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ABSTRACT

The development of polymeric drug delivery devices began five decades ago,
starting with hydrogels in 1960. After that, nano-sized drug carriers were developed to
increase the efficiency of the drug uptake. This has been accomplished by encapsulating
the drug in polymer carriers that increase the circulation time of the drug in the blood,
preventing early adsorption, elimination and targeting the drug where it needs to be
delivered. One of the most important strategies to increase the circulation time of
nanocarriers is PEGylation, in which poly(ethylene glycol) coats the device to prevent

premature elimination from the bloodstream due to protein attachment.

The goal of this project is to compare the protein adsorption onto polymeric
micelles that have either a cyclic or a linear architecture on the hydrophilic coating. We
synthesized PEG-b-PCL amphiphilic diblock copolymers in which the PEG block is
hydrophilic and the PCL block is hydrophobic. First, PEG macroinitiators were
synthesized with either cyclic or linear architectures. The macroinitiators were then used
for ring-opening polymerization of e-caprolactone. These diblock copolymers were self-
assembled into micelles suspended in water by a co-solvent evaporation method. These
two types of polymers (no end groups and end groups) allowed us to study the role of

polymer architecture on protein adsorption and circulation time.
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CHAPTER I
INTRODUCTION

We decided to conduct research on studying the role of PEG architecture in
nanoparticle coatings on protein adsorption because we wanted to improve the current
drug delivery devices particularly in regard to increasing the circulation time of these
devices in the blood. Polycaprolactone (PCL) is used in drug delivery devices due to its
biocompatibility and biodegradability.' Since it degrades more slowly than poly(lactic
acid) (PLA) (i.e. due to the higher hidrophilicity of PLA), the biodegradability can be
tuned by adjusting the amounts of PCL/PLA in a device.” Besides polymeric micelles,
other materials have been used in controlled drug delivery: antibodies and their
conjugates, liposomes, nanoparticles, unimolecular polymeric drugs and conjugates.’
Controlled drug delivery prevents side effects that arise from toxic drug levels and

provides a more consistent drug dose over time.*’

Controlled release also helps patient compliance due to the fact that the drug does
not need to be administered as frequently as in the case of the injection of a drug solution.
Besides its advantages, controlled release systems also have to address certain challenges,

such as drug elimination before achieving a therapeutic effect.



To reduce premature elimination, devices must be small in size (e.g <150 nm) and

must be coated with a hydrophilic layer, usually PEG.*'°

Juliano and Stamp were one of the first researchers to study the effect of particle
size on circulation time. '’ They found that smaller (i.e. unilamellar) liposomes circulated
about ten times longer or more than larger (i.e. multilamellar) liposomes. Devine et al
confirmed these results.'® They found that larger liposomes (i.e. 400 nm) activated the
complement system more effectively than smaller (i.e. 50 nm) ones. These researchers
proposed that the difference in complement activation was due to different requirements
for the assembly and activation of complement proteins. On the more curved surfaces of
smaller liposomes, the proper geometric configuration for efficient complement
activation is apparently less readily achieved than on larger liposomes. Moghimi and
coworkers observed that a higher fraction of larger particles (i.e. 250 nm) were
eliminated from the bloodstream to the liver and spleen than smaller (i.e. 60 nm) ones."’
In 2011, Kataoka and coworkers showed that sub-100 nm micelles are more effective for

efficient delivery of drugs in tumors with poor permeability.*’

Kataoka and coworkers synthesized a PEGylated form of the anticancer drug
adriamicin.® The result was an amphiphilic diblock copolymer, which self-assembled into
micelles in water. The authors injected tumor-bearing mice with either the micelle
suspension or a free-drug solution. They found that the concentration of the free drug
solution decayed completely in 10 h while the micelle suspension decayed more slowly
for a sustained delivery over 50 h.* In this example, PEGylation increased the drug

2



circulation time 5 times. Polymer architecture also affects circulation time. Frechet and
coworkers plotted the half-life of polymer in the blood as a function of molecular weight
for polymers with different architectures. They defined three regions. While the chemical
structures of the polymers were not directly comparable, dendritic polymers had the
longest half-lives at a particular molecular weight, globular and cyclic polymers had
intermediate half-lives, and linear polymers had the shortest half-lives. Linear polymers
can travel through a pore more easily. Cyclic, globular or dendritic polymers need to
deform in order to go through a pore, which presumably increases their circulation time.”!
The significance of the polymer permeability in circulation time can be explained through

the two-compartment model.

The two-compartment model describes a controlled drug delivery device
distribution after injection. After the bolus injection, the drug goes to the blood
compartment where it can either stay or go through pores in the tissues to the tissue
compartment. The drug can travel back and forth between these two compartments or be
excreted through the pores in the kidney. According to this model, the permeability of a
polymer through a pore is one important factor related to the ability of a polymer device
to remain circulating in the blood. The permeability of a polymer through a pore depends

on: molecular weight, branching, molecular conformation, and flexibility.

The increased circulation times by changing the polymer architecture was the
inspiration to prepare micelles using diblock copolymer with different architectures in the
polymer that form the micelle corona (i.e. PEG).

3



Our hypothesis is that micelles prepared with diblock copolymers having a cyclic
PEG block will circulate longer in the bloodstream due to lower protein adsorption.
Lower protein adsorption onto micelles would also correlate with differences in in vivo

micellar blood circulation times.

In this dissertation, I report the synthesis and characterization of PEG-b-PCL
diblock copolymers using two different architectures for the PEG block: cyclic vs. linear.
I also self-assembled these polymers into micelles. The micelles were characterized and
protein adsorption studies showed that the use of a cyclic PEG architecture in the corona

reduces or eliminates protein adsorption onto the micelle surface.

These preliminary in vitro studies are the precedence for future biodistribution
studies that could lead to nanoparticles that circulate in the blood longer and thereby

increase therapeutic efficiency.



CHAPTER II
LITERATURE REVIEW

2.1  Controlled Drug Delivery Devices

Throughout the years, different strategies have been used to improve the
biodistribution and efficiency of drugs. Some of these strategies have focused on
improving the solubility of drugs. One of the early strategies was based on the covalent
attachment of different molecules, macromolecules or antibodies. Later on, other
colloidal carriers were used and consisted of entrapping drugs in a lipid, sugar, or protein
colloid. Finally, drugs have been entrapped in polymeric particles, achieving better

biodistribution, efficiency, reduced toxicity, and targeting.

2.1.1 Need for Controlled Drug Delivery Devices

Classical drug delivery devices have problems associated with reduced efficacy
due to partial degradation of drugs, increased costs associated with excess dosing,
compliance issues due to the pain and frequency of administration, and toxic levels of
administration as shown in Figure 2.1.  According to the Biopharmaceutical
Classification System of Drugs, the bioavailability of class II and class III drugs is also

challenged by their poor water solubility and poor membrane permeability,



respectively.”** Controlled drug delivery devices had the goals to deploy the drug to a
target site, reducing side effects, preventing drugs from degrading, maintaining
therapeutic drug level for prolonged periods of time, having predictable and controllable
release rates, reducing dosing frequency, increasing patient compliance, reducing the

drug costs by improving the cost-effectiveness of the drug device, and improving

bioavailability by increasing solubility and membrane permeability. ***%°
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Figure 2.1: Drug concentration vs. time for injection and controlled release

2.1.2 Advantages of Controlled Drug Delivery Devices

The use of controlled drug delivery devices protects the bioactive compound from
in vivo degradation and promotes storage stability.*** They can also induce highly
localized drug concentrations over extended periods of time (i.e. enhanced permeability
and retention effect (i.e. EPR) in the case of cancer’), which in some cases enables the
development of single-dose treatments.® Microparticles can be easily administered by a

variety of routes, including oral, pulmonary, and parenteral. Microcarriers also reduce



drug elimination from the bloodstream by the complement system. Finally, FDA
approval has been obtained for some biodegradable polymers, including poly(lactic acid)
(PLA), poly(glycolic acid) (PGA), polyanhydrides, and poly(lactic-co-glycolic acid)

(PGLA) for specific applications.

