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In the development of labeled polymers and polymeric nanoparticles for
biomedical applications, one desires synthetic approaches that allow the most
direct route to incorporate functional moieties. We contend the most desirable

route is via the direct incorporation of functional groups during the polymerization
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process itself as monomers and/or chain transfer agents. In this work, we utilize
ring-opening metathesis polymerization (ROMP) due to the high functional group
tolerance of initiators and the ability to synthesize well-defined polymers of low
dispersity and high molecular weight.

Our research group has had great success in developing peptide-
polymeric nanomaterials with ROMP via a graft-to strategy for the incorporation
of peptide substrates of matrix matalloproteinases (MMPs). However, this
technique does not allow for complete conjugation of peptide substrates to the
polymer backbone. For this reason we sought to develop peptidyl monomers that
contain a MMP peptide substrate for graft-through polymerization. Amphiphilic
block-copolymers were synthesized with the peptidyl-monomer as the hydrophilic
block and slowly transitioned into water to form nanoparticles (NPs). A pilot study
determined that if the peptide substrate is displayed on the shell of a polymeric
nanoparticle, it no longer maintains bioactivity.

To further demonstrate the utility of labeling polymeric nanomaterials, a
series of amphiphilic block copolymers end-labeled with dyes were synthesized
and formulated into micellar nanoparticles. Dye monomer and chain transfer
agent combinations were chosen that are known to operate either as a FRET
acceptor (rhodamine) or as a quencher (DABCYL) of the donors, fluorescein
and/or EDANS. Dye-labeled block copolymers were formulated into micellar
nanoparticles, such that, the NP contained both a donor and acceptor. The
FRET properties of mixed micellar nanoparticles were characterized by

fluorescence spectroscopy and fluorescence lifetime.
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Lastly, we endeavored to move toward more clinically relevant systems
that utilize MRI as an imaging modality. For this reason, polymers were
synthesized containing the FDA approved MRI-contrast agent gadolinium-
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (Gd-DOTA). Gd-
containing hydrophilic and amphiphilic block copolymers were synthesized that
were capable of self-assembly into spherical and fibril-shaped morphologies.
Utilizing a 7T MRI scanner, polymeric nanomaterials were injected into the
peritoneal cavity (IP injection) of healthy C57BIl/6 mice to analyze the retention

and biodistribution of these polymer materials.
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1. Introduction



1.1 Background

Chemical biology involves the study of biological systems with the goal of
understanding, perturbing, mimicking and interfacing with biological systems
utilizing synthetic and/or semi-synthetic chemical tools. Advanced nanomaterials
acting as the mediators of those types of interactions represents a new subfield
within chemical biology. Indeed, living systems are replete with complex
nanoscale materials and molecular self-assemblies. As such, there are a variety
of natural materials that are routinely capable of programmed behavior including
shape and size changes. However, in stark contrast to biological systems,
programmable synthetic supramolecular and nanoscale assemblies are far
behind in terms of function, structure and sophistication.”"! Characterizing and
developing strategies for controlling structure at this challenging length scale has

yielded important advances in nanoscale materials,'*"

and yet the predictable
bottom-up synthesis of soft nanomaterials remains a difficult problem. Inherently,
this problem lends itself to approaches utilizing the supramolecular assembly of
complex materials from simpler building blocks.

Amphiphilic systems are well suited for the development of functional
supramolecular self-assemblies. A change in the chemical or physical nature of
the hydrophilic portion of an amphiphile causes the formation, destruction, or
morphology transition of the assemblies they form."""*'® |n this dissertation we
describe such assemblies and our efforts to utilize complex amphiphiles to build

up functional architectures for interacting with biological systems including in vivo

imaging agents. The importance of imaging agents is to enable targeted,



selective labeling of diseased tissues, and satisfy the requirement of a visual
interpretation of a disease state. Research in this field has helped us understand

the behavior of synthetic nanoscale materials within biological organisms,

19-26 21,23,24,27-32

utilizing a variety of probes such as fluorophores, quantum dots,

positron emission tomography (PET) agents,'%*%

and/or magnetic resonance
imaging (MRI) contrast agents.'®**® Indeed, continuing research will also
provide the optimal imaging tool to monitor such systems. The most effective
approach is to covalently link an imaging agent to the self-assembled nanoscale
object. In the introductory sections that follow, we describe responsive materials

formed via the self-assembly of amphiphilic molecules, and their functionalization

with a visual label with a focus on applications in biology and in medicine.

1.1.1 Types of Amphiphiles

Amphiphiles, molecules containing hydrophilic and hydrophobic portions,
are ubiquitous in nature and include phospholipids, glycolipids, polysaccharides,
and proteins. Their application in drug delivery systems is motivating research
towards synthetic amphiphiles that can interface with biological molecules and
tissues.>*** A variety of small molecules and polymeric amphiphilic structures
can be synthesized with the ability to self-assemble into a variety of
nanostructures.'!1314384448 The range of these structures vary from simple small
molecule amphiphiles with one hydrophilic head and one or two hydrophobic
tails*®*’ (Figure 1.1A), to more complicated systems like bolaamphiphiles*® and

gemini amphiphiles.’®! Bolaamphiphiles consist of two hydrophilic heads at



either end of an alkyl chain, where gemini amphiphiles consist of two polar and
two apolar groups linked together by a spacer (Figure 1.1B-C).

The concept of amphiphiles also extends to polymeric systems, whereby
an amphiphile can consist of multiple repeating units of a polar head group and
hydrophobic moiety. Small molecule amphiphiles are limited by high critical
micelle concentrations (CMCs) and rapid molecular exchange with a lower
capacity for guest molecules.*** In contrast, polymeric amphiphiles are capable
of incorporating a wide variety of functional groups while larger polymeric chains
prevent rapid molecular exchange, resulting in lower CMCs.*® Another capability
of polymeric amphiphiles is to form a linear amphiphilic system with repeating
polar and apolar units (Figure 1.1D), or a brush copolymer amphiphile in which

39,47

multiple repeating units contain either a polar or apolar polymer (Figure

1.1E). Finally, hybrid polymeric amphiphiles allow for the conjugation of a

10,11,40

synthetic polymer with biomolecules and/or inorganic material.’**
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Figure 1.1 Structure of amphiphiles capable of self-assembly to generate nano- and
microscale particles of various morphologies. A) Small molecule amphiphile with one
polar head group (blue sphere) and a hydrophobic tail (gray ribbon) or two hydrophobic
tails. B) Bolaamphiphile with two polar head groups connected by one hydrophobic
linker. C) Gemini amphiphile with two polar head groups and two hydrophobic tails
connected by a small linker. D) Block copolymer amphiphile with repeating units of a
hydrophobic moiety (black spheres) and repeating units of a polar head group (blue
spheres). E) Brush copolymer amphiphile with repeating units of a hydrophobic moiety
and repeating units of another hydrophilic polymeric material.

1.1.2 Potential Roles of Morphologies from Self-Assembled Amphiphiles in
Biomedical Applications
The controlled self-assembly of amphiphiles is well established in

biological systems. However, the synthetic reproduction of this mechanism is a



task requiring some effort. Predictability over amphiphilic self-assembly in order
to obtain an optimal morphology is integral to innovation in biological
applications. One can obtain a variety of morphologies from the self-assembly of
amphiphiles such as spherical micelles, vesicles, toroids, and cylindrical micelles
(Figure 1.2)."*°*%® The morphologies of polymeric amphiphiles is dependent on

the ratio of hydrophobic to hydrophilic bulk in a single amphiphile.™

Figure 1.2 Types of three-dimensional architectures formed from the self-assembly of
amphiphiles. A) Spherical micelle, B) spherical vesicle, C) toroidal micelle, D) cylindrical
micelle, E) cross-section of spherical micelle F) cross-section of spherical vesicle, G)
cross-section of toroidal micelle, H) cross-section of cylindrical micelle. Color code: blue
represents hydrophilic corona, and grey represents hydrophobic core.

Well-defined nanomaterials are critical when moving towards biomedical
applications, as is the generation of a label in order to track the materials. In
terms of particle size effects, the enhanced permeability and retention (EPR)

effect plays a role in the fate of nanoparticles once they have entered the blood



stream.®’ % While this is a well-documented effect, other parameters are less well
understood. This includes the role of morphology on blood circulation times,
clearance mechanism, and cellular uptake rates. The seminal work of Discher
and colleagues examined the effect of morphology on cellular uptake and
pharmacokinetics.®’® An initial comparison of spherical micelles, cylindrical
micelles and vesicles on circulation time led to the discovery that cylindrical
shaped micelles have longer circulation times than spherical and vesicular
shaped counterparts. The length of the cylinder accounts for the duration of
circulation with shorter cylinders eluting faster than longer cylinders. In the case
of spherical shaped nanoparticles, rapid cellular uptake was seen but this was
not seen in the case of cylindrical shaped nanoparticles. The research of
Mitragotri and colleagues explains that the physical orientation of cylindrical
shaped particles when approaching a cell is critical in phagocytosis.®® If the
cylinder approaches from the side, it is more difficult for cells to endocytose the
material. If the cylinder approaches head on, the cylindrical nanoparticle has a
greater chance of endocytosis.

In combination, a picture develops illustrating the importance of controlling
morphological parameters in the design of functional nanoscale and microscale
materials designated for in vivo use. The following dissertation details our
attempts to control these parameters and to test shape and size dependent
properties of nanoscale imaging agents in animal models. Thus, the remainder of
this chapter focuses on self-assembled polymeric nanomaterials for biological

applications, and includes morphology effects, manipulation of materials with a



variety of biologically applicable stimuli, and labeling strategies to examine in
vitro and in vivo assays for biologically relevant materials. The chapter is broken
into two main sections 1) the use of biological stimuli in the assembly or
manipulation of polymeric nanoparticles and 2) integration of visual labels into
polymeric nanomaterials for in vivo applications. We shall provide a broad
overview of research in the field of labeled polymeric nanoparticles assembled
primarily of functionalized amphiphiles and well-defined nanomaterials designed

with biologically relevant applications in mind.

1.2 Biological stimuli and biomolecules in the assembly and manipulation
of nanoscale polymeric particles

Biomolecules are attractive as synthons in the preparation of complex
synthetic materials. The advantage of such an approach is that with the
incorporation of biomolecules, one can impose evolutionarily derived properties
on artificial structures. Therefore, biohybrid materials possess the potential to
respond to natural biochemical signals, including those associated with certain
disease states via dramatic switches in their physical morphology and/or
chemical structure.’ In a biological context, morphology transitions are common
responses to patterns of specific stimuli enabling many of the processes
necessary for life. The expectations for the synthetic mimicking and
understanding of nanomaterials that can undergo changes in morphology in
response to stimuli reach far and wide. Hence, the preparation of nanostructured,

semi-synthetic and biohybrid materials may have future utility in applications not



traditionally accessible to biological systems. Inherent to biological molecules are
desirable properties, such as order at the nanometer length scale and well-
defined patterns of selective recognition elements.

Polymeric amphiphiles are well suited for the development of functional
supramolecular systems, as changes in the chemical or physical nature of the
hydrophilic portion of an amphiphile lead to formation, destruction, or morphology
transition of the assemblies.”’'*"® A significant body of research have described
efforts to trigger and manipulate the morphology of discrete assemblies of

amphiphiles™ utilizing stimuli such as pH,**®° temperature,®® small molecules or

67,68 6,69,70

ions,®”% enzymes, and light.”""? In turn, the focus has grown on systems

capable of responding to stimuli inherent to biological systems such as enzymatic

6,69,70,73,74 78-80

reactions , protein expression patterns,””’” DNA sequences, and
cell-surface receptor recognition.?”®? Biochemical stimuli constitute programmed,
specific interactions of great efficiency, and, in general, are under utilized within
chemical and/or biochemical applications. Future designs taking these properties
into account reveals an increased utility for synthetic, stimuli-responsive
nanomaterials in a multitude of arenas, including in vivo applications.

The use biological molecule together with synthetic polymers unites the
programmability of biomolecules with the chemical diversity inherent to and
enabled by synthetic organic chemistry. Biological molecules are programmed by
evolution to respond to, and interact with, specific stimuli and thus their desired

use in nanostructures. We now focus on biomolecules as programming tools in

the assembly and manipulation of nanoscale polymeric nanoparticles and
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micelles. The goal is to introduce the field through several highlighted examples
for different types of materials and stimuli. We will also describe systems
intended for biological applications, which utilize polymeric structures that are not
biological, but are responsive to biologically relevant stimuli. Although there are a

variety of stimuli-responsive nanomaterials that contain DNA,” 9808391

92-98 99-101

peptides, or proteins, and are responsive to a an assortment of stimuli,
these sections focus solely on amino acid containing polymers or non-biological
systems that respond to enzymes. This section is split into two main portions: 1)
polymeric nanoscale particles made from a combination of synthetic and amino
acid moieties capable of responding to stimuli, and 2) polymeric nanoscale
particles that are entirely synthetic but respond to an enzymatic stimuli. The use
of biomolecular interactions to increase complexity is the main focus. Also
covered are systems in which degradation mediates selective processes, for
perspective. Inorganic particles programmed with biomolecules are excluded, as
it is beyond the scope of this work, although comprehensive reviews are

available, %104

1.2.1 Enzyme Responsive Peptide-Based Polymeric Nanoparticles
Natural and non-natural amino acids offer greater chemical diversity than

nucleic acids, but exhibit less predictable binding and recognition. At the same

time they are susceptible to optimization via molecular evolution strategies, %%

108-110 81,82

and are capable of selective targeting,’”” signaling, receptor binding,

and behaving as substrates for specific enzymes."""""? The incorporation of
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amino acids and peptides into polymeric materials, as functional and structural
building blocks, is of great interest due to the tremendous potential of making
synthetic particles susceptible to the inherent biological characteristics of the
peptide sequence.™""* Our focus shifts now to peptide-polymeric materials that
take advantage of the solution properties of biohybrid architectures. Of particular
interest is the process peptides undergo for coupling nanostructures to enzymatic
reactions. Peptide polymeric systems that are responsive to temperature, light,
pH, or dual responsive systems are excluded, as they are not relevant to this
work.

Enzyme-responsive systems. Enzymes play a critical role in biology

through a myriad of natural processes involving the manipulation of nanoscale
self-assemblies, including the replication of nucleic acids,'”® decomposition of

biomaterials which includes extracellular matrices,''®

and the assembly of
viruses.""""® This has been the inspiration for efforts to create materials that
respond to specific enzymatic triggers by building them from peptide substrates,
or incorporating peptide substrates into the material. To date, the majority of
research into organic enzyme-responsive systems focuses on phosphorylation,
de-phosphorylation, and other enzymatic reactions of peptide-only
nanostructures to control their formation.®''®"?" We highlight the research into
the utility of enzymatic reactions to control the structural characteristics of
peptide—polymer conjugates.

a-Chymotrypsin is a serine protease responsible for cleavage on the C-

terminal side of tyrosine, phenylalanine and tryptophan.'?® With this in mind,
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Cenker and colleagues designed a peptide—polymer conjugate capable of
hydrolysis upon treatment with a-chymotrypsin.'?® Conjugation of PEGsq to the
peptide sequence PBABAKLVFF led to the formation of spherical micelles
approximately 10 nm in diameter where the peptide is contained in the
hydrophobic core and PEG is located on the hydrophilic shell. After treatment
with a-chymotrypsin, the enzyme cleaves between the F-F residues on the

peptide leaving an F—PEGs000 and BABAKLVF behind as determined by mass
spectrometry. The released peptide fragment and F-PEG shows no noticeable
secondary nanostructures. This example highlights the potential for delivery of
therapeutic peptide fragments in response to specific enzymes.

Another enzyme with utility in stimuli responsive systems is phosphatases.
Phosphatases are a class of enzyme that remove phosphoryl groups attached to
serine, threonine or tyrosine residues.'® These enzymes play a vital role in
turning off signaling pathways that are activated by kinases. Borner and
colleagues utilized an acid phosphatase to manipulate peptide—polymer
conjugates (Figure 1.3).'* The polymer consists of a PEO block linking to a
repeating peptide segment of threonine and valine diads (TV)s. This repeating
segment of TV is known to form p-sheet aggregates in water.'® The introduction
of three phosphothreonine units into the (TV)s peptide aggregator results in a
double hydrophilic block copolymer. Only upon dephosphorylation with an acid

phosphatase is it possible to form nanofibrils.
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Figure 1.3 (A) Schematic representation of enzyme-switchable PEO-peptide
conjugates. Microstructures formed by enzyme triggered self-assembly of PEO—peptide
conjugates: (B) visualized by AFM 7 days after enzyme treatment and (C) TEM
micrograph of structures stained with uranyl acetate, after 10 days. Adapted from ref.
124. Copyright 2009 Wiley- VCH Verlag GmbH & Co.

Inspired by the utility of enzymes as catalytic amplification tools and
selective protagonists in natural systems, our group developed peptide—polymer
amphiphiles (PPAs) capable of forming well-defined enzyme-responsive
spherical micelles.®® These micelles undergo responses to several enzymes
demonstrating in situ, selective, reversible and user-defined shifts in micellar
nanoparticle morphology. Utilizing the recognition properties of a substrate for
selective enzymatic cleavage, and/or phosphorylation/dephosphorylation, one
can read and manipulate information stored in the micelle shell, causing

dramatic, and occasionally reversible changes in morphology and particle size.
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Figure 1.4 illustrates the reversible morphological change observed for the
peptide material in response to sequential phosphorylation/dephosphorylation

cycles that occur in remarkably high yield.
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Figure 1.4 Response of peptide polymer particles to sequential additions of protein
kinase A and protein phosphatase 1. Reprinted with permission from T. H. Ku, M. P.
Chien, M. P. Thompson, R. S. Sinkovits, N. H. Olson, T. S. Baker and N. C. Gianneschi,
J. Am. Chem. Soc., 2011, 133, 8392-8395. Copyright 2011 American Chemical Society.

1.2.2 Enzyme Responsive Nanopatrticles

Stimuli-responsive polymeric nanomaterials have attracted increasing
attention for biomedical applications because of the potential to switch function
and release components of the material upon interaction with disease-associated
signals. This section discusses fully abiotic structures that form only from
synthetic polymers, and are not themselves biohybrid polymeric materials, but
are nevertheless, designed to recognize biologically relevant stimuli. Included is
a discussion of specific nanoscale materials and their response to enzymes.
Chemical or physical stimuli endogenous to biological systems are a topic of
exploration for interacting with nanoscale materials intended for biomedical

applications. Such stimuli include low pH environments (as found within late
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endosomes), overexpressed cell-surface receptors, excreted disease-associated
enzymes, and oxidative microenvironments. We focus predominantly on systems
where the enzymes induce a morphology change and/or cause an increase in
complexity rather than degradation processes. Systems such as these offer
several potential benefits, as opposed to degradable particles, and are described
below.

The response of a material to a given stimulus constitutes a detection
event. In the case of enzymatically responsive materials, these detection events
are catalytic, selective, and in some cases, specific to a particular state of
disease in a given tissue or cell."'®'?"3! Therefore, materials capable of
responding in a dramatic fashion to enzymes may be applicable in catalytically
amplified in vitro schemes for enzyme detection, or in selective therapeutic
and/or diagnostic delivery in vivo. Enzymes, such as proteases, kinases,
phosphatases, and oxidases, recognize proteins or peptides as substrates to
catalyze various reactions. Enzymatic reactions on abiotic substrates, which
result in morphology changes and catalyzed degradation of micelles and/or
nanoparticles, are highlighted.

Enzymes as stimuli resulting in structural destabilization. Encapsulation of

enzymes for the purpose of in vivo delivery within vesicles provides protection
from proteases present in biological fluids and prolongs the lifetime of an enzyme
by slowing the denaturation process. Incorporation of an enzyme such as
glucose oxidase (GOx) may provide controlled access to the substrate and the

release of payload via disruption of the barrier function within the membrane.
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Hubbell, et al. described a unique system in which GOx encapsulated within
PEG-PPS-PEG  ((poly(ethylene  glycol))—(poly(propylene  sulfide))-PEG)
polymersome.’ This enzyme-loaded polymersome is permeable to glucose
resulting in intravesicular formation of H>O, upon generation of gluconic acid.
Peroxide generation causes polymersome destabilization (Figure 1.5) and
particle destruction. This enzyme-amplified approach to particle degradation has

potential utility in drug delivery and the detection of biological analytes.
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Figure 1.5 GOx-catalyzed oxidation of D-glucose to gluconolactone (gluconic acid). This
results in the production of H,O, in the presence of oxygen, causing an inside-out
disruption in the membrane. Cryo-TEM micrograph shows the unilamellar structure of
enzyme-loaded polymersomes. Scale bar = 100 nm. Adapted with permission from
Langmuir, 2004, 20, 3487-3491. Copyright 2004 American Chemical Society.

Enzyme-driven assembly of nanoparticles. A range of materials, including

hydrogels, have been demonstrated to undergo enzyme-driven assembly
processes.® However, to our knowledge, there is only one example of the direct
assembly of a polymeric nanoparticle or micelle in response to an enzymatic
stimulus. Hawker and colleagues developed an enzyme-responsive system

whereby self-assembly of purely abiotic block copolymers are triggered in the
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presence of a phosphatase under physiological conditions.”® This approach
utilizes a water-soluble block copolymer consisting of monomers containing
phosphate moieties and a PEG polymer. The phosphate moieties are cleaved
upon addition of acid phosphatase (APase) generating an amphiphilic block
copolymer in situ (Figure 1.6). Subsequently, the polymers aggregate to generate

well-defined polymeric micelles.

Enzymatic
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Figure 1.6 Schematic representation of enzymatic activation of a water-soluble block
copolymer, resulting in an amphiphilic polymer and subsequent self-assembly into
colloidal nanostructures. Reprinted with permission from J. Am. Chem. Soc., 2009, 131,
13949-13951. Copyright 2009 American Chemical Society.

1.3 Incorporation of Visual Labels

Developing analytical strategies to track, in real time, various
nanomaterials is necessary to progress towards applications in complex
biological milieu. It is critical to confirm the location and/or a specific chemical
events such as those described in the previous section and this requires a visual

label to track specific processes. Examples of strategies that have been

employed include labeling nanomaterials with  fluorophores,'®2" "3

19,35,37,136

19,134,135 paramagnetic ions, %" or other

radionucletides,
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nanoparticles.>'37138

It is necessary to determine an appropriate label
depending on whether the material will be applied in vitro or in vivo. For example,
when choosing a label for in vivo use, one should consider adopting a labeling
strategy involving the least invasive strategy (i.e. MRI). This requirement is not
crucial when experimenting with labeled nanoparticles in vitro.

