads to having more aggregates with the support of hydrogen

bonding between nanoaggregates.

A critical aspect of the study is to assess the surface charge of aggregates formed from the
amphiphilic JDs. Generally, particles with positive surface charges below 15 mV display the ideal
properties such as decreased macrophage uptake,*® higher tumor retention, and longer circulation
time.*® In addition, the ideal surface charge depends on factors such as cell type, cellular uptake
mechanism, and intracellular localization of nanoaggregates.3* There have been reported studies
that explain the ability of cationic nanoaggregates to stay in a tumor for a prolonged time compared
to anionic and neutral charged nanoaggregates. Because favorable electrostatic interactions can be
made between cationic nanoaggregates and the negatively charged cell membrane at the stage of
cellular uptake.*’ The surface charge is commonly expressed as a zeta potential, which is measured
by the laser Doppler electrophoresis technique. The cationic JD has a zeta potential of 56.1 + 6.5
mV in the MilliQ water at pH 7.0. The anionic JD and the neutral JD have zeta potentials of, -
17.9+ 2.6 mV, 8.5 + 1.6 mV, respectively, in PBS solution at pH 7.4. The zeta potential values
confirm the cationic, anionic, and neutral nature of nanoaggregates. Among cationic, anionic, and
neutral nanoaggregates, neutral nanoaggregates have the lowest CAC, a particle size of about 50

nm, and a zeta potential below 15 mV.
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Figure 10. In vitro cell viability profile of A549 luciferase expressing non-small cell lung cancer
cells after treating with FA-PAMAM-COO", FA-PAMAM-NH3", FA-PAMAM-OH dendrimers
(0.2 pg/mL — 200 pg/mL) for 72 h. Cell viability assay was performed by MTT assay as
described in Materials and methods. Values presented as mean + standard deviation of two
independent experiments (n = 24).

2.3.4 BIOCOMPATIBILITY AND CELL VIABILITY

After physiochemical characterization, we evaluated the effects of JD nanoaggregates on
cell viability against non-small cell lung cancer cells using the MTT assay. The composition, size,
and charge of the nanoaggregates play a critical role in cell interactions. The development of
nanoaggregates with particle sizes of less than 100 nm is challenging. But our design and synthetic
strategy assisted in controlling the size of less than 100 nm and shape and relatively low CAC
values of these nanoaggregates. Such satisfactory properties demonstrate their potential to

overcome common physiological barriers.3

For in vitro cell viability studies, we used A549 Luciferase expressing non-small-cell lung

cancer cells. This cell line was chosen considering the potential future uses of the nanoaggregates
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for drug and gene delivery in the treatment of lung cancer. In addition, luciferase expressing cells

are useful tools for evaluating siRNA loaded nanomedicine for gene silencing capability.*3®

Based on surface charge values, we expected lower cell viability for cationic
nanoaggregates, which have higher surface charges. While for neutral and anionic nanoaggregates,
we expected much higher cell viabilities relative to the cationic nanoaggregate. The three JD
nanoaggregates showed more than 80% cell viability at 0.2 — 20 ug/mL concentration range, which
indicates that they are biocompatible (Fig. 10). We noted that the inhibition of cell viability was
concentration-dependent. At 20 ug/mL, the cell viability of FA-PAMAM-OH was 87.92 + 15.1%,
FA-PAMAM-COO" showed 83.53 + 11.68% and FA-PAMAM-NH3" showed 86.55 + 12.69% cell

viability (all concentrations tested were above the CAC of these nanoaggregates).

When the nanoaggregate concentration is increased further, cell viability starts decreasing.
At 200 ug/mL, FA-PAMAM-OH showed the highest cell viability (69.25 + 14.26%) when
compared to FA-PAMAM-COO" (67.55 + 13.2%) and FA-PAMAM-NH3" (58.49 + 12.46%),
which indicates that these positively charged dendrimers show higher inhibition of cell viability.
Unquestionably, comparatively lower cell viability was expected for the cationic JD
nanoaggregates. This is due to their cationic charge density compared to negatively or neutrally
charged JDs and potentially higher uptake.'** The positively charged dendrimer interacts with
negatively charged cell membranes, thus inducing cell viability. However, particle sizes and
secondary aggregates can also contribute to such observations. The neutral and anionic polymers

show a minimal charge to charge interaction with cells.
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Figure 11. Statistical comparison of FA-PAMAM-COQO", FA-PAMAM-NH3*, FA-PAMAM-0OH
dendrimers a) 0.2 ug/mL, b) 2 ug/mL, c) 20 pg/mL, d) 200 ug/mL) after 72 hrs treatment against
Ab549 luciferase expressing non-small-cell lung cancer cells. The in vitro viability of dendrimers
was performed as mentioned in materials and methods. Values presented as mean + standard
deviation of two independent experiments (n = 24)

In statistical analysis, when compared with a cell line without polymer treatment (control),
FA-PAMAM-NH3"* showed no statistically significant difference in cell viability at 0.2 ng/mL and
2 ug/mL. However, at concentration of 20ug/mL and 200 ug/mL, it showed significant difference

(*P<0.05, ***P<0.001 respectively). For FA-PAMAM-COOQO", at 0.2 ug/mL, there was no
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statistically substantial differences but the three additional concentrations (2 ug/mL, 20 ug/mL
and 200 pg/mL) showed noteworthy difference in cell viability, **P<0.01, ***P<0.001,
***P<0.001 respectively. FA-PAMAM-OH also did not show statistical difference at low
concentrations but at 200 ug/mL it showed considerable differences ***P < 0.001 relative to un-

treated control cells (Fig. 11).

Comparatively, FA-PAMAM-COO", FA-PAMAM-NHz*, and FA-PAMAM-OH JD
nanoaggregates at concentrations less than 20 ug/mL showed a non-significant difference in the
viability (P > 0.05, Fig. 11a-d). However, at higher concentrations, there was a major difference
between FA-PAMAM-NH;" and FA- PAMAM-OH (P < 0.05). Similar to our findings, Navath et
al., 2010 and Kannan et al. 2004 found that concentrations of 1 to 100 ug/mL of PAMAM
dendrimer showed minimal effect on cell viability in A549 human lung epithelial carcinoma cells
5052 despite utilizing a full dendrimer relative to the partial structure use herein. It is essential to
note that the increase in JDs concentration enhances the formation of secondary aggregations in
the media due to an increased chance of collision between nanoaggregates.* This presumably
causes FA-PAMAM-NHs" to have a significant difference in cell viability with the support of the
higher surface charge. Similarly, cell viability depends on the concentration of JDs along with
other factors, i.e. time of exposure, end functionality groups, and cell type.®® The JDs
nanoaggregates warrant further studies to elucidate the interaction with cells and mechanism of

inhibition of viability.

2.3.5 CONCLUSIONS
A library of PAMAM — FA JDs with distinct physicochemical properties (cationic, anionic,

and neutral charge) were successfully synthesized and characterized. The nanoaggregates
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comprised of JDs were spherical with sizes of less than 200 nm and surface charge values ranging
from -17.9to +58.7 mV. The CAC for the amphiphilic JDs ranged from 2.8 to 7.0 mg/L, providing
relatively low CAC values indicating stable nanoaggregates. In the A549 luciferase expressing
non-small-cell lung cancer cell viability assay, the JD nanoaggregates up to 20 ug/mL
concentration showed an insignificant effect on cell viability, highlighting the biocompatibility of
the resulting nanoaggregates. When the concentration of JDs is increased, cell viability decreases
depending on the charge on Janus dendrimers, showing the highest inhibition of cell viability by
the positively charged FA-PAMAM-NHs*. Overall results indicate that these JDs and their
resulting nanoaggregates have high potential as vectors for drug and gene delivery in treating
various diseases. Surprisingly due to low surface charge, ideal particle size and low CAC value,
neutral nanoaggregates show the best morphological properties for biomedical application. Further
experiments are needed to analyze the extent of drug and gene delivery, intracellular uptake and

trafficking, and mechanism of cell growth inhibition.
2.4 EXPERIMENTAL

2.4.1 MATERIALS AND METHODS

Reagents and solvents were purchased from Sigma-Aldrich® or Acros® and used without
further purification unless otherwise specified. Additional synthetic details, general procedures,
and tabulations of materials characterization are given in appendix A. A549 luciferase expressing
non-small-cell lung cancer cells were obtained as a gift from Dr. Mandip Singh, Division of Basic
and Pharmaceutical Sciences, College of Pharmacy and Pharmaceutical Sciences, Florida A & M
University, Tallahassee, FL, USA. HyClone DMEM (Dulbecco’s Modified Eagle Medium)/low
glucose with 1000 mg/L Glucose, 4.0 mM L-glutamine, and 110 mg/L sodium pyruvate, HyClone

penicillin (10,000 units/mL)-streptomycin (10,000 pg/mL) solution were purchased from GE
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Healthcare (Utah, USA). Fetal bovine serum (FBS) was obtained from R&D Systems
(Minneapolis, USA). 2.5% trypsin (10X), without phenol red, was purchased from Corning
(Virginia, USA). Thiazolyl blue tetrazolium bromide reagent was purchased from Sigma

(Missouri, USA). Dimethyl sulfoxide (DMSO) was procured from Fischer Chemicals (NJ, USA).

2.4.2 CHARACTERIZATION OF INTERMEDIATES, PROTECTED DENDRONS AND
AMPHIPHILIC JANUS DENDRIMERS

'H NMR and BC NMR spectra of dendrons were collected on a Bruker Avance NEO
spectrometer (Bruker, Germany), operating at 500 MHz, 400 MHz, or 300 MHz with CDCls or
MeOD as the solvent and TMS as an internal standard. HSQC and HSBC spectra were collected
on a 400 MHz Bruker Avance NEO spectrometer with the following parameters: HSQC (TD/F1
= 256, TD/F2 = 2048) and HMBC (TD/F1 = 256, TD/F2 = 2048). Infrared spectra were obtained

on a Bruker ALPHA-P spectrophotometer in ATR mode and recorded between 4000 and 600 cm™

1

The molecular weight and PDI of the copolymers were determined by gel permeation
chromatography (GPC). All the measurements were done using THF, and measurements were
done at a flow rate of 1 mL/min at 35 °C. A Shimadzu 20A GPC system equipped with two PSS
SDV analytical 1000 A columns and a differential refractive index detector were used. Polystyrene
standards (900-100,000 g/mol) were used for the calibrations curve, and the data was processed

using Astra 7.0 software.
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2.4.3 PREPARATION AND CHARACTERIZATION OF SELF-ASSEMBLED
AGGREGATES

The amphiphilic JDs with the amine surface FA-PAMAM-NH3"(cationic), carboxylate
surface FA-PAMAM-COO" (anionic), and hydroxyl surface FA-PAMAM-OH (neutral) were
formed into aggregates employing a nanoprecipitation method.?®?’” For the nanoprecipitation
method, 100 uL THF was used as the organic solvent to dissolve 1 mg of JDs in a vial. The solution
was added dropwise to a separate vial of MilliQ water at pH 7.0 (2 mL) for the NH3z* and 10 mM
PBS buffer at pH 7.4 (2 mL) for COOH and OH while gently stirring. THF was evaporate under
a stream of nitrogen. Nanoaggregate solutions were allowed to equilibrate for 12 h before further
study. Nanoaggregate sizes and (-potentials measurements were carried out on a Malvern
Instrument Zetasizer Nano ZS using a He—Ne laser with a 633 nm wavelength, a detector angle of
173° at 25 °C. The size measurements were performed in triplicate for each sample at 0.5 mg/mL
concentration to ensure consistency. The morphological study of the nanoaggregates formed from
the JDs was carried out by cryogenic-TEM using a JEOL 1250 TEM operated at 100 kV to collect

the TEM images using a Gatan Orius 831 bottom mounted CCD camera.

For the measurement of the critical aggregation concentration (CAC), pyrene (1.7 mg, 8.41
umol) was dissolved in 3 mL of acetone, and 40 uL of the solution was added to 40 mL of
deionized water. A series of concentrations of the nanoaggregate suspension ranging from 108 mg
L ! to 10 mg L was prepared by dilutions of 2 mL per sample. Pyrene solution (2 mL) was added
to each vial, and these solutions were equilibrated for 48 h in a dark area. The fluorescence spectra
were obtained on a Varian Cary fluorometer from Agilent Technologies. An emission wavelength
of 390 nm was used for pyrene, and the excitation spectra were recorded from 300 to 380 nm. The
ratio of emission intensities at 338 and 333 nm was graphed as a function of the log of the
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concentration. The CAC was calculated as the concentration at the intercept of the lines for the

two linear regions of the obtained graphs.

2.4.4 CELL VIABILITY ASSAY

Cell viability assay of the nanoaggregates was performed using an established protocol.?®
Briefly, A549 luciferase expressing non-small-cell lung cancer cells were seeded at a density of
10* cells/well in a 96-well microtiter plate in complete DMEM medium (supplemented with 10%
FBS, 100 units/mL penicillin, 100 ug/mL streptomycin). After 24 h incubation in a CO. incubator
(humidified atmosphere of 5% CO>) at 37 + 0.5 °C, complete DMEM media was removed from
wells and varying concentrations (0.2 ug/mL — 200 pg/mL) of the JDs nanoaggregates and the
medium was added to the wells. Cells were incubated for 72 h at 37 + 0.5 °C in the CO incubator.
MTT reagent was prepared in PBS (pH 7.4) at 5 mg/mL concentration. In each well, 20 pL of
MTT reagent was applied and incubated at 37 + 0.5 °C for 4 h. Viable cells convert MTT reagent
into purple-colored formazan crystals, and these formazan crystals were dissolved by adding 100
uL of DMSO. The absorbance was measured using a microplate reader (Bio-Tek, VT, USA) at

570 nm.

2.4.5 STATISTICAL ANALYSIS

Multiple independent experiments were performed, and results were expressed as mean +
standard deviation. Significance of differences among groups determined by one-way analysis of
variance followed by Tukey’s multiple comparison test using GraphPad PRISM Version 5a (San
Diego, CA, USA). Differences were considered statistically significant at P < 0.05 in all

experiments. *P<0.05, **P<0.01, ***P<0.001%°.
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CHAPTER I1I: POLYMERIZATION-INDUCED SELF-ASSEMBLY USING A
DENDRITIC CHAIN TRANSFER AGENT FOR THE FORMATION OF LINEAR-

DENDRITIC BLOCK COPOLYMERS AND THEIR AGGREGATES

This project is a collaborative work with Williams, J. S. The design, synthesis, and
characterization of macro chain transfer agents was performed by Williams, J. S. The Kinetic
experiments, nanoparticle characterization, and reproducibility were performed by Loku

Yaddehige, M.
3.1 INTRODUCTION

Over the past few decades, nanoparticles created from amphiphilic linear-dendritic block
copolymers (LDBCs) have been hailed as promising candidates for a variety of applications,
including controlled release of drugs, bioimaging, catalysis, mineralization, and
photochemistry.®*7-14% There is considerable attention has been given to optimizing, developing,
and finding efficient routes to formulate block copolymer nanoparticles to fulfill the demands of
biological applications. The most commonly used method to create nanoparticles involves
polymerization, characterization, purification, and reconstitution in a water-miscible non-selective
solvent before adding to water, usually at very low concentrations (<1 wt%).> The final step in this
process is known as nanoprecipitation.!*! Prud’homme and co-workers developed a high yield
production of nanoparticles using the flash-nanoprecipitation (FNP) process. FNP promotes

nanoprecipitation of organic actives and blocks copolymers dissolved in a water-miscible solvent

38



by rapid mixing with water. FNP is a kinetically driven method in which nanoparticle size and
monodispersity depend on the degree of mixing. Under the optimized conditions, FNP can produce
high-quality, monodisperse nanoparticles in high quantity.1*** Winter and co-workers
demonstrated an electrospray-assisted interfacial instability process (Aero-1S) as a scalable method
for producing block copolymer nanoparticles. Aero-IS involve using a coaxial electrospray
arrangement with an inner flow of water-immiscible, organic solvent media containing the block
copolymer and an outer flow of surfactant-rich aqueous solution media. Compound spray droplets
ejected by the electrospray are taken in an aqueous media, forming a fine emulsion from which
micellar nanoparticles are prepared via the 1S method. > %> These methods are still mostly
practiced at the bench scale. The challenge remains to produce robust and efficient ways to prepare
monodispersed block copolymer nanoparticles with controlled size, morphologies, and surface

chemistry to fulfill the demands of biological applications.