The main requirement of a drug delivery device is biocompatibility, which
includes non-toxicity, non-immunogenicity and the possibility to degrade or excrete the
non-bioactive part of the microcarrier.”? Other desired characteristics of a drug
microcarrier are described in the following phrases.”® The agent to be encapsulated
comprises a reasonable weight fraction of the total carrier system (e.g. more than 30%).
High entrapment efficiency is also desirable, which means that the amount of bioactive
compound used in the encapsulation process is incorporated into the final carrier at a
reasonably high level. Bioactive compounds can be natural or synthetic, and catalyze or
elicit a specific response within a given biological system. Some bioactive compounds
include enzymes, peptides, polysaccharides, phospholipid analogs, antibodies,
polyethylene glycol (PEG), antimicrobial agents and oligonucleotides. The particles
should also be able to be freeze-dried and reconstituted in solution without aggregation.
Saez and coworkers have studied the conditions to stabilize PLGA and polycaprolactone
(PCL) by freeze drying with several bioprotective agents.”” Another requirement for these
particles is to have small size, generally smaller than 5 um, and characteristics that
prevent rapid clearance of the particles from the bloodstream, as will be explained further

in Section 2.3. Control of the drug-release kinetics may be achieved by optimizing the



chemical composition of the diblock copolymers, drug loading, and the size of these

microspheres.

2.1.3 Types of Controlled Drug Delivery Devices

Controlled drug delivery devices can be prepared by three main routes: chemical

modification, drug entrapment in colloidal carriers, and drug entrapment in polymeric

microcarriers. The term microcarrier refers to both microcarriers and nanocarriers unless

indicated otherwise.

One of the main differences between these architectures is the size of the

microcarrier, (i.e. usually the equivalent radius) as indicated in Figure 2.2.

Nanospheres and

Polymer-drug conjugate Nanocolloids .
— e=——————= Veside
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[
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Figure 2.2: Most common sizes for different microcarrier architectures.”®

In chemical modification, the bioactive compound is covalently attached to a
molecule, a macromolecule, or a targeting ligand. This modification may make the drug

more lipophobic or lipophilic, provide the drug with a specific transport mechanism,



and/or reduce toxicity.”> Macromolecules, and in particular polymer-drug conjugates may
also change the internalization pathway of small molecules by bypassing P-glycoprotein
associated multi-drug resistance.”’ N-(2-hydroxypropyl)methacrylamide (HPMA)
copolymer,”® PEG,*"** poly(glutamic acid) (pGlu),*® dextran,*® and cyclodextrin-based’’
polymer are some of the polymers that have had preclinical success for small molecule
conjugation. Conjugates of various anticancer drugs with these polymers are currently in
clinical trials.”®*°

Lipids, proteins, sugars, and surfactants are used for colloidal entrapment of
drugs. When a vesicle is formed by a bilayer of phospholipids, the colloidal carrier is
referred to as a liposome. Vesicles formed by bilayers of surfactants are called niosomes

and the monolayers are micelles.

Polymeric microcarriers have been prepared with different architectures,
including micelles, microspheres, microcapsules, microgels, vesicles, and dendrimers.”®

These types of micromedicines are usually prepared by drug entrapment.”!

Amphiphilic block copolymers self-assemble in aqueous solution to form core-
shell micellar microstructures when the concentration of the amphiphilic copolymer
exceeds the critical micellar concentration. Kataoka and coworkers,42’43, Lavasanifar44,
Torchilin,45 Wooley and coworkers,46 among others, have worked with different micellar
block copolymer devices for drug delivery. Compared to polymer-drug conjugates with

sizes generally around 10 nm or less, nano-aggregates formed through phase-separation



are larger, usually in a range of 20-100 nm for micelles,” and 100 nm to a few

micrometers for polymer vesicles.*”*

Besides forming micelles, amphiphilic block copolymers form vesicles when the
fraction (f) of the hydrophobic domain relative to the hydrophilic domain is controlled
within a certain range (£=0.2-0.42).°°"' Since polymer vesicles resemble liposome

structures, they are also known as polymersomes.*’> Figure 2.3 illustrates the formation

of self-assembled micelles or vesicles depending on the weight percent of the hydrophilic

block.

Compared to liposomes, polymeric vesicles are more stable because their
membrane-making polymers form much stronger hydrophobic interactions than the short
hydrocarbon segments of liposomes. The degradation of PLA and PCL polymersomes

upon hydrolysis has been studied by Discher and coworkers.”

//_\/I
/\_/‘ 4
o~ _

Weight percent of the hydrophilic Weight percent of the hydrophilic block
block f>45 % : micelles f~359% : vesicles (polymersomes)

Figure 2.3: Morphology of self-assembled structure as a function of the weight percent of

the hydrophilic block
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Dendrimer syntheses were first reported in the late 1970s and early 1980s.°%°

They have a unique architectural design: high degree of branching, symmetry,
multivalency, globular architecture and monodispersity. Dendrimers contain layered
structures also known as generations, which extend outwards from a multifunctional core
on which dendritic units are attached. The sizes of dendrimers are in a range of 1-15 nm.
These characteristics are taken advantage of for encapsulating bioactive agents (i.e. host-
guest relation) into the interior or for covalent attachment of drugs (i.e. dendrimer-drug
conjugates). In the past decade, different authors have explored potential applications of
dendrimers in drug delivery.”*®® Drug molecules can be either conjugated on the surface
or encapsulated inside of the dendrimer. Despite numerous designs of dendrimer-based

carriers, only a few of them have been evaluated for their in vivo antitumor activities.®”*

2.2 Biomaterials Used in Controlled Drug Delivery Devices

Polypeptides and biodegradable polyesters are commonly used as polymeric
micellar core-forming blocks. Within polyester monomers, lactic acid and glycolic acid
are commonly used as biomaterials for drug delivery. e-caprolactone, more hydrophobic,
favors encapsulation of more hydrophobic drugs while keeping the desired
biodegradation properties of PLGA. Polycaprolactone is a Food and Drug Administration
(FDA) approved material. A variety of drugs have been encapsulated within
polycaprolactone beads for controlled drug release and targeted drug delivery.’

70,71 . .
'’ which makes it more

Polycaprolactone also possesses good drug permeability,
desirable for a controlled drug delivery or targeted drug delivery material.
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Other advantages of using polycaprolactone include lower acidic environment
generation during degradation compared to polylactides and polyglycolides, and the

ability to form miscible blends with other polymers.’

PLA, PGA, PLGA and PCL have different degradation profiles, which can be
used to tune drug release rates by blending or copolymerizing these polyesters. PEG-b-

polyester polymers have been used to encapsulate different drugs, such as

72-74 1 78
2

indomethacin, dihydrotestosterone,75 FK506,76 nimodipine,77 paclitaxe

doxorubicin,79 docetaxel.®

Apart from the synthetic methods to produce block copolymers, which will be
summarized in the next section, some authors, like Lin and coworkers®! used blends of
polycaprolactone with PEG-containing polymers such as pluronics in order to take

advantage of both polyesters and poly(ethylene glycol) in drug delivery applications.

2.3 Elimination Before Achieving Therapeutic Effect: One of the Main Problems of

Drug Delivery Devices

Even though controlled drug delivery has brought many advantages compared to
traditional drug delivery methods, there are some challenges that need to be addressed.
The main two challenges are the non-selective drug adsorption and elimination before
achieving a therapeutic effect. This elimination can occur either by a passive or an

immune system-mediated mechanism.
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2.3.1 Passive Elimination: Flow Through Pores

The biodistribution of polymer-bound or polymer-encapsulated drugs
administered intravenously can be described by the two-compartment model.** After the
bolus injection, the drug goes to the blood compartment and from there it can diffuse
through pores into the tissue compartment. The drug can also pass through the pores into
the kidney and be excreted. According to this model, polymer permeability through a

pore is the most important property. Figure 2.4 shows a diagram of this model.