The remainder of this chapter focuses on strategies for labeling polymeric
nanomaterials. This is an introduction into two separate strategies for labeling
nanoparticles with visual tags. The focus of this section is broken into two parts:
1) the incorporation of fluorescent labels into nanoparticles and 2) strategies to
tag nanoparticles with MRI contrast agents. This discussion does not include
quantum dots, radionucleotides, or inorganic nanoparticles incorporated into

nanoparticles. Reviews do exist for the interested reader."13%138-141

1.3.1 Fluorescent Labeled Nanoparticles
Fluorescent molecules are often put to use in biomedical research.
. : : 142-144 ; : . 145-
Fluorescence is an ideal tool used in chemosensors, biological imaging,

148,149 and therapy.'®"*® One of the limiting factors of fluorescent

47 diagnostics,
molecules is tissue-induced light absorption and reflection. These factors
decrease the signal-to-noise ratios, making the detection of fluorescent signals
difficult. Many researchers prefer agents in fluorescent imaging, such as
quantum dots and organic fluorophores, over genetically engineered molecules

such as fluorescent proteins and bioluminescence.”"'®? Their resistance to

photobleaching and long fluorescent lifetime give quantum dots an advantage
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over organic fluorophores, however studies question the potential health risks

such as cytotoxicity and induced apoptosis.’®

Small molecule organic
fluorophores, of course, also pose drawbacks in their usage. Despite being less
cytotoxic, problems include photostability and stability under physiological
conditions.

Scientists have employed the grafting of these small molecules onto
polymeric systems in order to improve organic based fluorophores. This
technique offers the ability to incorporate multiple fluorophores in one
macromolecule, improving stability and allowing for a greater signal to noise
ratio. In the event that these polymeric systems are capable of forming stable
nanoparticles, they provide extra shielding for the fluorescent molecule against
photobleaching and degradation at physiological conditions.?*1%41%

The next section focuses on recent strategies for incorporating metal-free
fluorescent molecules into polymeric nanoparticles. While many research groups
have had success encapsulating fluorescent dyes into polymeric nanomaterials,
the problem of leakage is inherent."”’'®® The use of well-defined materials is
critical when analyzing complex biological reactions on the nanoscale. Only a
brief review of the covalent incorporation of fluorescent molecules is included.
The most robust labeling strategy is, arguably, chemical conjugation of
fluorescent molecules to polymeric nanoparticles. This is achieved at two

variations: 1) Post polymer and/or post-particle conjugation or 2) direct

incorporation of the fluorophores during the polymerization procedure. The
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following examples examine the success of covalent incorporation of
fluorophores.

The technique of emulsion polymerization has been applied for the
incorporation of fluorophores into polymeric nanoparticles.'®*'®® This technique
involves a monomer, initiator, and dispersion medium and in some cases a
colloidal stabilizer placed in an inhomogeneous mixture, resulting in a colloidal
suspension containing the newly formed polymer.'”® Peng and colleagues
availed this polymerization technique to incorporate a polymerizable
anthrapyridone dye.'®® In this work, they chose anthrapyridone because long
wavelength dyes, such as Cy5, are known to degrade in the presence of radicals.
Anthrapyridone can survive radical polymerization techniques and co-
polymerization with methyl methacrylate and 4-chloromethyl styrene results in a
fluorescent nanoparticle. They assembled a polymeric nanoparticle with
anthrapyridone, not containing a polymerizable moiety, in order to make a direct
comparison regarding leakage of a non-covalent dye versus covalent
incorporation into a polymeric nanoparticle. They found that the leakage of dye
from the covalent fluorescent nanoparticle is one-tenth the amount when
compared to the doped fluorescent nanoparticle (i.e. non-covalent
encapsulation). Surface functionalization of the fluorescent nanoparticle with folic
acid further illustrates the utility of this labeling strategy. When Peng and
colleagues incubate these fluorescent nanoparticles with HelLa cells, which are
over-expressed with folate receptors, the fluorescent nanoparticles undergo

endocytosis.
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Ring-opening-methathesis polymerization (ROMP) is another technique to

covalently incorporate fluorophores.'”"

In our laboratory, we developed a
fluorogenic peptide polymer amphiphile capable of producing an “on” signal in
response to enzymatic activity.” In this research, we synthesized a block
copolymer consisting of a hydrophobic phenyl monomer (Figure 1.7), and a
conjugatable N-hydroxysuccinimide (NHS) monomer, split into two equal portions
and terminated with either rhodamine or fluorescein. We chose this particular dye
pair because of their ability to produce a FRET signal when within the Forster
radius. To further alter the fluorogenic polymers we adapted a post-
polymerization modification with an MMP-2/9 peptide substrate. MMP-2/9 is
known to be over-expressed in many cancerous cell lines and is, therefore, a
relevant biomarker to detect in vivo.'?"*%"72 Next, we carefully transitioned these
fluorogenic amphiphilic polymers from organic solvent into water to form
fluorescein, rhodamine, or a FRET labeled polymeric nanoparticle (containing
known amounts of fluorescein and rhodamine labeled polymers). When
performing an in vitro experiment to test the enzymatic response of these
systems, we observed a dramatic morphology change from spherical micelles to
aggregated structures, as evidenced by transmission electron microscopy (TEM).
More importantly, when fluorescein and rhodamine labeled particles are
incubated with MMP, a unique FRET signal appears, indicating an enzymatically-
triggered rearrangement of the nanoparticles to aggregates. In vivo
experimentation using nude mice containing an HT-1080 xenograft, a human

cancer model known to overexpress MMPs, provided further confirmation.’”?
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Figure 1.7 Preparation of enzyme-responsive fluorescent polymeric nanoparticles with
ROMP. Synthesis: i) 1 was mixed with a modified Grubbs’ 2" generation initiator and an
aliquot was analyzed by SEC-MALS to confirm the degree of polymerization. ii) 2 was
added and an aliquot was analyzed to confirm the 21:8 block copolymer ratio. iii) The
resulting polymer was split into two pots and mixed with a fluorescein (3) or rhodamine
(4) chain transfer agent represented by either the green sphere for fluorescein or red
sphere for rhodamine. iv) MMP peptide substrates were added to the block copolymers
to form PPA-F and PPA-R. v) Dialysis of PPAs from DMSO to PBS (pH 7.4) over 24 h
generated micellar nanoparticles. M1 contains PPA-F, M2 contains PPA-R, and M3
contains PPA-F and PPA-R. Adapted from ref. 74. Copyright 2013 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

An emerging class of fluorescent materials, containing m-conjugated
polymer nanoparticles allow for high extinction coefficient polymeric
nanoparticles and ease of functionalization with targeting ligands.?>'"*""®> Swager
and colleagues synthesized a fluorescent multi-block conjugated polymer
nanoparticle for in vivo tumor targeting.176 In this report, they synthesized an
ABCBA block copolymer that consists of poly-(p-phenyleneethylene) (PPE)
doped with 0.5 and 5 mol% perylene monoidimide (PMI), making up the C block.
A post-polymerization modification allowed addition of an oligoethylene glycol

(OEG) block (A-block) and a folic acid block (B-block), flanking the PPE/PMI
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block. These well-defined polymeric materials were then transitioned into water
through solvent exchange to form well-defined fluorescent nanoparticles. The
study found that the injection of nude mice bearing KB tumors (known to

overexpress folate receptors'’’

) with fluorescent nanoparticles led to the
accumulation of only polymeric materials containing folic acid at the tumor site,
as determined by fluorescent imaging. With the fluorescently labeled NP, they
uncovered no apparent cytotoxicity or undesired accumulation. These results

further prove the utility of in vivo imaging with fluorescent labeled nanoparticles.

1.3.2 Polymeric Nanoparticles Labeled with MRI-Contrast Agents

Whilst labeling polymeric nanoparticles with fluorescent tags has proven to
be useful in vitro and in vivo for small animal imaging, the utility has not made its
way into real-world clinical applications. The exigent dilemma being that non-
invasive deep tissue imaging is not possible using fluorescence imaging
techniques. By contrast, a variety of other imaging modalities are commonly
utilized for clinical applications such as single-photon emission computed
tomography (SPECT), positron emission tomography (PET), and magnetic
resonance imaging (MRI). While all of these imaging modalities have proven vital
for diagnostics, we focus on MRI, as SPECT and PET are beyond the scope of
the research presented in the following chapters.

MRI is a noninvasive imaging modality that examines the relaxation of
water protons of various tissues in the body. The goal of incorporating contrast

agents is to affect the T4 (spin-spin) relaxation or T, (spin-lattice) relaxation of the
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surrounding water molecules. T4 contrast agents are typically based on
paramagnetic gadolinium chelates, which enhance the relaxation rate of
surrounding water protons resulting in a bright signal in MRI. T, contrast agents
are composed of superparamagnetic iron oxide nanoparticles and result in
negative contrast in MRI scans.®”""*” Though there has been much research in

the field of T, contrast agents,'" 78179

it is beyond the scope of the research
discussed here. The remaining section describes several examples of synthetic
routes to label polymeric nanoparticles with gadolinium based contrast agents.
Many of the current FDA approved MRI contrast agents contain stable
small molecule Gd-poly(aminocarboxylate) complexes such as Gd-
diethylenetriaminepentaacetic (Gd-DTPA, Magnevist®) and Gd-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (Gd-DOTA, Dotarem®).*’
Gadolinium (Gd**) chelates decrease any unwanted toxicity induced by free Gd**
ions. However, these chelates have low molecular weights and therefore rapid
renal clearance. For this reason, many research groups focus on appending Gd-
chelates to nanoparticles in an effort to increase circulation times with increased
molecular weight.*” These systems are characterized by the inclusion of Gd-

180,181

chelates by encapsulation into nanoparticles or covalent incorporation into

37,182,183 184,185

nanoparticles containing dendrimers, proteins, and polymeric

35,37,186-190

nanoparticles, our focus is now solely on the covalent incorporation of

Gd-chelates into polymeric nanoparticles.
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Post-Particle-Formation Chelation. Conjugation of Gd-chelates to the

surface of nanoparticles is a facile route to chemically modify nanoparticles to act
as functional MRI-contrast agents. A typical route to incorporate these contrast
agents is surface modification with chemical linkers capable of simple
conjugation reactions with Gd** chelates. Non-toxic and biodegradble poly(p,-
lactide-co-glycolide) (PLGA) is a polymer scaffold that facilitates functionalization
either before of after particle formation.’®" Gabor and colleagues performed tests
on a series of spacers for conjugation of DTPA bisanhydride or DOTA-NHS

followed by Gd** complexation.®®

They determine that a branched
polyethyleneimine (PEI) is optimal in achieving the highest loading of Gd** and
therefore is used for further analysis. They remove excess Gd** through
extensive dialysis, however trace amounts are still detected. Further
characterization of the material determines its potential as a biodegradable
contrast agent. A maximum relaxivity (r1) of 17.5 mM™'sec™ per Gd* is achieved
at 1.5 T, which approximates to four times that of the small molecule analogues.
Shell crosslinking is another reliable tactic to increase ri and stability of
micellar nanoparticles for in vivo applications. The increase of water hydration in
the shell of micellar nanoparticles and the addition of enhanced stability, make it
an excellent candidate as a T4 contrast agent. Wooley and colleagues
synthesized an amphiphilic block copolymer consisting of poly-(acrylic acid)
(PAA) as the hydrophilic shell and poly-(methyl acrylate) (PMA) as the

hydrophobic core (see Figure 1.8)."® The block copolymer is then transitioned

into water to form polymeric micelles which is subsequently crosslinked with 2,2’-
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(ethylenedioxy)bis(ethylamine), consuming approximately 40% of acrylic acid
residues. This allows for the remaining available acrylic acid units to be
functionalized with an amino modified Gd-DTPA complex (Figure 1.8) resulting in
21% loading as determined by ICP-OES. Conjugation of pre-complexed contrast
agent to the PAA-b-PMA nanoparticle reduced the probability of having excess
Gd*" present. Additional relaxivity measurements determined excellent per Gd**
relaxivity of 22.6 mM'sec™ at 37 °C and a magnetic field strength of 7 T and 39.0
mM'sec” at 40 °C and 0.5 T. The superiority of contrast enhancement over the

small molecule analogue of 4.0 mM'sec™ at 0.5 T is evident.

Figure 1.8 Schematic representation of the synthesis of Gd**-labeled polymeric
micelles. Transition from a THF solution of the amphiphilic block copolymer PAA-b-PMA
into water results in a polymeric micellar structure. Subsequent crosslinking of the shell
with a diamine moiety produces a stabilized polymeric micelle which is amenable to
functionalization with an amine modified Gd-DTPA onto the hydrophilic shell. Reprinted
with permission from reference 187. Copyright © 2005 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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A desirable trait of polymeric nanomaterials for in vivo use is extended
blood circulation half-lives, which typical small molecule analogues do not
possess. A common method for increasing the stealth of materials is to add a
polyethylene oxide (PEO) component into polymeric materials.'®? With this in
mind, Detrembleur and colleagues synthesized an amphiphilic block copolymer
micelle that contains a PEO shell and a poly-(e-caprolactone) (PCL) block as the
hydrophobic core.'®® After transition into water to form spherical nanoparticles, a
protecting group is removed leading to an aldehyde-functionalized shell. This
allows for conjugation of an amine-modified Gd-DTPA onto the shell of the
nanoparticle, with a conjugation efficiency of 60%, as determined by ICP-MS
analysis. Further study shows that enhanced Gd** relaxivity at 20 MHz (0.5 T)
(12 mM"'sec™) was achieved. The results of this method show improvement over
small molecule analogues and have the additional benefit of increased stealth
and size for in vivo applications.

Post-Polymerization Conjugation. A drawback to post particle conjugation

of chelates is poor loading efficiency. Another commonly used technique to
covalently incorporate contrast agents is to initially incorporating them into the
polymer itself, followed by nanoparticle formation. In this fashion, Zhang and
colleagues directly incorporated a modified DTPA chelate into the polymeric
backbone.'® First, a poly-(L-glutamic acid)-b-polylactide (PLG-b-PLA) is
synthesized and then modified with an amine functionalized DTPA chelate. The
post-polymerization strategy results in a 40% loading efficiency. The amphiphilic

copolymer PLG(DTPA)-b-PLA was then transitioned into water through dialysis
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and chelated with Gd*". After extensive dialysis, excess Gd>* is removed and
relaxivity measurements at 4.7 T concluded that a two-fold enhancement of per
Gd** relaxivity is achieved (r1 = 7.90 mM'sec™). To examine if this type of Gd-
loaded micelle could be viable for in vivo applications, they performed an MTT
assay. This assay determined that no observable cytotoxicity is found at
concentrations up to 100 pg/mL of Gd-loaded micelles.

A goal of many research groups is to integrate a therapeutic agent and a
diagnostic tool in order to image the successful targeting of a therapeutic agent.
This field is often termed theranostics. Many researchers incorporate the
targeting moieties, drug molecules, and/or contrast agents onto polymeric
nanomaterials in an effort to develop the ultimate delivery vehicle. To reach this
goal, Liu and colleagues synthesized a pH-disintegradable micellar nanoparticle
containing, Gd-DOTA as a contrast agent, folic acid (FA) as a targeting moiety,
and doxorubicin (DOX) as a cancer therapeutic drug.'®® The nanoparticle is
synthesized from an azide funtionalized p-cylodextran (CD) group with poly-
(methacrylamide) (PHPMA). FA and DOX are conjugated post-polymerization to
afford a 2% labeling with folic acid and 8% with DOX. Lastly, an alkynyl-DOTA-
Gd is “clicked” onto the azide functionalized CD to achieve the final product of
(DOTA-Gd)7-CD-(PHPMA-FA-DOX)14. The amphiphilic polymer was then self-
assembled in aqueous solutions to form ~20-30 nm spherical particles. They
determined that, without addition of DOX, particles are completely water soluble
and non-toxic. However, with the addition of DOX, spherical nanoparticles

formed, and only 15% of HelLa cells are viable at concentrations greater than 80



29

mg/L. In vitro MRI at 1.5 T determined that nanoparticle solutions have a per
Gd*>* relaxivity of 11.4 mM™sec”, higher than that of the alkynyl-DOTA-Gd
complex by three-fold. In vivo analysis in healthy rats showed renal clearance
through the bladder of (DOTA-Gd);-CD-(PHPMA-FA-DOX)14 nanoparticles
immediately following intravenous injection and continued clearance up to one
hour.

The generation of a mixed micellar system is another approach to
enhance contrast in MRI. Mixed micellar systems allow the incorporation of two
different polymers, containing a desired functionality, that can self-assemble into
the same micellar nanoparticle. Liu and colleagues present an example of this
strategy. Two amphiphilic polymers were synthesized, both containing a
hydrophobic poly-(e-caprolactone) (PCL) block and a hydrophilic poly-
(oligo(ethylene glycol) monomethyl ether methacrylate) (POEGMA) block."®® The
POEGMA block is functionalized with an azide during the polymerization
procedure in order to easily “click” on an alkynyl modified folic acid or Gd-DOTA.
The newly formed PCL-b-P(OEGMA-FA) and PCL-b-P(OEGMA-Gd) are then
transitioned simultaneously into water in a 1:1 ratio (w/w) to form a mixed micelle
containing targeting moieties (FA) and a diagnostic imaging agent (Gd-DOTA).
This mixed micellar nanoparticle forms spherical structures of approximately 30
nm as determined by DLS, TEM, and AFM. These were subsequently injected
into healthy rabbits and monitored for any contrast enhancement in the liver.
They found that if the folic acid targeting moeity is not present, a decreased

contrast enhancement is seen in the liver. This is in stark contrast to when folic



30

acid is present. However, both systems at 1.5 T see upwards of twice the
enhancement than the small molecule analogue. The folic acid modified mixed
micelle circulates up to 120 minutes post injection, where the small molecule

clears within 30 minutes.

1.4 Summary and Thesis Overview
1.4.1 Summary

A growing body of work describes materials capable of interfacing with
biological systems by responding to relevant biochemical signals. The
development of nanomaterials capable of responding in a predictable fashion in
biological organisms is certainly of increasing interest for a range of in vivo
biomedical applications. This approach is complementary to many research
efforts to develop visual probes to indicate a particular biological function.
Researchers face tremendous challenges when aiming to utilize nanoparticles for
in vivo applications, the most important of which is the development of materials
capable of selective targeting as well as possessing the required stability and
degradability in complex biological milieu.

The field of functionally labeled nanomaterials is still in its infancy and
many factors still require exploration such as the synthesis of well-defined
nanomaterials with predictable morphology, and loading of the label itself. In
order to enhance retention and blood circulation, many researchers are moving
toward polymeric nanoparticle systems capable of forming spherical, cylindrical,

vesicular, and toroidal morphologies. The ideal outcome is to create a vessel to
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release desired cargo only in response to specific stimuli such as pH, enzymes,
or other exogenous stimuli. In order to visualize particular reactions at the
nanoscale, one needs an appropriate label to interpret accurate conclusions. The
need for covalent linkages of fluorophores helps researchers study stimuli
induced reactions in vitro and is invaluable for creating well-defined materials.
However, the ability to probe fluorescence non-invasively is an arduous process,
which creates a need for clinically relevant labels to be appended onto
nanoparticles. The non-invasive imaging of MRI offers an ideal platform to
visualize biological functions. Many researchers are exploring appending T4
contrast agents onto nanoparticle systems. Designing a material that one can
track once in vivo and which contains all of the desired functions such as
targeting moieties, long circulation, and visualization is an important goal for this
research. Herein, a detailed study of various techniques to label polymeric

nanoparticles and study their behavior in vivo will be described.

1.4.2 Thesis Overview

Chapter 2. In this chapter, we describe initial synthetic efforts to develop
well-defined peptide-programmed amphiphiles capable of detecting and
responding to inflammation- and cancer-associated enzymes. Polymers of
norbornenyl-modified peptide-based enzyme substrates are prepared via ring-
opening metathesis polymerization (ROMP). Peptides co-polymerized with a
hydrophobic phenyl monomer are able to form well-defined spherical

nanoparticles. Peptides displayed on water-soluble homopolymers retain the
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ability to be enzymatically processed by a disease-associated enzyme when
synthesized by post-polymerized modification. In contrast, when the peptides are
densely arrayed on a nanoparticle derived from a self-assembled amphiphilic
block copolymer, they function with reduced activity as enzymatic substrates.

Chapter 3. In this chapter we compare and contrast two approaches for
labeling polymers with functional groups via ROMP. We explore the incorporation
of functionality via covalently modified chain transfer agents and monomers. The
goal is to allow the generation of selectively labeled and well-defined polymers
that can in turn lead to the formation of labeled nanomaterials. Norbornene
analogues, prepared as functionalized monomers for ROMP, include fluorescent
dyes (EDANS) and quenchers (DABCYL). In addition, we describe a set of
symmetrical olefins for terminally labeling polymers, and for the generation of
FRET labeled nanoparticles.

Chapter 4. The multistep synthesis and polymerization of a DTPA chelate
is described. Additionally, a norbornene-based analogue of the FDA approved
small molecule MRI contrast agent Gd-DOTA (Norb-Gd-DOTA-MA) is
polymerized via ROMP as a hydrophilic component in water-soluble or
amphiphilic block copolymers. The amphiphiles assemble in aqueous solution to
form micellar nanoparticles of spherical or fibril-shaped morphology. These two
types of particles have water-soluble shells containing a polymerized block of
Gd-DOTA-MA, while the analogous hydrophilic polymeric species is completely
dispersed in aqueous solution. The relaxation parameters of these Gd**

containing materials are assessed by '"H NMRD.
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Chapter 5. This study directly compares a solvated Gd** containing
polymer and Gd>* nanoparticles of spherical and fibril morphology to each other
and to the small molecule Gd-DOTA contrast agent when introduced via
intraperitoneal (IP) injection into mice. Clearance from the bladder is observed in
anatomical scans via MRI, and through a decrease in T4 over time. Clearance is
rapid for Gd-DOTA with minimum T times observed in the bladder at 2 hours.
Similarly, clearance through the bladder is observable for the dispersed,
hydrophilic Gd-labeled polymer. This behavior is in contrast to that observed for
the nanoparticle formulations, whereby little clearance through the bladder is
observed, and considerable retention within the IP space is seen for the first few
hours. After one week, clearance is equivalent for all materials as determined by
ICP-MS. These in vivo studies are the culmination of an effort to control the
labeling and the morphology of amphiphile self-assemblies. In addition, they
have set the stage for the development of drug and diagnostic carrying particles
for IP treatment of diseases associated within that space, including ovarian

cancer.
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2.1 Introduction

The sophistication of functional biohybrid polymers and soft organic
nanoparticles (NPs), which display biomolecules on a synthetic skeleton, is of
increasing interest.” These polymer bioconjugates contain biomolecules, such
as peptides or nucleic acids, for the purpose of facilitating recognition events and
other processes specific to their sequence. Furthermore, current research tasks
these polymers with programming dynamic nanomaterial morphology in
response to enzyme-catalyzed reactions.*"! Our aim in this study is to establish
a new approach towards the display of peptides as brush copolymers and within
polymeric NPs via their direct incorporation into polymers via graft-through
polymerization reactions.