Polymerization induced self-assembly (PISA) is a promising technology involving in-situ
nanoparticle formation during the reaction.!#6-148 PISA allows the production of copolymer-based
nanoparticles of various shapes compared to other multistep assembly techniques mentioned
above.'*® PISA consists of the chain extension of a solvophilic polymer, which is commonly done
using reversible addition-fragmentation-transfer polymerization (RAFT), in which the solvophilic
polymer acts as a macro chain-transfer agent (mCTA) (Fig. 12).2%° This chain extension is done
with a monomer whose corresponding homopolymer is solvophobic. Thus, the hydrophobic effect
drives in-situ self-assembly into traditional nanoparticle morphologies (micelles, worms, vesicles,
lamellae, etc.).’®! The PISA method can be used to formulate libraries of nanoparticles varying in

morphology using a simple one-pot reaction.
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Figure 12. Schematic representation of the general mechanism for making various types of
morphologies by RAFT mediated polymerization !

As the degree of polymerization (DPn) of the block copolymer increased (monomer
conversion), the block copolymers assembled, forming into spherical micelles, worm-like
micelles, vesicles, as determined by transmission electron microscopy (TEM) and dynamic light
scattering (DLS) measurements. PISA is commonly performed using either a dispersion or
emulsion mechanism. Dispersion is the most common, with a monomer soluble in the reaction
solvent, which grows into an insoluble polymer in said solvent.?>? In the case of emulsion, neither

the polymer nor monomer are soluble in the reaction media, and the reaction forms swollen
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micelles encapsulating the monomer as the reaction proceeds. Emulsion polymerization has a

strong industrial precedent, being the primary method of synthesizing latexes.%®

The key difference between traditional latex synthesis and emulsion PISA is that the
surfactant participates in the polymerization (often referred to as "surfactant-free"” emulsion
polymerization), and the controlled mechanism results in monodisperse particles as opposed to the
polydisperse particles created in latexes.™® This accelerates the reaction rate as the degree of
polymerization increases, allowing many PISA reactions to reach completion within a few
hours.*” These reactions can be performed at concentrations of up to 50% by weight, decreasing
solvent and heating energy requirements.™™ As a critical theoretical consideration, this also
facilitates the real-time study of morphology as a function of lipophilic: hydrophilic mass ratio

(LHR) with a much greater degree of granularity.

As we look to expand the advantages of PISA and aqueous RAFT, into the development
of liner dendritic block copolymers (LDBCs) hybrid architectures. LDBCs combine the
accessibility, and processability of linear polymeric chains with the regular and well-defined
structure of dendritic segment, which have a precise number of peripheral groups that can be
modified for the introduction of functionality in a controlled manner. Fréchet et al. introduced the
LDBCs concept in the early 1990s, where a linear polymer is conjugated to a dendritic unit in a
range of different configurations.*® These systems can combine the expedient properties of linear
and dendritic (i.e., branched) macromolecules, resulting in a composition of segments with
different molecular architectures and chemical properties. Compared to traditional copolymers,
the nanoaggregates formed from LDBCs possess enhanced mechanical properties and high

monodispersity. 17
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3.2 RESULTS AND DISCUSSION

3.2.1 DESIGN AND SYNTHESIS

The work reported herein demonstrates the use of dendritic mCTAs for PISA and the
formation of amphiphilic LDBCs (Fig. 13). Bis(hydroxymethyl) propanoic acid (0bMPA) dendrons
were chosen as the solvophilic mCTA.2® Benzyl methacrylate (BzMA) was selected as the
monomer and hydrophobic segment due to its literature precedent in PISA and favorable
properties, including a glass transition temperature (Tg) that prevents assemblies from becoming
kinetically trapped. **° For PISA, the latter is vitally significant as several factors have been
discovered which contribute to kinetic trapping. Specifically, the length of the solvophilic chain
has been shown to affect access to complex morphologies. Additionally, a long solvophilic chain
has been shown to limit morphologies to the formation of small spheres.'®® Therefore, the use of
dendrons and their compact nature relative to traditional linear analogs commonly used in PISA
are expected to lead to new nanoparticle morphologies, specifically, large nanostructures (e.g.,

giant vesicles) that have been inaccessible with the linear mCTAs.
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Figure 13. Structures and synthesis outline of the macro chain-transfer agents (mCTAs) and
resulting polymers, pBzMA
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The mCTA (mCTA-160H) for our initial studies was synthesized divergently, using
Malkoch's method to yield an azide-cored bMPA dendron, **° followed by copper-catalyzed
alkyne-azide cycloaddition (CUAAC) between the dendron and chain-transfer agent (Scheme 1-3,
Appendix B). Leveraging previous work,'®11%* ethanol (EtOH) was chosen as a polymerization
solvent as the mCTA and monomers are both soluble, but the resulting polymer (pBzMA-OH) and
its aggregates are not. The mCTA: initiator ratio was fixed at 5:1 for this work due to a significant
literature precedent of this ratio producing well-controlled PISA.%® Following our previous work
on LDBC self-assembly,'®® a monomer: mCTA feed ratio of 63:1 was chosen to obtain targeted
degree of polymerization of 63 and expect hydrophobic to hydrophilic weight ratio is 83:17. Of
the concentrations examined (10, 20, and 30% reactants by mass), 10 wt% showed no reaction,
whereas 30 wt% showed significant flocculation before the reaction began. Therefore, 20 wt% was
selected to form pBzMA-OH, and the reaction was monitored from 0 mins to 6 h. *H NMR signals
corresponding to the monomer (a — 6.05 ppm, b- 5.68 ppm, ¢ - 5.25 ppm) and product (c*, 4.87
ppm) were monitored as the reaction progressed (Fig. 14). Peak a and b decrease with time and
peak c* increases, showing the polymerization progress. Transmission electron microscopy
(TEM), and dynamic light scattering (DLS) afforded additional evidence to support

polymerization and self-assembly of pBzMA-OH.
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Figure 14. 'H NMR spectra of the reaction of mMCTA-160H with BzMA to form pBzMA

BzMA polymerization using mCTA-160H in EtOH showed a drastic increase in monomer
conversion up to 30 min. This, of course, is due to the formation of large micellular structures that
provide a core for solubilizing BzMA, increase the local concentration of the monomer, and
increase polymerization kinetics.*>® After 360 min, the reaction goes to full conversion. (Fig 82,
Appendix B). After 3 h, a DP of 53 was determined by NMR and GPC (Figs. 83-85, Appendix B),

along with spherical particles believed to be micelles averaging a diameter of 51.8 nm according
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to DLS (Fig. 15) and TEM (Fig. 16). At 4h, a DP of 60 was observed, with TEM showing micelles

fusing into worms.
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Figure 15. DLS of pBzMA-160H at various reaction timepoints

Full polymerization (DP = 63) was observed after 6 h, with DLS and TEM suggesting
morphological transitions from micelles to worms and finally to vesicles, as outlined in Figs. 15
and 16. These results follow the generally accepted polymer self-assembly mechanism: fluid-like

structures followed by micelle formation, worms, then vesicles.*®"-1%9
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Figure 16. TEM of nanostructures formed at (a) 3 h, (b) 4 h, and (c) 6 h
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Next, aqueous RAFT was attempted, as the resulting structures may find applications in
nanomedicine, such as drug delivery and bioimaging applications. However, mCTA-160H, as
well as its dendritic precursor, were nearly insoluble in water. Therefore, an additional dendritic
mCTA (mCTA-8ala) was synthesized, with alanine end-groups providing a positively charged
dendron surface and enhanced water solubility. For the alanine pathway, the Boc groups were
removed with trifluoroacetic acid (TFA), resulting in the trifluoroacetate salt of the cationic
dendron (Scheme 4, Appendix B). Additionally, the water-soluble 2,2’-azobis(2-methyl-

propionamidine) dihydrochloride (V50) was used as the initiator.”

Initial addition of BzZMA monomer to a solution of mMCTA-8ala in DI water resulted in
phase separation, but upon degassing, the solution turned turbid, suggesting that mCTA-8ala may
also act as an emulsion stabilizer. For this study, we found it imperative to maintain a low pH as
alanine-functionalized bMPA has been shown to be relatively unstable at neutral/basic pH at
elevated temperatures.t’* Given the pH sensitivity of this initiator, the pH of mCTA-8ala in water
at a concentration of 0.37 M was maintained at about 1.7. *H NMR signals corresponding to the
monomer (a - 6.10 ppm, b - 5.65 ppm, ¢ - 5.28 ppm) and product (d* - 4.86 ppm) were monitored
as the reaction progressed (Fig. 17). Peak a and b decrease with time and peak d* increases,
showing the polymerization progress. Interestingly, the reaction of mCTA-8ala with BzMA
exhibited a shorter incubation period of approximately 50 min possibly owing to a more reactive
initiator compared to the dispersion PISA conducted with mCTA-160H; however, it also suggests

that this is not a seeded polymerization but a traditional emulsion polymerization.3®

46



(o]

\ b
- e
Dendron OWY

S 1"
0o~ o
d*

o= 4
[o]
¢
hay
180 min N/

o Jj JLAA
A A

N
60 min _JJL u A -
o B/ L] U N W
b C d* Dendron

1 (ppm)

Figure 17. 'H NMR spectra of the reaction of mCTA-8ala with BzMA to form pBzMA-NHs*

Monomer conversion was determined by 'H NMR spectroscopy. Sampling involved
diluting each extracted aliquot of reaction mixture into DMSO-ds, a suitable solvent for both
BzMA and pBzMA-NHz3". Figure 18 provides the monomer conversion vs. time profile of BZMA
with mCTA-8ala. However, GPC was not attainable due to the solubility of the resulting polymer.
We observed the formation of pBzMA-NH3* with mCTA-8ala turning a milky white upon reaction

progression, analogous to previous results with similar systems.1’2
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Figure 18. Monomer conversion versus time profile of pBzMA-NHs" polymerization

The first 50 min show an incubation period with monomer conversion up to 10%. There is
drastically increase in monomer conversion from 50 min to 120 min up to 90%. Then
polymerization goes to >99% conversion within 3 h. We observed that the polymerization solution
became cloudy-milky during the polymerization, indicating the formation of nanoparticles. The
size of the nanoparticles was determined by DLS. The diameters of the nanoparticles obtained
from the block copolymerization/self-organization were measured at different polymerization

times using DLS.

DLS confirmed 28.2 nm micelles formed at the 60 min mark (Fig. 19). Particle sizes slowly
increased to 58 nm and 66 nm at 70 min and 80 min, respectively, until 120 min, where the reaction
rate again increases, likely due to micelles fusing into worm-like structures, which were further
confirmed by TEM (Fig. 20). Then worm-like structures extended to vesicles at 180 min with a

particle size of 169 nm.

48



Time / min Size / nm
60 28
70 58
80 66
120 23-41
257 —-746
180 169

Figure 19. Kinetics of pBzMA-NH3" polymerization, DLS taken over the course of the reaction

TEM of mCTA-8ala as an unreacted crude mixture showed self-assembly (Fig. 87,
Appendix B), but revealed a large variety of morphologies with a high PDI, suggesting low
stability of the resulting nanoaggregates. Such an observation is supporting evidence for mCTA-
8ala as an emulsion stabilizer. Figure 20 shows the evolution of this polymerization of pBzMA-
NHs* from well-defined spherical aggregates, which are believed to be micelles (a) to micelle
fusion followed by worm-like structure formation (b), and finally vesicle formation (c). These
worms ranged in length from 257 to 746 nm, and from 23 to 41 nm in width. Given the relatively
low stability of worms,'” very few were observed, with the predominant morphology still being
spherical aggregates. Figure 20c appears to be vesicles ranging from 169 nm in average diameter.
Additionally, at 83:17 LHR would be expected to form vesicles exclusively. To the authors'

knowledge, this is the first reported example of vesicle formation from emulsion PISA with a

cationic mCTA.
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Figure 20. TEM images with utilizing uranyl format as a contrast agent for pBzMA-NH3" over
time a) 70 min b) 120 min c¢) 180 min time points
3.2.2CYTOTOXICITY

It is crucial to evaluate the cytotoxicity of the nanoparticles to see their potential as
therapeutic nanocarriers. We assessed the cytotoxicity of the pBzMA-NH3z* vesicles using the
CellTiter-Glo luminescent assay, a homogeneous method to determine the number of live cells
using ATP quantitation.!’® The viability experiment was done after exposing the HEK cells to six
different nanoparticle concentrations for 24 h in a 96 well-plate at 37 °C. The results are expressed
as percent viability and present as mean =+ standard deviation of 4 independent experiments (Fig.

21).
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Figure 21. CellTiter-Glo luminescent assay HEK cells to six different nanoparticle
concentrations for 24 h in a 96 well-plate at 37 °C.

The observed cell viability for nanoparticles was > 75 %, even at the highest concentration
tested (200 pg/mL). The critical aggregation concentration (CAC) value for the pBzMA-NH3" is
27 pg/mL. From 5 to 25 pg/mL, where polymer concentration below the CAC value showing
precent cell viability above 75% confirming the nontoxic behavior of polymer below CAC. From
50 to 200 pg/mL, nanoparticles showing cell viability above 75% which indicates pBzMA-NH3*

vesicles are generally non-toxic to living human cells.

3.2.3 HEMOLYSIS

Hemolysis is the destruction of red blood cells (RBCs), which cause the discharge of the
iron-containing protein hemoglobin (Hgb) into the blood plasma. A hemolysis assay is a high-
throughput screen of nanoparticle hemocompatibility. In hemolysis assay, pBzMA-NH3" vesicles
are incubated in blood, and Hgb is discharged by damaged cells and transformed to red-colored
cyanmethemoglobin by reagents.}”” Then, the undamaged RBCs and nanoparticles are separated

by centrifugation, and the quantity of cyanmethemoglobin in the supernatant is measured by
51



spectrophotometry.’® This measured absorbance is related to a standard curve to calculate the Hgb
concentration in the supernatant. This Hgb concentration is then related to that in the supernatant
of a blood sample treated with negative control (Triton-X) to obtain the percentage of hemolysis

caused by nanoparticles.
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Figure 22. Hemolysis assay on mouse red blood cells

As we consider the application of our polymers for biomedical research, intravenous (V)
methods are the most reasonable to approach. IV injection is a dose of medicine into a vein and
straight into the bloodstream. It is one of the promptest ways to deliver a drug into the body.*" In
order to be an ideal nanoparticle carrier inside the body, nanoparticles should not cause any
significant hemolysis. Hemolysis data of a nanoparticle sample is essential as the results allow us
to gauge the affinity and interaction of nanoparticles with red blood cells. At 0.1 mg/mL, we found
that there was 11% hemolysis (Fig. 22). Increasing the concentration via 50% was highly
hemolytic. However, at half that concentration, we found only 2% hemolysis. Overall hemolysis

test results of the pPBzMA-NH3" nanoparticles show no significant hemolysis below 0.05 mg/mL
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nanoparticle concentration. This confirms the potential usage of pBzMA-NHs" nanoparticles

through 1V injection for biomedical applications.