Some of the most important variables in polymer permeability are molecular
weight (i.e M, or My,), molecular conformation, branching, and flexibility.?' In order to
prevent elimination from the body via urine, permeation through the kidney should be
reduced. These pores have an average diameter of 5 nm. The general polymer molecular
weight range required to reduce permeability is between 30 and 50 kDa. Other factors
that influence the permeability include the molecular conformation. The polymer
molecular conformation or shape of the polymer in solution depends on the molecular
structure and the polymer’s interaction with the solvent. Some polymer conformations are
isotropic coil, ellipsoidal coil, and rod-like.** The more extended the polymer coil in three
dimensions (for example in the isotropic coil), the lower the polymer permeability. By
the same principle, an increased degree of branching and decreased polymer flexibility
will decrease the polymer permeability because it will prevent the polymer from

deforming to go through a pore compared to a linear structure.”’
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Figure 2.4: Two-compartment model

In order to analyze the effect of molecular weight, molecular conformation, and
branching on circulation time, Frechet and coworkers?' plotted the half life of polymers
in the blood compartment as a function of molecular weight for polymers with different
architectures. In Figure 2.5, the dendritic structures are shown in red and have the highest
half lifes for similar molecular weights. In yellow, cyclic and globular polymers have
intermediate half lifes, and finally linear polymers show the shortest half lifes. These
authors suggest that dendrimers and dendritic structures adopt more rigid conformations

which makes them less prone to deformation.

This limits their ability to pass through pores, leading to longer circulation times.
Although this plot gives valuable insight on the effect of molecular conformation and
branching, it uses polymers with different chemical structures. We believe a better
comparison would be possible using a uniform chemical structure for the different

architectures.
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Figure 2.5: Half-life of polymers in the blood compartment as a function of time

2.3.2 Immune System and Elimination via Opsonization

The immune system is in charge of defending the body against foreign substances
and microorganisms. It consists of mainly three parts: physical barriers, the innate
immune system and the adaptive immune system. Skin and mucous membranes are a part

of the physical barriers.

The innate immune system is a defense that all animals seem to have naturally
since about 500 million years ago. Macrophages make up part of the innate immune
system. They have receptors on their surfaces that recognize certain molecules present in
common microbial invaders: fats and carbohydrates. When a macrophage finds a
bacterium, it first engulfs it in a vesicle called a phagosome, which is taken inside the
macrophage, where it fuses with another type of vesicle, a lysosome. Lysosomes contain
certain molecules and enzymes that can destroy bacteria. This process is called

15



phagocytosis. Other parts of the innate immune system include the complement proteins,
the professional phagocytes, and natural killer cells. Figure 2.6 illustrates how

phagocytosis can convert a bacterium into soluble debris.

. receptors
bacterium@@ phagosome

: g
phagocytosis

. ﬁ phagolysosomes
lysosome

soluble debris

exocytosis

Figure 2.6: Phagocytosis

The complement system consists of 20 proteins and protein fragments that destroy
invaders and send signals to other parts of the immune system regarding the presence of
any foreign body. The proteins that make up the complement system are produced mainly
in the liver, and are present at high concentrations in blood and tissues. Complement
system can be activated through three pathways: alternative, lectin and classical. One
major function of the complement system is to label pathogens and other foreign or toxic

bodies for elimination from the host.**
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In order to increase the circulation time of a particle in the bloodstream, it is
necessary to prevent opsonization through the innate immune system. This can be
achieved by avoiding certain functional groups on the particle surface:*

* Hydrophobic groups (classical pathway),
* -OH and -NH; (alternative pathway),

* Sugar residues (lectin pathway).

A discussion of how to avoid those groups on the surfaces of microparticles will

follow in Section 2.3.3.

2.3.3 Protective Coatings Reduce Opsonization

By coating microcarriers with a hydrophilic substance, their circulation times are

increased. 6%

Apparently, this prevents activation via the classical pathway, but at the
same time may also promote elimination via the alternative pathway. Research on coating
with hydrophilic polymers to improve pharmacokinetics preventing opsonization of
bioactive compounds started in the late 1960’s and early 1970’s with dextran as the
modifying polymer.?’ In 1978, Frank Davis®’ started studies with PEG-enzyme adducts,
his results motivated other authors to use PEGylation in order to improve the
pharmacokinetics of other bioactive compounds.'®!*!1>262838-10pEG 5 highly flexible,
highly water soluble, non-degradable and non-immunogenic. PEG is also biocompatible

and FDA approved for certain drug delivery applications because of its very low

toxicity.'”"'%* PEG is eliminated by renal excretion (PEG<30kDa) or hepatic secretion
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(PEG>20kDa).'” When PEG is used to coat the microcarrier, the particle is referred to as
PEGylated and the process by which it is incorporated, PEGylation.* The influence of the
PEG corona thickness and density, as well as the influence of the nature of the core on the
circulation time was studied by Gref and coworkers.'> Other authors, such as Kingshott
and coworkers,'* Holmberg and coworkers'®” found a reduction in protein adhesion upon

attachment of high density PEG onto surfaces.

The impact of PEGylation on circulation time can be observed in for different
microcarriers. Some other benefits of PEGylation include solubilization of hydrophobic
agents, stabilization of the conformation of proteins, and minimization of enzyme-

catalyzed degradation in blood.

Table 2.1: Pharmacokinetic influence of PEGylated systems in terms of elimination half-

life.*
Parent Drug and Peglated Form Elimination Half-Life (h)
Interferon-a2a 3-8
Pegylated — Interferon-o2a 65
Interleukin-6 0.04
Pegylated — Interleukin-6 3.4
Tumor Necrosis Factor (TNF) 0.05
Pegylated — TNF 2.27
Doxorubicin 20-48
(PEG)-liposomal doxorubicin 45-55
Daunorubicin 0.75-3
(PEG)-liposomal daunorubicin 4
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Jeon and Andrade designed mathematical models to explain the reduction in
protein adsorption onto PE substrates when coated with PEG chains.'”®'"” The model
assumes PEG is a neutral homopolymer with linear and flexible chains terminally attached
to a PE hydrophobic substrate in water which is a good solvent for PEG. According to
these authors, the crucial parameters of the model are the distance between terminally
attached PEG (i.e. a measure of surface density) and the degree of polymerization (i.e. a
measure of chain length). The authors calculated the steric repulsion free energy per unit
surface area using the method developed by Patel and coworkers'® based on the treatment
by de Gennes.'” Patel’s method considers steric repulsion to involve contributions of

osmotic and elastic forces.

Hydrophobic
substrate PEG chains

Hydrophobic attraction
Steric repulsion

vdW opsonin-substrate
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Figure 2.7: PEGylation forces model”™

Figure 2.7 shows the forces included in the model. Jeon and Andrade suggested
that a high PEG surface density and a long PEG chain length are necessary for low protein

adsorption and that the effect of surface density predominates over the effect of chain



length.'”” Harris and Chess pointed out that the PEG polymer along with the associated
water molecules behaves like a shield to protect the attached drug (i.e. bioactive
compound) from enzyme degradation, rapid renal clearance, and interaction with cell

surface proteins, limiting adverse immunological effects.'®

2.4 Ways to Incorporate Protective Coatings

In 1995, Torchilin and coworkers presented PEG coating of liposomes by co-self
assembly of PEG-b-PE diblock copolymers during liposome self-assembly.*® They also
coated particles by either physical adsorption of a polymer onto the particle’s surface or
by chemical grafting PEG chains onto the particle. Harris and Chess developed different
chemistries for covalent pegylation of pharmaceuticals.'® Other ways to incorporate
protective coatings are by covalent modification of dendrimers or colloidal carriers, as
well as the use of amphiphilic diblock copolymers (i.e. the corona block acts as the
coating while the core block entraps or is covalently bound to the bioactive component).