We strive for a well-controlled method for the incorporation of arraying
peptides as brushes conjugated to polymeric backbones or polymeric NPs. Our
inspiration comes from previous work employing living polymerization methods
for the preparation of peptide-bearing polymers synthesized either from

conjugation after polymerization®'2

(graft-to) or directly from monomers (graft-
through), which contain polymerizable peptide units.”>'® In this work, we chose to
optimize ring-opening metathesis polymerization (ROMP) for the purpose of
allowing the preparation of well-defined peptide substrate-containing polymers
and polymeric NPs. We reasoned an initial study of such systems would have
broad implications for the design of future polymeric materials displaying

peptides for reaction with enzymes, or for resistance to their environment.

Therefore, we sought to answer the following key questions regarding polymeric
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peptide-based synthetic materials synthesized by graft-through polymerization
with  ROMP: (1) Can well defined enzymatically active peptide-containing
polymers be synthesized utilizing graft-to conjugation techniques; (2) Can graft-
through peptide polymers be generated with relatively high degrees of
polymerization and with low dispersity and (3) Can well-defined peptide-brush
copolymers generated via graft-through polymerization techniques be formulated

into NPs of low polydispersity?

2.2 Post-Polymerization Modification

One of the only examples of the enzyme-driven assembly of a polymer
into a nanoparticle comes from Hawker and coleagues.” Inspired by this
approach, we designed a polymer capable of assembling into nanoscale
architectures upon enzymatic activation with matrix metalloproteinases (MMPs)
(Figure 2.1). To create an enzyme responsive peptide-polymer we synthesized a
block copolymer using ROMP, containing different ratios of a water solubilizing
oligoethylene glycol (OEG) block together with a N-hydroxysuccinimide (NHS)
block that is amenable to conjugation with the N-terminus of a peptide. The
peptide sequence used in these studies were designed as substrates for the
cancer-associated enzymes, matrix-metalloproteinase 2 and 9 (MMP-2/9).%° In
the presence of MMP-2/9, the peptide sequence is cleaved between the Gly-Leu
residues, leaving a ftruncated peptide sequence of Gly-Pro-Leu-Gly. We
hypothesized that this sequence would provide enough build up of hydrophobicity

to cause an aggregation event (Figure 2.1). This section discusses the synthetic
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strategy and preliminary enzyme responsiveness of these peptide-containing

block-copolymers.

¢ © 0
(3.X ]

\00000\ 9900 2°%¢ MMP-9 NG o G, Assembly
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Figure 2.1 Schematic representation of the enzyme activation of a solvated polymer
resulting in an amphiphilic block copolymer and subsequent self-assembly.
2.2.1 Synthesis of Peptide Brush Copolymers

Block copolymers were synthesized using ROMP to create a hydrophilic
polymer that is capable of conjugation with the N-terminus of the MMP peptide
substrate (GPLGLAG) and/or the cleavage fragment (GPLG). For this reason,
two different block copolymers containing an NHS block of monomer 1 and an
OEG block of monomer 2 were synthesized (Figure 2.2). A known amount of
NHS monomer 1 (“m” equivalents) was polymerized and a small portion was
quenched with ethyl vinyl ether (EVE). The homopolymer of 1 was analyzed by
size exclusion chromatography coupled with multi-angle light scattering (SEC-
MALS) allowing the determination of the degree of polymerization (DP) of the first
block. Next, “n” equivalents of OEG monomer 2 was added to the living polymer
and quenched with EVE to give the final block copolymers 3 and 4 (Table 2.1).

Polymers 3 and 4 have the composition of 124-b-2490 and 145-b-242 with an

excellent dispersity of 1.06 and 1.09 respectively (Table 2.1).
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Figure 2.2 General synthetic scheme for the preparation of hydrophilic block
copolymers.

Table 2.1 Characterization of Block Copolymers 3 and 4.° Degree of polymerization of
monomer 1. ® Degree of polymerization of monomer 2. ° Number average molecular
weight as determined by SEC-MALS. ? Dispersity as determined by SEC-MALS.

Polymer DP., (1) DP, (2)° M, M,/M,?
3 24 40 18,700 1.063
4 15 42 17,300 1.089

Polymers 3 and 4 were further modified by chemical conjugation of the
MMP-2/9 peptide substrate of the sequence GPLGLAG (Figure 2.3). Each of the
polymers contains an NHS activated ester block, allowing for conjugation of the
N-terminus of the peptide to the polymer backbone. To add further water-
solubility to the peptide block, an additional post-polymerization modification was
implemented by adding OEG onto the C-terminus of the peptide in the presence

of HBTU to afford water-soluble polymers 5 and 6 (Table 2.2). Following each
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post-polymerization modification, the polymers are analyzed by SEC-MALS,
however in both cases inconclusive data was obtained. After addition of the
peptide substrate and OEG to polymers 3 and 4, the molecular weight decreased
as determined by SEC-MALS of the peptide-polymers 5 and 6 (Table 2.1 and
Table 2.2). Reasons for this may include problems with aggregation leading to
inaccuracies in correctly interpreting the refractive index and hence preventing
accurate characterization of the polymer conjugates. Regardless, we decided to
continue with polymers 5 and 6 and run a pilot enzymatic study to test our initial

hypothesis (Section 2.2.2).

Ph Ph
1. H,N-GPLGLAG-COOH, DIPEA, DMF, = o
n m rt, overnight
2. NH,-OEG, HBTU, DIPEA, DMF, o
[o) o 2 ) ) ) y o o
HN Q rt, overnight HN HN
OEG O\‘\QNfo OEG GPLGLAG - OEG

H,N-GPLG-COOH, DIPEA, 1. Dialysis 50 mM Tris, 50
DMF, rt, overnight mM MgCl,, 0.01% NaNj;
2. MMP-9, 37°C 21 hrs

Ph

W
(o)

HN HN"O
OEG GPLG-COOH

OEG = }3\/0\/\0/\/0\/\0/

Figure 2.3 Synthetic approaches for the enzymatic or chemical formation of peptide
polymer amphiphiles (PPAs). Blue indicates the hydrophilic component of each polymer.
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Table 2.2 Peptide Block Copolymer Characterization. ® Characterization by SEC-MALS
after addition of GPLGLAG was unsuccessful. ° Characterization after addition of OEG
was unsuccessful. ¢ Addition of GPLG as determined by SEC-MALS. ¢ Not applicable. ®
Characterization by SEC-MALS was unsuccessful. " Characterization by SEC-MALS was
unsuccessful.

Post- Post
Polymerization Polymerization
Polymer N N M, Mw/M,
Addition of Addition of
Peptide OEG
5 -a b 56,340 1.205
6 A b 13,380 1.089
7 8¢ na’ 18,860 1.243
8 _e nad _f _f

In addition to polymers 5 and 6, polymers containing the peptide sequence
after enzymatic cleavage (i.e. GPLG) were synthesized. Using the same
polymers 3 and 4, conjugation of GPLG to the NHS block afforded peptide
polymer amphiphiles (PPAs) 7 and 8. After addition of GPLG to polymer 3, the
polymer was characterized by SEC-MALS to determine the number of peptides
successfully conjugated to the polymer backbone. As shown in Table 2.2,
polymer 7 affords the successful conjugation of 8 peptides however the dispersity
increased from 1.09 to 1.24. It is assumed that the increase in dispersity is a
result of different distribution of successful peptide conjugations to polymer 3.
Similar to polymers 5 and 6, characterization by SEC-MALS led to inconclusive
results in the case of polymer 8. Even though the exact composition and
molecular weight of polymers 5, 6, and 8 are unknown, we conducted a
preliminary experiment to compare the enzymatic and synthetic routes to forming

PPAs. Indeed, we highlight this attempt at generating peptide-brush polymers via



53

graft-to conjugation in part because the failure of this strategy lead directly to our
efforts to achieve graft-through polymerization of peptides as will be discussed

later in this chapter.

2.2.2 Enzymatic vs. Chemical Formation of PPAs

The enzymatic response of polymers 5 and 6 was examined by addition of
MMP-9 to aqueous solutions of each of the polymers. Separately, each polymer
was transitioned from DMF to a 50 mM Tris, 50 mM MgCl, buffer. Analysis by
dynamic light scattering (DLS) and transmission electron microscopy (TEM)
confirms the absence of aggregates (data not shown). Next, polymers 5 and 6
are incubated with MMP-9 at 37 °C for 24 hours. Additionally, polymers 5 and 6
are incubated in buffer at 37 °C for 24 hours to confirm that heat does not cause
an aggregation event (data not shown). Polymer 5, containing a theoretical
maximum of 24 MMP peptide substrates, displayed a tri-modal distribution by
DLS of 75, 350, and 1120 nm aggregates (Figure 2.4B). TEM revealed a large
distribution of sheet-like aggregates upon activation with MMP-9 (Figure 2.4C),
but in the absence of MMP-9, polymer 5 showed no NP formation as determined
by DLS or TEM. Polymer 6, with a theoretical maximum of 15 peptides, showed
smaller aggregate formation by DLS after incubation with MMP-9 (Figure 2.4E),
however TEM showed larger aggregates. This discrepancy in aggregation could
be the result of drying the sample onto a carbon/formvar grid, where in solution,

the nanoparticles stay dispersed.
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Figure 2.4 Comparison of enzymatic and synthetic routes to PPA and NP formation. A)
Schematic representation of enzymatic activation and self-assembly of a solvated
peptide polymer and the self-assembly of a synthetic PPA. B) DLS of polymer 5 after
activation with MMP-9 and polymer 7 after transition into an aqueous environment. C)
TEM, stained with 1% uranyl acetate, of polymer 5 after treatment with MMP-9. D) TEM,
stained with 1% uranyl acetate, of polymer 7 after transition into an aqueous solution. E)
DLS of polymer 6 after activation with MMP-9 and polymer 8 after transition into water.
F) TEM, stained with 1% uranyl acetate, of polymer 6 after treatment with MMP-9. G)
TEM, stained with 1% uranyl acetate, of polymer 8 after transition into 50 mM Tris, 50
mM MgCls.

We hypothesized that a synthetic polymer containing the cleavage
sequence of GPLG would self-assemble into similar structures as the enzymatic
product of solvated polymers 5 and 6. For this reason, we transitioned polymers

7 and 8 separately from methanol into a 50 mM Tris, 50 mM MgCl; solution. Both
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samples were analyzed by DLS and TEM (Figure 2.4) and compared to their
enzymatically generated counterparts. Polymer 7 theoretically should form the
same nanostructures as polymer 5 after treatment with MMP-9. However, by
DLS and TEM we saw a significantly different pattern of nanostructures. Analysis
by DLS reveals smaller aggregates with a hydrodynamic diameter of 20 nm,
which is in contrast to the tri-modal distribution visualized for the enzymatically-
driven formation of the same PPA (Figure 2.4B). TEM additionally shows small
nanoparticles scattered throughout the grid (Figure 2.4D). However, the
enzymatically formed PPA shows a larger size distribution of thin sheet-like
aggregates (Figure 2.4C). In the case of polymer 8, comparison of the synthetic
and enzymatic formulation of a PPA results in an identical DLS trace and very
similar TEM images (Figure 2.4E-G). However, it is difficult to draw a clear
conclusion from these results, as the polymers themselves are not fully
characterized by standard methods. Again, these were initial attempts used to
generate this class of copolymer, that lead directly to our concerted effort to
develop and optimize the graft-through polymerization of complex peptide

polymers. The initial efforts will be described in the following section.

2.3 Graft-Through Polymerization to Generate Peptide Brush Copolymers
The results we obtained from post-polymerization formation of PPAs led

us to attempt the preparation of PPAs utilizing a graft-through approach. One

must note that polymers prepared with a graft-through approach can be

chemically homogenous in nature, due to the propagation step of polymerization.
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Indeed, the fidelity of that step is responsible for the polymer quality as it is
responsible for incorporating functionality. This is in contrast to post-
polymerization modification strategies in which less than quantitative modification

d>'? and often difficult to

of the polymer backbone is naturally expecte
characterize, as shown above. This is inherently the case because standard
conjugation reactions are usually not as efficient as any of the polymerization
reactions used to generate low dispersity polymers. When these studies were
initiated ROMP was known to have the ability to enable polymerization of short
norbornyl-modified oligopeptides (1-3 amino acids) with aliphatic sequences to
varying degrees. However, this often came with high dispersity and a low
complexity of peptide side chains.'*'®'%2" Moreover, we found no studies
examining the graft-through incorporation of specific peptide-based enzyme

substrates into polymeric materials. It is necessary that more complex peptides

be incorporated if this strategy is to be useful for developing functional materials.

2.3.1 Synthesis of a Polymerizable Peptide Substrate

We began the process by preparing amphiphilic block copolymers,
utilizing  norbornenyl-peptide monomers, capable of formulating into
nanoparticles (vide infra) shown in Figure 2.5. Each contains a polymerizable
norbornenyl group conjugated to the N-terminus of a peptide sequence.
Monomers 9 and 10 contain an amino acid sequences that are known substrates

of (MMP-2/9),®° with a  water-solubilizing  group,  4-((2-(2-(2-
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aminoethoxy)ethoxy)ethyl)amino)-4-oxobutanoic acid (Ebes), included in the

structures to promote micelle formation.
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Figure 2.5 General synthetic scheme for the preparation of polymerizable peptide
monomers 9 and 10. A) General solid phase synthetic scheme. B) Structure of peptide
monomers.

Monomers 9 and 10 were synthesized using standard solid phase peptide
coupling. The resin is first treated with 20% piperidine in DMF, utilizing an Fmoc-
protected rink amide MBHA resin (Figure 2.5A). HATU coupling with amino acids
and/or Ebes is repeated until the final sequence is achieved. Before cleavage
from the resin, a norbornenyl-functionalized glycine was coupled onto the final
peptide sequence and cleaved from the resin with TFA to produce the final
peptide monomer. It should be noted that polymerization was optimal when a
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norbornenyl-pyrrolidine-2,5-dione was conjugated to the peptide sequence rather
than a norbornene with a single exo-carboxamide moiety, as used in the post-
polymerization strategy described above. The sequence is Norb-
GPLGLAGK(Ac)-Ebes-NH, (Monomer 9) or Norb-G-Ebes-GPLGLAG-Ebes-NH;
(Monomer 10). Monomer 9 and 10 are purified by reverse phase HPLC (RP-
HPLC) and analysis by ESI-MS confirms the correct molecular weight (Figure 2.6
and Figure 2.7).

Relatve Abundance

Figure 2.6 Characterization of monomer 9. A) Structure of monomer 9. B) Analytical RP-
HPLC of purified monomer 9 on a 25 — 35% ACN in H,O with 0.1% TFA gradient. C)
ESI-MS of monomer 9; found m/z 1129.43, expected 1129.62 M+H"; found m/z 1151.59,
expected 1151.61 M+Na".
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Figure 2.7 Characterization of monomer 10. A) Structure of monomer 10. B) Analytical
RP-HPLC of pure monomer 10 over a 22 — 29% ACN in H,O with 0.1% TFA. C) ESI-MS
of monomer 10. Found m/z 1246.53, expected 1246.67 M+H"; found m/z 1268.66,
expected 1268.65 M+Na"; found m/z 645.98, expected 645.82 M+2Na".
2.3.2 Polymerization of Peptide Monomers

We set out to determine if peptides of this class were efficiently
polymerized via ROMP in order to prepare homopolymers with a high degree of
polymerization and simultaneous low dispersity. Monomer 9 was polymerized
using a modified 2" generation Grubbs’ catalyst at room temperature.’® NMR
spectroscopy demonstrated that the polymerization reaction was complete, as
evidenced by the conversion of norbornenyl olefinic protons to polynorbornene
olefinic protons (Figure 2.8B). SEC-MALS revealed the achievement of both a
high degree of polymerization (DP > 100) and a favorable low dispersity (M/M, =

1.01, Figure 2.8A, Table 2.3). It is important to note that optimal conditions,
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including the use of anhydrous dinitrogen atmospheres, were required for ideal
results using either dimethylformamide (DMF) or dichloromethane—methanol
mixtures as effective solvents. If polymerizations were exposed to ambient air,
reaction times were significantly increased and in many cases, NMR would

reveal incomplete conversion of monomer to polymer.
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Figure 2.8 Characterization for the polymerization of monomer 9. A) SEC-MALS of a
homopolymer of monomer 9. B) NMR of a homopolymer of monomer 9 showing
complete consumption of norbornene olefin protons (annotated by *) and appearance of
polymer backbone peaks (annotated by **).
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Table 2.3 Characterization of Graft-Through PPAs. ° Monomer displayed in bold with
subsequent degree of polymerization (DP of block m or n) in parentheses. ® Only a
homopolymer is synthesized.

Monomer Monomer
Entry Polymer M, Mw/M,
(DP)? (DP,)?
1 12 9 (131) b 125,300 1.012
13 9 (13) 11 (116) 44,630 1.200
14 11 (74) 10 (5) 23,570 1.056

Next, we set out to determine if graft-through peptide ROMP could be
used in the preparation of peptide-containing amphiphilic block copolymers
(PPAs) of low dispersity, which could then be formulated into NPs. We
accomplished the one-pot synthesis of PPA 13 with the addition of a modified 2nd
generation Grubbs’ catalyst (Figure 2.9) to a solution of hydrophilic peptidyl
monomer 9, followed by the addition of hydrophobic monomer 11, as previously
prepared in our laboratory.* Polymerization of the hydrophobic monomer 11,
followed by the hydrophilic norbornenyl peptide monomer 10 (PPA 14), was
prepared by reversing the order of monomer addition. This allowed us to
demonstrate generality in the polymerization process with respect to order of
addition (Figure 2.9). We utilized SEC-MALS to determine the absolute number-
average molecular weight (M,), weight-average molecular weight (M), degree of
polymerization (DP), and dispersity of PPAs 13 and 14 prior to generation of NPs

(Table 2.3).



62

o Ph
MN ) m n equw 0 n m
S 4:1 CDZCIZ CD;0D
h 41 CD,CI;CD,0D CD,Cl,:CD;0D o
m eq:nv glove box r:l glove box ,:1 oo l;l [o)
R R' R
M N_ _N-Mes
es — e "R
cl Y .Ph = Pl M AT
Py—Ru="
| e Ph
Py
Modified 2" n m
Generation
Grubb's Catalyst OF™N7T00™ ™0
)
R R

R=?‘(\© R = 3‘{\©
, o

n

$GPLGLAGK(Ac)-Ebes-NH, -§G-Ebes-GPLGLAG-Ebes-NH,
9 10

Figure 2.9 General synthetic scheme for the preparation of PPAs 13 and 14.

2.3.3 Nanoparticle formation of PPAs

Each polymer was dissolved separately in DMF to begin the formulation of
PPAs into NPs. We follow this by gradually adding water to a final concentration
of 50% by volume.? Then, we dialyzed incipient NP suspensions against water
to remove any excess DMF. We employed DLS in water to determine the
hydrodynamic diameter of the NPs derived from PPAs 13 and 14 (Figure 2.10).
This resulted in a hydrodynamic diameter of 28 nm for PPA 13 and 124 nm for
PPA 14. Statistical analysis of the DLS data informed us that the size distribution
of the nanoparticles is narrow with correspondingly low polydispersities (0.062 for
PPA 13 and 0.020 for PPA 14). TEM of the NPs validated the DLS data, which

shows the presence of spherical particles (Figure 2.10). We note that the
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resulting micelles are observed to be stable, without change in DLS or TEM, for

at least 6 months at 4 °C.
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Figure 2.10 NP characterization of PPA 13 and PPA 14. A) DLS of PPA 13 (red) and
PPA 14 (blue), B) TEM of PPA 13, C) TEM of PPA 14.
2.3.4 Enzymatic Response of Graft-Through Peptide Polymers

NPs derived from PPA 13 were incubated with active MMP-2 and no proteolysis
product could be identified by RP-HPLC under the same conditions used for processing
water-soluble peptide polymers prepared by the graft-to technique described above.?
This implies that the peptide substrates arrayed on the particle are protected from
protease-mediated cleavage. We hypothesize that this is due to steric crowding of the
displayed peptides on the NP scaffold that forbids the enzyme from accessing the
scissile peptide bond within the displayed peptides. This is in contrast to the high activity
we have observed for related systems that are responsive to MMP catalyzed cleavage
when prepared via post-polymerization modification of polymers with peptides.5’12
Notably, these related systems are characterized by a lower density of peptides
displayed, due to low conjugation efficiency inherent to such reactions. These results

hint at the possibility of arranging peptides to capitalize on resistance to proteolytic
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degradation versus optimizing for activity and responsiveness. Extensive studies
focusing on the relationships between substrate spatial density, polymer structure,®*
particle morphology, reaction conditions, sequence identity and enzymatic activity are

currently underway in our laboratories.?®

2.4 Conclusions

Our work demonstrates several important principles crucial to the future
use of peptide containing polymers and NPs prepared by graft-to and graft-
through polymerization procedures. We have demonstrated the difficulty in
characterizing peptide polymers prepared by a graft-to technique. NPs can be
prepared from water-soluble peptide polymers by the enzymatic activation with
over expressed enzyme MMP-9. Synthetic formulation of the enzyme cleavage
product to a PPA results are inconsistent with the enzymatic product. This led us
to directly polymerize peptide substrates for the synthesis of peptide polymer
amphiphiles.

We have utilized graft-through polymerization for the preparation of
peptide containing homopolymers and block copolymers, which possess a high
degree of polymerization and simultaneous low dispersity. The resulting NPs,
formulated via self-assembly of two different peptide-containing amphiphilic block
copolymers, are also of low dispersity. Blocks of peptides, when chosen
appropriately, can function as the hydrophilic block of a block-copolymer PPA
while the order of polymerization is not crucial. These peptide substrates of

MMPs, displayed on a water-soluble polymer, are able to be enzymatically
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processed, as shown by our group.?® In contrast, when displayed on the NP

scaffold, the same peptide is less susceptible to proteolysis.23

2.5 Experimental
2.5.1 General Methods

All reagents were purchased from commercial sources and used without
further purification unless otherwise indicated below. CD,Cl,, CH,Cl,, CH30H,
and CD3;0D used in polymerization reactions were dried over CaH, and 5 A
molecular sieves. These were then degassed with 3 freeze-pump-thaw cycles.
Sealed ampules of DMF-d; (Cambridge Isotopes) were used without
modification. Monomer 1 was prepared as previously described.?® Modified 2™
Generation Grubbs’ Ruthenium initiator, (IMesH2)(CsHsN)2(Cl)2Ru=CHPh, was
prepared as previously described.?’ 2,5,8,11-tetraoxatridecan-13-amine (NH-
OEG) was prepared as described previously.?? Norbornenyl-glycine was
prepared as previously described.'® Monomer 11 was prepared as previously
described.* Polymerizations were performed under dry dinitrogen atmospheres.
Polymer dispersity and molecular weight were determined by size-exclusion
chromatography (Phenomenex Phenogel 5u 10, 1K-75K, 300 x 7.80 mm in
series with a Phenomex Phenogel 5u 10, 10K-1000K, 300 x 7.80 mm (0.05 M
LiBr in DMF)) using a Shimadzu LC-10ATVP pump equipped with a multi-angle
light scattering detector (DAWN-HELIOS, Wyatt Technology), a refractive index
detector (Hitachi L-2490) and a UV-Vis detector (SPD-10AVP) normalized to a

polystyrene standard. The dn/dc values used were 0.179 for all polymers. The 'H
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NMR spectra were recorded on a Varian Mercury Plus spectrometer. Chemical
shifts ("H) are reported in & (ppm) relative to the residual solvent peak. Mass
spectra were obtained at the UCSD Chemistry and Biochemistry Molecular Mass
Spectrometry Facility. D, was determined by DLS on a Nano-ZS90- (Malvern) or
DynaPro NanoStar (Wyatt). TEM images were acquired on a carbon Forvar grid
(Ted Pella, Inc.) with 1% uranyl acetate stain on a FEI Tecnai G2 Sphera at 200

kV.