3.3 EXPERIMENTAL

3.3.1 MATERIALS AND METHODS

All chemicals were purchased from commercial sources and used without further
purification unless indicated otherwise. The purity of N,N-carbonyl diimidazole (CDI) was
determined by NMR before usage and recrystallized with acetonitrile if it was found to be <90%.
The amberlyst-A21 resin was previously cleaned by suspending in three separate batches of MeOH
(approximately equal to resin volume) for 2 h. Dowex 50WX8 resin was purified by vacuum
filtering and washing with alternating volumes of methanol and tetrahydrofuran until no color was
observed in the filtrate (approximately 3 equivalent volumes of solvent). BzMA and TFEMA were

percolated through a small column of basic alumina prior to usage. These were stored at -10 °C

over 4A molecular sieves. PyMMA was dissolved in acetone, passed over a small column of basic
alumina, dried under vacuum overnight, then stored at -10 °C. Before analysis by DLS, TEM, and
fluorometry, the reaction aliquots were diluted in deionized water with sonication to a

concentration of 0.2 mg/mL.

1H and 3C spectra were recorded in deuterated solvents on a Bruker AVANCE 500 NMR

Spectrometer.

GPC measurements were done at a flow rate of 0.3 mL/min at 50 °C, on a GPC system
equipped with Waters Alliance HPLC System, 2695 Separation Module with 2 Tosoh TSKgel
Super HM-M columns and Waters 2414 Differential Refractometer (RI) and Waters 2998

Photodiode Array Detector (PDA) was used. Polystyrene standards (900-100,000 g/mol) were
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used for the calibrations curve and data were processed using the Empower 3 software (Waters).
The electrolytic salt, LiBr (0.01%) was added to minimize effects such as polymer aggregation
and/or adsorption associated with the polymer or the columns, enabling normal fractionation to

occur.

DLS - Aggregate size and zeta potential (¢-potential) were determined by a Malvern
Instruments Zetasizer Nano ZS using a He—Ne laser with a 633 nm wavelength, a detector angle
of 173 at 25 °C using a He—Ne laser with a 633 nm wavelength. Measurements were done in

triplicate to confirm reproducibility.

TEM - A JEOL 1230 TEM was operated at 100 kV using a Gatan Orius 831 bottom
mounted CCD camera. TEM samples were prepared by adding 10 uL diluted nanoparticle solution
to a 300 mesh Formvar/Cu grid. Water was wicked away with weighing paper, and the slide was
then incubated on a drop of 1% uranyl acetate stain for 20 sec. Excess water was again wicked
away, and the grids were dried at room temperature in a vacuum oven for 45 min before analysis.

Image analysis was done using Fiji 2.1.2 and a custom Python 3.7 script.

3.3.2 GENERAL ESTERIFICATION PROCEDURE

BMPA dendron growth was adapted from previously reported procedures.t’” bMPA (1.5eq
per hydroxyl group) was suspended in a solution of EtOAc (2 M relative to CDI), and CDI (1.65eq
per hydroxyl group) was carefully added. After 1h stirring at rt and conformation of completion
via NMR, CsF (0.24 eq per hydroxyl group) was added, followed by the alcohol initiator. The
solution was heated at 50°C overnight, or until completion was observed via 1H NMR. The crude
was stirred overnight with water added at a 5:1 volume ratio to EtOAc. This was diluted to a

concentration of 0.2 M and washed with 0.25 M amount of the following solutions: 3x 1 M
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NaHSO,, 3x saturated NaHCO3, and 1x brine. The organic layer was dried with anhydrous

magnesium sulfate and concentrated under vacuum.

3.3.3 GENERAL DEPROTECTION PROCEDURE

The acetal-protected dendron was dissolved to a concentration of 6.7wt% in MeOH.
Dowex resin was added at a 350% weight ratio relative to dendron. After the disappearance of the
doublet at 1.4 ppm via *H, the resin was removed via vacuum filtration, and MeOH was removed
in vacuo. Any residual water was removed via air-drying. If any impurities remained via *H, the
hydroxyl-terminated dendron was either recrystallized in EtOAc or stirred with petroleum ether

and charcoal and filtered over Celite.

3.3.4 GENERAL POLYMERIZATION PROCEDURE
The mCTA and solvent(s) were added to a gas-tight conical vial and sonicated and
incubated 1h in a dark place. Initiator and monomer(s) were then added, and the solution was

purged with Ar for 30 min. The vial was then placed in a 60°C bath and monitored by NMR.

3.3.5 HEMOLYSIS ASSAY

Hemolysis was performed according to previously published protocols?*?°. Briefly, LDBC
NP, bare PLGA NP, IL-PLGA NPs, and IL-LDBC NPs at 1 mg/mL in 1x PBS pH 7.4. were
combined with washed and isolated BALB/c red blood stocks (1:50 dilution from originally
concentrated fraction from 250 pL of K2-EDTA treated whole blood) at a 1:10 (v/v) ratio in
quadruplicate in a 96 clear-well COSTAR plate (final volume 200 uL/well). The samples were
then incubated for 1 hour at 37 °C, and then centrifuged at 4 °C for 10 minutes at 500xg. 100 pL
of supernatant was collected to measure peak hemolytic absorbance in quadruplicate at 405 nm by

UV-Vis/fluorescent plate-reader. 20% Triton X-100 and 1x PBS pH 7.4 were used as positive and
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negative internal controls at the same treatment dilution. The 1x PBS negative control was
subtracted as a minimum baseline (0%) from all samples, and the Triton-X-100 positive control
was used as a maximum baseline (100%) to calculate normalized hemolytic percentages with
standard error of mean (n = 4). A two-tail t-test of means was used to determine significance

between 2 samples at a time?*?°
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CHAPTER IV: MULTIFUNCTIONAL FLUORINE-19 MAGNETIC RESONANCE

IMAGING NANOPARTICLES AS THERANOSTIC AGENTS
4.1 INTRODUCTION

As described in Chapter 1, MRI has emerged as a powerful diagnostic tool producing three-
dimensional and cross-sectional images of living tissue with the advantage of being a noninvasive
imaging technique for anatomy and physiological processes.'® The clinical MRI is generally used
to visualize spatial biodistribution of hydrogen atoms, mainly in water and lipid molecules.
Paramagnetic contrast agents are often introduced in MRI to enhance image contrast between
healthy and diseased tissue or to direct the status of organ function or blood flow.*8! Typical agents
include chelates of Gd** Fe®*, or Mn?*. Paramagnetic contrast agents are function by reducing the
relaxation times of local *H nuclei through magnetic interactions between unpaired electrons and
hydrogen nuclei.'®? This causes a local change in contrast, which may distinguish between healthy

and pathological tissues.

Although such contrast agents have significantly enhanced the performance and efficacy
of MRI, many limitations remain. For instance, the high background signal from water and the
intrinsic sources of contrast in tissue often prevent the discrimination of diseased tissue using H
relaxation agents.!® In addition, the changes in contrast induced by indirect modulation by the
contrast agents of the water protons are not readily related to the local concentration of the imaging

agent in complex body conditions.'® The alternative approach of directly observing the nuclear
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spins of the contrast agent, rather than the neighboring spins, has significant advantages if the
objective is to measure the local concentration of the contrast agents quantitatively. However, this
approach is impractical if observing *H spins due to the overwhelming confounding signal from
endogenous protons in the body. Additionally, the biological impact of traditional contrast agents
is vastly misunderstood.'® To overcome these encounters, there has been increasing interest in
developing contrast agents containing biologically rare, biocompatible, and magnetically active

nuclei such as *°F, 22Na, 3P, etc.

The °F isotope appears to be the most promising imaging nucleus. It has a 100% natural
abundance and nuclear spin (1) of %. Additionally, the gyromagnetic ratio of °F is very close to
hydrogen (40.08 vs 42.58 MHz/T of *H).188-18 This means that the '°F atoms can be successfully
imagined by a standard *H MRI technique, requiring only minor tuning of the radio-frequency
equipment and allowing simultaneous imaging of both *H and °F signals. °F chemical shifts are
varied in a broad range (>350 ppm), and only trace quantities (<10~ M) of '°F are present in the
human body. They are immobilized in the solid phase (bones and teeth), leading to a very short
background signal far below MRI detection limits. 1* In addition, the fluorine atom has a van der
Waals radius of 1.47 A, making it larger than the hydrogen atom, which has a van der Waals radius
of 1.20 A.*° Fluorine is as space-filling as oxygen yet is much less polarizable. Interestingly
enough, introducing fluorine into a polymer provides novel behavior due to high electronegativity

(4.0 on the Pauling scale), high ionization potential, and low polarizability of the fluorine atom.®?

Despite its undeniable potential, *°F MRI is still underutilized, primarily due to toxicity
issues, low fluorine content, water-solubility, and often unfavorable physical/biological
properties.131% Therefore, the development of new °F MRI contrast agents represent an ongoing

challenge and critical need in biomedical diagnostic research. The usage of nanoparticles as
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imaging probes has several advantages over traditional imaging agents. Loading ability is one of
the key advantages where the concentration of the imaging agent can be controlled within each
nanoparticle system during the synthesis. Additionally, the tunability of the surface of the
nanoparticles can potentially extend the circulation time of the imaging agent in the blood or target
a specific location within the body. Finally, nanoparticles can act as multifunctional contrast agents
since they have more properties that can be used simultaneously in multiple imaging techniques,

especially in MR,

As described in chapter 3, PISA technique open new pathways for the autonomous creation
of biomimetic nanoparticles.’®® Combination of both '°F MRI and PISA techniques offers
additional advantages to numerous biomedical research fields, particularly MRI agents' design, to
understand the stability of nanoparticles based upon different fluorine content and the factors
affecting cellular uptake. The study described herein aims to prepare partly fluorinated polymeric
nanoparticles in a one-pot reaction using aqueous RAFT polymerization to determine their

potential as **F MRI contrast agents.

4.2 RESULTS AND DISCUSSION

4.2.1 DESIGN AND SYNTHESIS

F MRI depends on the use of a fluorinated contrast agent. Applicable °F MRI contrast
agents should satisfy several critical criteria, such as a single *°F resonance peak for maximum
sensitivity and minimum imaging artifact, appreciable fluorine content for high sensitivity and low
toxicity, sufficiently long spin-spin relaxation time (T2) and high signal to noise ratio (SNR) for
optimal imagine.*¢-1% From our previous results in chapter 3, we used our cationic dendritic chain

transfer agent (MCTA-8-ala) to produce multiple morphologies, including vesicles at a 17:83
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hydrophilic to hydrophobic ratio. Here we used mCTA-8ala to synthesize fluorinated linear
dendritic block copolymer pBz_ HF using 1,1,1,3,3,3-hexafluoropropan-2-yl methacrylate
(HFMA) and hydrophobic monomer BzMA. As explain in chapter 3, BzZMA provides stable
hydrophobic segment to the nanoaggregates via pi-pi staking between phenyl groups. Surface
amine groups from the mCTA-8ala will provide higher water solubility for the polymer and higher

cellular uptake for the resulting polymer nanoparticles.
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Figure 23. Synthetic route for the preparation of pBz_HF, n is the number of HFMA units, and m
is the number of BzZMA units. By changing HFMA (n) to BZMA (m) ratio (n:m) into 1:5, 1:10,
and 1:20, we synthesized P(Bz_HF _5), P(Bz_HF 10), and P(Bz_HF 20)

A general synthetic scheme for the pBz_HF is shown in Figure 23. The water-soluble 2,2’-
azobis(2-methylpropionamidine) dihydrochloride (V50) was used as the initiator. Controlling the
amount of fluorine in the polymer is essential as its concentration contributes to the MRI signal as
well as toxicity. To ensure that the fluorine amount was enough to achieve a distinct MRI signal
without exhibiting a cytotoxic response as a nanoparticle, we developed a library of fluorinated
LDBCs by changing HFMA (n) to BzMA (m) ratio (n:m) into 1:5, 1:10, and 1:20, which results

in P(Bz_HF_5), P(Bz_HF _10) and P(Bz_HF_20), respectively.
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4.2.2 CHARACTERIZATION OF POLYMERS

The synthesis and characterization of mCTA 8ala are shown in Chapter 3 and Appendix B.
The final products were confirmed by *H and '°F NMR spectroscopy displayed in Appendix C
(Fig. 105-119). The molar mass and the degree of polymerization (DP) were calculated using
proton NMR spectra for all the polymers (Synthesis, Appendix C). 1°F NMR was conducted to
confirm the absence of free HFMA monomer in the reaction mixture and the presence of
fluorinated polymer. GPC was utilized to confirm the molar masses of the polymers (Table 1 and

Fig 120-122, Appendix C).

4.2.3 SELF-ASSEMBLY AND MORPHOLOGY

Tabulation of nanoaggregate characteristics is provided in Table 2. The CAC of the
nanoparticles was evaluated by the pyrene probe method.?® The CAC for the fluorinated polymers
ranged from 1.26 to 15.85 mg/L, providing relatively low CAC values, and they are comparable
to those found in the literature and correlate to the candidacy of these fluorinated nanoparticles as
potential biomaterials. As the three polymers have the same hydrophobic segment and different
amount of fluorine contain, CAC value increased with the fluorine amount. P(Bz_HF_5) which
has the highest amount of fluorine has the highest CAC value (15.85 mg/L), and P(Bz_HF_20)
which has the lowest amount of fluorine has the lowest CAC value (1.26 mg/L), with the
P(Bz_HF_10) having an intermediate CAC value of 11.22 mg/L. This is due to hydrophobic nature
of fluorinated compound.?’* Having a higher fluorine amount increases the hydrophobicity which
leads the higher CAC value.?%22%% A Jow CAC value illustrates a more stable nanoaggregate system
and a resistance to dissociation upon dilution in the blood.?®® Based on CAC values, the results
indicate that P(Bz_HF _20) forms more stable nanoparticles compared to P(Bz_HF 5) and
P(Bz_HF_10).
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Table 3 CAC values, the average hydrodynamic diameter of the dendritic aggregates by TEM
and DLS (in number and intensity), and surface charge

Polymer CAC / (mg LY RpLs /nm PDI Rrem/ Nagg (-potential
nm (mV)

P(Bz HF 5) 1585+132 191.0+482 0.2 1604 21  33.6+3.9

P(Bz HF 10) 11.22+0.59 1353 +34.1 0.05 154.2 18 31.1+£3.9

P(Bz HF 20) 126+045 16524387 004 1753 17  30.5+48

The particle size of the dendritic aggregates in aqueous media was studied by DLS which
provides an estimate of the particle size as its hydrodynamic radius. To examine the morphology

of the aggregates and to support the particle size data obtained by the DLS, TEM analysis was

conducted
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Figure 24. DLS spectra, Size distribution by intensity

Polymer system P(Bz_HF_5) has a larger particle size with an intensity average diameter
191.0 + 48.2 nm, with 0.12 PDI (Fig. 123-125, Appendix C). For the polymer system
P(Bz_HF_10), intensity average diameter 135.3 + 34.1 nm, with 0.05 PDI (Fig. 126-128) and

polymer system P(Bz_HF_20) shows intensity average diameter 165.2 + 38.7 nm with 0.04 PDI
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(Fig. 129-131, Appendix C). Based on the PDI value, all three polymer nanoparticles show a

narrow distribution of PDI values below 0.2.

TEM analysis indicated polymer nanoparticles of P(Bz_HF_5), P(Bz_HF_10), and
P(Bz_HF_20) as uniform monodispersed spherical aggregates (Fig. 25) with an average particle
size 0of 160.4 nm, 154.2 nm, and 175.3 nm. It is essential to understand that TEM gives the size of
nanoparticles in dried form. At the same time, DLS tells the hydrodynamic diameter, which is the
size of the nanoparticle plus the liquid layer around the particle. Additionally, the presence of
bigger particles may contribute to an increase in light scattering, shifting the measured particle size
towards larger values in DLS. For the biomedical field, DLS is a more appropriate size distribution
analysis. Overall particle size analysis indicates that all three polymer nanoparticles produce
nanoparticles within a favourable range for cellular uptake.?%2 All particle sizes are below 200 nm,
which indicates that they can escape physiological barriers, take advantage of the EPR effect,

possess high potential for prolonged circulation and reduced filtration by the liver and spleen.