These methods will be discussed in the next three subsections.
2.4.1 Covalent Modification of Dendrimers

Fréchet and coworkers synthesized degradable polyester dendrimers with a bow-
tie asymmetric architecture and PEG monomethyl ether segments.”> They found that

bow-tie dendrimers with M, over 40 kDa exhibit plasma clearance half-lives greater than

24 h, which is significantly longer than linear polymer conjugates with similar M,,.®® The
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branched structure of the dendrimer may attribute to the reduced renal clearance and
enhanced plasma half-lives since the dendrimers are more likely to hinder the glomerular
filtration in the kidney than their linear analogues with similar M,.°' The conjugation of a
large number of insoluble drugs to the surface of dendrimers may result in significantly
increased peripheral hydrophobicity, which may subsequently lead to dendrimer
aggregation and increased polydispersity. Increased hydrophobicity may also lead to
enhanced elimination via the classical pathway. Another major risk in utilizing a highly
branched or dendritic tether is overcrowding. After a certain point, continuing to increase
the number of reactive functional groups in a given area may lead to overcrowding of the
functional groups. In other words, if better PEG surface coverage is desired, more
functional groups need to be in the last dendrimer generation in order to bind PEG chains,

but if they exceed a certain number, steric hindrance will prevent PEG binding.

2.4.2 Covalent Modification of Colloidal Carriers

The use of liposome PEGylation has been studied as an approach for enhancing
the delivery of parenteral chemotherapy agents.''’ Stealth liposomal doxorubicin (i.e.
PEGylated liposomes) showed prolonged drug responses and favorable toxicity profile in
refractory epithelial ovarian cancer in clinical trials.''" Better therapeutic effects were
also found when PEGylated liposomes were used in breast cancer treatment. ''*'!’?

Despite these results, liposomes present some inconveniences such as limited physical

stability and they are difficult to freeze-dry.
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Liposomal physical stability also depends on physicochemical properties of the

entrapped/covalently bound drug, especially if they it is hydrophobic.

2.4.3  Amphiphilic Block Copolymers

Amphiphilic block copolymers in which PEG is the hydrophilic block self-
assemble in aqueous solutions to form micelles. When poly(ethylene glycol) is the
hydrophilic block in the polymeric micelles described previously (i.e. Section 2.1.3),
steric hindrance from the outer shell of PEG molecules increases the circulation time of

44,73,74,77,79,114-118 S .
e Polymeric micelles can accumulate in tumors after

the microparticles.
systemic administration due to the EPR effect (see Section 0). Their biodistribution is
largely determined by their physical and biochemical properties, such as particle size,

hydrophobicity, hydrophilicity of polymers and drugs, and surface biochemical

properties.'"’

The use of amphiphilic diblock copolymers is the preferred method of particle
coating due to the ease and wide variety of methods to synthesize and self-assemble
diblock copolymers with tailored properties for drug delivery.’7>76:115:120-124

The effect of size on polymer micelle biodistribution is organ specific and non-
linear. Therefore, controlling the sizes of micelles in a predefined range can be critical for
desired applications. Parameters controlling the size of micelles include relative length of

polymer blocks, polymer composition, and the solvent and drug used for encapsulation.
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Farokhzad and coworkers,125 found that the volumetric size of PEG-b-PLGA micelles
correlates linearly (linear correlation=0.99) with polymer concentration during self-
assembly. This correlation may be useful for preparing polymeric micelles with desirable

sizes.

2.43.1.1 Configuration

The three main types of block copolymer configurations are diblock, triblock and
graft. Diblock copolymers are the most commonly used configuration. However, triblock

copolymers have been used as microcarriers as well.'**'?’

2.4.3.1.2 Architecture

Polymer chemistry allows the synthesis of a wide variety of molecular
architectures depending on the functionality of precursors, polymerization mechanisms
and other variables. The main types of polymer architectures are branched, crosslinked,
linear, and cyclic. Within the branched category, there are dendrimers, hyperbranched
polymers, stars, and comb polymers. Crosslinked polymers could be network or ladder.
As mentioned in Section 2.3.1, architecture plays an important role in circulation time.
Dendritic and globular polymers circulate longer than linear polymers of similar
molecular weights. In the next subsections, other properties of polymers of different

architectures will be described.
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2.4.3.1.2.1 Linear vs. Cyclic and Hyperbranched Architecture

Molecular architecture affects the bulk and solution physical properties of
polymers, even when they have the same chemical structure. In specific, cyclic polymers
above the entanglement molecular mass and hyperbranched polymers have lower bulk
viscosities than linear polymers.'**"*! Even small linear impurities change the properties
of cyclic polymers to a high extent. Other properties of cyclic and hyperbranched vs.
linear polymers are significantly different. In 1949, Zimm and Stockmayer defined the
ratio of the mean square radius of a branched structure to that of a linear molecule (Eq.

2.1).1%

<Rg2 >branched (Eq. 2.1)

TR,

Where <R2g> is the average squared distance of any point in a polymer coil from
it’s center of mass. Under theta conditions, “g” of ring vs. linear analogues have a value
of 0.5.°*"%° The glass transition temperature decreases with increment of molecular
weight for the case of cyclic polymers down to a plateau value, while T, increases up to
the same plateau value with increasing molecular weight for linear polymers."**"*’ Cyclic
polymers diffuse faster compared to linear polymers with similar chemistry because of

their smaller sizes and spherical shapes.'**'**
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Another difference between cyclic and linear polymers is end groups. Linear
polymers always have end groups, whereas cyclic polymers do not have end groups,
unless polymer chains are grafted onto the cyclic backbone. The lack of end groups with
cyclic polymers might reduce chemical interactions with other molecules. For example,
hydrophobic CH3 end groups of monomethyl ether linear PEG activate the classical
elimination pathway (i.e. Clq opsonins), while OH end groups of PEG activate the
alternative elimination pathway (i.e. C3b opsonins).® Alternatively, cyclic PEG should
not interact with Clq or C3b, leading to a better protection against opsonization. An

introduction to these immune system pathways was presented in Section 2.3.2.

2.4.3.1.2.2 Hyperbranched Polymers

There are 6 main types of dendritic architectures: dendrimers, linear-dendritic
hybrids, dendrigrafts or dendronized polymers, hyperbranched polymers, multi-arms star
polymers and finally hypergrafted polymers. Only the first three structures have a degree
of branching (DB) equal to 1.0."* Figure 2.8 shows the six different types of dendritic
structures. The rest of this section will concentrate on hyperbranched polymers. The main
differences in properties between hyperbranched polymers and linear polymers are due to
the presence of branching and the large number of terminal functional groups. Two of the
main properties that differentiate hyperbranched polymers from linear polymers are their
high solubility in a variety of solvents and their low viscosity at similar molecular

weights.'*
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Figure 2.8: Types of dendritic structures

The term hyperbranched was coined in 1990 by Kim and Webster, who where
studying ways to mimic micellar structure.'* They prepared a hyperbranched structure
by homocoupling of (3,5-dribromophenyl)boronic acid under modified Suzuki

conditions.

2.5 Synthetic Methods to Produce Polyesters

Polyesters have been used since immemorial times. One example is shellac, a
naturally occurring aliphatic polyester, whose usage was described in the Mahabharatha,

written around 3000 B.C.'*" This biodegradable resin is a mixture of aliphatic
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poly(hydroxy acid) lactones and polyesters. It was initially used in protective coatings.
The success of shellac inspired Leo Bakeland in 1907 to synthesize Bakelite, one of the
first polymers obtained from synthetic components. Bakelite and other phenol-
formadelhyde resins have high strength and dimensional stability, combined with good
resistance to impact, creep, solvents, and moisture."*® In particular, aliphatic polyesters
can be synthesized using two main synthetic approaches: polycondensation and ring-
opening polymerization (ROP). This review gives a general introduction to different
synthetic procedures to produce aliphatic polyesters, centered on the conditions for
coordinative ROP of g-caprolactone using tin(II) ethylhexanoate, also known as Sn(Oct),

as catalyst, including temperature, and the use of Lewis bases.