2.5.2 General Synthetic Procedures

Synthesis of OEG Monomer 2. NH,-OEG (483 mg, 2.33mmol) and DIPEA

(739 mL, 4.24 mmol) were added to a solution of the NHS monomer (500 mg,
2.12 mmol) in dry DCM (12 mL). The reaction was stirred at room temperature
under a nitrogen atmosphere overnight. The reaction mixture was concentrated
to dryness and purified by flash chromatography, 10% MeOH in DCM to give a
clear oil.

Peptide sequences used in graft-to polymerization were synthesized
manually using standard Fmoc solid phase peptide synthesis on Wang Resin.
Peptide monomers 9 and 10 were synthesized manually using standard Fmoc
solid phase peptide synthesis on Rink amide resin (H-Rink Amide-ChemMatrix®,
PCAS BioMatrix, Inc., Saint-Jean-sur-Richelieu, Quebec, Canada). Chain
assembly was carried out with HBTU activation using a 5-fold excess of amino
acid over the resin in DMF with DIPEA as the base. A stream of dry N, was used

to agitate the reaction mixture. Fmoc removal was carried out with 20%
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piperidine in DMF (1 x 3 minutes, followed by 1 x 10 minutes). Cleavage of
peptides from the resin was achieved with 95% TFA, 2.5% triisopropylsilane
(T1S), and 2.5% H20O (cleavage cocktail). Crude peptide products of GPLGLAG
and GPLG were precipitated and washed with cold Et,O and used without further
purification. Correct molecular weight was determined by ESI-MS. Peptide
monomers 9 and 10 were dissolved in 0.1% TFA in water (solvent A). A minimal
amount of 0.1% TFA in acetonitrile (solvent B) was added to aid dissolution of
any non-dissolved material. RP-HPLC analysis of peptide monomers were
performed on a Hitachi-Elite LaChrom L-2130 pump with a binary gradient.
Detection was at 214 nm using an in-line UV-Vis detector (Hitachi-Elite LaChrom
L-2420). For analysis, an analytical scale Phenomenex Jupiter 4u Proteo 90A
column (150 x 4.60 mm) was utilized. For purification, a semi-preparative
Phenomenex Jupiter 4u Proteo 90A column (250 x 10.0 mm) was utilized.
Identities and purities of the norbornenyl-peptide monomers were

confirmed by RP-HPLC and ESI-MS with detection at 214 nm.

2.5.3 Polymerization Procedures

Synthesis of Polymer 3. (IMesH3)(CsHsN)2(Cl)Ru=CHPh (4.5 mg, 6

umole) was added to a stirred 2.4 mL solution containing monomer 1 (50 mg,
213 pmole) in CH2CI, cooled to -78 °C. The solution was allowed to warm to
room temperature and after 1 hour, 5% of the solution was removed and
quenched with ethyl vinyl ether (0.05 mL). 2 (28.7 mg, 88 ymole) pre dissolved in

0.1 mL of CH.Cl, was added to the remaining solution. After 1 hour, 0.1 mL of



68

ethyl vinyl ether was added to the reaction mixture and stirred for 20 minutes.
The polymer was then precipitated with an excess of ice-cold diethyl ether and
collected by centrifugation. SEC-MALS (Polymer 3): Homopolymer of 1: M, =
5,674; My/M, = 1.08; DP = 24. Copolymer of 1-b-2: M, = 18,700; M,,/M, = 1.06;
DP = 40.

Synthesis of Polymer 4. (IMesH2)(CsHsN)2(Cl);Ru=CHPh (3.5 mg, 5

pumole) was added to a stirred 2.2 mL solution containing monomer 1 (27 mg,
116 pymole) in CH2Cl; cooled to -78 °C. The solution was allowed to warm to
room temperature and after 1 hour, 2% of the solution was removed and
quenched with ethyl vinyl ether (0.04 mL). 2 (38 mg, 116 pmole) was added to
the remaining solution. After 1.5 hours, 0.05 mL of ethyl vinyl ether was added to
the reaction mixture and stirred for 20 minutes. The polymer was then
precipitated with an excess of ice-cold diethyl ether and collected by
centrifugation. SEC-MALS (Polymer 4): Homopolymer of 1: M,, = 3,505; M,/M,, =
1.03; DP = 15. Copolymer of 1-b-2: M,, = 17,340; My/M, = 1.09; DP = 42.

Synthesis of Polymer 5. DIPEA (0.008 mL, 43 ymol) was added to a

stirred solution of polymer 3 (16.7 mg, 0.892 ymol) and MMP-substrate (NH.-
GPLGLAG-COOH, 25 mg, 43 pmol) in DMF (2.3 mL). After 24 hours, the
reaction was concentrated under reduced pressure (55 mg) and analyzed by
SEC-MALS (no usable data was obtained). Then, DIPEA (0.014 mL, 79.6 pmol)
was added to a stirred solution of the peptide-polymer (25 mg, 0.8 ymol), HBTU
(30 mg, 79.6 pmol), and 2,5,8,11-tetraoxatridecan-13-amine (NH,-OEG)?® (8.25

mg, 39.8 ymol) in DMF (2.0 mL). After 15 hours, the reaction was concentrated



69

under reduced pressure resulting in 90 mg of a brown oil. SEC-MALS (Polymer
5): M, = 56,340, M,,/M, = 1.205.

Synthesis of Polymer 6. DIPEA (0.008 mL, 43 ymol) was added to a

stirred solution of polymer 4 (25 mg, 1.43 ymol) and MMP-peptide substrate
(NH2-GPLGLAG-COOH, 25 mg, 43 pmol) in DMF (2.3 mL). After 24 hours, the
reaction was concentrated under reduced pressure (60 mg) and analyzed by
SEC-MALS (no usable data was obtained). Then, DIPEA (0.012 mL, 72 pmol)
was added to a stirred solution of the peptide-polymer (30 mg, 1.2 ymol), HBTU
(27 mg, 72 pymol), and 2,5,8,11-tetraoxatridecan-13-amine (NH.-OEG)?® (7.5 mg,
36 umol) in DMF (1.8 mL). After 15 hours, the reaction was concentrated under
reduced pressure resulting in 77 mg of a brown oil. SEC-MALS (Polymer 6): M, =
13,380, M/M,, = 1.089.

Synthesis of Polymer 7. Polymer 3 (28.5 mg, 2 ymol) was added to a

stirred solution of the peptide NH,-GPLG-COOH (25 mg, 73 ymol) in DMF (0.38
mL). The solution was further diluted with DMF (3.4 mL) and DIPEA (0.013 mL,
73 umol) was added. After 15 hours, the reaction mixture was concentrated
under reduced pressure resulting in 49 mg of a brown oil. SEC-MALS (Polymer
7): M, = 18,860, M,,/M, = 1.243, number of peptides conjugated = 8.

Synthesis of Polymer 8. Polymer 4 (10 mg, 0.6 ymol) in DMF (0.35mL)

was added to a stirred solution of the peptide NH,-GPLG-COOH (6 mg, 17 pmol)
in DMF (0.89 mL). DIPEA (0.003 mL, 17 pmol) was added to the reaction mixture
and stirred at room temperature under an argon atmosphere. After 15 hours, the

reaction mixture was concentrated under reduced pressure resulting in 23 mg of
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a brown oil. SEC-MALS (Polymer 8): No usable data was obtained.

Synthesis of Polymer 12. (IMesH2)(CsHsN)2(Cl);Ru=CHPh (0.136 mg,

0.188 umole) pre-dissolved in 0.02 mL of DMF-d7 was added to a stirred 0.43 mL
solution containing monomer 9 (18 mg, 18.8 ymole) in DMF-d;. After 48 hours,
the solution was quenched with 0.01 mL of ethyl vinyl ether. The resulting
solution was used directly for analysis and without further purification. SEC-
MALS: M, = 125,300, M,,/M, = 1.012, DP = 131.

Synthesis of PPA 13. (IMesH3)(CsHsN)2(Cl)Ru=CHPh (0.17 mg, 0.23

pumole) pre-dissolved in 0.04 mL of a dry/degassed mixture CH,Cl,:CH3OH (4:1)
was added to a stirred 0.4 mL solution containing 9 (3.95 mg, 3.5 pymole) in
CHxCl2:CH30H (4:1). After 1 hour, 10% of the solution was removed and
quenched with ethyl vinyl ether. 11 (2.92 mg, 11.54 pymole) pre dissolved in 0.1
mL of the same solvent mixture was added to the remaining solution. After 1
hour, 0.1 mL of ethyl vinyl ether was added to the reaction mixture and stirred for
20 minutes. The polymer was then precipitated with 12 mL of ice-cold diethyl
ether and collected by centrifugation. SEC-MALS (PPA 13): Homopolymer of 9:
Mn = 15,240; M,,/M, = 1.07; DP = 13. Copolymer of 9-b-11: M, = 44,630; M,,/M,, =

1.20; DP = 116.

Synthesis of PPA 14. (IMesH)(CsHsN)2(Cl)2.-Ru=CHPh (0.218 mg, 0.3
pumole) pre-dissolved in 0.1 mL of dry/degassed CD,Cl,:CD3;0D (4:1) was added
to a stirred 0.4 mL solution containing the hydrophobic monomer 11 (5.3 mg,
22.5 ymole) in CD,Cl,:CD3;0D (4:1). After 0.5 hour, 10% of the solution was

removed and quenched with ethyl vinyl ether and saved for later analysis.
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norbornenyl-peptide monomer 10 (1.89 mg, 1.5 ymole) pre-dissolved in 0.15 mL
of the same solvent mixture was added to the remaining solution. After 1 hour,
0.1 mL of ethyl vinyl ether was added to the reaction mixture, which was stirred
for 20 minutes. The resulting solution was used directly for analysis and micelle
formation without further purification. SEC-MALS (PPA 14): Homopolymer of 11:
Mn = 17,010; My/M, = 1.025; DP = 74. Copolymer of 11-b-10: M, = 23,570;

Mw/M» = 1.056; DP = 5.

2.5.4 Micelle Formation

Micelle Formation of Polymers 7 and 8. Separate solutions of PPAs 7 and

8, dissolved in CH3OH to a final concentration of ~56 mg/mL, were prepared. The
resulting mixture was dialyzed against 50 mM Tris, 50 mM MgClz, 0.1% NaNs in
water for a minimum of 24 hours x 3 using Pierce Snakesin dialysis tubing
(MWCO = 10 kDa).

Micelle Formation of Polymers 13 and 14. Separate solutions of PPAs 13

and 14, dissolved in DMF to a final concentration of ~1 mg/mL, were prepared.
Then, an equivalent volume of water was added drop wise over approximately 10
minutes. The resulting mixture was dialyzed against water for a minimum of 8

hours x 3 using Pierce Snakesin dialysis tubing (MWCO = 10 kDa).

2.5.5 Enzymatic Reactions

Enzyme Activation. 4-Aminophenylmercuric acetate (APMA) (8.6 mg, 24

pmol) was dissolved in a freshly prepared 0.1 M NaOH solution (1.0 mL). MMP-9
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(0.2 pg) in 50 mM Tris, 150 mM NaCl, 5 mM CaClz, 1 mM ZnCly, pH 7.4 (2 pL)
was added to the AMPA (0.4 pL) solution. The temperature was increased to 37
°C for 2 hours and the mixture was centrifuged every 20 minutes to ensure the
enzyme remained hydrated.

Enzymatic Activation of Polymers 5§ and 6. Separate solutions of polymers

5 and 6, dissolved in DMF to a final concentration of ~5 mg/mL, were prepared.
The resulting mixture was dialyzed against 50 mM Tris, 50 mM MgCl,, 0.1%
NaNs in water for 24 hours using Pierce Snakesin dialysis tubing (MWCO = 3.5
kDa). The activated MMP-9 (2 uL) was added to the aqueous polymer solutions
(100 pL) and heated to 37 °C for 24 hours. A solution of the aqueous polymer
(100 pL) without addition of enzyme was also heated to 37 °C for 24 hours.

Samples were then analyzed by DLS and TEM as shown in Figure 2.4.
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3. Labeling Polymers And Micellar Nanoparticles Via Propagation And
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3.1 Introduction

In the development of labeled polymers, and polymeric nanoparticles, one
desires synthetic approaches that allow the most direct route to the incorporation
of functional moieties with minimal post-polymerization modifications, and/or
post-particle conjugations.”" The most desirable route is via the direct
incorporation of functional groups during the polymerization process itself (i.e. as
monomers, initiators or termination agents), preventing the need for subsequent
low yielding and difficult to characterize graft-to reactions on macromolecules or
at particle surfaces. Moreover, post-polymerization modifications and reactions
on particle surfaces are difficult to control and yield unpredictably labeled
materials. The problem is compounded for particles where chemical
functionalities can be difficult to elucidate on nano- and micro-scale surfaces,
and/or exceptionally difficult to reproduce. In this work, we have chosen to focus
on a functional group tolerant living polymerization method precisely because of
the multiple options available for directly incorporating complex functional
groups.’®?" The goal is to avoid the need for post-polymerization modifications
given the substrate scope of the chosen initiator. This is a common goal for those
interested in functional nanoparticles capable of expressing some functionality on
their shell and/or their core. Therefore, our aim in this paper is to elucidate the
capability of ring opening metathesis polymerization (ROMP) with respect to the
incorporation of dye labels. ROMP was chosen as it is an important and useful
polymerization method for the generation of well-defined polymers of low

dispersity and highly functionalized architecture.>'®'"?? Multiple initiators are
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commercially available®*2°

and exhibit good stability in ambient conditions
making them generally accessible.?>?° These properties make ROMP particularly
amenable to producing specialized functional polymers for synthetic, biomedical
and nanomaterials applications, especially where complex copolymers generated
via direct polymerization of functional groups are desirable.>16172021:3033 Thgre
are three opportunities to introduce functionality into polymers via ROMP, (1) the
use of an initiator containing a functional alkylidene (Figure 3.1 — (ii)), (2) the use
of strained olefin-based monomers containing various functionalities (Figure 3.1
— (i), (iii)), and (3) the use of functionalized termination (or chain transfer) agents
(Figure 3.1 — (iv)).>* The most popular and easily deployed method for preparing
functional polymers is through the use of monomers that either contain the
desired functionality or allow for its incorporation via a post-polymerization
modification.’®'” In addition, the use of functionalized termination agents that
allow end-labeling of polymers has garnered increasing attention.***°>*? Herein,
the incorporation of monomers and chain transfer agents are assessed and

utilized for the preparation of micellar nanoparticles assembling from

fluorescently labeled amphiphilic block copolymers.
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Figure 3.1 General scheme for the synthesis of functionalized polymers via ROMP.
Monomers ((i) and (iii)), initiators (ii) and termination agents (iv) containing functional
groups can be used to synthesize labeled amphiphilic polymers that assemble into
labeled micelles.

3.2 Incorporation of Dye Monomers into Polymeric Nanomaterials
3.2.1 Monomer Synthesis

Labeling studies were conducted by employing the most convenient
approach; namely, the incorporation of dye modified monomers by doping them
in small quantities together with non-functional monomers. This procedure has
been used via ROMP, for introducing small quantities of functional groups into
polymers as tags, without dominating polymer structure.”® For this reason, we
synthesized two novel monomers containing either an EDANS dye or a DABCYL
quencher. This dye pair was chosen so that for later analysis we could determine
if this is a viable label to incorporate into polymeric materials and see an “off”
signal of fluorescence if DABCYL and EDANS are within the Forster radius (see

below).
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EDANS and DABCYL monomers 1 and 2 (Figure 3.2) were synthesized
by direct conjugation of the dye to a polymerizable norbornene moiety. EDANS
monomer 1 was synthesized by amide coupling of the primary amine on EDANS
in the presence of triethylamine (TEA) to a norbornene anhydride. This reaction
was complete in 12 hours in DMF at 130 °C with an excellent yield of 97%
(Figure 3.2A). In the case of DABCYL monomer 2, an amine modified
norbornene was synthesized as previously described,* and coupled to DABCYL
acid in the presence of HATU and N,N-Diisopropylethylamine (DIPEA). The
reaction is carried out in DMF over 48 hours and results in a 72% yield of

monomer 2.

N
H2 \/\NH

_TEA,DMF fNH
130°C, 120 O
o7% ° )

SOzH
1 SO;H

HATU DIPEA
+
DMF, 48 hours ED/\
HN

72% |

N
N 2 N7

© |

Figure 3.2 Synthetic schemes of dye labeled monomers. A) Synthesis of EDANS
monomer 1. B) Synthesis of DABCYL monomer 2.

3.2.2 Polymer Design and Synthesis
To produce end-functionalized polymers, with incorporation of minimal

quantities of dye label, we sought to end polymerization reactions with a 1:1 ratio
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of monomer to initiator (M:1) on the living polymer, in appropriate stoichiometric
excess with respect to initiator (Figure 3.3). Therefore, we aim to prepare two
polymers that are identical except for the dye used as the end-label. Specifically,
the objective is to determine if amphiphilic block copolymers can be synthesized
in this fashion to form labeled micelles incorporating different dyes, but with
equivalent morphologies in their final state. This implies that one could use this
tagging strategy to routinely label polymers and particles with different groups,
without greatly influencing their overall properties with respect to particle
formation. To examine this, we prepared a set of amphiphilic polymers containing
either a tag of EDANS or DABCYL (Table 3.1). A block copolymer containing a
hydrophobic phenyl monomer (3) and a hydrophilic oligoethylene glycol
monomer (4) was synthesized and then split into two equal parts while the
polymer was still living. One equivalent of 1 or 2 was added to these two
solutions, giving two labeled amphiphilic polymers with either EDANS or

DABCYL.
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Figure 3.3 General synthetic scheme for the production of labeled polymers.
Hydrophobic monomer 3 (m equivalents) is reacted with a modified 2™ generation
Grubb’s catalyst followed by addition of n equivalents of hydrophilic monomer 4. This
amphiphilic block copolymer is then split into two equal portions and o equivalents of
monomer 1 or 2 is added to produce an EDANS or DABCYL labeled polymer. After
complete polymerization of each block, an analytical sample is removed and quenched
with ethyl vinyl ether (EVE) for analysis by SEC-MALS (see Table 3.1).

Before the addition of a second and third monomer, a small sample is
removed from the polymerization mixture and quenched with ethyl vinyl ether
(EVE). This was then analyzed by size-exclusion chromatography coupled with
multi-angle light scattering (SEC-MALS) to determine the degree of
polymerization (DP), number average molecular weight (M,) and dispersity
(Mw/M,,) of each of the polymers (see Table 3.1). Through this analysis it was
determined that we were able to synthesize polymers of the composition 391-b-
4¢-b-1, (polymer 5) containing an EDANS label with an excellent dispersity of
1.04 and a DABCYL labeled polymer of composition 3g1-b-4s-b-24 (polymer 6)

with a dispersity of 1.10.
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Table 3.1 Polymer characterization of EDANS and DABCYL labeled polymers. ¢ Polymer
resulting from the polymerization of monomers 1 — 4. ° Degree of polymerization of block
m (see figure 3.3). ° Degree of polymerization of block n. ¢ Degree of polymerization of
block o. ¢ No polymer number assigned. " No monomer was polymerized to complete this
block.

Polymer of Polymer

Entry Monomer DP,’ DP,° DP,? Mh My/M,
4o

1 3 -° 91 I - 8,074 1.018

2 3-b-4 -° 91 6 -f 9,991 1.062

3 3-b-4-b-1 5 91 6 10,540 1.038

4 3-b-4-b-2 6 91 6 10,480 1.103

3.2.3 Particle Formation and Characterization

The resulting EDANS and DABCYL labeled polymers 5 and 6 were
formulated separately into two particles, P1 and P2 via dialysis from DMSO into
water.*® Additionally, they were mixed together in a 1:1 ratio in DMSO and slowly
transitioned from organic solvent into water to form a fluorescently quenched
particle (P3). The newly formed micellar aggregates were characterized by
dynamic light scattering (DLS) and determined to each have a similar
hydrodynamic diameter of roughly 150 - 300 nm and relatively low
polydispersities (Table 3.2). As revealed by transmission electron microscopy
(TEM), P1, P2, and P3 each exhibit a mixed phase of spherical and cylindrical
micelles, but are dominated by cylindrical micelles of similar dimensions (Figure
3.4). It should be noted that a pure cylindrical phase has been proven difficult to

achieve.”® Most notably, the consistency in overall morphology is extremely
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promising with respect to deploying this tagging approach without subsequently

perturbing the formation of polymeric nanoparticles.

Table 3.2 Characterization of EDANS and DABCYL labeled nanomaterials by DLS. @
hydrodynamic diameter as determined by DLS. ” Polydispersity index as determined by
DLS. ° EDANS and DABCYL labeled polymers present in a 1:1 ratio.

Particle Polymer Composition Dy’ PDI?
P1 5 255 0.308
P2 6 164 0.265
P3 5+ 6° 295 0.285

it
g

Figure 3.4 TEM of particles P1 — P3. A) TEM of EDANS labeled particle P1. B) TEM of
DABCYL labeled particle P2. C) TEM of mixed particle P3.

3.2.4 Fluorescence of EDANS and DABCYL Labeled Particles.

The spectral properties of fluorescently labeled aggregates P1-P3 were
analyzed by exciting each of the structures at 335 nm. As shown in Figure 3.5,
the characteristic EDANS emission maximum is observed at 450 nm for P1 (55
MM EDANS). When P2 (12 uM) is excited at 335 nm, there is no observable
emission, which is expected for DABCYL. However P3, containing both donor

(EDANS, 55 pM) and quencher (DABCYL, 12 uM) shows a significant decrease
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in fluorescence consistent with these dyes now interacting within the Forster
radius.*’ Indeed, it can be concluded that the EDANS and DABCYL in P3 must

be within 33 A of one another.*®

1.5 -
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Figure 3.5 Fluorescence emission spectra of P1 — P3 excited at 335 nm. Concentration
of P1: 55 yM with respect to EDANS; Concentration of P2: 12 yM with respect to
DABCYL,; Concentration of P3: 55 yM EDANS and 12 uM DABCYL.