Figure 25. Nanoparticles formed by (a) P(Bz_HF _5), (b) P(Bz_HF 10), and (c) P(Bz_HF 20)
under TEM

The surface charge is significant for the stability of nanoparticles in suspension and

contributes to the adsorption of nanoparticles onto the cell membrane. After the adsorption of

63



nanoparticles, the endocytotic uptake rate depends on the particle size. The surface charge is
commonly expressed as a zeta potential, which is measured by the laser Doppler electrophoresis
technique. P(Bz_HF 5), P(Bz HF 10), and P(Bz HF 20) have a zeta potential of 33.6 £3.9, 31.1
+ 3.9, and 30.5 = 4.8, respectively. Generally, particles with positive surface charges below 15 mV
display the ideal properties such as decreased macrophage uptake,?* higher tumor retention, and
longer circulation time.*’ In addition, the ideal surface charge depends on factors such as cell type,
cellular uptake mechanism, and intracellular localization of nanoparticles.?’* There have been
reported studies that explain the ability of cationic nanoparticles to stay in a tumor for a prolonged
time due to favorable electrostatic interactions that can be made between cationic nanoparticles
and the negatively charged cell membrane at the stage of cellular uptake.?’> The surface charge
values for P(Bz_HF) nanoparticles are higher compared to the ideal value (15 mV) expected.
Additionally, the values are similar within the different amounts of fluorine content, indicating the

surface charge is not much dependent on fluorine content for the three polymer systems.

An aggregation number (Nagg) explains the average number of individual polymer units
present in a spherical nanoaggregate once the CAC has been reached. Nagg 1s essential in this study
because it affords the average fluorine percentage inside a nanoparticle. P(Bz HF 5),
P(Bz_HF 10), and P(Bz_HF 20) have Nag of 21, 18, and 17, respectively. The fluorescence
quenching technique was carried out to calculate the Nagg of the nanoparticles. This technique is
based on quenching of pyrene fluorescence by hydrophobic Benzophenone quencher.??® Nyge was
calculated by changing the quencher concentration using Equation 3. Where 1o = fluorescence
intensities of pyrene in the absence of quencher, I = fluorescence intensities of pyrene in the
presence of quencher, C, = molar concentration of the polymer, Ccac = critical aggregation
concentration, and Cq = molar concentration of the quencher.
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In(lo/I) = [Nagg/ (Cp-Ccac)] X Cq ©)

424 CYTOTOXICITY

It is essential to evaluate the cytotoxicity of the nanoparticles to see their potential as a
nanocarrier. After physiochemical characterization, we evaluated the effects of nanoparticles on
cell viability against HEK cells using the Lactate Dehydrogenase (LDH) assay (Fig. 26). LDH is
an enzyme that catalyzes the interconversion between pyruvate and lactate.?%” If there is any tissue
damage, cells release LDH into the bloodstream. Since LDH is a steady enzyme, it has been usually
used to evaluate the damage and toxicity towards tissue and cells. HEK cells were selected as a

representation of human cell interactions.
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Figure 26. Cell viability after treatment with nanoparticles. The LDH assay determined
cytotoxicity (percentage). Error bars denote the standard error, while letter denotes significance

groups as determined by Tukey HSD (p < 0.05)

Among the three polymer nanoparticle systems, we found that P(Bz_HF_10) shows the

minimum cytotoxicity. At 0.2 pug/mL, we can see the increased cytotoxicity compared to other
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higher concentrations. It is essential to note that 0.2 pg/mL is below the CAC value; so at this
concentration, there is no nanoparticle formation. From 1 pg/mL to 125 pg/mL, we found that
cytotoxicity slowly increases with the concentration. P(Bz-HF _5), which has the highest amount
of fluorine, shows the highest cytotoxicity at a concentration between 1 — 25 pug/mL. At 125 pg/mL
concentration, P(Bz-HF_20) shows the highest cytotoxicity, but that is only 1.5% compared to
P(Bz_HF_5). Overall, the observed cell cytotoxicity for the three nanoparticles systems was < 5
%, which indicates P(Bz_HF) nanoparticles are generally non-toxic to living human cells. (Fig.

26)

4.2.5 HEMOLYSIS ASSAY
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Figure 27. Hemolysis assay on mouse red blood cells at 125 pg/mL concentration. Average %
Red Blood Cell (RBC) hemolysis in response to nanoparticles ex-vivo with standard error of the
mean (SEM) (n = 4)

As discussed in Chapter 3.2.3, we measured the intravenous (V) biocompatibility of the
P(Bz_HF) nanoparticles via hemolysis assay on mouse red blood cells (Fig. 27). We used a
nonionic detergent Triton-X as the negative control and PBS as a positive control for the hemolysis
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assay. We found that P(Bz_HF_20) shows the highest RBC hemolysis (59%). The nanoparticle
systems P(Bz_HF_5) and P(Bz_HF_10) show the lower RBC hemolysis of 7% and 20%. For clinic
application, hemolysis is concerning; therefore, additional modifications to the surface of the

nanoparticles are needed.?’

4.2.6 RELAXATION TIMES (T+1/T>)

In In order to evaluate their potential as °F MRI contrast agents, the fluorinated
nanoparticles were examined by °F NMR. Samples were dispersed in H.0/D-0 (90/10, v/v). As
displayed in Fig 106, 111, and 116 in Appendix C, only one peak was observed in each spectrum,
confirming a single *°F chemical environment in the nanoparticles. The °F NMR relaxation times

spin-lattice (T1) and spin-spin (T2) of the nanoparticles were measured and listed in Table 2.

Table 4. NMR Properties of the Fluorinated Polymeric Nano-objects in D>O

Polymer T1/ms T2/ ms
P(Bz_HF_5) 2695 946
P(Bz_HF_10) 2750 1450
P(Bz_HF_20) 2543 634

The spin—spin relaxation time T2 is an important parameter determining the resultant MRI
performance. A longer T2 relaxation time is vital for producing intense °F MRI signals. T2
relaxation usually proceeds more rapidly than T1 recovery, and different biological tissues have
different T1 and T». For example, fluids have the longest T1 and T»; water-based tissues (T1,1500-
2000 ms range and T2, 40-200 ms range), while fat-based tissues are in the (T1, 400-1200 ms range
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and T2, 10-100 ms range). T relaxation times ranged from 2543 s to 2750 s and T relaxation times
ranged from 634 ms to 1450 ms. P(Bz_HF _20) shows the shortest T, relaxation time and
P(Bz_HF_10) shows the highest T relaxation time. The MRI intensity (or signal-to-noise ratio,
SNR) was found to be linearly dependent on the concentration of polymers. At 10 mg/mL SNR
ranging from 277 to 725 (Fig 141-143, Appendix C), which is higher relative to SNR values
reported for high-resolution MRI1.2%” Additionally, the sensitivity of the contrast agent is dependent
on intracellular *°F concentration and MRI system hardware and acquisition parameters, all of
which contribute to potential low SNR. Due to the higher SNR of the fluorinated nanoparticles

systems, we check the potential of encapsulating a NIR secondary imaging agent.

4.2.7 PRELIMINARY ENCAPSULATION STUDIES

In order to assess the potential of a secondary imaging agent and hydrophobic loading
ability, encapsulation studies were conducted with a novel hydrophobic cyanine-based
photothermal imaging agent, C3 produced by Delcamp and co-workers (Fig.28a).2%® Cyanine-
based dyes are generally used as imaging agents for photoacoustic and near-infrared fluorescence
imaging. They can transform absorbed near-infrared (NIR) photons to heat as a photothermal agent
and lower energy NIR photons for an image-guided combinatorial phototherapeutic agent.
However, several bottlenecks limit the application of cyanine dyes, such as solubility and

instability in agueous media, which increase their imaging and therapeutic potential.
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Figure 28. (a) Structure of NIR theranostic agent C3, (b) C3-loaded P(Bz_HF_10) nanoparticles,
(c) dispersion of C3 in H.O

Without the presence of fluorinated polymer, the dye was completely insoluble in water,
forming a separate layer on the water surface (Fig. 28c). After encapsulating the dye into
P(Bz_HF_10), we can see the solubility of C3 in polymer nanoparticle solution (Fig 28b). The
reported DL% of P(Bz_HF_5), P(Bz_HF _10), and P(Bz_HF_20) is 8.96 %, 8.12 %, and 7.63 %,
respectively. The reported EE% of P(Bz_HF_5), P(Bz_HF_10), and P(Bz_HF_20) is 24.61 %,
24.10 % and 20.65 % respectively. These DL% and EE% highlight the potential of uploading

hydrophobic cargo and secondary imaging agents into fluorinated nanoparticles.
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Figure 29. Cellular distribution of P(Bz_HF) derivates: a) imaging of C3 dye-loaded P(Bz_HF)
particles. In HEK 293 cells: Top panels show C3 fluorescence, bottom panel merge C3
fluorescence (red), lysotracker green (green), and phase contrast. The white arrow shows C3
fluorescence on the interior of the cell. b) STED microscopy of cell lamellipodia showing C3
fluorescence (red) localized to lysosomes (green) and to presumptive endosomal bodies

C3-loaded fluorinated nanoparticles were then assessed as potential biological imaging
agents. C3 dye fluorescence was measured after trafficking into HEK cells (Fig. 29).
Simultaneously, LysoTracker green was used to track the distribution and accumulation of dye-
loaded nanoparticles in the cellular organelles. LysoTracker Green is a fluorescent dye that stains
acidic compartments in live cells with excitation/emission maxima 504/511 nm. In a review of the
overlapped fluorescence images of C3 and LysoTracker, P(Bz_HF_5) shows efficient loading with
some accumulation in lysosomes but generalized cell labeling, P(Bz_HF_10) and P(Bz_HF_20)

were found as aggregates amongst cells with a small portion observed to be entering cells for

P(Bz_HF_20) nanoparticles.
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4.2.8 CONCLUSIONS AND FUTURE WORK

This work presents a successful attempt to prepare partly fluorinated polymeric
nanoparticles in a one-pot reaction using aqueous RAFT polymerization. Transmission electron
microscopy (TEM) and dynamic light scattering (DLS) analyses indicate nanoparticle sizes
ranging from 120 to 180 nm with zeta-potential values ranging from 30.5 to 33.6 mV.
Nanoparticles exhibit a single resonance in the **F NMR spectrum with relatively short MRI
relaxation times. Additionally, these nanomaterials displayed minimal cell toxicity as well as
potential for dual imaging and therapy. These results afford pathways toward building next-

generation multifunctional *°F MRI cell tracking nanomaterials.
4.3 EXPERIMENTAL SECTION

4.3.1 MATERIALS AND METHOD

Common solvents, HPLC solvents, and reagents were purchased from commercial
suppliers (Sigma-Aldrich and Fisher Scientific) and used without additional purification. Benzyl
methacrylate (BzMA) and 1,1,1,3,3,3-Hexafluoroisopropyl methacrylate (HFMA) were

percolated through a small column of basic alumina before usage.

1H spectra were collected using a Bruker Avance 300 or 400 MHz spectrometer. Chemical
shifts () are denoted in parts per million (ppm) relative to an internal standard (tetramethylsilane-

TMS) and referenced to a protonated solvent obtained from Cambridge Isotope Laboratories, Inc.

F NMR spectra were collected using a Bruker Avance 400 MHz spectrometer with
H>O/D.O (90/10, v/v) as solvent. Solution spectra were measured under the following
measurements conditions: 90° pulse width 15 ps, relaxation delay 1 s, acquisition time 0.73, and

128 scans.
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19F spin—spin relaxation times (T2) were measured using the Carr—Purcell-Meiboom—Gill
(CPMG) pulse sequence at 298 K. The samples were dissolved in H>O/D20 (90/10, v/v) at a
concentration of 1-10 mg/mL. The 90° pulse was determined by dividing with a 360° pulse width,
at which the NMR signal is zero. The relaxation delay was 1 s, and the number of scans was 64.
Only values for the major peaks are reported. For each measurement, the echo times were from 2
to 770 ms and 16 points were collected, which could be described by exponential functions for the

calculation of T».

F spin—lattice (T1) relaxation times were measured using the standard inversion—recovery
pulse sequence. For each measurement, the relaxation delay was 2 s, and the number of scans was
32. Only values for the major peaks are reported. For each measurement, the recovery times were
from 2 ms to 3 s, and 16 points were acquired. Values for the major peak at around —72.8 ppm are

reported.

Gel permeation chromatography (GPC) measurements were done using DMF, and
measurements were done at a flow rate of 0.8 mL/min at 55 °C. A Shimadzu 20A GPC system
equipped with two PSS SDV analytical 1000 A columns and a differential refractive index detector
were used. The data was evaluated using Astra 7.0 software. The GPC system was calibrated using

Polymethylmethacrylate (PMMA) standards.

A JEOL 1230 TEM was used at 100 kV to obtain electron microscopy images using a

bottom-mounted charge-coupled device (CCD) camera (Gatan Orius 831).

4.3.2 GENERAL SYNTHESIS
The mCTA was prepared using our previously published work (PISA paper). The mCTA,

HFMA, V50, and water were added to a gas-tight conical vial and sonicated, and incubated 1 h in
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a dark place. Then the solution was purged with Ar for 30 min and then the vial was placed in a
60 °C bath and monitored using NMR. After completion of polymerization, the polymer was
purified by dialysis against Milli-Q water for 24 h and freeze dried. Then the same RAFT
polymerization method explains above was carried out with the BzZMA. The final reaction mixture
was purified using size exclusion chromatography (Sephadex LH-20) to obtain the pHFBz

polymer systems.

4.3.3 CHARACTERIZATION OF POLYMERS

The molar mass and the degree of polymerization (DP) were calculated using proton NMR
spectra for all the polymers. DMSO-D6 was used as the solvent with TMS as the internal standard.
%F NMR carried out to confirm the absence of free HFMA monomer in the reaction mixture and
the presence of fluorinated polymer. GPC was utilized to confirm the molar masses calculated by

NMR and obtain the dispersity () of the polymers.

4.3.4 PREPARATION AND CHARACTERIZATION OF NANOPARTICLES

Polymer systems were formed into nanoparticles via a previously reported
nanoprecipitation method. 1 mg of the polymer was dissolved in THF (200 L), and the resulting
solution was added dropwise to a vial containing MilliQ water (2 mL) while sonicating. THF was
allowed to evaporate under constant nitrogen flow. Nanoformulations were allowed to equilibrate

for 12 h before testing.

Particle size and zeta potential ({-potential) measurements were carried out on a Zetasizer
Nano ZS (Malvern Instrument) using a He—Ne laser (633 nm) detector angle of 173° at 25 °C.
Concentration was kept 0.5 mg/mL for all the systems, and all measurements were done in
triplicate to assure consistency. Morphologies of the nanoparticles were obtained by environmental

TEM.
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4.3.5 CRITICAL AGGREGATION CONCENTRATION

For the measurement of the critical aggregation concentration (CAC), pyrene (1.7 mg, 8.41
umol) was dissolved in 3 mL of acetone, and 40 pL of the solution was added to 40 mL of
deionized water. A series of concentrations of the nanoaggregate suspension ranging from 108 mg
L1 to 10> mg L™ was prepared by dilutions of 2 mL per sample. Pyrene solution (2 mL) was added
to each vial, and these solutions were equilibrated for 48 h in a dark area. The fluorescence spectra
were obtained on a Varian Cary fluorometer from Agilent Technologies. An emission wavelength
of 390 nm was used for pyrene, and the excitation spectra were recorded from 300 to 380 nm. The
ratio of emission intensities at 338 and 333 nm was graphed as a function of the log of the
concentration. The CAC was determined as the concentration at the intercept of the lines for the

two linear regions of the obtained graphs.

4.3.6 DETERMINATION OF THE AGGREGATION NUMBER (Nacc)

The fluorescence quenching technique was carried out to calculate the Nagg of the
nanoparticles. This technique based on quenching of pyrene fluorescence by hydrophobic
Benzophenone quencher. (DOI: 10.18433/j3zc73) Nagg Was calculated by changing the quencher
concentration using the following equation. Where lo = fluorescence intensities of pyrene in the

absence of quencher, | = fluorescence intensities of pyrene in the presence of quencher, C, = molar

concentration of the polymer, Ccac = critical aggregation concentration and Cq = molar

concentration of the quencher.