2.5.1  Polycondensation

Aliphatic polyesters can be synthesized by polycondensation of diacids and
dialcohols or self-condensation of hydroxyacids. Some examples of commercially
available polyesters produced by polycondensation of glycols with aliphatic dicarboxylic
acids that are found under the trademark BIONOLLE are poly(butylene succinate),

47 Some of the

poly(butylenes succinate-adipate), and poly(ethylene succinate).
disadvantages of this procedure are the need for high temperatures (140-190 °C), long
reaction times, removal of reaction by-products, and a precise stoichiometric balance
between reactive acid and hydroxy groups. Also, very high conversion is required to

reach sufficiently high molecular weight for the polymer to have useful mechanical

properties. Moreover, a high degree of polymerization is difficult to achieve by this
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method because of side-reactions and the volatilization of monomers, which leads to a

stoichiometric imbalance of reactants.

2.5.2  Ring-Opening Polymerization (ROP)

Ring-opening polymerization of lactones, cyclic diesters (lactides and glycolides)
is an alternative method to polycondensation, and has been used to synthesize high
molecular mass polymers under relatively mild conditions, in bulk and in solution (THF,
dioxane, toluene). This polymerization method has limited side-reactions, which makes
it possible to control properties like molecular weight and molecular weight distribution.
These side reactions are intra- and intermolecular transesterifications. Intermolecular
transesterification leads to cyclic oligomeric structures. Different methods can be used
for ROP, including free radical, anionic, carbocationic, zwitterionic, enzymatic, the use

of N-heterocyclic carbenes, and coordinative using metal catalysts.

The monomers that have been used for ROP include lactide, 1,4-dioxane-2,5-
dione (i.e. glycolide), B-propiolactone, B-butyrolactone, y-butyrolactone, 6-valerolactone,
e-caprolactone, 1,5-dioxepan-2-one, pivalolactone, 1,4-dioxane-2-one, 2-methylene-1,3-
dioxolane, and 2-methylene-1,3-dioxepane, among others. Some of these monomeric

structures are shown in Scheme 2.1.
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Scheme 2.1: Examples of cyclic monomers for ROP

Even though the entropy change during polymerization is negative, the
polymerization is feasible due to the negative change in enthalpy. For highly strained
(three and four membered) rings, the driving force is the release of angular strain
(Bayer’s strain). The presence of substituents at the ring carbons further increases the
strain and thus increases the exothermicity of the reaction. In medium sized rings, such as
e-caprolactone, the relief of torsional strain (eclipsed interactions) and intramolecular
crowding (transannular strain) is the driving force. ROP of lactones may proceed by

either acyl-oxygen or alkyl-oxygen scission, as shown in Scheme 2.2.
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Scheme 2.2: Acyl-oxygen or Alkyl Oxygen Scission in ROP

2.5.2.1 ROP by Free Radical

ROP by the free radical method consists in the use of a free-radical initiator such
as t-butyl hydroperoxide, t-butyl peroxide, and cumene hydroperoxide, with monomers
that contain a vinyl group such as cyclic ketene acetals. This method has been used for
the synthesis of poly(y-butyrolactone), which cannot be prepared by the usual lactone
route due to the stability of the five-membered ring towards ROP. In 1985, Bailey

8 He confirmed that the

reviewed free radical ring closing and ring opening reactions.
free radical ring opening polymerizations are rare. The reason for this being that

unstrained five-and six-membered carbocyclic rings are usually involved in ring-closing

reactions rather than ring opening.
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Scheme 2.3: Synthesis of 2-methylene-1,3-dioxolane

The few examples of free radical polymerization reported involve cyclopropane
derivatives or highly strained bicyclic olefins. In 1948, McElvain and Curry synthesized
2-methylene-1,3-dioxolane and poly(y-butyrolactone) using benzoyl peroxide at high

temperatures as shown in Schemes 2.3 and 2.4, respectively.

31



O
di-t-butyl
O peroxide
=< > 0]
160 °C X
[

R repeat

R o R (R
—_—
S ] ¥C\ J
11 O O

1A%

Scheme 2.4: Synthesis of Poly(gamma butyrolactone)

2.5.2.2 ROP by Anionic Mechanism

Anionic ROP uses initiators such as alkali metals, alkali metal alkoxides (lithium,
sodium, or potassium), alkali metal naphthalenide complexes with crown ethers, and
alkaline metals in graphite, as shown in Scheme 2.5. When the cycle contains greater
than four atoms, chain growth takes place by acyl-oxygen bond scission leading to the

formation of alkoxide end groups. Intra- and intermolecular transesterification reactions
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in ring-opening anionic polymerization have been observed, as well as proton transfer.'*’
The current interest in ionic ROP (i.e. anionic and cationic) has diminished compared to

the use of coordination catalysts due to the low selectivity towards propagation.

R
0 Initiation
- fE —> O 0-
CH3O + d R
O

R R 0]
0] _ Propagation
O n %E -~ O 0O 0
- \’ 0™ T dAR 1\|
o) O R

Scheme 2.5: Methoxide-initiated anionic ROP

2.5.2.1.1 ROP by Cationic Mechanism

Cationic ROP is not as efficient as anionic polymerization for obtaining high
molecular weight polyesters. This is due to the higher occurrence of intramolecular
transesterification (cyclization), proton and hydride transfer reactions. Initiation proceeds
by the use of protonic acids (i.e. HCl, RCOOH, RSOs3), Lewis acids (i.e. AlCls, BFs3,
FeCls, ZnCl,) in the presence of a proton or carbenium ion source, stabilized
oxocarbenium ions [Ets;O'BF;], and oxocarbenium ion acylating agents
[CH3CO]'[OCl,]". Proton transfer to monomer, followed by ring opening and insertion

into the chain, initiates the reaction when H' is the initiator, as shown in Scheme 2.6.1%°
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Scheme 2.6: Cationic ROP

2.5.2.1.2 N-Heterocyclic Carbenes

N-Heterocyclic carbenes are very efficient nucleophilic catalysts for ROP of
lactones. They are attractive compared to coordinative catalysts because they do not leave
metallic impurities behind, which would hinder polymer applications in medicine and
microelectronics. Due to their high catalytic activity, polymerizations are carried out at
lower temperatures compared to coordinative catalysts (i.e. 25-40 °C vs. 50-130 °C),
which is also attractive commercially. The polymerization of different lactones is well
controlled. For example, polymerization of 200 equivalents e-caprolactone, using benzyl
alcohol as the initiator and 1,3 dimethylimidazolium iodide as precatalyst, at 25 °C in
THF for 6 h achieved 98% conversion and gave PCL with DP,=188 and PDI=1.16, as

shown in Scheme 2.7.'%!
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Scheme 2.7: e-caprolactone polymerization in the presence of 1,3 dimethylimidazolium

iodide

2.5.2.1.3 Coordinative Ring-Opening Polymerization

In coordinative ROP the propagating species is covalently bonded rather than
ionic as in anionic and cationic ROP. As a result, the reactivity and the polymerization
rate are reduced, which leads to fewer amounts of side reactions. Different
organometallic initiators have been used. In coordinative ROP, metal alkoxides act as
initiators. Kinetic first order in monomer and first order in initiator is observed for

alkoxides generated in situ.'>

2.5.2.1.3.1 Types of initiators

The most common initiators for coordinative ROP are dialkylaluminum
alkoxides, aluminum trialkoxides, and metal carboxylates. Metal carboxylates are not
accually initiators themselves but react with alcohols (and water) present in the
polymerization system to give metal alkoxides that are the actual initiating species. As
noted above, the most prevalent side reactions for this polymerization are inter- and

intramolecular transesterification reactions. The intramolecular reactions result from
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backbiting. Scheme 2.8 illustrates backbiting, which reduces the molecular weight,

generates small cyclic oligomers, and broadens the polydispersity.

OJ\.:J\./‘
uv‘.,tg M/(:):\P ) O=2/OJ\JNVL§

Scheme 2.8: Backbiting in Polyester Synthesis

Backbiting reactions depend both on the metal compound used as initiating
species, and the ligands surrounding them. According to Agarwal and coworkers,'> a
good catalyst for coordinative ROP has bulky ligands shielding the active center from the

growing polymer chain, thereby reducing transesterification reactions.