3.3 Incorporation of Dye Termination Agents into Polymeric Nanomaterials
3.3.1 Synthesis of Dye Termination Agents and Termination Efficiency

While we have successfully shown in the previous section that a small
incorporation of monomer is effective for incorporating tags onto the ends of polymers, it
is desirable to have a more robust approach where one can reliably incorporate a single
functional unit onto each polymer. To facilitate this, we synthesized three termination
agents (7-9) that incorporate dyes (Figure 3.6). These termination agents (TAs) are
synthesized from a diamine functionalized termination agent by amide coupling of
fluorescein, rhodamine, or DABCYL. The DABCLY TA is synthesized by coupling two

equivalents of DABCYL acid to a diamine functionalized termination agent (Figure 3.6) to
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produce the final DABCYL TA in 50% yield. Rhodamine and fluorescein TAs have been

synthesized in our laboratory previously and therefore will not be discussed further.*
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Figure 3.6 Synthetic scheme for DABCYL TA and structure for fluorescein and
rhodamine TAs. A) Synthesis of DABCYL TA (7) by coupling of DABCYL acid to a
diamine termination agent in the presence of HATU and DIPEA. B) Structure of
fluorescein (8) and rhodamine (9) TAs used in this study.

To develop these novel agents for general use, the efficiency of
termination was determined using a "H-NMR assay. We postulated that the 'H-
NMR signal corresponding to the alkylidene moiety would be useful for
monitoring the termination (cross metathesis) process (Figure 3.7). 'H-NMR
spectra are recorded for the free initiator (Figure 3.7A-(i) and B-(i)) prior to the
addition of monomer 3, and of the living polymer 15 min after the addition of 3

(Figure 3.7A-(ii) and B-(ii)). The living polymer is then reacted with 2 equivalents
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of 7 to generate species iii (Figure 3.7A-(iii)). Spectra were recorded 10 min, 45
min, and 90 min after addition of 5 (Fig. 3.7B-(iii)). As shown in Figure 3.7B, the
alkylidene proton of each species has a distinct chemical shift and can be used
to monitor the efficiency of termination. Addition of 5 results in a change in the
chemical shift of the alkylidene proton from 18.5 ppm to 19.3 ppm (Figure 3.7B-
(i) and (iii) respectively). After 90 minutes, incomplete conversion of living
polymer (ii) to terminated polymer (iii) is observed. This is attributed to the
relatively poor solubility of 7, which begins to precipitate from solution after 30
minutes. Increasing the length of time for termination and changing the solvent to
DMF did not increase the efficiency of termination. The efficiencies for all TAs are

determined to be quantitative via this method except for 7 (DABCYL).**
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Figure 3.7 Termination efficiency for DABCYL TA 7. A) Synthetic scheme showing
addition of phenyl monomer 3 to a modified 2" generation Grubb’s catalyst (i) to
generate living polymer ii. Addition of termination agent 7 produces a terminated
homopolymer of 3 with termination agent 7 and a functionalized catalyst iii. B) NMR of
the alkylidene proton on i (catalyst), ii (living polymer of 3), and after addition of
termination agent 7 after 10, 45, and 90 minutes (iii).

3.3.2 Polymer Synthesis and Characterization

To demonstrate the utility of tagging with functional TAs, we synthesized a
set of amphiphilic block copolymers end-labeled with dyes and formulated them
into micellar nanoparticles. An amphiphilic block copolymer 341-b-423 was
synthesized using a modified 2™ generation Grubb’s catalyst, and split into 4

portions while living, followed by termination with 7, 8, 9, or EVE. Similar to the
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study performed as described for amphiphilic polymers containing EDANS and
DABCYL monomers generated via ROMP, we chose dye TA combinations
known to operate either as a quencher (DABCYL, 7) or as a FRET acceptor
(rhodamine, 9) of the donor, fluorescein (8). Polymers 10 - 13 are characterized
by SEC-MALS (Figure 3.8A) displaying a major peak at approximately 22 min for
all four polymers. Polymers 12 and 13 display a detectable peak due to a higher
molecular weight species (shoulder at earlier retention times) prevalent in the
light scattering data. We postulate this is due to some aggregation or only due to
small quantities of high molecular weight material as the RI signal is weak
(Figure 3.8B) at 20 min retention times in comparison with the major peak
observed at 22 min. Indeed, percent mass characterization by SEC-MALS
indicates the peak at 22 min contains >99% of the material with a low dispersity

between 1.01 and 1.09 (Table 3.3).
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Table 3.3 Summary of end-group (EG) labeled polymers terminated with TAs 7 — 9.°
End group (i.e. termination agent) ” Degree of polymerization of 3. ¢ Degree of
polymerization of 4. 7 No polymer number given for homopolymer synthesized. ¢ Only

one block was synthesized.
Ph EG Ph
Mes —Nf_\N —Mes "Ru” "Ru" n n
pyc_liIu:-“Ph m equiv. 3 " n equiv. 4
[ e 0= NS0 NS00 0=\ 00 Ao

Ph
n
2 equiv. EG
o
Py /g N /g
Modified 2"¢
Generation ©) 0){ K@ O)VZ '\©

Grubb's Catalyst

Entry Polymer EG?® DP,, (3)° DP, (4)° M, Mw/M,
1 - EVE 41 e 10,380 1.008
2 10 EVE 41 23 18,460 1.009
3 11 8 41 23 18,660 1.035
4 12 9 41 23 18,730 1.033
5 13 7 41 23 21,550 1.088

To further confirm the incorporation of the dye-labeled TAs, polymers 10 —
13 were analyzed by fluorescence and UV-VIS spectroscopy (Figure 3.8C-E).
The emission spectrum of fluorescein was compared to polymer 10 (terminated
with EVE) by exciting both polymers 10 and 11 at 470 nm in DMF and monitoring
the fluorescence intensity at 563 nm. As shown in Figure 3.8C, there is no
detectable peak at 563 nm for polymer 10 as expected, with a significant
increase when fluorescein is incorporated. Similarly, 12 was excited at 543 nm
and the fluorescence intensity monitored at 592 nm, showing observable
fluorescence with rhodamine present, compared to 10 that is lacking any
fluorescent signature. Lastly, the DABCYL labeled polymer 13, was examined via
UV-Vis spectroscopy and compared to 10. As expected, no significant

absorbance was visible at 444 nm for polymer 10, however polymer 13
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containing the DABCYL TA, shows a characteristic absorbance at 444 nm in

DMF.
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Figure 3.8 SEC and spectral characterization for polymers 10 - 13. (A) SEC trace and
scattering intensity of polymers 10 - 13. (B) SEC trace and refractive index for polymers
10 - 13. (C) Fluorescence emission spectra of polymers 10 and 11 with an excitation of
470 nm. (D) Fluorescence emission spectra of polymers 10 and 12 with an excitation of
543 nm. (E) UV-VIS of polymers 10 and 13.
3.3.3 Particle Formation and Characterization

Following this initial characterization, dye-labeled block copolymers 10 -
13 were formulated into particles via slow transition into water by drop wise
addition of water to a 1 mg/mL solution of polymer in DMSO followed by dialysis

against water.* These dye combinations were chosen because fluorescein is a

donor for both rhodamine and DABCYL and can be used to study the assembly
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properties of resulting nanoparticles made up of given ratios of donor to acceptor
carrying polymers."#%% Each of the individual polymers was dialyzed from
DMSO into water (to generate P4 — P7) and was analyzed by DLS and TEM
(Figure 3.9A-D and Table 3.4). To account for any possible self-quenching
(arising from fluorescein), a mixed particle (P8) containing the unlabeled 10 and
fluorescein-labeled 11 was prepared (Figure 3.9E). Mixed dye particles P9 and
P10 were prepared through dialysis by diluting the acceptor into the donor in a
co-solvent (DMSO) such that the amount of acceptor is higher than that of the
donor. It was determined by UV-Vis spectroscopy that P9 contained a 1:9 ratio of
donor-to-acceptor, P10 contained a 1:1.5 ratio of fluorescein-to-DABCYL, and
P11 contained a 1:7 ratio of fluorescein-to-rhodamine. All particles P4 — P11
were characterized by TEM and DLS (Table 3.4 and Figure 3.9A-G). Each of
these particles is spherical in morphology, although some are spherical micelles,

while others are larger, and are likely vesicular (e.g. multilamellar vesicles).
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Figure 3.9 TEM of nanoparticles made of A) P4, B) P5, C) P6, D) P7, E) P8, F) P9, G)
P10, and H) P11. All TEM grids are treated with a 1% uranyl acetate stain.
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Table 3.4 Summary of particles synthesized from polymers 10 — 13. ° Polymer(s) used in
the formulation of particles P4 — P11. ® End group of the polymer after termination. °
Hydrodynamic diameter as determined by DLS. ? Polydispersity index (PDI) as
determined by DLS. ° Concentration of donor-to-acceptor as determined by UV-Vis and
used for fluorescent measurements. " No fluorescent label is used in this particle. 9 Only
a donor or acceptor is present in this sample (i.e. not applicable, na). " Particle used for
CMC measurements. 'Particle used for fluorescence lifetime measurements.

: L g b . J Conc. D:A°
Particle Composition EG Dy” (nm) PDI
(UM)
P4 10 EVE 146.6 0.02489 R
P5 11 Fluorescein 314 .4 0.01418 4.15:na?
P6 12 Rhodamine 312.6 0.05280 na:36.7
P7 13 Dabcyl 111.5 0.08099 na:6.19
EVE,
P8 10 + 11 _ 442 1 0.01482 4.15:na
Fluorescein
h Fluorescein,
P9 11 +12 498.8 0.02155 4.15:37.7
Rhodamine
Fluorescein,
P10 11 +13 204.2 0.03774 4.15:6.19
Dabcyl
; Fluorescein,
P11’ 11 +12 450.3 0.1109 4.15:29.7
Rhodamine

3.3.4. Fluorescent Properties of Nanopatrticles

This set of nanoparticles was analyzed by fluorescence spectroscopy and
lifetime to characterize the fluorescence properties of the singly labeled particles
and mixed nanoparticles. First, a fluorescence emission spectrum was measured
for P5 — P7 while exciting at 470 nm to determine if indeed no significant
fluorescence intensity was visible without fluorescein (Figure 3.10A). Figure
3.10B show the result of exciting P8 at 470 nm, exhibiting a characteristic

fluorescein maximum intensity emission at 522 nm. In mixed particles P9 and



94

P10 a decrease in the overall fluorescein emission intensity was apparent due to
the presence of acceptor. A decrease in the fluorescein emission intensity and an
increase in rhodamine fluorescence at 569 nm were observed for P9, indicating
that the donor and acceptor must be within the Forster radius. In the case of P10,
it illustrates the principle by completely quenching the fluorescein signal by
DABCYL, again indicating that the fluorescein and quencher are in

communication.
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Figure 3.10 Fluorescence emission scans of P5 — P11. A) Fluorescence emission
spectra of P5 (4.15 uyM), P6 (36.7 pM), and P7 (6.19 puM), A = 470 nm, and B)
fluorescence emission spectra of P8 (4.15 uM), P9 (4.15 uM fluorescein, 37.7 pM
rhodamine), and P10 (4.15 uM fluorescein, 37.7 uM DABCYL), A =470 nm.

Although we previously have used this type of donor—acceptor interaction
in determining the upper limit of the critical aggregation concentration (CAC),>
we were unable to do so for these systems as the detection limit of fluorescein is
reached before a loss in FRET-signal intensity is observed (Figure 3.11). Other
common methods used to determine the CAC, including the use of

solvatochromic dyes such as pyrene to observe successful micellization,>®®"
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have not yet met with considerable success in our hands for these ROMP based

micelles. This is possibly due to their high stability.
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Figure 3.11 Critical aggregation concentration (CAC) for P9. A) Fluorescence emission
spectra of P9 at concentrations ranging from 0.3 uyM to 42 uM (Aex = 470 nm). B)
Maximum fluorescence intensity of rhodamine (lsss, Aem = 569 nm) resulting from
excitation of fluorescein (FRET intensity), divided by the maximum fluorescence intensity
of fluorescein (lsz2, Aem = 522 nm) plotted versus total surfactant concentration. At a
concentration of approximately 0.4 uM, a sharp drop is observed due to a loss in
detectable signal. It is concluded that for this particular nanoparticle the CAC is less than
or equal to 0.4 pM.

In addition to determining particle stability, we utilized the direct labeling
strategy to elucidate structural features of the particles. The donor-acceptor (D—
A) distance distribution is determined by analyzing the time-domain intensity
decay of the donor (Figure 3.12A). Therefore, the data is fit as a summation of
donor decays for all accessible D—A distances (Figure 3.12A). The mean
distance between fluorophores, r, is determined by fluorescence lifetime and
plotted as a probability function (Figure 3.12B and C) for both P10 and P11. For

P10 (particle radius from TEM = 50 nm), the mean distance between donor and
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acceptor is, r = 6.57 + 0.14 nm, which is then converted to a decay lifetime tpa

2.66 + 0.23 ns (see experimental). In the case of P11 (particle radius from TEM
75 nm), the mean distance between donor and acceptor is, r = 6.55 + 0.08 nm,
and tpa = 2.23 + 0.13 ns. This change in lifetime indicates that the fluorophores
are interacting with one another, in positions distributed over the surface of the

particles within the Forster radius.
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Figure 3.12 Time-domain fluorescence lifetime analysis of P10 and P11 and distance
distribution of dyes on nanoparticle surfaces. (A) Fluorescence lifetime of P5, P10, and
P11 giving tp = 3.01 + 0.22 ns for unquenched fluorescein, P5. (B and C) A range of
distances, determined from lifetime data, between donor and acceptor in P10 and P11
are plotted and expressed as a probability function P(r). (B) The mean distance between
fluorescein and rhodamine in P11, r = 6.55 + 0.08 nm with decay lifetime tpp = 2.23 £
0.13 ns. (C) The mean distance between fluorescein and DABCYL in P10, r = 6.57
0.14 nm, giving tpa = 2.66 * 0.23 ns. (D) Postulated schematic of the relationship in
space between donor and acceptor (r) for a bilayer (vesicular/multilamellar) or spherical
arrangement left and right respectively.
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3.4 Conclusions
We have described two approaches for the incorporation of functional

groups into polynorbornene via ROMP. These involve dosing in small quantities



97

of modified norbornene for the polymerization of dyes and the use of modified
termination agents for efficient end-labeling. To demonstrate these strategies, we
have prepared several new dye containing monomers and TAs. Furthermore, we
have formulated a variety of the resulting polymers into labeled nanoparticles.

In summary, with an array of strategies in hand for preparing well defined,
labeled polymers, materials can be synthesized that carry a diverse array of
functionality. Here we have described this in the context of fluorescence,
however, ongoing studies in our laboratories involve the incorporation of
peptides, nucleic acids and other types of contrast agents. These studies include
investigations of the utility of such systems in targeting/imaging strategies in vivo.
We contend that it is absolutely critical to the success and progress of relatively
complex nanoparticle systems that we have the ability to easily prepare and
characterize them. Finally, our goal here was not to conduct an exhaustive,
comprehensive study of all possible functional groups of interest, but rather to
demonstrate and contrast easily utilized approaches to achieving polymer

labeling via ROMP.

3.5 Experimental
3.5.1 General Methods

All reagents were purchased from commercial sources and used without
further purification. Anhydrous dichloromethane was purified using a Dow-
Grubbs two-column purification system (Glasscontour System, Irvine, CA).%

Monomers 3, 4, amine monomer used in DABCYL monomer synthesis, diamine
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termination agent, termination agents 8, 9 and Grubb’s 2™ generation catalyst,
(IMesH.)(CsHsN)2(Cl).Ru=CHPh were prepared as previously described.?%:343%63
Polymerizations were performed under dry N, atmospheres with anhydrous
solvents. Polymer dispersity and molecular weight were determined by size-
exclusion chromatography (Phenomenex Phenogel 5u 10, 1K-75K, 300 x 7.80
mm in series with a Phenomex Phenogel 5u 10, 10K-1000K, 300 x 7.80 mm
(0.05 M LiBr in DMF)) or (Jordi Gel DVB 1000A, 500 * 10 mm, (CHCI3)) using a
Shimadzu LC-AT-VP pump equipped with a multi-angle light scattering detector
(DAWN-HELIOS: Wyatt Technology), a refractive index detector (Hitachi L-2490)
and a UV-Vis detector (Shimadzu SPD-10AVP) normalized to a polystyrene
standard. The dn/dc values used were 0.179 (DMF) and 0.166 (CHCIs)
calculated by averaging several runs for homopolymers of 3 assuming 100%
mass elution from the columns. 'H and "*C NMR spectra were recorded on a
Varian Mercury Plus spectrometer (400 MHz) or Varian VX 500 spectrometer
(500MHz). Chemical shifts ('H) and ("*C) are reported in (ppm) relative to the
residual solvent peak. UV-Vis experiments were conducted using a Hitachi U-
2810 or a Thermo NanoDrop spectrophotometer. Fluorescent measurements
were obtained using a Photon Technology International fluorescence detector or
a Horiba fluorolog-3 fluorimeter system. DLS data was obtained on a Wyatt
DynaPro Nanostar. TEM images were acquired on carbon grids (Ted Pella, INC.)
with 1% uranyl acetate stain on a FEI Tecnai G2 Sphera at 200 KV. Fluorescent

lifetime measurements were obtained on a Horiba fluorolog-3 fluorimeter system.
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Mass spectra were obtained at the UCSD Chemistry and Biochemistry Molecular

Mass Spectrometry Facility.

3.5.2 Monomer and Termination Agent Synthesis

Synthesis of EDANS Monomer 1. (8 mL) and triethylamine (110 pL, 0.789

mmol) was added to a dry round bottom flask containing EDANS (200 mg, 0.751
mmol) and norbornene anhydride (118 mg, 0.716 mmol). This mixture was then
stirred at 130 °C overnight under N,. The solvent was removed under reduced
pressure to give a brown oil that was purified by flash chromatography (10%
MeOH, 1% TEA, and CH,Cl,) resulting in 286 mg of a green solid (97% yield) 'H
NMR (MeOD): 8 (ppm) 1.15-1.22 (dd, 2H, CHy) 2.58 (s, 2H, 2 « CH), 3.02 (s, 2H,
2 + CH), 3.34 - 3.37 (t, 2H, CHy), 3.74 — 3.77 (t, 2H, CHy), 6.14 (s, 2H, HC=CH),
6.60-6.62 (d, 1H, Ar), 7.31 — 7.35 (m, 2H, Ar), 7.98 — 8.11 (m, 3H, Ar). *C NMR
(MeOD): & (ppm) 38.57, 42.90, 43.69, 49.15, 105.19, 116.69, 124.04, 125.46,
125.71, 126.79, 128.72, 131.50, 138.92, 142.43, 145.29. LRMS (ESI), 413.05
[M+H]*, HRMS, expected [M+H]": 413.116, found: 413.1171.

Synthesis of DABCYL Monomer 2. A solution of DABCYL (100 mg, 0.37

mmol), DIPEA (128 L), and HBTU (140.83 mg, 0.37 mmol) in DMF was added
to a stirred solution of the amine** (45.75 mg, 0.37 mmol) in DMF (1 mL). The
reaction mixture was stirred under nitrogen atmosphere in the dark for 48 hrs
then concentrated to dryness to give a red/orange solid. Purification by flash
chromatography (3:1, hexanes:EtOAc) gave 2 as an orange solid. 'H NMR

(CDCls): & (ppm) 1.40-1.50 (m, 4H, 2 + CHy), 1.7 (m, 1H, CH), 2.70 (s, 1H, CH),
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2.86 (bs, 1H, CH), 3.10 (s, 6H, 2 » CHs), 3.40-3.55 (m, 2H, CH,), 6.11 (m, 2H,
HC=CH), 6.29 (bs, 1H, NH), 6.78 (d, 2H, 2 * CH, J = 8 Hz), 7.87-7.92 (m, 6H, 6
CH). ®C NMR (CDCls): 8 (ppm) 30.96, 39.23, 40.28, 41.77, 44.39, 45.12, 45.33,
111.43, 122.22, 125.36, 127.72, 134.77, 36.24, 136.91, 143.60, 152.76, 154.98,
167.02. LRMS (ESI), 375.36 [M+H]*, HRMS, expected [M+H]": 375.2179, found:
375.2181.

Synthesis of DABCYL TA 7. DIPEA (258.5 pL, 1.48 mmol) was added to a

stirred solution of the diamine®® (205 mg, 0.371 mmol) in DMF (6.18 mL) and let
stir under N, at room temperature. In a separate flask, a solution of DABCYL acid
(200 mg, 0.743 mmol) in DMF (6.18 mL) with DIPEA (285.5 uL, 1.64 mmol) was
stirred for 5 minutes. HATU (282 mg, 0.743 mmol) was added to the basic
DABCYL solution and was allowed to stir for 3 minutes. The activated DABCYL
solution was added to the diamine termination agent and stirred under N, at
room temperature overnight. The orange solution was then concentrated to
dryness and triturated with cold THF resulting in an orange solid (50% yield). 'H
NMR, (DMSO-ds), 6 (ppm): 8.65 (t, 1H), 7.97-7.79 (m, Ar, 12H), 7.18 (d, 4H),
6.91-6.83 (m, 8H), 5.84 (t, 2H), 4.69 (d, 4H), 3.47 (q, 4H), 3.07 (s, 12H), 2.80 {(t,
3H). *C NMR, (DMSO-dg), & (ppm): 165.71, 156.72, 154.07, 153.02, 129.78,
128.68, 128.43, 125.28, 121.66, 114.78, 111.80, 63.98, 34.41 (note: some peaks
are not visible due to poor solubility and are believed to be under the solvent
peak of DMSO-ds). LRMS (ESI), 829.34 [M+H]", 851.37 [M+Na]’, HRMS,

expected [M+H]": 829.4176, found 829.4184.
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3.5.3 Polymerization Procedures

Synthesis of Polymers 5 and 6. (IMesH2)(CsHsN)2(Cl),Ru=CHPh (29.0 mg,

0.04 mmol) was added to a stirred solution of 3 (324 mg, 1.37 mmol) in dry
CHxCl, (10.7 mL) at -78 °C. The reaction was left to stir under nitrogen while
warming to room temperature. An aliquot of the reaction was removed (0.1 mL)
and quenched with EVE (0.09 mL). To the remaining solution, 4 (185 mg, 0.566
mmol) was added and the reaction was stirred under nitrogen at room
temperature for 90 min. An aliquot of the reaction was removed (0.1 mL) and
quenched with EVE (0.200 mL). The remaining solution was split into 2 aliquots
(5.25 mL each) and treated with either 1 (25.0 mg, 0.061 mmol) or 2 (22.8 mg,
0.061 mmol), after 1 hr the reactions were quenched with EVE (0.20 mL),
concentrated and precipitated by addition of cold ether to give block copolymers
5 and 6 respectively as powders that were characterized by SEC-MALS (Table

3.1 Main Text).

Synthesis of Polymers 10 — 13. (IMesH,)(CsHsN)2(Cl)2Ru=CHPh (8.78 mg,
0.012 mmol) was added to a stirred solution of 3 (153 mg, 0.604 mmol) in dry
DMF (6.7 mL). The reaction was left to stir under nitrogen at room temperature
for 20 min. An aliquot of the reaction was removed (0.1 mL) and quenched with
EVE (0.09 mL). To the remaining solution, 4 (213 mg, 0.604 mmol) was added
and the reaction was stirred under nitrogen at room temperature for 20 min, after
which the solution was split into 4 aliquots (1.65 mL each) and quenched by
adding EVE (0.09 mL), 7 (4.97 mg, 0.006 mmol, 2 equiv.), 8 (8.28 mg, 0.006

mmol, 2 equiv.), or 9 (6.91 mg, 0.006 mmol, 2 equiv.). After 1 hour, each of the
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respective solutions were concentrated to dryness and precipitated by addition of
cold ether to give block copolymers 10, 11, 12, and 13 respectively as glassy
solids that were characterized by SEC-MALS (Table 3.3 Main Text).