In(lo/l) [Nagg/ (Cp'CCAC)] X Cq

4.3.7 ENCAPSULATION STUDIES
Chemical structures, absorbance, and emission profiles for each dye are given in the

appendix C. 1 mg of C3 dye and 2 mg of the polymer was dissolved in THF (200 pL). The
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nanoprecipitation method stated above (preparation and characterization of nanoparticles) was
followed to form dye-loaded nanoparticles. After the 12 h equilibrating period, the unloaded dye
was filtered out using a 0.45 um syringe filter. Water was then removed by freeze-drying. The
resulting crude (dye-loaded nanoparticles) was redissolved in THF (10 mL) to solubilize the
encapsulated dye. The amount of encapsulated dye was estimated using a Cary 6000 UV—visible

spectrophotometer and a standard calibration curve obtained from free dye in THF.

The encapsulation efficiency (EE%) and loading efficiency (DL%) were calculated for
each dye using the following equations. Mc = mass of the dye in the nanoparticle, Mp = mass of

LDBC, and Mci = mass of the dye initially added.

. (Mc)
EE (%) = 100 (MC)
(%) =100 x 7775

4.3.8 IN VITRO CELL UPTAKE AND CYTOTOXICITY ASSAY

Human embryonic kidney (HEK?293) cells were used for cytotoxity assay. HEK cells were
grown under the standard conditions (37 °C, 5% CO., DMEM media with 10% FBS). Then the
nanoparticles were added to tissue culture media and allowed 24 h incubation period. A
LysoTracker Green DND-26 (Invitrogen) staining was performed to image lysosomes
simultaneously. The distribution of dyes in the cells was visualized with a laser scanning confocal
microscope (Zeiss LSM 510 META). Cytotoxicity of the nanoparticles (dye loaded and unloaded)
was then evaluated with a CyQUANT LDH Cytotoxicity Assay Kit (Invitrogen) using a microplate
reader BioTek Synergy H1. Tukey honestly significant difference (HSD) test was performed to

calculate differences in viability between loaded and unloaded particles at different concentrations.
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4.3.9 HEMOLYSIS ASSAY

Hemolysis was performed according to previously published protocols?*?°. Briefly, LDBC
NP, bare PLGA NP, IL-PLGA NPs, and IL-LDBC NPs at 1 mg/mL in 1x PBS pH 7.4. were
combined with washed and isolated BALB/c red blood stocks (1:50 dilution from originally
concentrated fraction from 250 uL of K2-EDTA treated whole blood) at a 1:10 (v/v) ratio in
quadruplicate in a 96 clear-well COSTAR plate (final volume 200 uL/well). The samples were
then incubated for 1 hour at 37 °C, and then centrifuged at 4 °C for 10 minutes at 500xg. 100 pL
of supernatant was collected to measure peak hemolytic absorbance in quadruplicate at 405 nm by
UV-Vis/fluorescent plate-reader. 20% Triton X-100 and 1x PBS pH 7.4 were used as positive and
negative internal controls at the same treatment dilution. The 1x PBS negative control was
subtracted as a minimum baseline (0%) from all samples, and the Triton-X-100 positive control
was used as a maximum baseline (100%) to calculate normalized hemolytic percentages with
standard error of mean (n=4). A two-tail t-test of means was used to determine significance

between 2 samples at a time?*2°,
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APPENDIX A: SUPPLEMENTARY INFORMATION FOR CHAPTER 2
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PAMAM synthesis procedures were adapted from previously reported procedures.?%8- 214

All NMR spectra were matched with the corresponding reported spectra and ppm value.
P-PAMAM-G-0.5 (1)

To the stirred solution of propargyl amine (5.10 g, 0.08 mmol) in 50 mL of methanol,
methyl acrylate (MA) (35.38 g, 0.41 mmol) in 150 mL of methanol was added dropwise under-
salted ice. After the completion of the addition, the reaction mixture was allowed to come to room
temperature and then was subjected to heating at 35 °C overnight. Upon *H NMR confirmation of
completion, MA was co-evaporated in-vacuo three times with butanol, three washes with reagent
alcohol, and three with MeOH until complete removal was confirmed by *H NMR in CDCls with
97% yield. 'H NMR (500 MHz, CDCl3) & 3.65 (d, J = 3.5 Hz, 6H), 2.82 (q, J = 7.0, 5.3 Hz, 4H),

2.45(q,J=7.0,5.2 Hz, 4H), 2.19 (t, J = 2.9 Hz, 1H).
P-PAMAM-G-1.0 (2)

To the stirred solution of ethylenediamine (EDA) (52.10 g, 0.86 mmol) in 100 mL of
methanol, compound 1 (5.09 g, 0.02 mmol) in 50 mL of methanol was added dropwise under-
salted ice. After the completion of the addition, the reaction mixture was allowed to come to room
temperature and then was subjected to heating at 35 °C overnight. Upon *H NMR confirmation of
completion, MA was co-evaporated in-vacuo three times each with butanol, reagent alcohol, and
MeOH until complete removal was confirmed by *H NMR in MeOD with 90% yield. *H NMR
(500 MHz, MeOD) & 3.58 (t, ] = 6.5 Hz, 5H), 3.53 — 3.47 (m, 2H), 3.28 (t, J = 6.2 Hz, 4H), 2.86
(t,J = 6.7 Hz, 5H), 2.75 (t, J = 6.2 Hz, 5H), 2.65 (t, J = 2.6 Hz, 1H), 2.41 (t, J = 6.7 Hz, 4H), 2.20
(t, J = 2.9 Hz, 1H).

P-PAMAM-G-1.5 (3)
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To the stirred solution of MA (53.30 g, 0.62 mmol) in 200 mL of methanol, compound 2
(5.94 g, 0.06 mmol) in 50 mL in methanol was added dropwise under-salted ice. After the
completion of the addition, the reaction mixture was allowed to come to room temperature and
then was subjected to heating at 35 °C for two days. Upon *H NMR confirmation of completion,
MA was co-evaporated in-vacuo three times with butanol, three with reagent alcohol, and three
with MeOH until complete removal was confirmed by *H NMR in CDCls with 95% yield. H
NMR (500 MHz, CDCls) 8 3.70 (d, J = 1.5 Hz, 13H), 3.49 (d, ] = 2.2 Hz, 2H), 3.32 (q, J = 5.8 Hz,
4H), 2.88 (t, J = 6.7 Hz, 4H), 2.79 (t, J = 6.6 Hz, 9H), 2.57 (t, J = 6.0 Hz, 3H), 2.46 (t, J = 6.7 Hz,

9H), 2.41 (t, J = 6.8 Hz, 4H), 2.19 (t, = 2.9 Hz, 1H).
P-PAMAM-G-2.0 (4)

To the stirred solution of EDA (47.56 g, 792 mmol) in 100 mL of methanol, compound 3
(12.51g, 9.87 mmol) in 60 mL in methanol was added dropwise under-salted ice. After the
completion of the addition, the reaction mixture was allowed to come to room temperature and
then it was subjected to heating at 35 °C for three days. Upon *H NMR confirmation of completion,
MA was co-evaporated in-vacuo three times with butanol, three with reagent alcohol, and three
with MeOH until complete removal was confirmed by *H NMR in MeOD with 91% yield. H
NMR (500 MHz, CDCls) & 3.56 (t, J = 6.7 Hz, 12H), 3.39 (t, ] = 4.7 Hz, 2H), 3.21 (m, J = 12.0,
6.0 Hz, 8H), 2.76 (t, J = 5.9 Hz, 8H), 2.69 (dd, J = 11.0, 4.7 Hz, 8H), 2.47 (t, J = 6.2 Hz, 2H), 2.29

(d, J = 21.8 Hz, 18H), 2.20 (t, J = 2.9 Hz, 1H).
P-PAMAM-G-2.5 (5)

To the stirred solution of MA (71.84 g, 834 mmol) in 150 mL of methanol, compound 4
(12.45 g, 16.7 mmol) in 60 mL in methanol was added dropwise under-salted ice. After the

108



completion of the addition, the reaction mixture was allowed to come to room temperature and
then it was subjected to heating at 35 °C for four days. Upon *H NMR confirmation of completion,
MA was co-evaporated in-vacuo three times with butanol, three with reagent alcohol, and three
with MeOH until complete removal was confirmed by *H NMR in CDCls with 94% yield. H
NMR (300 MHz, CDClz) § 3.68 (s, 24H), 3.47 (s, 2H), 3.30 (d, J = 5.8 Hz, 12H), 2.79 (dt, ] = 13.6,
6.5 Hz, 28H), 2.57 (dt, J = 12.2, 6.0 Hz, 12H), 2.44 (t, J = 6.7 Hz, 16H), 2.38 (t, J = 6.3 Hz, 12H),

2.19 (t, J = 2.9 Hz, 1H).
P-PAMAM-G-3.0 (6)

To the stirred solution of EDA (34.31 g, 571 mmol) in 70 mL of methanol, compound 5
(10.24 g, 7.14 mmol) in 50 mL in methanol was added dropwise under-salted ice. After the
completion of the addition, the reaction mixture was allowed to come to room temperature and
then it was subjected to heating at 35 °C for four days. Upon *H NMR confirmation of completion,
MA was co-evaporated in-vacuo three times with butanol, three with reagent alcohol, and three
with MeOH until complete removal was confirmed by *H NMR in MeOD with an 88% yield. *H
NMR (500 MHz, MeOD) & 3.57 (t, ] = 6.7 Hz, 4H), 3.39 — 3.34 (m, 16H), 3.32 — 3.26 (m, 28H),

2.81 (tq, J = 12.8, 6.4 Hz, 48H), 2.61 (g, J = 6.8 Hz, 14H), 2.39 (t, J = 7.0 Hz, 30H).
P-PAMAM-TBE (7)

To the stirred solution of compound 4 (22.00 g, 29.7 mmol) in 110 mL of methanol,
tertbutyl acrylate (TBA) (190.53 g, 149 mmol) in 380 mL methanol was added dropwise under-
salted ice. After the complete addition of TBA, the reaction was allowed to warm to room
temperature. The reaction continued at room temperature for two days. Upon 'H NMR
confirmation of completion, a single rotovap ensued. The PAMAM product was dissolved into a
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minimal amount of DCM, which was followed by precipitation via separatory funnel into 5x mL
of stirring, pure hexane. After settling, the hexane layer was decanted, and the remaining product
was air-dried. This precipitation, decanting, and the air-drying process was repeated twice more.
A final *H NMR ensured the removal of TBA with 90% yield. *H NMR (500 MHz, CDCls) § 3.47
(s, 2H), 3.35 (s, 18H), 3.26 (s, 26H), 2.74 (s, 24H), 2.56 (d, J = 15.4 Hz, 14H), 2.37 (s, 28H), 2.19

(t, J = 2.9 Hz, 1H), 1.45 (s, 72H).
P-PAMAM-THP (8)

To the stirred solution of compound 5 (15.06 g, 9.04 mmol) in 150 mL of methanol,
((tetrahydro-2H-pyran-2-yl)oxy)methanamine (THP) (11) (36.85 g, 181 mmol) in 120 mL in
methanol was added dropwise under-salted ice. After the complete addition of THP, the reaction
was allowed to warm to room temperature. The reaction continued at room temperature for 24 h
and then at 40 °C for 72 h. Upon *H NMR confirmation of completion, a single rotovap ensued.
The PAMAM product was dissolved into a minimal amount of DCM which was followed by
precipitation via separatory funnel into 5x mL of stirring, pure hexane. After settling, the hexane
layer was decanted, and the remaining product was air-dried. This precipitation, decanting, and the
air-drying process was repeated twice more. It was further purified using size exclusion
chromatography (Sephadex LH-20). A final *H NMR ensured the removal of excess THP with
81% yield. 'H NMR (500 MHz, CDCls) & 4.57 (s, 8H), 3.94 — 3.67 (m, 16H), 3.64 (s, 2H), 3.57 —

3.18 (s, 38H), 2.93 — 2.42 (m, 26H), 2.41 — 2.26 (s, 12H), 2.23 (s, 1H), 1.93 — 1.67 (m, 48H).
P-PAMAM-BOC (9)

To the stirred solution of compound 6 (16.25 g, 9.83 mmol) in 150 mL of methanol, di-
tert-butyl dicarbonate (Boc Anhydride) (25.75 g, 118 mmol) in 120 mL in methanol was added
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dropwise under-salted ice. After the complete addition of Boc Anhydride, the reaction was allowed
to warm to room temperature. The reaction continued at room temperature for two days. Upon 'H
NMR confirmation of completion, a single rotovap ensued. The PAMAM product was dissolved
into a minimal amount of DCM which was followed by precipitation via separatory funnel into 5x
mL of stirring, pure hexane. After settling, the hexane layer was decanted, and the remaining
product was air-dried. This precipitation, decanting, and the air-drying process was repeated twice
more. A final *H NMR ensured the removal of Boc Anhydride with a 92% yield. *H NMR (400
MHz, CDCl3) & 3.62 (s, 2H), 3.32 (q, J = 5.6 Hz, 18H), 3.24 (t, J = 6.2 Hz, 28H), 2.80 — 2.65 (m,

28H), 2.53 (q, J = 7.9, 6.0 Hz, 14H), 2.36 (g, J = 9.0, 6.7 Hz, 28H), 2.23 (s, 1H), 1.42 (s, 72H).
((tetrahydro-2H-pyran-2-yl)oxy)methanamine (10)

This procedure was adapted from previously reported procedures.?!! To the stirred solution
of 2-Benzylaminoethanol (5.00 g, 33.1 mmol) in 17 mL of DCM at 0 °C, methanesulfonic acid
(3.50 g, 36.4 mmol) was added at 15 °C. After 45 min 3,4-dihydro-2H-pyran (4.73 g, 56.2 mmol)
was added at 10-15 °C. It was stirred for 1 h at 15 °C. Upon *H NMR confirmation of completion,
3 N caustic solution (17 mL, 49.1 mmol) was added at 5-10 °C. The phases were separated, and
the organic layer was concentrated in the vacuum line. The oily yellow crude product was purified
by short path distillation at 3 x 10° mbar and 117-125 °C. 1.0 g of crude product was dissolved in
15 mL of ethanol and Pd/C (5 wt%, 327 mg, 0.154 mmol) was added at room temperature
overnight under hydrogen balloon. Upon *H NMR confirmation of completion, the reaction
mixture was filtered through a celite pad. Then the filtrate was concentrated in vacuum to give
0.53 g of compound 11 with 86 % yield. *H NMR (500 MHz, CDCls3) § 4.66 — 4.58 (m, 1H), 3.94
—3.75 (m, 2H), 3.64 (dt, J = 16.4, 5.9 Hz, 1H), 3.58 — 3.40 (m, 2H), 2.90 (g, J = 11.8, 8.7 Hz, 2H),

1.89 — 1.69 (m, 2H), 1.61 — 1.56 (m, 4H).
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2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid (11)

This procedure was adapted from previously reported procedures.?!2 To the stirred solution
of 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoic acid (100.06 g, 750 mmol) in 500 mL of
acetone, 2,2-dimethoxy-propane (DMP) (116.47 g, 1120 mmol) and p-toluenesulfonic acid
(PTSA) (7.10 g, 40.0 mmol) were added under room temperature. After the completion of the
addition, the reaction mixture was stirred 5 h. Then it was filtered through an amberlyst column
and the solvent was evaporated at room temperature. The residue was recrystallized using CH2Cl>
to give (2) white crystals with 92% yield. *H NMR (500 MHz, CDCls) § 4.27 — 4.17 (m, 2H),