2.5.2.1.3.1.1 Dialkylaluminum alkoxides

R
Al—O-R
R

Scheme 2.9. Structure of a dialkylaluminum alkoxide

36



The typical structure of a dialkylaluminum alkoxide is shown in Scheme 2.9.
Depending on the size of the substituents, dialkylaluminum alkoxides can be present as
monomeric, dimeric, or trimeric species in solution; i.e. aggregates are in equilibrium
with monomeric structures. The rate of interconversion depends on solvent, temperature,
and the R and R’ substituents. The aggregates are broken up in polar and nucleophilic
solvents that are able to coordinate with Al atoms. If the solvent complexes stronger than
the monomer itself, the “initiator” may be exclusively monomeric, but initiation may not

take place at all or become very slow.

The degree of aggregation is a result of two opposing factors. Enthalpy dictates
aggregation, because aggregation is exothermic. However, aggregation is endoentropic
since at least translational entropy is lost when aggregates are formed. If the substituents
R and/or R’ are large, crowding causes repulsion and higher aggregates (e.g. trimers)
cannot form. For example, diethylaluminum methoxide forms mostly a trimer, whereas
diisobutylaluminum methoxide forms mostly a dimer."*’ The alkyl groups stay intact on
Al and only the alkoxy group is involved in initiation. e-Caprolactone polymerizations
initiated by diethylaluminum methoxide, diethylaluminum allyloxide, and diisobutyl
aluminum methoxide in THF at 20-25 °C were well controlled with low PDI
(1.03<PDI<1.13) and no backbiting."** Examples of these aluminum catalysts are shown

in Scheme 2.10.

o~ <|)/
NN )\/Al\)\

Scheme 2.10: Examples of dialkyl aluminum catalysts



These initiators would be ideal for a controlled polymerization of g-caprolactone,
except that when a particular end group is required in the polymer, that functionality need
to be introduced first during the synthesis of the aluminum alkoxide initiator. For
example, Hamaide and coworkers'>® synthesized an aluminum benzyl alkoxide supported
on silica, and used benzyl alcohol in excess to synthesize benzyl ether-terminated PCL.
Figure 1 shows how polymerization and transfer occurs. Scheme 2.11 is an interpretation
of what the authors describe in their article. However, the reaction scheme presented by
the authors is shown in Scheme 2.12 shows a divalent Al and appears to be a mistake.

These authors do not report PDI although their GPC traces correspond to narrow MWD.

O}R
0 4.,0)LM: U
O—-(/ Si—0-Al r
e (0] [~
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o] 07 .’.Q
0-R %,O'JH\’T\O”“R
Si—0-Al E—— Si-0-AIJ}
0— -~ to. ‘
O—R O*QO \ \“/{/\ho-):R
- \ o)
. 0-R 0+R
RO Si—0-Al’ bl H:*OJ\M* "
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Scheme 2.11 e-caprolactone polymerization initiated by benzyl alcohol using a

heterogeneous catalyst. (Scheme drawn according to concept presented by Hamaide and

coworkers.'*)
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Scheme 2.12 Metal Alkoxides: Trialkoxyaluminums Al(OR); and related compounds

(Sn(OR),, Fe(OR)s, Ti(OR)y)

In the family of metal alkoxides, the most often used and the most thoroughly
studied is aluminum tri-isopropoxide, although the highest reported molar mas obtained
in fully controlled conditions, used Sn(O"Bu)."”® When metal alkoxides are used as
initators, all of the alkoxide groups initiate polymerization."””” Aluminum isopropoxide
exists as aggregates differing in reactivities. The rate of exchange between trimer (Aj)
and tetramer (A4) is slow enough to highly influence the kinetics of polymerization. In a
mixture of Az and A4, Az reacts with e-caprolactone, initiating polymerization
quantitatively, whereas A4 remains almost unreacted, even after all of the e-caprolactone

has been consumed in propagation. 149,158

Alkoxides of other metals (e.g. Sn(O"Bu),, Fe(OEt);, or Ti(O'Pr); behave

similarly to AI(OR);. Initiation of L,L-lactide with tin butoxide at 80 °C in THF gave a
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polymer with 1.12<PDI<1.84."°° The 10° greater reactivity of tin(I) dialkoxides
compared to Al trialkoxides can be explained by the larger ionic radius, Sn (140
picometers) compared to Al (125 picometers), 1 picometer= 1x10™' m, resulting in a
stronger polarization of the tin-oxygen bond. Sn(II) compounds are also more reactive
than their Sn(IV) counterparts, which can be explained by the better steric accessibility of
the tin atom in the divalent derivative and its greater ability to coordinate the approaching
monomer molecule. The electron donation of four alkyl groups also decreases the

reactivity of Sn(IV) towards nucleophilic agents.'*

2.5.2.1.3.1.2 Metal Carboxylates

Carboxylates are less nucleophilic than alkoxides and apparently behave more
like a catalyst than an initiator. In fact, metal carboxylates alone do not initiate
polymerization.'”'%? Tin(II) 2-ethylhexanoate, Sn(Oct),, is a common example of this
type of compound. However, carboxylates are not truly catalysts either. These metal
compounds react with hydroxyl-containing molecules to form alkoxides, which are the
actual active species. If no active hydrogen compound is added, the actual initiating
species may be hydroxyl-containing impurities. Many authors have pointed how the
relationship

_ [M]o—=[M]eq

DP, = (Eq. 2.2)
[I]o
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does not hold for Sn(Oct), as a catalyst and an ROH as initiator of ROP but for alkoxides
such as Sn(O"Bu), and aluminum isopropoxide.'**'**!'®* In essence, the only difference
between the Sn(OR); and the Sn(Oct),/ROH system is the presence of octanoic acid in
the polymerization medium, and the fact that Sn(OR), is preformed, whereas Sn(Oct),
and ROH react in situ to form the alkoxide in an equilibrium reaction. The role of
octanoic acid has been studied:">*'®! it decreases the rate of polymerization, does not
influence the molar mass, and can form octanoic ester end groups. The inhibiting effect
is due to the reversible conversion of the active and inactive states of the growing
species.'”” " Dubois and coworkers compared the results obtained using preformed
diethylaluminum alkoxides with those in which the alkoxides were synthesized in situ.'**
They found that the polymerization with preformed alkoxides is well controlled (i.e.
1.05<PDI<1.2) and less controlled for the in situ synthesized alkoxides (i.e.
1.4<PDI<1.8).""* The authors explain the differences in results due to an exchange
reaction between the aluminum alkoxide groups of the initiator and the unreacted alcohol,

as shown in Scheme 2.13.
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Scheme 2.13: Alcohol exchange in aluminum Alkoxide-Initiated ROP
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This could explain why Eq. 2.2 usually holds when alkoxides are used as initiators, but

not when metal alkoxides are used as catalysts.

The reactions proposed by Penczek and coworkers'® to occur for the
polymerization of lactones in the presence of carboxylates are show in Scheme 2.14 using

CL as an example.