Termination  Efficiency Study. A 'H NMR  spectrum of

(IMesH3)(CsHsN)2(Cl);Ru=CHPh (1.9 mg, 2.6 ymoles) in DMF-d; was recorded.
A solution of monomer 3 (10.0 mg, 39 pmoles) in DMF-d7 (0.1 mL) was added to
the NMR tube and vortexed for several seconds to ensure complete mixing. After
15 min a "H NMR was recorded of the corresponding polymer. A solution of TA7
(3.9 mg, 4.68 ymole) in DMF-d; (100 pL) was added to the NMR tube and
vortexed to ensure complete mixing. '"H NMR spectra were recorded at various

time points out to 90 minutes to monitor the reaction.

3.5.4 Particle Preparation

Preparation of P1 and P2. 5 mg of polymer was dissolved in 1 mL of DMF

and transferred to a 3,500 MWCO snakeskin dialysis tubing. This solution was
dialyzed against 1 L of 50 mM Tris, 0.1% NaNs3 at pH 7.4 over 2 days with 2
buffer changes. The resulting opalescent solution was then concentrated by 2
the volume and centrifuged at 13,500 rpm for 5 min. The remaining supernatant
was analyzed by DLS and TEM.

Preparation of P3. 4.1 mg of 5 and 3.6 mg of 6 were dissolved in 1 mL of

DMF and transferred to a 3,500 MWCO snakeskin dialysis tubing. This solution
was dialyzed against 2 L of 50 mM Tris, 0.1% NaNs3 at pH 7.4 over 2 days with 2

buffer changes (note: a small amount of orange precipitate formed during
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dialysis). The orange, opalescent solution was then concentrated by 2 the
volume and centrifuged at 13,500 rpm for 5 min. The remaining supernatant was
analyzed by DLS and TEM.

Preparation of P4 — P7. 1 mg of polymer was dissolved in 1 mL of DMSO

followed by addition of 1 mL of H2O drop wise giving a final concentration of 0.5
mg/mL of polymer in 1:1 DMSO:H,O. This solution was transferred to a 3,500
MWCO snakeskin dialysis tubing and dialyzed against 2 L of nanopure water.
After 24 hrs, the solution was transferred to a 10,000 MWCO snakeskin dialysis
tubing with continued dialysis against 2 L of water for 48 hrs with two water
changes (note: for P7 a small amount of orange precipitate formed during
dialysis, this sample was centrifuged at 13,500 rpm for 5 min prior to analysis).

Preparation of P8. A solution of polymer 11 in DMSO (1.7 pL, 11mg/mL)

and a solution of 10 in DMSO (220 pL, 8.5 mg/mL) were added to 1.7 mL of
DMSO, giving a final polymer concentration of 1 mg/mL (DMSQO). To this
solution, 1.9 mL of water was added drop wise, resulting in an opalescent
solution at a concentration of 0.5 mg/mL (1:1 DMSO:H20). This solution was
transferred to a 3,500 MWCO snakeskin dialysis tubing and dialyzed against 2 L
of nanopure water. After 24 hrs the solution was transferred to a 10,000 MWCO
snakeskin dialysis tubing with continued dialysis for 48 hrs against 2 L of
nanopure water with two subsequent water changes.

Preparation of P9. A solution of polymer 11 DMSO (2.3 pL, 8.3 mg/mL)

and a solution of polymer 12 in DMSO (675 pL/5.6 mg/mL) was added to 3.1 mL

of DMSO, resulting in a final polymer concentration of 1 mg/mL (DMSO). To this
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solution was added 3.8 mL of H>O, drop wise, followed by 30 pL of 4 M NaOH to
keep the solution opalescent. This 0.5 mg/mL solution was then transferred to a
3,500 MWCO snakeskin dialysis tubing and dialyzed against 1 L of nanopure
water. After 24 hrs the solution was transferred to a 10,000 MWCO snakeskin
dialysis tubing with continued dialysis for 48 hrs against 1 L of nanopure water
with two water changes.

Preparation of P10. A solution of polymer 11 in DMSO (1.7 pL, 11 mg/mL)

and a solution of 13 in DMSO (553.1 pL, 6.8 mg/mL) were added to 3.2 mL of
DMSO, resulting in a final polymer concentration of 1 mg/mL (DMSO). To this
solution was added 3.8 mL of H,O, drop wise. The solution was transferred to a
3,500 MWCO snakeskin dialysis tubing and dialyzed against 2 L of nanopure
water. After 24 hrs the solution was transferred to a 10,000 MWCO snakeskin
dialysis tubing with continued dialysis for 48 hrs against 2 L of nanopure water
with two water changes (note: a small amount of orange precipitate formed
during dialysis, this sample was centrifuged at 13,500 rpm for 5 min prior to
analysis).

Preparation of P11. A solution of polymer 11 in DMSO (1.7 pL, 11 mg/mL)

and a solution of 12 in DMSO (200.1 pL, 9.4 mg/mL) were added to 1.7 mL of
DMSO, resulting in a final polymer concentration of 1 mg/mL in DMSO. To this
solution was added 1.9 mL of H,O dropwise. The solution was transferred to a
3,500 MWCO snakeskin dialysis tubing and dialyzed against 2 L of nanopure

water. After 24 hrs the solution was transferred to a 10,000 MWCO snakeskin
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dialysis tubing with continued dialysis for 48 hrs against 2 L of nanopure water

with two water changes.

3.5.5 Particle Concentration Determination

P1 — P3. The concentration of each of the labeled polymers within the
particle solutions was determined by UV-Vis using the following extinction
coefficients: EDANS, e335 = 5,900 M'cm™, DABCYL, e453 = 32,000 M'ecm™. P1 =
86.4 uM, P2 = 23.9 yM and P3 = 54.9 uM with respect to EDANS and 12.5 yM
with respect to DABCYL.

General Procedure for P5 — P11. The concentration of each labeled

polymers within the particle solutions was determined by UV-Vis as follows: A
known volume of stock particle solution was concentrated to dryness and re-
dissolved in a known volume of DMSO and/or DMSO containing 5% NH4sOH and
the absorbance was measured by UV-Vis. The extinction coefficients were
calculated in each of the respective solvents and determined to be the following
(M'ecm™): Rhodamine (DMSO), €, = 164.6 + 13.4. DABCYL (5%
NH4OH/DMSO), €428 = 14,035 £ 2487 and €514 = 2,379 + 283. Fluorescein (5%
NH4OH/DMSO), €428 = 52.1 £ 14.93 and €514 = 4322 + 330.5 (note: no significant
absorbance was measured for rhodamine in 5% NH;OH/DMSO, or for
fluorescein in DMSO).

P5 and P7. 400 uL of P5 and P7 was concentrated to dryness and re-
dissolved in 150 pL of 5% NH4OH/DMSO. [Fluorescein] in P5 = 27.0 yuM.

[DABCYL] in P7 = 41.2 pM.
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P6. 1,200 yL of P6 was concentrated to dryness and re-dissolved in 125
uL of DMSO. [Rhodamine] = 38.6 uM.

P8. 550 pL of P8 was concentrated to dryness and re-dissolved in 125 L
of 5% NH4OH/DMSO. [Fluoroscein] = 6.4 uM. Since the EVE does not have a
specific absorption, the concentration could not be determined by UV-Vis.

P9 and P10. 1,550 pL of P9 and P10 were concentrated to dryness and
re-dissolved in 125 pL of DMSO. [Rhodamine] in P9 = 39.7 uM, P10 = 47.5 uM.
Add 6.25 pL of 5% NH4OH to the solutions to deprotect the fluorescein.
[Fluorescein] in P9 = 4.31 uM, P10 = 6.64 pM.

P11. 225 pL of P11 was concentrated to dryness and re-dissolved in 150
uL of 5% NH4OH/DMSO. The absorbance at 428 nm and 514 nm was measured
by UV-Vis and using equations 1 and 2 below. The concentration was

determined to be 29.7 yM for DABCYL and 19.9 uM for fluorescein.

As2g = €pa28Cp + €Fa28Cr (1)

As14 = €p514Cp + €r514CF (2)

3.5.6 Fluorescence Measurements

Fluorescence of P1 — P3. Particles P1 and P2 were diluted to 54.9 yM and

12.5 pM respectively with 50 mM Tris buffer (pH 7.4). Emission scans of particles
P1 — P3 were performed with Aex = 335 nm (excitation of EDANS).

Fluorescence of P5 — P11. Dilutions of particles P5 - P11 were made

according to Table 3.4. An emission scan was measured for each of the particles
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except P11 (only used for fluorescence lifetime measurements), exciting at a
wavelength of 470 nm.

Distance Distribution Analysis of P5, P10, and P11 via Fluorescence

Lifetime. A range of D—A distances are considered where the distance is
expressed as a probability function P(r) distributed along the r axis. A Gaussian
distribution was used to describe the distance distribution, as in the equation

below:

P = men 25)] @

In this equation 7 is the mean of the Gaussian with a standard deviation of o. The
distance distribution is described by two standard deviations from the mean, with
the probability of finding donor and acceptor within this range as 95.4%. The
donor intensity decay is a summation of the intensity decays for all accessible

distances, and is written as:

1

Ipa(®) = [2 P@pa(r,)dr = 13 [2 P(Fexp [_%__(@)6] dr  (4)

Tp r

This expression indicates that the intensity decay for an ensemble of flexible D—-A
pairs is given by the weighted average of the decays for each D-A distance.
From this analysis, the distance distribution is calculated as 6.57 + 0.14 nm for

P10 and 6.55 + 0.08 nm for P11 shown in Figure 3.12B and C and written as r.
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The lifetime in P10 and P11 (tpa) was then calculated from the standard

treatment of FRET efficiency (E):

RS

= R§+r6 (5)

where Ry is the Forster distance between donor and acceptor, applied as 47 A
for P10 (fluorescein and DABCYL) and 55 A for P11 (fluorescein and rhodamine)
in this work assuming that rotation of the dyes is free and therefore the

orientation factor, k* = 2/3. The transfer efficiency can then be used to calculate

the lifetime of the donor-acceptor (tpa):

E=1-24 ()

In this work, lifetimes of Fluorescein-labeled micelle (P5), fluorescein-DABCYL
labeled micelle (P10) and fluorescein-rhodamine labeled micelles (P11) were
obtained as 3.01 £ 0.22 ns, 2.66 + 0.23 ns and 2.23 £ 0.13 ns respectively from

fluorescence lifetime measurements (see Figure 3.12 in the Main text).
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4.1 Introduction

Magnetic resonance imaging (MRI) is a widely used noninvasive clinical
imaging technique. Many of the current FDA approved MRI contrast agents are
small molecule Gd-poly(aminocarboxylate) complexes such as Gd-
diethylenetriaminepenta-acetic (Gd-DTPA, Magnevist™) and Gd-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (Gd-DOTA, Dotarem™).! These
contrast agents enhance signal in T1-weighted magnetic resonance (MR) images
by shortening the proton relaxation time (T1) of surrounding water molecules.” To
increase relaxivity (r1p) of contrast agents, various parameters can be optimized
including the water exchange rate (ksx) and the rotational correlation time (tr). It
is well known that appending small molecule contrast agents to macromolecular
scaffolds effectively increases relaxivity of contrast agents by slowing '
Appending Gd**-based chelates to dendrimers,?* polymers,*® proteins,”® and
nanoparticles®'® has been shown to result in large enhancements of per Gd**
ri, compared to analogous small molecule contrast agents. Many of these
strategies involve multistep syntheses and chelation reactions performed on
polymers or nanostructures. Herein we describe the synthesis of two norbornene
Gd**-chelates, DTPA and DOTA, that are amenable to ring opening metathesis
polymerization (ROMP). ROMP was chosen as the polymerization method due to
the high functional group tolerance of the modified 2" generation Grubb’s

catalyst employed.'""'®
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4.2 Synthesis and Polymerization of a DTPA Monomer
4.2.1 Synthesis of a DTPA Monomer

A novel DTPA monomer amenable to ROMP was synthesized following
the synthetic scheme outlined in Figure 4.1. We set out to synthesize a DTPA
analogue containing a functional group amenable to conjugation with a
norbornene-containing molecule. For this reason we chose to synthesize a
DTPA chelate with an amine moiety capable of amide coupling onto a
norbornene containing an activated ester (Figure 4.1A). A commercial p-
nitrophenylalanine methyl ester (1) was converted into an aminomethylamide (2)
by addition of a large excess of ethylenediamine, with vigorous stirring to avoid
polymerization, forming compound 2 in a 77% isolated yield. The tri-amine
product (3) was achieved by borane reduction of the amide 2 in a 98% yield.
Alkylation of the free amine was reached by an Sn2 reaction with t-butyl
bromoacetate in DMF with Kl as an additive to make the more reactive t-butyl
iodoacetate species. This resulted in p-nitrobenzyl-DTPA penta-t-butyl ester (4)
in a 50% yield. To finish off the synthesis to 5, the nitro group on compound 4
was reduced under Hy pressure with a Pd/C catalyst to afford p-aminobenzyl-

DTPA penta-t-butyl ester in a 95% vyield.
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Figure 4.1 Synthesis of a norbornene modified DTPA chelate. A) Synthetic scheme for
penta-t-butyl 1-(S)-(p-aminobenzyl)-DTPA 5. B) Synthetic scheme for polymerizable
DTPA monomer 9.

To incorporate the amine functionalized DTPA into a polymerizable
monomer, we first synthesized an activated ester onto a strained norbornene
ring. N-hydroxysuccinimide (NHS) in the presence of EDCI was added to the
commercially available exo-carboxcylic acid norbornene (6) to afford an exo-
norbornene NHS (7) in a 99% yield. Next, p-aminobenzyl-DTPA penta-t-butyl
ester in DMF was reacted with DIPEA and 7 at 135 °C, allowing the production of
8 in a 70% yield. The t-butyl protected DTPA monomer was then deprotected
with a 1:1 mixture of TFA:CHCl; to give the DTPA monomer 9 in an overall 25%

isolated yield.
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4.2.2 Polymerization of DTPA Monomer

To ensure DTPA monomer 9 could be polymerized, we analyzed the
polymerization reaction by NMR following the scheme outlined in Figure 4.2A.
Monomer 9 was dissolved in DMF-d; and analyzed by NMR (Figure 4.2B, t = 0).
Then, a modified 2" generation Grubb’s catalyst was added and again, analyzed
by NMR at strategic time points to determine complete polymerization (Figure
4.2B). It was confirmed that after 30 minutes, all of Monomer 9 was converted to
a homopolymer (Figure 4.2B). At this time the reaction was quenched by addition
of ethyl vinyl ether (EVE). Next, we set out to characterize the dispersity and
degree of polymerization by size exclusion chromatography coupled with multi-
angle light scattering (SEC-MALS), however this was unachievable for this
particular polymer in DMF or CHCIs. In order to achieve our goals in a less time
consuming manner, we decided to move to the synthesis of a Gd-DOTA
derivative that involved less synthetic steps and eliminated the need for any post

polymerization metallation with Gd*".
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Figure 4.2 Polymerization of DTPA Monomer 9. A) Synthetic scheme for the
polymerization of 9. B) NMR time course showing the complete polymerization of 9 after
30 minutes as indicated by the disappearance of olefin peaks, annotated by “*”.

4.3. Gd-DOTA-MA Polymerization and Micellarization
4.3.1 Synthesis of Gd-DOTA-MA Monomer

Due to the ease of synthesis, we moved to the incorporation of Gd-DOTA
monoamide (Gd-DOTA-MA) derivatives. In this section, we describe our
approach to directly incorporate gadolinium Gd-DOTA-MA into polymers and
polymeric nanoparticles. Importantly, this approach allows us to generate

amphiphilic block copolymers capable of assembling into particles of different
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shapes, in addition to preparing completely water-soluble polymers. First, a novel
monomer amenable ROMP is synthesized (Figure 4.3A). An amine monomer
(10) was conjugated with an NHS-modified DOTA in pyridine. Any excess amine
was capped by the addition of acetic anhydride and an aliquot of norbornene-
DOTA was characterized by NMR to confirm successful conjugation (see
experimental). Next, chelation of Gd(OAc)s; afforded paramagnetic compound 12
in a 75% overall yield. Since NMR was no longer a viable option for
characterization, the Gd-DOTA-MA monomer 12 was characterized by HPLC
and electrospray ionization mass spectrometry (ESI-MS) to confirm purity and

correct molecular weight (Figure 4.3B-C).
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Figure 4.3 Synthesis and characterization of Gd-DOTA-MA monomer 12. A) Synthetic
scheme of Gd-DOTA-MA monomer 12. B) Analytical RP-HPLC chromatogram of purified
monomer 12 on a gradient of 8-12% ACN in H,O with 0.1% TFA. C) ESI-MS confirming
the molecular weight of 12.
4.3.2 Synthesis of Gd-DOTA-MA Polymers

After synthesis of Gd-DOTA-MA monomer 12, amphiphilic block
copolymers were synthesized containing hydrophobic monomer 13, with 12
incorporated as the hydrophilic block (Figure 4.4). We reasoned that varying the
block sizes of amphiphilic block copolymers synthesized from monomers 12 and
13 could lead to micellar NPs of different morphologies following NP

formulation.'® Therefore, two sets of polymers with various ratios of 12 and 13, as

diblocks were prepared. In addition, to generate a fully solvated macromolecular
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control as a contrast agent (i.e. a non-particle forming system), a hydrophilic
polymer was synthesized as a diblock from monomer 12 and 14 (Figure 4.4). It
should be noted that a homopolymer was unsuccessfully synthesized due to poor
solubility during polymerization. For this reason, it was always prepared as the

second block.
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Figure 4.4 General synthetic scheme for the polymerization of block copolymers
containing Gd-DOTA-MA monomer 12.
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Table 4.1 Characterization of Block Copolymers Synthesized with Gd-DOTA-MA
Monomer 12. ? Degree of polymerization of block m of monomer 13 or 14 shown
in parentheses. ° Degree of polymerization of block n of monomer 12. ° Number
average molecular weight as determined by SEC-MALS. ¢ Dispersity as
determined by SEC-MALS.

DP, (Mon 13 or

Polymer DP.’ of 12 M,° My/M,?
14)°?

15 210 (13) 4 55,740 1.004

16 42 (13) 2 11,910 1.024

17 104 (14) 17 49,450 1.024

To monitor the polymerization of Gd-DOTA-MA monomer 12, NMR was
no longer a viable option due to the paramagnetic nature of Gd*". For this
reason, we ensured complete polymerization by utilizing RP-HPLC. After addition
of the second block, we analyzed the polymers by RP-HPLC to ensure complete
consumption of 12 (Figures 4.5 - 4.7). Additionally, each of the polymers was
analyzed by SEC-MALS to quantify the number average molecular weight (M),

degree of polymerization (DP) and dispersity (M\/M,) (Figure 4.5 — 4.7 and Table

A B
12.5 0.22 1
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c
7.5 * % 0.14 1 .’."“‘ 13210 (R|)
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2.5 2 i\
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Figure 4.5 HPLC and SEC-MALS of polymer 15. A) Analytical RP-HPLC chromatogram
of reaction mixture demonstrating consumption of monomer 12. An asterisk highlights
the expected retention time of monomer 12. B) SEC-MALS and RI analyses of a
homopolymer of 13 and the final block copolymer of 13,10-b-124 (i.e. Polymer 15) in
CHCls.
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Figure 4.6 HPLC and SEC-MALS of polymer 16. A) Analytical RP-HPLC chromatogram
of reaction mixture demonstrating consumption of monomer 12. An asterisk highlights
expected retention time of monomer 12. B) SEC-MALS and RI analyses of a
homopolymer of 13 and a block copolymer of 134,-b-12; (i.e. Polymer 16) in 50 mM LiBr
in DMF.
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Figure 4.7 HPLC and SEC-MALS characterization of polymer 17. A) Analytical RP-
HPLC chromatogram of reaction mixture demonstrating consumption of monomer 12. An
asterisk highlights the expected retention time of monomer 12. B) SEC-MALS and RI
analyses of a homopolymer of 14 and block copolymer of 14¢4-b-1247 (i.e. Polymer 17)
in 50 mM LiBr in DMF.

4.3.3 Nanopatrticle Formulation

The synthetic strategy outlined in the previous section allowed us to target
three structures: 1) a hydrophilic, solvated polymer (SP) with composition 144o4-
b-1247 (polymer 17), 2) spherical micellar nanoparticles (SMNs) formulated from

13210-b-124 (Polymer 15), and 3) fibril-shaped micellar nanoparticles (FMNSs)
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formulated from 1342-b-12, (Polymer 16). In the case of Polymer 15, slow
transition from DMSO into water results in the formation of monodisperse SMNs
as evidenced by negative stain transmission electron microscopy (TEM) and
dynamic light scattering (Figure 4.8A, Table 4.2). Bright field scanning
transmission electron microscopy (BF-STEM) (Figure 4.8B) shows close packing
of nanoparticles with dark rings around the coronas, indicative of a heavy
element (Gd3+). High angle annular dark field (HAADF)-STEM coupled with
energy dispersive X-ray spectroscopy (EDS) (Figure 4.8 C-E) further confirms
the presence of Gd>* in the shell of the micelle indicated by the bright halos

around the outer edges and characteristic X-ray scattering from Gd**.
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Figure 4.8 Particle characterization by electron microscopy of spherical micellar
nanoparticles (SMNs). A) Negative stain TEM of SMN. B) BF-STEM of SMN. C) HAADF-
STEM of SMN. D) STEM-HAADF of SMN with area chosen for EDS analysis (annotated
as spectrum 2). E) EDS of SMN from the area selected in (D). Iron and copper signals
are artifacts from the specimen holder and copper grid.

Table 4.2. Dynamic Light Scattering (DLS) Characterization of SMN and FMN. °
Hydrodynamic diameter as determined by DLS. ° Polydispersity index (PDI) as
determined by DLS.