3.76 — 3.66 (m, 2H), 1.55 — 1.39 (m, 6H), 1.23 (d, J = 2.8 Hz, 3H).
(2,2,5-trimethyl-1,3-dioxan-5-yl)methanol (12)

This procedure was adapted from previously reported procedures.?*® To the stirred solution
of 2-(hydroxymethyl)-2-methylpropane-1,3-diol (10.10 g, 80.1 mmol) in 50 mL of acetone, 2,2-
dimethoxy-propane (DMP) (13.14 g, 126 mmol) and PTSA (0.79 g, 0. 4.14 mmol) were added
under room temperature. After the completion of the addition, the reaction mixture was stirred 4
h. Then it was filtered through an amberlyst column and the solvent was evaporated, and the
residue was put under 60 °C and full vacuum for 2 h. Then it was put under vacuum overnight to
give (4) as a colourless liquid with 96% yield. *H NMR (500 MHz, CDCls) § 3.67 (d, J = 5.3 Hz,

4H), 3.60 (d, J = 11.8 Hz, 2H), 1.44 (s, 3H), 1.40 (s, 3H), 0.83 (s, 3H).
(2,2,5-trimethyl-1,3-dioxan-5-yl)methyl 4-methylbenzenesulfonate (13)

This procedure was adapted from previously reported procedures.?** Compound (12)
(10.89 g, 68.0 mmol) was dissolved in 34 mL of pyridine and it was added dropwise to the stirred

solution of p-toluenesulfonyl chloride (35.70 g, 187 mmol) in 48 mL of pyridine at 0 °C under
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nitrogen. After the complete addition, reaction mixture was stirred 48 h at room temperature. Then
the reaction mixture was added dropwise to 100 mL of 40% ammonium chloride solution at 0 °C.
After complete addition, it was allowed to stir at room temperature for 2 h. Then it was filtered
and washed with DI water until the pyridine smell was gone. Then the residue was dissolved in 25
mL of DCM and extracted with half saturated ammonium chloride and saturated NaCl solution.
Yellow DCM solution was dried with anhydrous sodium sulfate. Then the solvent was evaporated,
and the residue was placed under full vacuum for 12 h to give (5) as a yellow solid with 89% yield.
IH NMR (500 MHz, CDCl3) & 7.86 — 7.79 (m, 2H), 7.38 (d, J = 7.6 Hz, 2H), 4.11 (s, 2H), 3.58 (s,

4H), 2.47 (s, 3H), 1.39 (d, J = 4.8 Hz, 3H), 1.25 (d, J = 4.7 Hz, 3H), 0.84 (s, 3H).
5-(azidomethyl)-2,2,5-trimethyl-1,3-dioxane (14)

This procedure was adapted from previously reported procedures.?** Compound 13 (14.60
g, 46.4 mmol), NaNs (12.07 g, 186 mmol), water (10 mL), and DMF (80 mL) were stirred at 110
°C for 48 h under reflux. The mixture was poured into 150 ml water and extracted four times with
Et.O (4 x 200 mL). The organic phase was dried over anhydrous MgSO4 and the solvent was
removed under reduced pressure. The residue was purified by column chromatography with silica
gel (100 g) and ethyl acetate/n-hexane (1:4) to give 7.48 g of a colourless liquid with an 87% yield.
IH NMR (500 MHz, CDCls)  3.58 (d, J = 2.8 Hz, 4H), 3.51 (s, 2H), 1.40 (d, J = 13.8 Hz, 6H),

0.81 (d, J = 1.1 Hz, 3H).
2-(azidomethyl)-2-methylpropane-1,3-diol (15)

This procedure was adapted from previously reported procedures.?* Compound (14) (7.05
g, 40.3 mmol) was dissolved in 35 mL of methanol. 7.00 g of a Dowex, H* resin was added, and
the reaction mixture was stirred for 12 h at 50 °C. When the reaction was complete the Dowex, H+
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resin was filtered off in a vacuum filter under a low vacuum and carefully washed with methanol.
The methanol was evaporated to give 5.41 g of white crystals with a 93% yield. *H NMR (400

MHz, CDCls) & 3.73 — 3.58 (m, 4H), 3.56 — 3.43 (m, 2H), 2.19 (s, 2H), 0.89 (d, J = 2.0 Hz, 3H).
A-MPA-4-AC (16)

This procedure was adapted from previously reported procedures.?** Compound 11 (6.48
g, 37.2 mmol), 1,1'-carbonyldiimidazole (CDI) (9.05 g, 55.8 mmol) were dissolved in 30 ml of
ethyl acetate and it was stirred 1 h at 50 °C. CsF (0.75 g, 4.93 mmol), Compound (15) (1.80 g,
12.4 mmol) were dissolved in 10 ml of ethyl acetate separately and it was slowly added to the
reaction mixture under nitrogen at 50 °C. It was stirred 12 h. When the reaction was complete 200
mL DI water was added and allowed to stir 2 h at room temperature. Then it was extracted with 1
M HCI (200 mL x 3), 1 M NaHSO4 (200 mL x 3), 10% Na>COg, saturated NaCl (200 mL) and it
was dried under anhydrous MgSOQas. Ethyl acetate was evaporated to give 5.22 g of colourless oil
liquid with a 92% yield. 'H NMR (500 MHz, CDCls) 5 4.21 (d, ] = 11.7 Hz, 4H), 4.13 — 4.09 (m,
4H), 3.68 (d, J = 11.7 Hz, 4H), 3.42 — 3.39 (m, 2H), 1.43 (d, J = 32.2 Hz, 12H), 1.18 (d, J = 1.6

Hz, 6H), 1.08 (d, J = 1.5 Hz, 3H).
A-MPA-4-OH (17)

This procedure was adapted from previously reported procedures.?* Compound (16) (5.00
g, 10.9 mmol) was dissolved in 20 mL of methanol. 5.00 g of a Dowex, H* resin was added, and
the reaction mixture was stirred for 12 h at 50 °C. When the reaction was complete the Dowex, H*
resin was filtered off in a vacuum filter under a low vacuum and carefully washed with methanol.

The methanol was evaporated to give 3.96 g of colourless liquid with a 96% yield. *H NMR (300
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MHz, CDCls) & 4.09 (s, 4H), 3.88 (d, J = 11.2 Hz, 4H), 3.78 — 3.67 (m, 4H), 3.43 (s, 4H), 3.38 (s,

2H), 1.12 — 1.09 (m, 6H), 1.09 — 1.07 (m, 3H).
A-MPA-4-FA (18)

This procedure was adapted from previously reported procedures.?!! To the stirred solution
of (17) (3.25 g, 8.61 mmol), TEA (13.94 g, 138 mmol), 4-dimethylaminopyridine (DMAP) (3.15
g, 25.8 mmol) in 50 ml DCM at 0 °C under nitrogen, palmitoyl chloride (18.93 g, 68.9 mmol) was
dissolved in 20 ml DCM and it was added dropwise. After the complete addition, it was stirred 12
h at room temperature. 150 ml of DI water was added, and it was stirred 1 h. Then the DCM layer
was separated, and it was dried under anhydrous MgSO4. DCM was evaporated to give yellow
residue further purified by the Sephadex-LH-20 column in DCM to give 10.86 g of yellow solid
with a 91% yield. *H NMR (300 MHz, CDCls) 6 4.22 (d, J = 1.5 Hz, 8H), 4.01 (s, 4H), 3.32 (s,
2H), 2.30 (t, J = 7.5 Hz, 8H), 1.59 (t, J = 7.4 Hz, 8H), 1.31 (d, J = 5.8 Hz, 104H), 1.04 — 0.99 (m,

3H), 0.91 - 0.86 (m, 18H).
Reported below are the full synthetic details for the preparation of macromolecules
Synthesis of FA-PAMAM-TBE and FA-PAMAM-COOH

To the stirred solution of P-PAMAM-TBE (2.50 g, 1.32 mmol), A-MPA-4-FA (1.67 g,
1.29 mmol) in 25 ml of DMF, CuBr (374.0 mg, 2.61 mmol) was added under nitrogen flushing.
After complete addition, PMDETA (452.2 mg, 2.61 mmol) was added and allowed to stir under
nitrogen at 35 °C for 48 h. The reaction mixture was precipitated to 200 mL diethyl ether. After
settling, the diethyl ether layer was decanted, and the remaining product was air-dried. This
precipitation, decanting, and the air-drying process was repeated twice more. The crude product

was dissolved in 100 mL of DCM. It was extracted with 0.1 M EDTA solution. It was further
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purified using size exclusion chromatography (Sephadex LH-20) to give FA-PAMAM-TBE as a
yellow solid. Then 2.10 g of FA-PAMAM-TBE was dissolved in 30 mL of chloroform and 3.0
mL (10% v/v) of TFA was added dropwise and stirred for 45 minutes. The reaction mixture was
air-dried and dissolved in 8 mL of chloroform. It was added dropwise to 500 mL of diethyl ether
and stirred for 2 h. It was filtered and precipitation procedure was repeated three times. Finally,
the resulting yellow solid was put under the vacuum for 24 h to obtain the pure product with 82%
yield. The formation of the FA-PAMAM-COO" was confirmed via disappearance of TBE groups

(1.40 ppm) (Fig. 53)

IH NMR for FA-PAMAM-TBE (400 MHz, CDCl3) 6 7.82 (s, 1H), 5.91-5.60 (m, 4H), 4.39
(s, 2H), 4.29 (s, 2H), 4.26 (s, 4H), 4.22 (s, 8H), 4.01 (s, 8H), 3.32 (M, 18H), 3.22 (m, 26H), 2.84
(s, 24H), 2.47 (s, 28H), 2.30 (t, 14H), 1.40 (s, 72H), 1.27 — 1.24 (m, 104H), 1.01 (s, 3H), 0.98 (s,
6H), 0.89 —0.87 (m, 14H).13C NMR (126 MHz, CDCl3) § 173.13, 171.92, 162.49, 142.91, 125.24,
66.00, 64.86, 52.81, 52.49, 51.60, 49.19, 46.47, 37.16, 36.42, 34.60, 29.65, 25.21, 24.81, 17.82,

14.05.
Synthesis of FA-PAMAM-BOC and FA-PAMAM-NH3*

To the stirred solution of P-PAMAM-Boc (3.20 g, 1.31 mmol), A-MPA-4-FA (2.72 g, 1.96
mmol) in 25 mL of DMF, CuBr (374.0 mg, 2.61 mmol) was added under nitrogen flushing. After
complete addition, N,N,N’,N" ,N"-Pentamethyldiethylenetriamine (PMDETA) (452.2 mg, 2.61
mmol) was added and allowed to stir under nitrogen at 35 °C for 48 h. The reaction mixture was
precipitated to 200 ml diethyl ether. After settling, the diethyl ether layer was decanted, and the
remaining product was air-dried. This precipitation, decanting, and the air-drying process was

repeated twice more. The crude product was dissolved in 100 mL of DCM. It was extracted with
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0.1 M EDTA solution. It was further purified using size exclusion chromatography (Sephadex LH-
20) to give 3.95 g of FA-PAMAM-BOC. It was dissolved in 45 mL of chloroform and 4.5 mL
(10% v/v) of trifluoroacetic acid (TFA) was slowly added and stirred for 45 minutes. The reaction
mixture was air-dried and dissolved in 10 mL of chloroform. It was added dropwise to 500 mL of
diethyl ether and stirred for 2 h. It was filtered and precipitation procedure was repeated three
times. Finally, the resulting yellow solid was put under the vacuum for 24 hours to obtain the pure
product with 86% vyield. The formation of the FA-PAMAM-NHs:* was confirmed via

disappearance of BOC groups (1.42 ppm) (Fig. 59).

IH NMR for FA-PAMAM-Boc (500 MHz, CDCls) § 7.87 (s, 1H), 5.91-5.60 (m, 6H), 4.40
(s, 3.29 -3.15 (m, 28H), 3.10 — 2.78 (M, 28H), 2.64-2.35 (M, 28H), 2.33-2.24 (q, 28H), 1.42 (s,
72H), 1.30-1.22 (m, 104H), 1.01 (s, 3H), 0.98 (s, 6H), 0.86 (t, 12H). 3C NMR (101 MHz,
Chloroform-d) § 172.99, 172.07, 156.40, 144.29, 125.79, 78.99, 77.40, 64.87, 52.45, 47.84, 44.21,

33.97, 31.81, 29.58, 24.80, 22.56, 17.73, 13.95.
Synthesis of FA-PAMAM-THP and FA-PAMAM-OH

To the stirred solution of P-PAMAM-THP (1.04 g, 0.428 mmol), A-MPA-4-FA (0.86 g,
0.642 mmol) in 10 mL of DMF, CuBr (130.0 mg, 0.856 mmol) was added under nitrogen flushing.
After complete addition, PMDETA (149.4 mg, 0.856 mmol) was added and allowed to stir under
nitrogen at 35 °C for 48 h. The reaction mixture was precipitated to 200 mL diethyl ether. After
settling, the diethyl ether layer was decanted, and the remaining product was air-dried. This
precipitation, decanting, and the air-drying process was repeated twice more. The crude product
was dissolved in 100 mL of DCM. It was extracted with 0.1 M EDTA solution. It was further

purified using size exclusion chromatography (Sephadex LH-20) to give 1.27 g of a solid. Then
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1.00 g of FA-PAMAM-THP was dissolved in 15 mL of chloroform and 2.0 mL of TFA was added
dropwise and stirred for 60 minutes. The reaction mixture was air-dried and dissolved in 5 mL of
chloroform. It was added dropwise to 250 mL of diethyl ether: methanol mixture (2:1) and stirred
for 2 h. It was filtered and precipitation procedure was repeated three times. Finally, the resulting
yellow solid was put under the vacuum for 24 h to obtain the pure product with a 79 % yield. The
formation of the FA-PAMAM-OH was confirmed via disappearance of THP groups (4.60 ppm)

(Fig. 65).