In Eq. 2.3, Sn(Oct), reacts with a hydroxyl-containing compound to generate a tin
alkoxide, which is the species that initates the polymerization. In Eq. 2.4, a tin dialkoxide
is formed by reaction of the monoalkoxide with another ROH molecule. Eq. 2.5 is the
initiation reaction with the tin alkoxide reacting with an e-caprolactone molecule. In Eq.
2.6, the monomer reacts with the tin alkoxide chain end to propagate polymer chains. In
Eq. 2.7, 2-ethylhexanoic acid (OctH) displaces the Sn alkoxide in the propagating chain
to deactivate the PCL chain. This chain can be reinitiated by reaction with Sn(Oct),. In
Eq. 2.8, dormant chains are reinitiated by reaction of the hydroxyl polymer end group
with tin octoate. In Eq. 2.9, ROH reacts with a propagating chain, deactivating the chain
and generating a tin alkoxide. ROH would serve as a chain transfer agent. This
propagating chain can be reinitiated by reaction with Sn(Oct),, as in Eq. 2.3 and Eq 2.4.
In Eq. 2.10, OctH reacts with the propagating chain, in an irreversible-termination, to
generate a dead chain and tin hydroxide. In Eq. 2.11, the Sn hydroxide initiates a
propagating chain leading to a “water-initated” polymer distribution after hydrolysis,
which cleaves the bond with tin. In Eq. 2.13, ROH acts again as a chain transfer agent,
but this time leads to a “water initiated” polymer distribution. Finally, in Eq. 2.14, OctH
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reacts with a propagating chain leading to an irreversible-terminated polymer chain and a

Sn alkoxide.

o e—
Sn(Oct), +ROH ~ ——>  OctSnOR + OctH (Eq.2.3)
i e——
OctSnOR +ROH ~ ——  Sn(OR); + OctH (Eq.2.4)
A
-SnOR+CL ——— __-SnO-CL-R (Eq.2.5)
-SmOR +nCL —— __-SnO-(CL)=-R (Eq. 2.6)
. -SnO-(CL)x-R + OctH ——— ___-SnOct + HO-(CL)z-R (Eq.2.7)
A
HO-(CL)z-R + Sn(Oct)y — = OctSnO-(CL)x-R + OctH (Eq.2.8)
P A
...-SnO-(CL)=R+ROH — > ._.-SnOR + HO-(CL)=-R (Eq.2.9)
..-Sn0-(CL)=R + OctH — > ___-SnOH + Oct-(CL)=-R (Eq. 2.10)
<
.-SnOH +nCL ———— __-SnO-(CL)x-H (Eq.2.11)
.-SnO-(CL)x-H + OctH ———> __-SnOct + HO-(CL)x-H (Eq.2.12)
P A
..-SnO-(CL)»H+ROH — ._-SnOR + HO-(CL):-H (Eq.2.13)
...-SnO-(CL)eH + OctH — > ._.-SnOH + Oct-(CL)e-H (Eq.2.14)

Scheme 2.14. ROP of Lactones in the Presence of Metal Carboxylates
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In my experiments, the water-initiated distributions were small compared with the
ROH-initiated ones, thus leaving Eqgs. 2.3, 2.6, and 2.7 as the main occurring under my
polymerization conditions, although Eq. 2.10 might be responsible for broadening the

MWD; Egs. 2.11 and 2.12 led to the small water-initiated distributions.

Hydroxyl chain-end esterification is observed only when the time of
polymerization is much longer than the time needed to complete polymerization.

Kricheldorf and coworkers'®*

studied the esterification of ROH with OctH produced in
the reaction of ROH with Sn(Oct),, or present as an impurity in Sn(Oct),. They first
studied reaction of ROH and Sn(Oct), at 20 °C. They observed a rapid equilibration with
liberation of OctH. At higher temperatures (i.e. up to 180 °C, which is the temperature
needed for the technical production of poly(L-lactide)), esterification of ROH + OctH
was catalyzed by Sn”" and not by the H" on OctH. This esterification liberated Sn(Oct)s,
which precipitated as SnO. SnO is a good initiator of lactide above 120 °C. They studied

different alcohols, including: benzyl alcohol, 1-decanol, triethylene glycol monomethyl

ether, and neopentane diol. An interesting contribution to this area would be to study the

__[OctSnOR]-[OctH]

€4 ™ [ROH]-[Sn(Oct),] (Eq. 2.15)

equilibrium to be able to understand how this polymerization works and have a direct

control of molecular weight by adjusting the ratio shown in Eq. 2.16.
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CLo—CLeg
[ROH]g*[Sn(Oct)2]0

(Eq. 2.16)

Takasu and coworkers'® polymerized e-caprolactone using an immobilized
scandium(III) trifluoromethanesulfonate [Sc(OTf)s] catalyst under mild conditions. For
polymerizations in toluene, with [M]p = 3 mol/L and [Sc(OTf);] = 1 mol%, the
polymerization time was shortened and the polydispersity of the products was narrower
when initiated by benzyl alcohol compared to those initiated by EtOH and 2-PrOH. This
indicates that benzyl alcohol forms an alkoxide that provides better control over

polymerization for ROP of e-caprolactone.

2.5.2.1.3.1.3  Other Catalysts

Thomas and coworkers'®® synthesized yttrium initiators for the syndiospecific
polymerization of racemic B-butyrolactone. They reported very fast polymerizations that
reached 97% conversion in less than 1 minute at 20 °C, with low PDI values lower than

1.18.

The selectivity towards propagation over transesterification (i.e. ky/kyy) decreases
in the following order for LA polymerization: Sn(Oct), = Sn(O"Bu), > Al(O'Pr); >
Ti(O'Pr); > Fe(OEt); > La(O'Pr); > Sm(O'Pr); > MeO K", according to Penczek and

coworkers.'’
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2.5.2.1.3.2 Monomers

Lactones, lactides, and glycolides are common monomers used in ROP. Lactones
are ambidentate, which means that they have two nucleophilic sites in the molecule. The
carbonyl oxygen atom is the strongest nucleophile in e-caprolactone molecule. Lactides
have four nucleophilic sites per molecule, two of them are carbonyl oxygen atoms, as

show in Scheme 2.15.

Scheme 2.15: Nucleophilic sites in e-caprolactone and lactide

2.5.2.1.3.3 Solvents and Bulk Systems

In general, polymerization is slower in bulk than in solution.'®

Also, it is more
difficult to achieve complete conversions in bulk. Both phenomena are due to limited

diffusion of the monomer in bulk polymer.'®” Common solvents for ROP of lactones are

THF and toluene.
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2.5.2.1.3.4 Temperature

Duda and coworkers synthesized PLA from L,L-lactide ROP initiated by
aluminum isopropoxide in THF, with [LAJo= 1 mol-L" and [Al(O;Pr);]o= 0.01 mol-L"
at different temperatures. PDI decreases with conversion up to 60% and then increases.
This is consistent with the greater amount of intermolecular and intramolecular
transesterification reactions competing with propagation at higher conversion due to the
decreased amount of monomer. Also, the higher the temperature, the higher the PDI
value for high conversions: PDI<1.2 for T < 50 °C, PDI=1.3 for T = 80 °C, and PDI=1 4.
This confirms that the selectivity of the propagation reaction versus the transesterification

reactions is reduced with increasing temperature.'>®

2.5.2.2 Enzymatic Polyesterification

As seen in sections 2.5.1 and 2.5.2, different basic, acidic, and organometallic
initiators and catalysts are used in the synthesis of polyesters via polycondensation or
ring-opening polymerization. Besides those catalytic options, enzymes have been
successfully used in condensation and ring-opening polymerization. Lipases have been
used for polyester syntheses from alcohols and carboxylic acids in organic solvents where
the absence of water favors esterification. In this case, water must be removed efficiently
to maximize conversions and molecular weights.'*® Lipases also catalyze the reaction of
lactones by a similar mechanism compared to that for the enzymatic polymerization of

hydroxyacids.'®!"!

47



2.6. Cyclization Reactions

DNA (i.e. in its cyclic form) is one of the most common cyclic polymers; it is
synthesized using different enzymes such as topoisomerase L.'”? Cyclic peptides are
synthesized by orthogonal coupling strategies using piperidine and benzotriazol-1-
yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP). Cyclic

oligosaccharides and polysaccharides are synthesized by the action of extracellular

O O /\Si/_o\ / o (,\Si/—O W
si” >sil_ Sli (I) Sli— K* SiH, 0 -

" OO M~ 0 — — — b
~ Sl\ /S 1\ / \O—S\i\ /O\/\O/\/O\ / \O—S\i/\

Scheme 2.16: Synthesis of cyclic PDMS
microbial enzyme cyclodextrin glucosyl transferase (CGTase) on starch.'”” In the case of
synthetic polymers, cyclic polydimethylsiloxane (PDMS) is synthesized through ring-
chain equilibration reactions carried under high dilution conditions, as shown in Scheme

2.16.13%°

Cyclic oligomers of polycarbonates and polyesters are synthesized under
kinetically controlled conditions: phosgenation reactions; or purified from equilibrium

concentrations from melt polymerization reactions.