Sample Dy, (nm)? PDI?
SMN 36.8 0.02257
FMN 151.4;1913.6 0.0228; 0.1818

In a similar fashion, polymer 16 was slowly transitioned into water from
DMSO via dialysis to generate FMNs (Figure 4.9A and Table 4.2). BF- and

HAADF-STEM coupled with EDS revealed the presence of a heavy metal (Figure
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4.9B-E). The FMN formulation is not an entirely homogeneous phase, but rather
contains a minor component of spherical structures consistent with the findings of
others, indicating that pure cylindrical phases are rather rare (Figure 4.9A-C).%°
However, we assign this formulation to be predominately FMN based on the
shape populations visualized by TEM and STEM analysis (see Figure 4.9A-D). In
the case of SP, as expected, there are no visible NP structures via DLS or TEM
due to the hydrophilic nature of the polymer (data not shown). We note that the
NP formulations are stable as SMN or FMN for periods in excess of 12 months in

aqueous media.
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Figure 4.9 Particle characterization by electron microscopy of fibril micellar
nanoparticles (FMNs). A) Negative stain TEM of FMN. B) BF-STEM of FMN. C) HAADF-
STEM of FMN. D) STEM-HAADF of FMN with area chosen for EDS analysis (annotated
as spectrum 1). E) EDS of FMN from the area selected in (D). Iron and copper signals
are artifacts from the specimen holder and copper grid.

4.3.4 Relaxivity Measurements

To accurately determine the concentration of Gd** in SP, SMN, and FMN,
an NMR assay was developed, taking advantage of the paramagnetic properties
of Gd**. A standard curve was produced with free Gd** at various known
concentrations of nitric acid and D;O. Using inversion recovery NMR
experiments, the 'H relaxation time (T1) was determined using NMR at each of

the pre-determined concentrations in order to obtain the standard curve shown in
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Figure 4.10. The inverse of T (1/T4) is plotted against known concentrations of

Gd** to give a linear slope (r1p) of 13.84 mM'sec™.

D
(3, ]
)

0 - . .
0 1 2 3

[Gd**] (mM)

Figure 4.10 Standard curve of 1/T; vs [Gd*"]. Slope of the line is 13.84 + 0.830
mM'sec™ with an R? value of 0.9992.

With this standard curve, we could determine the Gd>* concentration of
SP, SMN, and FMN. Each sample was digested separately in nitric acid and
inversion recovery analysis by NMR determined the T, time. From the standard
curve in Figure 4.10, it was possible to obtain the concentration of Gd** in each

of the samples and is given in Table 4.3.

Table 4.3 Gd*" concentration of SP, SMN, and FMN.

Sample T, (sec) Gd** Concentration (mM)
SP 1.086 0.267
SMN 0.701 0.408

FMN 0.6543 0.444
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With these Gd** displaying polymers and NPs in hand, we set out to study
the basic relaxometric properties of the three contrast agents: SP, SMN, and
FMN (Figure 4.11, Table 4.4, Table 4.5). At 25 °C and 37 °C, the nuclear
magnetic resonance dispersion (NMRD) profile of all three systems show the
characteristic shape for macromolecular structures due to a reduction in
rotational tumbling rate.?’* The data points in Figure 4.11 were fit using
equations for outer hydration sphere (OS) and inner hydration sphere (IS)
contributions to relaxivity based on classical Solomon-Bloembergen-Morgan
(SBM) theory, incorporating the Lipari-Szabo model for rotational dynamics.21
This model differentiates the local and global tumbling motions of the chelate,
allowing the effect of local molecular motion on ri, to be considered. Notable
features in the NMRD profile show a region of constant relaxivity at low field
strengths (~0.01 MHz — 0.5 MHz, 0.0002 — 0.01 T) for all three structures with a
slightly elevated per Gd*" relaxivity at all field strengths for FMN. Most interesting
is a large maximum relaxivity centered at 20 MHz (0.5 T) followed by a steep
decrease at higher frequencies. The NMRD profiles at 25 °C for SP and SMN are
almost identical with a maximum per Gd** rp at 20 MHz (~0.5 T) of 13.7 mM’
'sec”’, while FMN demonstrates an elevated ri, of 16.6 mM'sec™. When the
temperature is increased to a physiologically relevant temperature of 37 °C, a
noticeable rise in relaxivity is apparent for SMN and FMN but not for SP,
indicative of either different rates of water exchange in the inner hydration sphere

(kex = 1/7v) and/or a different degree of local rotational flexibility (zr).?>
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Figure 4.11 'H NMRD profiles for: A) SP, SMN, and FMN at 25 °C; B) SP, SMN, and
FMN at 37 °C.

The small differences in relaxivity between SP, SMN, and FMN can be
further understood by evaluating the parameters that define relaxivity. It has been
shown that when the residence lifetime (zv) is long (2500 ns at 25 °C, Table 4.4),
this may significantly limit relaxivity, especially in the case of macromolecules
that have a reduced global rotation (trg).>#?* As shown in Table 4.4, each of the
three systems has a =y that is greater than 500 ns, which limits the relaxivity
enhancement. These values are comparable with those reported for
corresponding Gd-DOTA-MA analogues.?> However, at 37 °C this is not the case
for FMN (Table 4.5). Another limiting factor of the relaxivity of these systems is
the local rotational flexibility of Gd** compared to the global rotation of the
polymer or nanostructure. In general, 7z, tends to be much faster than xg, likely
limiting the possible maximum enhancement in ry,.2*" For SP, SMN, and FMN,

all have a w. an order of magnitude less than g, further confirming the
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limitation of this type of chelate in polymer and polymeric nanostructures. The
degree of correlation between 7. and tre is described by the order parameter S?
such that 0 < S? < 1. The other two parameters for electronic relaxation listed in
Table 4.4 and Table 4.5 (AZ, 7,) are empirical fitting parameters and do not
assume a clear physical meaning for these slowly tumbling nano-sized
systems.?®> We note that elevated per Gd** relaxivities of SP, SMN, and FMN as
compared to the mononuclear Gd-DOTA at 20 MHz (1, = 4.2 mM'sec™, 25 °C)
are similar to those seen for other nanoparticle and polymer-based systems.""
Additionally, at 9.4T (400 MHz) all three of these systems converge to almost
identical ri, but at the same time contain enhanced ri, compared to the small

molecule analogues.

Table 4.4 Relaxation parameters obtained from the analysis of 'H NMRD profiles
reported in Figure 4.11A. The parameters are 2*D, g and r with values of 4.0 A, 2.24x10"
*cm?s™, 1 and 3.0 A, respectively; ? let to vary between 400 and 900 ns.

2O, p A Ty TRL TRG 32 ™
(mM7 s™) (10"s7%) (ps)  (ns)  (ns) (ns)®

SP 13.7 1.5 37 0.30 4.6 0.17 700
SMN 13.7 0.9 44 0.21 7.0 0.14 700

FMN 16.6 0.7 50 0.18 3.0 0.25 600
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Table 4.5 Relaxation parameters obtained from the analysis of NMRD profiles reported
in Figure 4.11B. The parameters are *'°D, q and r with values of 4.0 A, 3.10x10°cm? s,
1 and 3.0 A, respectively; ?let to vary between 200 and 900 ns.

Zrip A v TRL TRG 32 T
(mM™s™) (10" s7) (ps)  (ns)  (ns) (ns)®

SP 13.9 1.5 36 0.27 3.2 0.21 620
SMN 15.6 0.9 42 0.19 5.9 0.20 560
FMN 18.5 0.7 49 0.15 2.8 0.25 350

4.4 Conclusions

We have developed a synthetic strategy that allows us to directly
polymerize norbornene based DTPA and Gd-DOTA analogues. While we
successfully polymerized norbornene-DTPA, the lengthy synthesis motivated us
to move toward Gd-DOTA-MA analogues. Polymers containing Gd-DOTA-MA
can be formulated into polymeric and micellar materials of various morphologies.
Our strategy offers the advantage of allowing the formulation of chemically
similar structures via a direct polymerization process leading to well-defined
materials. In the case of nanoparticles, STEM-EDS analysis reveal that Gd** is
present in the corona of NPs, allowing access to water and therefore rendering
them capable of being effective T4 contrast agents. Cyclic NMRD profiles reveal
that at low field strength (~0.5 — 1T) and at 37 °C, SP, SMN, and FMN have
maximum ry, values of 13.9, 15.6, and 18.5 mM'sec™ respectively. These values
are larger than that observed for the mononuclear Gd-DOTA chelate. On going
studies in our laboratory are analyzing the function of different polymerizable MRI

contrast agents for the purpose of enhanced relaxivity. Additionally, we are
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looking into the relaxivity differences between polymerized monomers containing

MRI contrast agents and polymers terminated with MRI contrast agents.

4.5 Experimental
4.5.1 General Methods

Monomer and Polymer Synthesis and Characterization. All reagents were

purchased from Sigma-Aldrich or Macrocyclics and used without further
purification. Molecules 1 — 5 were prepared as previously described.?® 2,5-
dioxopyrrolidin-1-yl-(2S)-bicyclo[2.2.1]hept-5-ene-2-carboxylate (7) was prepared
as previously described.?®  2-(2-aminoethyl)-3a,4,7,7a-tetrahydro-1H-4,7-
methanoisoindole-1,3(2H)-dione (10) was prepared as previously described.*®
(N-Benzyl)-5-norbornene-exo-2,3-dicarboximide (13) was prepared as described

31 Oligoethyleneglycol monomer (14) was prepared as previously

previously.
described.®? (IMesH.)(CsHsN)2(Cl),Ru=CHPh was prepared as described by
Sanford et al.®® Polymerizations were performed under a dry dinitrogen
atmosphere with anhydrous, degassed solvents in a glove box. RP-HPLC
analyses were performed on a Jupiter 4m Proteo 90A Phenomenex column (150
x 4.60 mm) with a binary gradient at a flow rate of 1 mL/min using a Hitachi-Elite
LaChrom L-2130 pump equipped with UV-Vis detector (Hitachi- Elite LaChrom L-
2420). For purification, a semi-preparative Phenomenex Jupiter 4m Proteo 90A
column (250 x 10.0mm) was utilized at a flow rate of 4 mL/min. For both

analytical and semi-preparative RP-HPLC, the following mobile phases were

used: Eluant A = 0.1% TFA in water; Eluant B = 99.9% acetonitrile, 0.1% TFA. H
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(300 and 400 MHz) and ®C (100 MHz) NMR spectra were recorded on a Varian
Mercury Plus spectrometer. 'H and *C chemical shifts are reported in & (ppm)
relative to the residual proton peaks. Mass spectra were obtained at the UCSD
Chemistry and Biochemistry Molecular Mass Spectrometry Facility. Polymer
dispersity and molecular weight were determined by size-exclusion
chromatography (Phenomenex Phenogel 5m 10, 1K-75K, 300 x 7.80 mm in
series with a Phenomex Phenogel 5m 10, 10K-1000K, 300 x 7.80 mm (0.05 M
LiBr in DMF or HPLC grade CHCI3) using a Shimatzu pump equipped with a
multi-angle light scattering detector (DAWN-HELIOS: Wyatt Technology) and a
refractive index detector (Hitachi L-2490) normalized to a 30,000 MW polystyrene
standard using dn/dc of 0.179 for polymers containing monomer 13 and 0.100 for
polymers containing monomer 14.

Nanomaterial Formulation and Characterization. Snakeskin™ dialysis

tubing was purchased from thermoscientific with a molecular weight cut off
(MWCO) of 3,500 or 10,000 g/mol. Hydrodynamic diameter (D) was determined
by DLS using a Wyatt Dynapro NanoStar. TEM was performed on a FEI Sphera
microscope operating at 200 keV. TEM grids were prepared by depositing small
(3.5 pl) aliquots of sample onto grids (~ 2 min, Formvar stabilized with carbon (5-
10 nm) on 400 copper mesh, Ted Pella Inc.) that had previously been glow
discharged using an Emitech K350 glow discharge unit and plasma-cleaned for
90 s in an E.A. Fischione 1020 unit. The sample grid was then stained with 1%
uranyl acetate solution, rinsed with water (~5 pL), and excess liquid was

removed. Micrographs were recorded on a 2K X 2K Gatan CCD camera. STEM
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and STEM-EDS analysis were acquired on a JEOL JEM 2100F TEM equipped
with an INCA (Oxford) EDS detector at the University of Pittsburgh, PA. Samples
were prepared by drop-casting 5 pL of sample onto TEM grids (ultrathin 5 nm A-
type carbon with 400 mesh Copper) followed by slow drying covered on the
bench top for at least 3 hours. Samples were then dried under vacuum for 24-48
hours to remove contamination that would interfere with STEM-EDS. STEM-EDS
data was collected for 180 - 600 s at specific points, using the largest probe size
(1.5 nm electron beam diameter) with a 200 kV accelerating voltage. Images
were collected in bright field (BF) and high-angle annular dark field (HAADF)
modes.

'"H NMRD Profiles. Proton 1/T; NMRD profiles were measured on a Fast

Field-Cycling Stelar SMARTracer NMR Relaxometer (Stelar, Mede (PV), ltaly)
over a continuum of magnetic field strengths from 0.00024 to 0.25 T
(corresponding to 0.01-10 MHz proton Larmor frequencies). The relaxometer
operates under computer control with an absolute uncertainty in 1/T4 of £ 1%.
Additional data points in the range 20-70 and 400 MHz were obtained on a
Bruker WP80 NMR electromagnet adapted to variable-field measurements (15-
80 MHz proton Larmor frequency) Stelar Relaxometer and Jeol ECP
spectrometer (9.39 T), respectively. The 'H T, relaxation times were acquired by
the standard inversion recovery method with typical 90° pulse width of 3.5 ms, 16
experiments of 4 scans. The temperature was controlled with a Stelar VTC-91

airflow heater equipped with a calibrated copper—constantan thermocouple
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(uncertainty of £0.1 °C). The temperature was determined by previous calibration

with a Pt resistance temperature probe.

4.5.2 Monomer Synthesis

Synthesis of Norbornene-Penta-t-Butyl 1-(S)-(p-Aminobenzyl)-DTPA (8).

Penta-t-Butyl 1-(S)-(p-Aminobenzyl)-DTPA (5, 700 mg, 0.898 mmol) and
Norbornene-NHS (7, 211 mg, 0.898 mmol) were dissolved in DMF (22 mL, 0.04
M). DIPEA (311 pL, 1.79 mmol) was added to this stirred solution, placed under a
N2 atmosphere and heated to 120 °C following addition of a condenser head.
After 48 hours, the reaction was cooled to room temperature and purified by flash
chromatography eluting with 1% triethylamine in 1:1 Hexane:Ethyl Acetate
resulting in 590 mg of an amber oil (73% yield). 'H NMR (CDCI3): 8 (ppm) 1.40
(s, 9 H, 3 xCHjs), 1.42-1.46 (2 s, 36H, 12 x CH3), 2.028-2.04 (m, 2H, CH3), 2.12 —
2.16 (dd, 2H, CHy), 2.45 — 2.50 (dd, 2H, CHy), 2.61 — 2.70 (m, 5H, 2 x CHy, 1 x
CH), 2.77 — 2.86 (m, 3H, 2 x CHy, 1 x CH), 2.96 (m, 1H, CH), 3.30 — 3.49 (m,
11H, 5 x CH, 1 x CH), 6.15 - 6.18 (dd, 2H, HC=CH), 7.15 - 7.19 (m, 3H, 1 x NH,
2 x CH), 7.38 — 7.41 (d, 2H, 2 x CH). *C NMR (CDCl3): 8 (ppm) 28.16, 30.59,
41.63, 45.91, 46.32, 47.29, 52.56, 52.96, 53.59, 55.83, 55.92, 56.02, 56.21,
63.20, 80.78, 119.59, 129.75, 135.93, 138.51, 170.72, 171.32. LRMS (ESI)
899.31 [M+H]", 921.25 [M+Na]’. HRMS, expected [M+H]":  899.5740, found:
899.5743

Synthesis of Norbornene-DTPA (9). Norbornene-Penta-t-Butyl 1-(S)-(p-

Aminobenzyl)-DTPA (8, 100 mg, 0.111 mmol) was dissolved in CHxCl, (1 mL,



137

0.111M). Trifluoroacetic acid (1 mL, 13.5 mmol) was then added to the protected
DTPA monomer 8 and stirred at room temperature overnight. The solution was
concentrated to dryness resulting in a gold oil (>99% vyield). '"H NMR (CD30D): 8
(ppm) 1.94-1.98 (m, 2H, CHy), 2.30- 2.32 (dd, 2H, CH,), 2.56 — 2.61 (dd, 2H,
CHy), 2.88 —2.92 (m, 5H, 2 x CH>, 1 x CH), 3.05 - 3.10 (m, 3H, 2 x CHy, 1 x CH),
3.17 (m, 1H, CH), 3.51 — 3.72 (m, 11H, 5 x CHy, 1 x CH), 6.18 (s, 2H, HC=CH),
7.20 — 7.22 (d, 2H, 2 x CH), 7.49 — 7.54 (m, 2H, 2 x CH). LRMS (ESI) 619.34
[M+H]", 641.33 [M+Na]".

Synthesis of Norbornene-DOTA-MA.10 (25 mg, 0.0788 mmol) and DOTA-

NHS*HPFgCF3;CO2H (11, 50 mg, 0.0656 mmol) were dissolved in pyridine
(0.328 mL) and placed on a vortex overnight. Acetic anhydride (0.1547 mL, 1.64
mmol) was added and the reaction mixture was placed back on the vortex for 10
min. The reaction mixture was concentrated to dryness resulting in a highly
viscous translucent yellow oil. The product was purified by semi-preparative RP-
HPLC over a 50 minute linear gradient from 8% to 15% eluant B in eluant A (18
mg, 70%). "H NMR (CsDsN): 8 (ppm) 1.29 (s, 2H, CHy), 2.84, (s, 2H, 2 x CH),
3.15-3.40 (m, 18H, 2 x CH, 16 x CHy), 3.69-3.70 (m, 2H, CH>), 3.88-3.92 (m, 2H,
CHy), 4.04-4.17 (m, 8H, 8 x CH), 6.05 (s, 2H, CH=CH), 8.54 (b.s., 1H, NH), 9.70
(s, 3H, 3 x COOH). *C NMR (CsDsN): & (ppm) 38.29, 43.69, 45.85, 48.87, 51.62,
52.67, 53.04, 56.78, 138.43, 170.34, 173.61, 179.04. LRMS (ESI) 593.37
[M+H]*, 615.33 [M+Na]", 631.26 [M+K]", HRMS, expected [M+H]": 593.2929,

found: 593.2930.
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Synthesis of Norbornene-[Gd-DOTA-MA] 12. 10 (50 mg, 0.158 mmol) and

DOTA-NHS*HPFgCF;CO2H (11, 100 mg, 0.131 mmol) were dissolved in
pyridine (0.655 mL) and placed on a vortex overnight. Acetic anhydride (0.309
mL, 3.28 mmol) was added and the reaction mixture was placed back on the
vortex for 10 min. Gd(OAc)s; (160 mg, 0.393 mmol) was then added to the
remaining solution and placed back on the vortex overnight. The reaction was
concentrated to dryness to give a light brown residue. The product was then
purified by semi-preparative RP-HPLC over a 50 minute linear gradient from 8%
to 15% eluant B in eluant A (50 mg, 75%). LRMS (ESI) 748.21 [M+H]", 770.17

[M+Na]*, HRMS, expected [M+H]": 748.1936, found: 748.1932.

4.5.3 Polymerization Procedures

Time Course Polymerization of Norbornene-DTPA (9). Norbornene-DTPA

(9, 10 mg, 0.0162 mmol) was dissolved in DMF-d; (500 uL) and analyzed by 'H
NMR. This solution was cooled in an isopropanol/dry ice bath and the initiator
((IMesH3)(CsHsN)2(Cl),Ru=CHPh) (0.785 mg, 0.00108 mmol) in DMF-d; (171 pL)
was added. A time course 'H NMR analysis was performed at strategic time
points until complete disappearance of norbornene protons was achieved.
Please see Figure 4.2 for time course 'H NMR.

Synthesis of Polymer 15. The initiator ((IMesH2)(CsHsN)2(Cl),Ru=CHPh)

(2.44 mg, 0.00335 mmol) in anhydrous 7:2 CHyCl»:CH30H (0.129 mL) was
added to a stirred solution of 13 (68 mg, 0.268 mmol) in same solvent mixture

(2.97 mL). The reaction was left to stir in a glove box for 20 min, after which an
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analytical aliquot (approximately 32% by volume) was removed and mixed with
an excess of ethyl vinyl ether for 30 min, then dried under high vacuum to give a
homopolymer of 13 as a solid. Immediately following analytical aliquot removal, a
solution of 12 (25 mg, 0.0335 mmol) in anhydrous 7:2 CH,Cl,:CH3OH (0.08 mL)
was added. The reaction was monitored by analytical RP-HPLC (using the same
conditions described above for compound 12) to ensure complete consumption
of 12. The mixture was left to stir in the glove box for 90 min and then quenched
with excess ethyl vinyl ether (0.0251 mL) for 20 minutes, which was concentrated
to dryness to give a greenish solid. This was used without further purification until
particle formation. The homopolymer and block-copolymer were analyzed by
SEC-MALS (Figure 4.5, Table 4.1).

Synthesis of Polymer 16. The initiator ((IMesH2)(CsHsN)2(Cl);Ru=CHPh)

(3.9 mg, 0.005 mmol) in anhydrous CH>Cl, (0.8 mL) was added to a stirred
solution of monomer 13 (61 mg, 0.24 mmol) in anhydrous CH,ClI, (1.4 mL). The
reaction was left to stir in a glove box for 20 min, after which an analytical aliquot
(approximately 20% by volume) was removed and mixed with an excess of ethyl
vinyl ether for 30 min, then dried under high vacuum to give a homopolymer of 13
as a solid. To the remaining reaction mixture, a solution of monomer 12 (25 mg,
0.033 mmol), in anhydrous CH3OH (0.625 mL) was added immediately following
aliquot removal. The reaction was monitored by analytical RP-HPLC (using the
same conditions described above for compound 12) to ensure complete
consumption of monomer 12. The mixture was left to stir in the glove box for 90

min, and then quenched with excess ethyl vinyl ether for 30 minutes. A small
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aliquot was removed for subsequent analysis. This material was carried on
without further purification until particle formation. The homopolymer and block-
copolymer were analyzed by SEC-MALS (Figure 4.6, Table 4.1).

Synthesis of Polymer 17. Initiator ((IMesH2)(CsHsN)2(Cl),Ru=CHPh) (2.44

mg, 0.00335 mmol) in anhydrous 7:2 CH,Cl>:CH30H (0.1291 mL) was added to
a stirred solution of 14 (95 mg, 0.268 mmol) in a mixture of anhydrous 7:2
CH,Cl2:CH30H (2.98 mL). The reaction was left to stir under nitrogen for 20 min,
after which an analytical aliquot (approximately 32% by volume) was removed
and mixed with an excess of ethyl vinyl ether for 30 min, and then dried under
high vacuum to give a homopolymer of 14 as a solid. To the remaining reaction
mixture, a solution of 12 (25 mg, 0.0335 mmol) in anhydrous 7:2 CHCl,:CH30OH
(0.08 mL) was added, immediately following analytical aliquot removal. The
reaction was monitored by analytical RP-HPLC to ensure complete consumption
of monomer 12. The mixture was left to stir under nitrogen for 90 min and then
quenched with ethyl vinyl ether (0.025 mL). The polymer was used without
further purification until dialysis. The solution was concentrated to dryness to give
a glassy solid. The homopolymer and block-copolymer were analyzed by SEC-

MALS (Figure 4.7, Table 4.1).