IH NMR for FA-PAMAM-THP (400 MHz, CDCls) & 7.89 (s, 1H), 4.60 (s, 8H), 4.25 (s,
8H), 4.01 (s, 8H), 3.89 (s, 28H), 3.55 (s, 18H), 2.32 (s, 12H), 1.90 — 1.57 (m, 48H), 1.36 — 1.23
(m, 104H), 1.02 (s, 3H) 0.91 (s, 18H). *3C NMR (101 MHz, Chloroform-d) & 174.10, 172.96,
162.45, 142.04, 125.99, 98.88, 77.32, 66.30, 65.08, 63.76, 54.91, 46.50, 39.57, 34.05, 31.95, ,

29.72,25.47,22.73, 22.71, 19.69, 17.87, 13.96.
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Figure 30. 'H NMR for P-PAMAM-GO.5 (1) (500 MHz, CDCls)
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Figure 31. 'H NMR for P-PAMAM-G1.0 (2) (500 MHz, MeOD)
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Figure 32. 'H NMR for P-PAMAM-G1.5 (3) (500 MHz, CDCls)
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Figure 33. 'H NMR for P-PAMAM-G2.0 (4) (500 MHz, MeOD)
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Figure 34. 'H NMR for P-PAMAM-G2.5 (5) (300 MHz, CDCls)
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Figure 35. 1H NMR for P-PAMAM-TBE (500 MHz, CDCI3)
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Figure 36. 'H NMR for P-PAMAM-Boc (400 MHz, CDCls)
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Figure 37. *H NMR for ((tetrahydro-2H-pyran-2-yl)oxy)methanamine (10) (500 MHz,
CDCls)
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Figure 38. *H NMR for P-PAMAM-THP (500 MHz, CDCls)

127



|
-

N ' A=Y

< e e <

o~ o~ (s] M
T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

f1 (ppm)

Figure 39. 'H NMR for 2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid (11) (500 MHz, CDCls)
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Figure 40. *H NMR for (2,2,5-trimethyl-1,3-dioxan-5-yl)methanol (12) (500 MHz, CDCls),

solvent impurities acetone and methanol
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Figure 41. *H NMR for (2,2,5-trimethyl-1,3-dioxan-5-yl)methyl 4-methylbenzene
sulfonate (13) (500 MHz, CDCls)
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Figure 42. *H NMR for 5-(azidomethyl)-2,2,5-trimethyl-1,3-dioxane (14) (500 MHz,

CDCls)
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Figure 43. 'H NMR for 2-(azidomethyl)-2-methylpropane-1,3-diol (15) (400 MHz, CDCls)
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Figure 44. 'H NMR for A-MPA-4-AC (16) (500 MHz, CDCls)
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Figure 45. 'H NMR for A-MPA-4-OH (17) (300 MHz, CDCls)
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Figure 46. 'H NMR for A-MPA-4-FA (18) (300 MHz, CDCls)
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Figure 47. FTIR spectra for A-MPA-4-FA (18)
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Figure 48. *H NMR comparison for FA-PAMAM-TBE with P-PAMAM-TBE and A-MPA-4-FA
(500 MHz, CDCls)
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Figure 50. **C NMR for FA-PAMAM-TBE (300 MHz, CDCls)
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Figure 51. HSQC for FA-PAMAM-TBE (400 MHz, CDCl3)
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Figure 52. HMBC for FA-PAMAM-TBE (400 MHz, CDCls)
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Figure 53. *H NMR comparison for (a) FA-PAMAM-TBE, (b) FA-PAMAM-COOH (500 MHz,
CDCls), solvent impurities THF; arrow indicates that TBE (1.4 ppm) has been removed to reveal

the carboxylic acid groups
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Figure 54. TH NMR comparison for FA-PAMAM-Boc with P-PAMAM-Boc and A-MPA-4-FA
(500 MHz, CDCls), solvent impurities DMF, DCM and THF
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Figure 56. 13C NMR for FA-PAMAM-BOC (400 MHz, CDCls)
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Figure 57. HSQC for FA-PAMAM-BOC (400 MHz, CDCls)
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Figure 58. HMBC for FA-PAMAM-BOC (400 MHz, CDCl5)
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Figure 59. *H NMR comparison for (a) FA-PAMAM-BOC, (b) FA-PAMAM-NH;" (500 MHz,
CDCls) solvent impurities DMF; arrow indicates removal of Boc group (1.4 ppm) to reveal
protonated amine groups. Broaden in NMR spectra due to H bonding and amphiphilic nature of

the JD
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Figure 60. *'H NMR comparison for FA-PAMAM-THP with P-PAMAM-THP and A-MPA-4-FA
(500 MHz, CDCls), solvent impurities DMF and THF
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Figure 62. 1*C NMR for FA-PAMAM-THP (400 MHz, CDCl5)
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Figure 63. HSQC for FA-PAMAM-THP (400 MHz, CDClz)
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Figure 64. HMBC for FA-PAMAM-THP (400 MHz, CDCls)
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Figure 65. *H NMR comparison for (a) FA-PAMAM-THP, (b) FA-PAMAM-OH (500 MHz,
CDCls) arrow indicates removal of THP group (4.6 ppm) to reveal hydroxyl groups. Broaden in
NMR spectra due to H bonding and amphiphilic nature of the JD
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Figure 66. GPC chromatograms for FA-PAMAM-BOC in THF
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Figure 68. GPC chromatograms for FA-PAMAM-THP in THF
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Table 5. Summary of average hydrodynamic diameter of the dendritic aggregates

RhoLs(nm) (-potential
Sample PDI
Number Intensity (mV)
FA-PAMAM-G3-
57.8+16.7 103.7 £40.3 0.191 56.1+6.5
NH;*
FA-PAMAM-G3- 53.3+12.4
41.0+9.0 0.469 85+16
OH 308.2 +85.1
FA-PAMAM-G3-
93.1+15.9 1022 +14.1 0.882 -179+2.6
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Figure 69. DLS spectra for FA-PAMAM-NH3", Size distribution by number
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Figure 70. DLS spectra for FA-PAMAM-NHz3", Size distribution by intensity
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Figure 71. DLS spectra for FA-PAMAM-COQ, Size distribution by number
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Figure 72. DLS spectra for FA-PAMAM-COQO', Size distribution by intensity
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Figure 73. DLS spectra for FA-PAMAM-OH, Size distribution by number
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Figure 74. DLS spectra for FA-PAMAM-OH, Size distribution by intensity
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Figure 75. Excitation ratio vs. log concentration for FA-PAMAM-NH3*
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Figure 77. Excitation ratio vs. log concentration for FA-PAMAM-OH
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER 3

MATERIALS AND METHODS

All chemicals were purchased from commercial sources (Fisher Scientific) and used
without further purification unless indicated otherwise. N-Boc alanine was purchased from Sigma
Aldrich. The amberlyst-A21 resin was previously cleaned by suspending in three separate batches
of MeOH (approximately equal to resin volume) for 2h. Dowex 50WX8 resin was purified by
vacuum filtering and washing with alternating volumes of methanol and tetrahydrofuran until no
color was observed in the filtrate (approximately 3 equivalent volumes of solvent). BzZMA was
percolated through a small column of basic alumina prior to usage. These were stored at -10 over
molecular sieves. Before analysis by DLS, TEM, and/or fluorometry, the reaction aliquots were

diluted in deionized water with sonication to a concentration of 0.2 mg/mL.

INSTRUMENTATION

NMR and spectra were recorded in deuterated solvents on a Bruker AVANCE 500 NMR
Spectrometer. J values are expressed in Hz, and quoted chemical shifts are in ppm downfield from
tetramethylsilane (TMS) reference using the residual protonated solvents as an internal standard.
The signals have been designated as follows: s (singlet), d (doublet), t (triplet), m (multiplets).

Analysis was done using MestreNova 14.0.

GPC measurements were done at a flow rate of 0.3 mL/min at 50, on a GPC system

equipped with Waters Alliance HPLC System, 2695 Separation Module with 2 Tosoh TSKgel
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Super HM-M columns and Waters 2414 Differential Refractometer (RI) and Waters 2998
Photodiode Array Detector (PDA) was used. Polystyrene standards (900-100,000 g/mol) were
used for the calibrations curve, and data were processed using the Empower 3 software (Waters).
Addition of the electrolytic salt, LiBr (0.01%), was done to minimize effects such as polymer
aggregation and/or adsorption associated with the polymer or the columns, enabling normal

fractionation to occur.1, 2, 3

DLS Aggregate size and zeta potential (Z-potential) were determined by a Malvern
Instruments Zetasizer Nano ZS using a He—Ne laser with a 633 nm wavelength, a detector angle
of 173 at 25 using a He—Ne laser with a 633 nm wavelength. Measurements were done in triplicate

to ensure reproducibility.

TEM A JEOL 1230 TEM was operated at 100 kV using a Gatan Orius 831 bottom mounted
CCD camera. TEM samples were prepared by adding 10 diluted nanoparticle solutions to a 300
mesh Formvar/Cu grid. Water was wicked away with weighing paper, and the slide was then
incubated on a drop of 1% uranyl acetate stain for 20 sec. Excess water was again wicked away,
and the grids were dried at room temperature in a vacuum oven for 45 min before analysis. Image

analysis was done using Fiji 2.1.2 and a custom Python 3.7 script.

SYNTHETIC DESCRIPTION
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Figure 78. Synthesis of alkyne (linear) segment of mMCTA
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Figure 79. Synthesis of dendritic segment and coupling to from mCTA-80H
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GENERAL ESTERIFICATION PROCEDURE

BMPA dendron growth was adapted from previously reported procedures.4, 5 bMPA
(1.5eq per hydroxyl group) was suspended in a solution of EtOAc (2M relative to CDI), and N,N-
carbonyl diimidazole (CDI, 1.65eq per hydroxyl group) was carefully added. After 1h stirring at
rt and confirmation of completion via NMR, CsF (0.24eq per hydroxyl group) was added, followed
by the alcohol initiator. The solution was heated overnight, or until completion was observed via
NMR. After cooling to room temperature, the crude was stirred overnight with water added at a
5:1 volume ratio to EtOAc. This was diluted to a concentration of 0.2M and washed with 0.25M
amount of the following solutions: 3x 1M, 3x saturated, and 1x brine. The organic layer was dried

with magnesium sulfate and concentrated in vacuo.

GENERAL DEPROTECTION PROCEDURE

The acetal-protected dendron was dissolved to a concentration of 6.7wt% in MeOH.
Dowex resin was added at a 350% weight ratio relative to dendron.?*> After the disappearance of
the doublet at 1.4 ppm via, the resin was removed via vacuum filtration, and MeOH was removed
in vacuo. Any residual water was removed via air-drying. If any impurities remained via, the
hydroxyl-terminated dendron was recrystallized in EtOAc or stirred with petroleum ether and

charcoal and filtered over Celite.

GENERAL POLYMERIZATION PROCEDURE

The mCTA and solvent(s) were added to a gas-tight conical vial, sonicated, and incubated
for 1 h in a dark place. Initiator and monomer(s) were then added, and the solution was purged
with Ar for 30 min. The vial was then placed in a 60 °C bath and monitored by NMR. Mn was first

measured by *H NMR, using peaks 5.75, 4.87, and 4.65 ppm for pBzMA-OH and 5.75, 4.87, and
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4.67 ppm for pPBzMA-NH3" as references. (Theoretical integration = 24). The peak at 4.87 ppm
corresponds to the benzyl peak (CH2) of pBzMA and therefore equals 2*DP. All NMR were
recorded in DMSO-d6. For pBzMA-NHs" with mCTA-8ala, we found it imperative to maintain a
low pH as alanine-functionalized bMPA has been shown to be relatively unstable at neutral/basic
pH at elevated temperatures.6, 7 Given the pH sensitivity of this initiator, the pH of mMCTA-8ala

in water at a concentration of 0.37 M was maintained at about 1.7.

SYNTHESIS PROCEDURES

The DbMPA monomer was made as previously described.5 Briefly, 2,2-
bis(hydroxymethyl)propionic acid (100 g, 0.746 mol) was stirred in acetone (500 mL) and 2,2-
dimethoxypropane (138 mL, 1.12 mol) at room temperature until the solution turned transparent.
Then, para-toluene sulfonic acid (6.42g, 37.3 mmol) was added, and the reaction was stirred for 4
h. The crude was percolated through a column of Amberlyst-A21 resin. The eluent was conc in
vacuo, dissolved in 300 mL DCM and stirred 6 h. Any solid that crashed out was removed by
vacuum filtration over Celite. The filtrate was added dropwise to 1L of Hexanes and stirred for 30
min, then allowed to sit for 30 min. The resulting white solid was vacuum filtered, yielding bMPA
as a white, amorphous solid. Yield = 79.6g (61.2%) 1H NMR (300 MHz, Chloroform-d) 4.20 (d,

J=12.0 Hz, 2H), 3.68 (d, J = 11.8 Hz, 2H), 1.48 — 1.39 (m, 6H), 1.22 (s, 3H).

Az-mpa-4 was grown by the general esterification procedure outlined above. After
activating bMPA (14.9 g, 85.6 mmol) suspended in 43mL EtOAc with CDI (13.9¢g, 85.6 mmol),
CsF (2.08g, 13.7 mmol) and 2-(azidomethyl)-2-methylpropane-1,3-diol (4.14 g, 28.5 mmol) were
added and stirred overnight, yielding az-mpa-4 as a light-yellow oil. Yield =11.99 (92%) 1H NMR

(400 MHz, Chloroform-d) 4.21 (d, J = 11.6 Hz, 4H), 4.11 (s, 4H), 3.68 (d, J = 11.6 Hz, 5H), 3.40
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(s, 2H), 1.42 (d, J = 25.7 Hz, 13H), 1.17 (s, 6H), 1.08 (s, 3H). Solvent impurities: EtOAc, Water.
13C NMR (75 MHz, Chloroform-d) 173.77, 98.16, 66.13, 65.94, 55.11, 42.23, 40.02, 25.82, 21.45,

18.45, 17.69.

Az-mpa-40H: az-mpa-4 was deprotected using the general deprotection procedure
outlined above. After overnight stirring, the crude was dried in-vacuo and suspended in petroleum
ether. Enough activated charcoal was added to make the solution opaque, and this was stirred
overnight. This was filtered over Celite and concentrated in-vacuo, quantitatively yielding az-mpa-
40H as a clear oil. 1H NMR (400 MHz, Methanol-d4) 4.06 (s, 4H), 3.73 (d, J = 10.7 Hz, 4H), 3.64
(d, J = 10.8 Hz, 4H), 3.45 (s, 2H), 1.20 (s, 6H), 1.07 (s, 3H). 13C NMR (101 MHz, MeOD) &

174.82, 65.76,, 64.54, 55.04, 50.44, 50.21, 47.57, 47.35, 47.14, 39.41, 19.66, 16.74, 16.06, 13.21.

Az-mpa-8 was grown according to the general esterification procedure outlined above.
After activating bMPA (15.7g, 90mmol) suspended in 45 EtOAc with CDI (16.1g, 99mmol), CsF
(2.10g, 13.8mmol) and 5.66g az-mpa-40H were added and stirred 3h, yielding az-mpa-8 as a
honey-colored oil. Yield = 12.6g (84%). 1H NMR (300 MHz, Chloroform-d) 4.45 (s, 8H), 4.15
(d, J = 11.8 Hz, 8H), 4.02 (s, 4H), 3.63 (d, J = 12.0 Hz, 8H), 3.35 (s, 2H), 1.39 (d, J = 18.6 Hz,

2rH), 1.31 (s, 6H), 1.14 (s, 12H), 1.03 (s, 3H). Solvent impurities: acetone, EtOAc, water

DDMAT: Potassium phosphate (4.2 g, 1.1 Eg, 20 mmol) was suspended in acetone (60
mL) in a 2-neck, 100mL flask. N2 gas was bubbled through the solution for 30 minutes. Dodecane-
1-thiol (4.0 g, 4.73 mL, 1.1 eq, 20 mmol) was added over 25 minutes via syringe pump. Carbon
disulfide (4.1 g, 3.24 mL, 3 eq, 54 mmol) was then added and stirred 10 minutes. 2-bromo-2-
methylpropanoic acid (3.0 g, 1 eq, 18 mmol) was added under N2. This was stirred until
completion by NMR. After 48h, Acetone was removed in-vacuo. The resulting yellow solid was

dissolved in 200mL 1M HCI. The water layer was extracted with 2x200mL DCM. The combined
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organic fractions were washed with 200mL water and 200mL Brine. The organic fractions were
dried with MgSO4 and conc in-vacuo. The resulting orange solid was recrystallized with 30mL
hexanes, yielding S-Dodecyl-S’-(a,0/-dimethyl-a'-acetic acid)trithiocarbonate, (DDMAT) as a
yellow crystal. Yield = 3.3g (50%). 1H NMR (300 MHz, Chloroform-d) 3.28 (t, J = 7.4 Hz, 2H),
1.73 (s, 6H), 1.66 (g, J = 7.6 Hz, 2H), 1.26 (s, 16H), 0.92 — 0.84 (m, 3H). 13C NMR (75 MHz,
CDCI3) & 220.51, 179.84, 55.54, 37.02, 31.99, 29.74, 29.72, 29.66, 29.56, 29.44, 29.21, 29.06,

27.90, 25.17, 22.77, 14.22.

DDPET: DDMAT (3.0 g, 1 eq, 8.2 mmol), EDC (2.4 g 1.5 eq, 12 mmol) and DMAP (1.5
g, 1.5 eq, 12 mmol) were combined and degassed in an oven-dried flask. 30 mL anhydrous DCM
was added, and the solution was cooled to 0oC. Propargyl alcohol (1.5 g, 1.6 mL, 3.3 eq, 27 mmol)
was added dropwise. The reaction was allowed to warm to room temperature and stirred for 72h.
The crude was diluted with 120 mL DCM and washed with 2x30 mL 1M NaHS04, 2x30 mL
water, and 1x30 mL brine. This vyielded S-Dodecyl- S'-(a,0'-dimethyl-a"-propargyl
ester)trithiocarbonate (DDPET) as an orange oil. Yield = 3.18 g (96%) 1H NMR (300 MHz,
Chloroform-d) 4.70 (d, J = 2.5 Hz, 2H), 3.27 (t, J = 7.4 Hz, 2H), 2.46 (t, J = 2.5 Hz, 1H), 1.71 (s,
6H), 1.66 (t,J=7.5Hz, 2H), 1.26 (s, 16H), 0.93 - 0.83 (m, 3H). Solvent impurities: water, acetone.
13C NMR (101 MHz, CDCI3) ¢ 220.88, 172.19, 77.31, 75.15, 55.53, 53.24, 36.93, 31.91, 29.63,

29.62, 29.55, 29.44, 29.34, 29.10, 28.93, 27.85, 25.18, 22.68, 14.13.

cta-mpa-8: az-mpa-8 (1.13 g, 1.13 mmol) and DDPET (545mg, 1.35mmol) were dissolved
in THF (12mL) and water (4.1 mL) and degassed with N2 for 30 minutes. Copper(ll) sulfate
pentahydrate (155 mg, 620 pmol) was then added, followed by sodium citrate (290 mg, 1.47 mmol)
This was stirred overnight at room temperature. The crude was dissolved in 15mL EtOAc followed

by washing with 2x5mL 1% EDTA. This was then purified by flash chromatography (gradient
168



from 80:20 hexane: EtOAc to 0:100 hexane: EtOAc), yielding cta-mpa-8 as an orange oil. Yield
= 806mg (51%). 1H NMR (400 MHz, Chloroform-d) 7.67 (s, 1H), 5.23 (s, 2H), 4.45 — 4.30 (m,
10H), 4.15 (t, J = 8.0 Hz, 8H), 4.02 (s, 4H), 3.63 (d, J = 11.8 Hz, 8H), 3.24 (t, J = 7.4 Hz, 2H), 1.73
—1.62 (m, 6H), 1.38 (d, J = 28.9 Hz, 30H), 1.30 — 1.20 (m, 24H), 1.18 — 1.08 (m, 15H), 1.00 (s,

3H), 0.88 (t, J = 6.5 Hz, 3H). Solvent impurities: water, EtOAC.

cta-mpa-80H: 806 mg cta-mpa-8 was deprotected using the general deprotection
procedure. After 24h stirring, the crude vacuum filtered and dried in-vacuo, yielding ctampa-8OH
(4.7) as a dark orange oil. Yield = 666 mg (94%). *H NMR (300 MHz, Methanol-d4) 8.05 (s, 1H),
5.24 (s, 2H), 4.55 (s, 2H), 4.35 (qd, J = 11.0, 3.0 Hz, 8H), 4.11 (s, 4H), 3.77 — 3.55 (m, 16H), 1.68
(s, 6H), 1.63 (d, J = 7.4 Hz, 2H), 1.36 (s, 6H), 1.32 (s, 16H), 1.17 (s, 12H), 1.06 (s, 3H), 0.96 —

0.86 (m, 3H). Solvent impurities: acetone, MeOH

mCTA-160H was grown according to the general esterification procedure outlined above.
After activating bMPA (0.34 g, 0.62 mmol) suspended in 4 mL EtOAc with CDI (0.31 g, 1.93
mmol), CsF (0.02 g, 0.13 mmol) and mCTA-80OH (0.21 g, 0.16 mmol) were added and stirred 12
h, yielding mCTA-160H. This was deprotected using the general deprotection procedure outlined
above. After overnight stirring, this was filtered over Celite and concentrated in-vacuo,
quantitatively yielding mCTA-16-OH as a clear oil. Yield = 0.29 g (82%). *H NMR (400 MHz,
DMSO) & 8.07 (s, 1H), 5.15 (s, 2H), 4.67 (t, J = 5.4 Hz, 12H), 4.45 (s, 2H), 4.16 (s, 12H), 3.96 (s,
4H), 3.42 (qd, J = 14.0, 12.3, 7.1 Hz, 32H), 3.27 (d, J = 7.4 Hz, 2H), 1.60 (s, 6H), 1.21 (d, J = 13.4

Hz, 39H), 1.00 (s, 17H), 0.86 (d, J = 8.3 Hz, 9H).

cta-mpa-8ala-Boc: 666 mg cta-mpa-80H was grown using a slightly modified variant of
the general esterification procedure. After activating N-Boc alanine (1.22 g, 6.24 mmol) suspended

in 7 mL EtOAc with CDI (1.15 g, 7.06 mmol), CsF (158 mg, 1.04 mmol) and cta-mpa-80OH (666
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mg, 535 umol) were added and stirred overnight, yielding cta-mpa-8ala- Boc as a dark orange
resin. Yield = 1.17 g (84%). 1H NMR (300 MHz, Chloroform-d) 7.72 (s, 1H), 5.23 (s, 6H), 4.43
(s, 2H), 4.36 — 4.14 (m, 23H), 4.05 (s, 4H), 3.37 (d, J = 6.3 Hz, 14H), 3.24 (t, J = 7.4 Hz, 2H), 2.54
(t, J = 6.1 Hz, 16H), 1.43 (s, 72H), 1.31 (s, 6H), 1.29 — 1.21 (m, 30H), 1.03 (s, 3H), 0.91 — 0.84

(m, 3H). Solvent impurities: EtOAc, water

cta-mpa-8ala (cationic mCTA): cta-mpa-8ala-Boc (1.17 g) was dissolved in 6 mL CHCI3
and 4 mL TFA. This was stirred at rt for 1.5 h, then concentrated in-vacuo. The resulting crude
was precipitated in 50 mL diethyl ether cooled to 0 oC, and the precipitate was dried in a vacuum
oven at room temperature for 48h. Yield = 610 mg (88%). 1H NMR (300 MHz, DMSO-d6) 8.12
(s, 1H), 7.96 (s, 27H), 5.17 (s, 2H), 4.51 (s, 2H), 4.22 (d, J = 19.4 Hz, 24H), 3.98 (s, 4H), 3.11 —
2.96 (M, 18H), 2.67 (t, J = 7.1 Hz, 16H), 1.60 (s, 6H), 1.36 — 1.14 (m, 32H), 0.87 (dd, J = 14.6, 8.6

Hz, 6H). Solvent impurities: 1,4-dioxane

Ethanolic mCTA-8ala and BzMA GPC Study: Reaction Progress Over Time
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Figure 82. Monomer conversion versus time profile of pBzMA-160H polymerization
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Figure 83. GPC trace of reaction over time
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Figure 84. Superposition of *H NMR for aqueous pBzMA (4.88 pm) PISA indicating the
incorporation of BzMA into mCTA (4.67 ppm); solvent DMSO-d6
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Figure 85. Kinetics of pBzMA-160H

Aqueous mCTA-8ala and BzZMA NMR Study: Reaction Progress Over Time

- 70 min
- 80 min

- 90 min
- 100 min
- 110 min
- 120 min
180 min

Figure 86. Superposition of 1H NMR for aqueous pBzMA (4.88 pm) PISA indicating the
incorporation of BzZMA into mCTA (4.18 ppm); solvent DMSO-d6
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Transmission Electron Microscopy Images

Figure 87. TEM of mCTA-8-ala in solution before PISA
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NMR Spectra
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Figure 103. *H NMR of final timepoint for ethanol pBzMA PISA (400 MHz, DMSO-d6)
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APPENDIX C: SUPPLEMENTARY INFORMATION FOR CHAPTER 4

SYNTHESIS OF P(BZ_HF 10)

The 'F containing copolymer P(Bz HF 5) was synthesized by RAFT polymerization
using two steps (HFMA polymerization followed by BzMA polymerization). For the HFMA
polymerization, mCTA-8ala (50.1 mg, 0.027 mmol), HFMA (33.2 mg, 0.137 mmol), 2,2'-
Azobis(2-methylpropionamidine) dihydrochloride (V50) (1.5 mg, 0.005 mmol) and 2.1 mL Milli-
Q water were added to a gas-tight conical vial and sonicated, and incubated 1 h in a dark place.
Then the solution was purged with Ar for 30 min and then the vial was placed in a 60 °C bath. The
overall monomer conversion was determined by *H NMR and *°F NMR spectroscopy in DMSO-
d6. *H NMR signals corresponding to the monomer (a— 1.95 ppm, b — 6.25 ppm, 6.04 ppm) were
monitored as the reaction progressed. Peak b decreases with the time and peak a shifted to 0.9 ppm
which showing the polymerization completion. (Fig. 1) *F NMR signals shows a shift of -72.8
ppm doublet peak of the monomer in to -73.6 ppm broad peak showing completion of the
polymerization (Fig 2) The polymer was purified by dialysis against Milli-Q water for 24 h and
freeze dried. The *H NMR shows the DP is 4 for HFMA (Fig 3). Then the resulting polymer used
as mCTA for the BzMA polymerization, mCTA-8ala-pHF4 (50.5 mg, 0.018 mmol), BZMA (130.0
mg, 0.737 mmol), V50 (1.5 mg, 0.005 mmol) and 2.1 mL Milli-Q water were added to a gas-tight
conical vial and sonicated, and incubated 1 h in a dark place. Then the solution was purged with
Ar for 30 min and then the vial was placed in a 60 °C bath. The overall monomer conversion was

determined by *H NMR in DMSO-d6. *H NMR signals corresponding to the monomer (d — 5.20
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ppm, ¢ — 6.212 ppm, 5.85 ppm) were monitored as the reaction progressed. Peak ¢ and d decrease
with the time and new peak d* formed at 4.80 ppm which showing the polymerization completion.
(Fig. 4). The final reaction mixture was purified using size exclusion chromatography (Sephadex

LLH-20). The *H NMR shows the DP is 42 for BzZMA (Fig 5).
SYNTHESIS OF P(BZ_HF 5)

For the HFMA polymerization, mCTA-8ala (51.0 mg, 0.028 mmol), HFMA (65.5 mg,
0.280 mmol), V50 (1.5 mg, 0.005 mmol) and 2.5 mL Milli-Q water were added to a gas-tight
conical vial and sonicated, and incubated 1 h in a dark place. Then the solution was purged with
Ar for 30 min and then the vial was placed in a 60 °C bath. The overall monomer conversion was
determined by *H NMR and '°F NMR spectroscopy in DMSO-d6 as explained in synthesis of
p(Bz_HF_10) (Fig. 6 and 7). The polymer was purified by dialysis against Milli-Q water for 24 h
and freeze dried. The *H NMR shows the DP is 8 for HFMA (Fig 8). Then the resulting polymer
used as mCTA for the BzMA polymerization, mCTA-8ala-pHFs (50.0 mg, 0.014 mmol), BZMA
(95.5 mg, 0.542 mmol), V50 (0.8 mg, 0.003 mmol) and 2.1 mL Milli-Q water were added to a gas-
tight conical vial and sonicated, and incubated 1 h in a dark place. Then the solution was purged
with Ar for 30 min and then the vial was placed in a 60 °C bath. The overall monomer conversion
was determined by *H NMR in DMSO-d6 (Fig. 9). The final reaction mixture was purified using
size exclusion chromatography (Sephadex LH-20). The *H NMR shows the DP is 40 for BZMA

(Fig 10).
SYNTHESIS OF P(BZ_HF 20)

For the HFMA polymerization, mCTA-8ala (52.5 mg, 0.028 mmol), HFMA (33.8 mg,

0.144 mmol), V50 (1.5 mg, 0.005 mmol) and 2.1 mL Milli-Q water were added to a gas-tight
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conical vial and sonicated, and incubated 1 h in a dark place. Then the solution was purged with
Ar for 30 min and then the vial was placed in a 60 °C bath. The overall monomer conversion was
determined by *H NMR and '°F NMR spectroscopy in DMSO-d6 as explained in synthesis of
p(Bz_HF _10) (Fig. 11 and 12). The polymer was purified by dialysis against Milli-Q water for 24
h and freeze dried. The *H NMR shows the DP is 2 for HFMA (Fig 13). Then the resulting polymer
used as mCTA for the BzZMA polymerization, mCTA-8ala-pHF> (50.0 mg, 0.022 mmol), BzZMA
(153.7 mg, 0.872 mmol), V50 (1.1 mg, 0.004 mmol) and 2.1 mL Milli-Q water were added to a
gas-tight conical vial and sonicated, and incubated 1 h in a dark place. Then the solution was
purged with Ar for 30 min and then the vial was placed in a 60 °C bath. The overall monomer
conversion was determined by *H NMR in DMSO-d6 (Fig. 14). The final reaction mixture was
purified using size exclusion chromatography (Sephadex LH-20). The *H NMR shows the DP is

40 for BzZMA (Fig 15).
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Figure 105. *H NMR comparison of HFMA, mCTA-8-ala and P(HF) (400 MHz, DMSO-d6)
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Figure 119. H-NMR for P(Bz_HF_20) (400 MHz, DMSO-d6)

Table 6. Molecular weight characterization of JDs by GPC with DMF as the elution solvent

Polymer Mn Mw b
[g mol!] [g mol']
P(Bz-HF-5) 5284 6973 1.320
P(Bz-HF-10) 8069 9804 1.215
P(Bz-HF-20) 6797 8079 1.189

Mn, My, B denote number average molar mass, weight average molar mass, and dispersity,

respectively.
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GPC CHROMATOGRAMS
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Figure 120. GPC chromatograms for P(Bz_HF_5)
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Figure 121. GPC chromatograms for P(Bz_HF _10)
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Figure 122. GPC chromatograms for P(Bz_HF_20)

Table 7. Summary of average hydrodynamic diameter of the dendritic aggregates

RnpLs(nm) PDI | (-potential
(mV)

Sample Number Intensity Volume

P(Bz HF 5) 156.6 +42.35 | 191.0+48.24 | 189.6 £53.74 | 0.115 | 33.6+3.90

P(Bz_HF_10) | 104.1+26.73 | 135.3+34.10 | 125.0+36.86 | 0.054 | 31.1+3.91

P(Bz_HF_20) | 135.6+34.93 | 165.2+38.68 | 161.1+43.73 | 0.035 | 30.5+4.78
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Figure 123. DLS spectra for P(Bz_HF _5), Size distribution by intensity
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Figure 125. DLS spectra for P(Bz_HF _5), Size distribution by volume
211



25 ...................... T Tt R IO

Intensity (Percent)

01 1 10 100 1000
Size (d.nm)

Figure 126. DLS spectra for P(Bz_HF _10), Size distribution by intensity

30 ...................... e S R A
’%20 ...................... P EPPRTOS FRPToSY
- .
= |
£ i
5 10 ...................... ...........................................................................

U | 1

01 1 10 1000

Size (d.nm)
Figure 127. DLS spectra for P(Bz_HF _10), Size distribution by number

25 ...................... ...................... ...................... . ........

sode e I QIR

% 15 ...................... ...........................................................................
< :
§ 10 ...................... ..........................................................................
p :
5 ...................... ............................................................................
0 X X
01 1 10 1000

Size (d.nm)

Figure 128. DLS spectra for P(Bz_HF_10), Size distribution by volume
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Figure 132. Excitation ratio vs. log concentration for P(Bz_HF _5)
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Figure 133. Excitation ratio vs. log concentration for P(Bz_HF_10)
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Figure 135. In (lo/1) of pyrene as a function of concentration of the quencher, benzophenone, in
P(Bz_HF _5) aqueous solution at 25 °C
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Figure 136. In (lo/l) of pyrene as a function of concentration of the quencher, benzophenone, in
P(Bz_HF_10) aqueous solution at 25 °C
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Figure 137. In (lo/1) of pyrene as a function of concentration of the quencher, benzophenone, in
P(Bz_HF_20) aqueous solution at 25 °C
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Figure 138. Absorption spectra of C3-loaded P(Bz_HF _5) in water
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Figure 139. Absorption spectra of C3-loaded P(Bz_HF _10) in water
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Figure 140. Absorption spectra of C3-loaded P(Bz_HF _20) in water
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