4.5.4 Dialysis and Particle Formation

SMN (derived from 15). 15 (75 mg, 1.35 pmol) was dissolved in DMSO

(2.5 mL) and the solution was sonicated until fully dissolved. A solution of 1:1

DMSO:H,O (2.5 mL) was added drop wise. The cloudy polymer mixture was
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sonicated for 15 minutes, then transferred to a 3,500 MWCO snakeskin dialysis
tubing (Pierce) and dialyzed against a 1:1 DMSO:H,O solution (2L). After 24
hours, the milky solution was removed from dialysis and H,O was added drop
wise (2.5 mL) to the polymer mixture. This mixture was then transferred to a
10,000 MWCO snakeskin dialysis tubing and dialyzed against 2L of H,O. After
24 hours, H20O (2.5 mL) was added to the dialysis bag and the dialysate was
refreshed with 2L of H,O. Dialysis was allowed to continue for 24 hours. The
sample was removed from dialysis and the tubing was rinsed with H,O (3 x 1mL)
into the polymer sample. An additional 25 mL of H,O was added to further
solubilize the milky solution and then sonicated for 9 hours. The solution was
placed in a centrifuge at 4000 rcf for 6 min and decanted the solution away from
residual particulate. The decanted solution was used for all further analysis.

FMN (derived from Polymer 16). Half of the reaction volume from the

synthesis of 16 was diluted to 2 mg/mL with respect to the starting materials with
7:2 CH,CIl:CH3OH. This solution was placed into a 3,500 MWCO snakeskin
dialysis tubing and dialyzed against DMSO for 4 hours. The sample was then
dialyzed against 4:1 DMSO:H,0O for 4 hours, followed by 3:2 DMSO:H,0 for 4
hours, followed by 2:3 DMSO:H,0 for 4 hours, followed by 1:4 DMSO:H,0 for 4
hours, then 2 x H,O for 4 hours each to yield a milky suspension.

SP (derived from Polymer 17). CH3;OH was added to 17 (112 mg, 2.26

pmol) to give a final concentration of 0.602 mM in 2.5 mL. A solution of 1:1
DMSO:H,O (2.5 mL) was added to this solution, which remained brown and

translucent. The solution was transferred to a 3,500 MWCO snakeskin dialysis



142

tubing and dialyzed against 1:1 DMSO:H,O (2L). After 24 hours, the solution in
the dialysis tubing had become cloudy. Then 2.5 mL of H,O was added, which
resulted in a clear mixture. The mixture was transferred to a 10,000 MWCO
snakeskin dialysis tubing and dialyzed against 2 x 2L of H,O for 24 hours. The
solution in the tubing remained clear. The aqueous polymer solution was
removed from dialysis and centrifuged at 4,000 rcf for 6 min. To the supernatant
was added 10 mL of H2O. The solution was then sonicated for 5 hours prior to

analysis.

4.5.5 Determination of Gd®>* Concentration

Standard Curve for Gd** Concentration Determination. A 0.1 M stock

solution of GdCl; in H,O was prepared. From this stock, concentrations of 3.0,
1.0, 0.5, and 0.01 mM of Gd** in 2:3:5 HNO3:H,0:D,0 were made. T, relaxations
were determined for each concentration of Gd** using inversion recovery
experiments on a 300 MHz Varian NMR instrument. 1/T1 were averaged for three
separate samples at the same concentration, then plotted to give the standard
curve shown in Figure 4.10. Relaxivity of free Gd*" was found to be 13.8 mM"
'sec™ at the given conditions.

General Procedure to Determine Concentration of Gd** for SP, SMN, and

FMN. In order to determine Gd** concentration, the metal was first stripped from
the chelate using the following procedure. A solution of 80% HNOs3 in water (115
ML) was added to an aliquot of each sample (115 pL). Each mixture was then

heated at 65 °C for approximately 12 hours. The sample was diluted with 230 yL
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of DO and T4 was determined using an inversion recovery experiment on a 300
MHz Varian NMR. Based on ry data obtained from the standard curve described
above (Figure 4.10), the concentration of Gd** could be calculated. The

concentration of stock solutions can be found in Table 4.3.
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5.1 Introduction

The basic physical properties of nanoparticles (NPs), including particle
morphology, can greatly influence their behavior in vivo. For example, Discher
and colleagues demonstrated that fibril shaped NPs have longer circulation times
as compared with spherical and vesicular morphologies when introduced
intravenously into mice." This observation led to the conclusion that particle
shape may be used to control delivery of therapeutic and diagnostic agents in
vivo following intravenous (V) injection.”? We hypothesized that NP morphology
would contribute to the biodistribution and retention of NPs introduced through
intraperitoneal (IP) injection rather than IV injection.® This mode of administration
has been exploited for efficient introduction of diagnostic and therapeutic agents
meant for systemic delivery via uptake in the highly vascularized IP space and in
some cases have proven to be superior for NP uptake.*® Additionally, IP injection
of NPs is proven to be advantageous to IV injection in mouse models of ovarian
cancer.”® Moreover, direct delivery of chemotherapeutic agents to the IP space
is a well-established therapeutic paradigm in the treatment of metastatic
ovarian,®"" pancreatic'? and gastric malignancies.®'® The work presented here is
motivated by the rationale that extended retention of nanoscale materials in the
IP space may have significant implications for IP therapeutic strategies.

Live animal imaging following injection of materials is useful for
determining the mode of retention and biodistribution of NPs; for this reason we
turned to magnetic resonance imaging (MRI). MRI is commonly used for

noninvasive clinical imaging. Herein, we describe our approach to track Gd-
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DOTA based polymeric and polymeric nanoparticles in vivo via MRI of live mice
(see Figure 5.1 for chemical structures). Importantly, this approach allowed us to
compare water-soluble polymers and polymeric nanoparticles of different shapes

with their small molecule Gd-DOTA analogues via in vivo studies.
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Figure 5.1 Chemical structures and morphology of Gd**-based materials for IP
Injections into healthy mice. A) Chemical structure of FDA approved small molecule Gd-
DOTA. B) Chemical structure of solvated polymer (SP). C) Chemical structure and
transmission electron microscopy (TEM) image of spherical micellar nanoparticles
(SMNs). D) Chemical structure and TEM of fibril micellar nanoparticles (FMNs).

5.2 MRI of Gd-DOTA, SP, SMN, and FMN
5.2.1 In Vitro MRI of Gd-DOTA, SP, SMN, and FMN

We assessed the relaxivity of Gd-DOTA, SP, SMN, and FMN via 7T MRI
prior to injection of C57BI/6 mice with these samples. Each sample was analyzed
in triplicate at a concentration of 0.267 mM of Gd**. Contrast enhancement was

visually achieved when compared to water, as shown in Figure 5.2 for Gd-DOTA,
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SP, SMN, and FMN. Analysis of T, results in a relaxivity (ri,, MM 'sec™) of Gd-
DOTA, SP, SMN, and FMN as 4.0, 5.4, 4.6, and 5.2, respectively, at this field
strength (Table 5.1). While the relaxivity differences are minimal, this is still an
enhancement with respect to water, allowing this to be an optimal tool to

visualize the effect of morphology on pharmacokinetics and biodistribution.

Gd-DOTA SMN FMN SP Water

Figure 5.2 Phantoms of Gd-DOTA, SMN, FMN, SP and water at 7T.

Table 5.1 Relaxivity of SP, SMN, and FMN at 7T.

Sample ry (mM'sec™) Std. Dev. ( mM'sec™)
Gd-DOTA 3.97 1.515
SP 5.45 0.191
SMN 4.57 0.208
FMN 5.21 0.170

5.2.2 IP Injections of Gd-DOTA, SP, SMN, and FMN
We hypothesize that an increase in molecular weight and/or size of a Gd-
DOTA containing material will allow for longer IP retention and varied

biodistribution. We employed MRI to assess the differences in biodistribution of
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Gd-DOTA, SP, SMN, and FMN following IP injection into healthy C57BI/6 mice.
These agents were readily imaged with Ti-weighted MRI via contrast
enhancement by their pendant Gd**, as shown in Figure 5.2.

Mice were anesthetized and imaged on a 7T MRI instrument prior to
injection, then further imaged at multiple time points following administration of
each contrast agent. A volume of 550 yL Gd-DOTA, SP, SMN, or FMN was
injected into IP cavities at a concentration of 0.4 mM (concentration with respect
to Gd>* content in aqueous media; three mice per material for a total of twelve
mice). Each animal was imaged continuously for two hours post injection while
under anesthesia then at additional time points under anesthesia with imaging
terminating after one week. Successful IP injections were confirmed in each case
via MR scan immediately following injection (Figure 5.3). Animals were monitored
to determine the in vivo biodistribution and mode of clearance by tracking any
increase in contrast (decrease in T4) in the urinary bladder, kidneys, and liver

compared to pre-injection images.
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Figure 5.3 Anatomical MRI post-injection of contrast agent showing successful
introduction of materials IP. Red arrows indicate contrast surrounding the bowl loops. A)
Anatomical images of mice 1 — 3, 10 — 30 minutes post-IP injection of Gd-DOTA. B)
Anatomical images of mice 4 — 6, 10 — 30 minutes post-IP injection of SP. C) Anatomical
images of mice 7 — 9, 5 — 10 minutes post-IP injection of SMN. D) Anatomical image of
mice 10 — 12, 10 minutes post-IP injection of FMN.

5.2.3 Biodistribution of Gd-DOTA, SP, SMN, FMN

First, a volume of 550 yL Gd-DOTA was injected into peritoneal cavities of
three mice at a concentration of 0.4 mM Gd>*. As an internal standard, the mice
were placed atop phantoms containing various concentrations of Gd-DOTA
ranging from 0.003 to 0.4 mM Gd**. As expected, clearance into the urinary
bladder was seen immediately following injection (Figure 5.4A)'* as indicated by
an intensity increase in anatomical scans. To account for any scan-to-scan

variability, T4 was normalized to the pre-scan phantoms. As shown in Figure



152

5.4A, there is a noticeable T4 decrease in the lumen of this organ. Additionally,
this clearance mechanism was further supported by an increase in intensity and
T4 decrease in the kidneys (Figure 5.5A and Figure 5.6A). Mice were unable to
urinate during the first two hours of scan time due to a constant administration of

anesthesia.
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Figure 5.4 Time progression of contrast enhancement, quantified as T, and
corresponding axial T1-weighted images of the bladder after IP-injection of A) Gd-DOTA,
B) SP, C) SMN, and D) FMN. For mice 1-12, multiple regions of interest (ROI) are
sampled, normalized by comparing the relaxivity of phantoms for each scan to the pre-
injection phantom relaxivity, averaged over the organ in the scan, then converted back to
T, (see experimental for full analysis and description). For sampled time points of each
material, T, times are averaged, and standard error is generated for n = 3 mice.
Anatomical scans are from Mouse 1, Mouse 5, Mouse 9, and Mouse 10 for Gd-DOTA,
SP, SMN and FMN, respectively. Red arrows indicate the urinary bladder.
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A) Gd-DOTA

Figure 5.5 Time point anatomical images of kidneys. Left hand image shows full slice
and the right hand image is magnified to highlight the kidneys (red boxes). A) Kidney
data of mouse 1 injected with Gd-DOTA att = 0, 0.5, 2, and 8 hours. B) Kidney data of
mouse 5 injected with SP at t = 0, 0.5, 2 and 8 hours. C) Kidney data of mouse 9
injected with SMN att = 0, 1, 2, and 8 hours. D) Kidney data of mouse 10 injected with
FMN att= 0, 0.16, 1.5 and 8 hours.
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Figure 5.6 Time progression of contrast enhancement, reported as T1 of kidneys after
IP-injection. A) Gd-DOTA, B) SP, C) SMN, D) FMN.

After demonstrating that a concentration of 0.4 mM Gd** is visible in vivo
with Gd-DOTA, we next investigated the biodistribution and clearance pathway of
water-soluble polymer SP. Similarly to Gd-DOTA, clearance of SP into the
urinary bladder was observed, albeit at a slower rate than the small molecule
analogue (Figure 5.4B). Maximum contrast enhancement observed in anatomical
images and minimum T1 was achieved 2 hours following IP administration, as
with Gd-DOTA, however in the case of SP, material continued to clear as
observed by the slow recovery back to baseline over the following eight hours

(Figure 5.4B). Specifically, after the animal was allowed to urinate (i.e. recover
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from anesthesia), contrast enhancement was again identified in the bladder via a
clear reduction in T4 out to eight hours following injection of the water-soluble
polymer (Figure 5.4B). We conclude that renal elimination of SP was delayed
when compared to Gd-DOTA, presumably due to increased molecular weight of
the former species. Renal clearance is also consistent with contrast
enhancement in the kidneys (Figure 5.5B and Figure 5.6B). Retention of polymer
in the IP cavity is further demonstrated by the observation that visible contrast
enhancement persisted at 2 hours post injection; this phenomenon however is

not observed for Gd-DOTA (Figure 5.7A,B).

A

Figure 5.7 Axial T1-weighted images of the abdomen approximately 2 hours following IP
injection of A) Gd-DOTA into mouse 3, B) SP into mouse 6, C) SMN into mouse 7, and
D) FMN into mouse 11. Red arrows indicate bowel loops of mice lying prone atop five
phantoms. See Figure 5.3 for images that confirm successful IP injection of each
material and each mouse.

Next, nanoparticle formulations of Gd-DOTA-MA were evaluated. SMN
and FMN were injected separately into the intraperitoneal cavity of mice (three

mice per material) and each of the previously described organs was monitored



156

for contrast enhancement and decreased T4. Conversely to Gd-DOTA and SP,
minimal contrast enhancement and concomitant decrease in T4 was seen in the
urinary bladder lumen (Figure 5.4C-D). Additionally, the kidneys did not display
any observable contrast enhancement (Figure 5.5C-D and Figure 5.6C-D).
These findings are consistent with the observation of sustained and significant
contrast enhancement in the IP cavity, remaining robust at 2 hours following
injection (Figure 5.7C-D). In the case of SP, SMN, and FMN, all three mice
displayed a significant amount of contrast in the intraperitoneal cavity 2 hours
post IP injection, presumably from the injection of polymer and polymeric
nanomaterials bearing Gd**. This apparent retention of nanomaterials out to two
hours is in stark contrast to the seemingly complete disbursement of visual
material from the IP cavity less than two hours after injection of the small
molecule contrast agent.

Although a slight decrease of T4 in the urinary bladder is visible following
IP injection of SMN and FMN, it is not enough to conclude this to be the singular,
or dominant mechanism of excretion. An observed decrease of T1 in the liver
reveals that this is perhaps the organ where these NPs are accumulating (Figure
5.8C-D). This mode of accumulation is consistent with other studies examining IP
injection of NPs.®' Additionally, in the case of FMN, it is less clear if
biodistribution is limited to the liver and bladder. Previous studies by others of
different NP systems suggest that IP injected NPs demonstrate delayed uptake
by macrophages followed by uptake in the liver.'® Further studies will be required

to definitively conclude how these materials are cleared in vivo.
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Figure 5.8 Time progression of contrast enhancement, reported as T4, and
corresponding axial anatomical scans of the liver after IP-injection. Any contrast
enhancement in the stomach is due to food, not injected material. Red arrows indicate
the stomach, white arrows indicate a vessel, and blue arrows indicate a ROl in the liver.
A) Gd-DOTA. B) SP. C) SMN. D) FMN.

Lastly, the brain of each mouse was analyzed for any Ti-weighted

enhancement. Contrast agents containing Gd*" have not been reported to pass
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an intact blood-brain barrier."”” Indeed, Gd-DOTA proceeded with out contrast
enhancement in the brain or a significant decrease in T4 (Figure 5.9A). The same
is true for SP and SMN, with only a small fluctuation in T1 and no visual contrast
enhancement. FMN shows more variance in T4 when compared to Gd-DOTA,
SP, and SMN. However, the change is minimal and can be attributed to the small
sampling size and mouse-to-mouse discrepancies. Further studies in vivo with a
larger sampling size are needed to confirm that these materials do not pass the

blood brain barrier.
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Figure 5.9 Time progression of contrast enhancement, quantified as T4, and
corresponding axial Tq-weighted images of the brain after IP-injection of A) Gd-DOTA, B)
SP, c) SMN, and d) FMN. For mice 1-12, multiple regions of interest (ROI) are sampled,
normalized by comparing the relaxivity of phantoms for each scan to the pre-injection
phantom relaxivity, averaged over the organ in the scan, then converted back to T¢ (see
experimental for full analysis and description). For sampled time points of each material,
T, times are averaged, and standard error is generated for n = 3 mice. Anatomical scans
are from Mouse 1, Mouse 5, Mouse 9, and Mouse 10 for Gd-DOTA, SP, SMN and FMN,
respectively. Red boxes outline the brain.
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5.2.4 Ex-Vivo ICP-MS Analysis

One-week post-injection, each mouse was imaged via MRI to determine if
any contrast enhancement was still visible. After confirmation that contrast had
returned to baseline, each mouse was sacrificed and various fluids and organs
were harvested (urine, bladder, gut, kidneys, liver, lungs, and heart). Each
sample was digested in acid and evaluated by ICP-MS to determine Gd**
content. Figure 5.10 shows minimal Gd** remains in the harvested organs when
compared to the initial amount of Gd*" injected. This indicated that although each
of the materials has a longer circulation time and retention in the |IP space when

compared to Gd-DOTA, each is significantly cleared over a 1-week time frame.
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Figure 5.10 Concentration of Gd** determined by ICP-MS found for different organs
and/or fluids excised from mice one week post-injection with Gd-DOTA, SP, SMN, or
FMN. Error bars indicate standard deviation for n = 3 mice except for the urine sample of
FMN where n = 1. Cleared indicates amount injected (64 ppm) subtracted from the total
amount of Gd** accounted for by ICP-MS.
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5.3 Conclusions

Investigation of the in vivo biodistribution of polymeric and polymeric
nanomaterials in healthy C57BI/6 mice following IP injection demonstrate that a
water-soluble polymer, SP, has a slightly delayed but similar pathway of renal
elimination when compared to the FDA approved small molecule Gd-DOTA.
Importantly, we found that the NP formulations of SMN and FMN are retained
significantly longer in the IP space as compared to the small molecule Gd-DOTA.
In all cases, after one week post-injection, Gd*" is undetectable by MRI and
significantly eliminated one-week post injection as determined by ICP-MS. The
exact mechanism of elimination remains unclear at present but preliminary data
show that hepatobiliary pathways may play a role. A detailed analysis of these
pathways is the subject of ongoing investigations in our laboratory in addition to
analogous intravenous studies.

Critically, these results show that particle morphology can greatly
influence the behavior of IP administered materials. This is consistent with other
research studying the behavior of intravenously injected NPs.' We conclude that
macromolecular and/or NP formulation is a promising strategy for prolonged
retention in the IP-space, which offers potential advantages in the treatment of
IP-space malignancies such as metastatic ovarian, pancreatic, and gastric
cancers. Current studies in our laboratory aim to determine circulation half lives
of these materials as well as biodistribution when injected IP and IV. Through

these studies we intend to further define and investigate whether nanoscale
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shape is a viable and tunable parameter for optimization of imaging and

therapeutic agents meant for in vivo use.

5.4 Experimental
5.4.1 General Methods

Gd-DOTA was purchased from Macrocyclics and used without any further
purification. SP, SMN, and FMN were prepared as described in Chapter 4. MR
images were acquired on a Bruker 7.0 T magnet with Avance Il hardware
equipped with a 72 mm quadrature transmit/receive coil. Axial MR images were
acquired using a standard T4-weighted sequence with a repetition time of 3249.2
ms, time to echo of 7.6 ms, with fat suppression, a matrix of 256 x 256, field of
view (FOV) of 4.00 x 3.00 cm, resolution of 156 x 117 microns, slice thickness of
1.00 mm, inter-slice distance of 1.00 mm, 80 slices. T1 contrast was determined
by selecting regions of interest (ROI) using Software ParaVision Version 5.1 from
T4-T2 map with the following parameters: Times to echo of 11, 33, 55, 77, and 99
ms and 6 repetition times of 5000, 3000, 2500, 2000, 1500, and 1200 ms, and a
flip angle of 180°. Female C57BI/6 mice weighing 18 grams were purchased from
Harlan Sprague Dawley. Animals were anesthetized using a 0.5 — 3 %
isofluorane in oxygen solution. All animal procedures were approved by
University of California, San Diego’s institutional animal care and use committee,

protocol S10145. Exova performed ICP-MS analysis.
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5.4.2 Analysis of T Data

To correct for scan-to-scan abnormalities in different mice over 7 days, T4
was normalized to pre-injection phantom relaxivities. Phantoms, consisting of 5
concentrations (0.41, 0.12, 0.033, 0.0095, and 0.0027 mM of Gd*" in H,0) of Gd-
DOTA, SP, SMN or FMN, were included in each scan corresponding to the
material injected. Pre-injection relaxivities were generated for each mouse by
averaging 1/T1 (1) values (sec™) for each phantom concentration over selected
slices of the mouse (The selected slices were those in which the organs of
interest were visible). Then, for each scanning time point after injection, an
average 1/T4 for 5 phantoms were calculated and compared to the pre-injection
relaxivity value to generate an adjustment factor for the scan of interest.
Relaxivity values generated from phantoms for each scan were within (+/-) 1 -
20% of the pre-injection phantom relaxivity. After organ ROI T4 was converted to
1/T4, each was multiplied by the adjustment factor. 1/T4 were averaged over each
organ and then converted back to T1 (msec). Normalized T4 were averaged over
three mice for each time point sampled and each material. Error for urinary
bladder, liver and brain are standard errors, over three mice for each material,
using normalized T, for each specific time point sampled. Error for the kidneys,
renal cortex and renal pelvis are standard deviation in the average of three mice

for the respective organ and time point.
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5.4.3 Ex-Vivo ICP-MS Analysis

One week post injection, each mouse was sacrificed using a lethal
overdose of >5% isofluorane and selected organs harvested (see Figure 5.10).
Nitric acid (900 pL) was added to a measured weight of organ or volume (in the
case of urine) and placed on a shaker overnight, vented. After 12 hours,
concentrated H,O, (50 pL) was added to each of the organ solutions and placed
back on the shaker, vented, for approximately 30 min. An aliquot (200 pL) of the
digested organs was added to distilled DI water (800 pL) and submitted to Exova
for ICP-MS analysis to determine Gd** concentration. The final concentration of

Gd** in each organ is shown if Figure 5.10.
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