Large crown ethers were synthesized by Williamson esterification from

oligoethylene glycols by treating them with arenesulfonyl or alkanesulfonyl chlorides in
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the presence of alkali metal hydroxide. Dimerization and trimerization prior to

cyclization are side reactions.'”* Scheme 2.17 shows the chemical formulas.

TsCl/ KyCOy O O
/T \ A /T \ Na‘OH
HO ( o} j o OH  Solvem HO ( o /, © OTs > i/ \}
0

i
AVIV Y YTV = p °
HO o} 0 o} o} o} oT &o\_(o)?n

Scheme 2.17. Synthesis of crown ethers by Williamson esterification.174

In addition to thermodynamic stability, kinetic feasibility is important in determining the
competitive position of cyclization relative to linear polymerization. The Kkinetic
feasibility for the cyclization reaction depends on the probability of having the functional
end groups of the reactant molecules approach each other. Jacobson and Stockmayer
developed the random-flight model to predict the probability of cyclization as a function
of chain length.'” As the potential ring size increases, the monomers that would give rise
to ring structures have many conformations, very few of which involve the two ends
being adjacent. The probability of ring formation decreases as the probability of the two

functional groups encountering each other decreases.’
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2.7 Synthesis of hyperbranched polyesters with oligooxyethylene side chains

In general, hyperbranched polymers are attractive because they combine the
stricture and properties of dendrimers (e.g. low viscosity, high functionality), with a

much simpler synthesis.

2.7.1 Hyperbranched polymers by a chloroinimer approach

Pugh et al,'’® developed a method to synthesize hyperbranched polyacrylates that
can have different free alkyl ester side chains, such as methyl, dodecyl, perfluoroalkyl,
siloxane, oligooxyethylene, and mesogenic groups. The method requires the synthesis of
an inimer, a molecule that contains both an initiating site and a polymerizable group. In
particular, the synthesis uses D,L-serine as raw material and in 3 synthetic steps allows
the synthesis of an inimer polymerizable by self-condensing vinyl polymerization

(SCVP).

2.7.2  Inimers and Self Condensing Vinyl Polymerization

SCVP was first reported in 1995 by Frechet and coworkers.'”’

At the time, the
synthesis of hyperbranched polymers was limited to the polycondensation of AB,
monomers. They introduced the concept of an AB vinyl monomer in which A is a vinyl
group and B is a pendant group that can be activated by an external stimulus to a B*

moiety that can initiate the polymerization of a vinyl monomer. Scheme 2.18 illustrates

this concept.
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Scheme 2.18: Self-condensing vinyl polymerizationt?’

The reaction of one initiating B* group with the double bond A of another AB* monomer
produces a dimer with a vinyl group, an initiating center, and a propagating center. If the

propagating and the initiating centers have the same reactivity, this system will behave as

in a typical polycondensation with an AB, monomer. Therefore, the polyrmerization is
called self-condensing vinyl polymerization since is a hybrid of classical
polycondensations and vinyl polymerizations.
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Miiller and coworkers also studied the SCVP of inimers.'”®'” They focused their

studies on the resulting molecular weight distribution and the degree of branching.

kB
A B* + A B« —» A—b A*—B*
] 1 2
kB A——bp——A*—p——A*—B*
2 + 1
kA

Scheme 2.19. Branching origin on SCVP

3b

As seen in Scheme 2.19, the dimer produced by the reaction of an initiating B*

group with the double bond of another AB* monomer has two active sites A* and B*.

Either A* or B* can react with the vinyl group of another molecule with rate constants kx

and kg, respectively. If the vinyl group adds to a terminal A* or B* center, a linear

linkage is produced. In contrast, vinyl group addition to a side group B* or an A* center

within the polymer backbone leads to a branching point. Ideally, all molecules possess

exactly one double bond, and the number of active sites is equal to the number of

monomer units.
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Some important characteristics of this type of polymerization is that the
polydispersity is broad (PDI>2) are usually obtained and increases as the polymerization

proceeds.

2.7.3 Controlled/Living Polymerizations

In typical chain polymerizations, the lifetime of propagating radicals is limited by
bimolecular termination and chain transfer. In 1956, Michael Szwarc discovered how to
eliminate these two side reactions, which allowed the synthesis of well-defined polymers;
these polymerizations are referred to as living polymerizations.'® They allow the control
of molecular weight and architecture, and the synthesis of block copolymers by the
sequential addition of different monomers, among other advantages.'*® Szwarc’s living
anionic polymerization demanded fast initiation and relatively slow propagation in order
to achieve low polydispersity (PDI). These requirements were achieved with the use of
alkyl lithium initiators in non-polar solvents via dissociation of ion pairs or their
aggregates. This technique also requires the use of special high vacuum techniques to
minimize traces of moisture and air. In 1974, more than a decade later, Penczek and
coworkers studied the living cationic ring-opening polymerization of THF and later
extended it to other heterocyclic monomers."®"'®* While studying living anionic
polymerization, Michael Szwarc also studied radical processes along with carbon-
halogen bond dissociation energies.'® At that time, free radical polymerization was also
being studied, in particular how to control the overall radical polymerization rate through

inhibition/retardation, for example using cupric chloride in DMF.'®* These attempts failed
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to control molecular weights or molecular weight distributions and did not yield block
copolymers due to the short lifetime of the growing chains (i.e. ~1 s). In typical radical
polymerizations, inefficient initiation and bimolecular radical-radical
coupling/disproportionation termination reactions are the main challenges that prevent
control over molecular weight and PDI. Therefore, in order to better control the
polymerization control, the termination rate must be much slower than propagation. Since
termination is a second order reaction with respect to radical concentration while
propagation is first order, the rate of termination becomes slower than that of propagation

at very low radical concentrations.

Controlled radical polymerizations (CRP) focus on reducing the concentration of
radicals by the establishment of a dynamic equilibrium between propagating radicals and
various dormant species. Radicals may be either reversibly trapped in a
deactivation/activation process or involved in a reversible, degenerative transfer process.
The persistent radical effect (PRE) mediates radical trapping in deactivation/activation
processes.'® This is a self-regulating mechanism in which propagating radicals are
rapidly trapped in a deactivation process by a stable radical or an organometallic
species.'™ In systems that follow PRE, a steady state of growing radicals is established
through the activation-deactivation process rather than initiation-termination as in

conventional radical polymerization. These systems include nitroxide-mediated

187 188

polymerization (NMP) "' and cobalt mediated radical polymerization (CMRP) ™ in
which the mediating species should be in stoichiometric amount since the trapping agent

caps all dormant chains.

54



Systems that follow degenerative transfer follow typical radical polymerization
kinetics with slow initiation and fast termination. The concentration of transfer agent is
much larger than that of radical initiators. The transfer agent plays the role of the dormant
species. The monomer is consumed by a very small concentration of radicals, which can
terminate but also degeneratively exchange with the dormant species. Therefore, the
transfer agent plays the role of the dormant species. In degenerative transfer, alkyl
iodides are used as transfer agents; however, the most popular degenerative transfer is the
specialized radical addition-fragmentation chain transfer (RAFT) in which a chain

transfer agent such as cumyldithiobenzoate or a xanthate is used.'*°

2.7.4 Atom Transfer Radical Polymerization

Atom transfer radical polymerization (ATRP) is another example of a controlled
radical polymerization that operates via the PRE. In contrast to NMP and CMRP, this is a
catalytic process employing atom transfer between growing chains and a redox active
catalyst. The amount of metal catalyst is usually substoichiometric. This catalyst consists
of a transition metal species that can expand its coordination sphere and increase its

oxidation number, and a ligand that complexes with the metal center.

Scheme 2.20 illustrates the definition of ATRP, using Cu as an example metal;
however, a variety of other metals have also been used successfully for ATRP, including

Ti, Mo, Re, Fe, Ru, Os, Rh, Co, Ni, and Pd.'®¢
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R—Br * CuB(L) === R+ CuBryL)

nM

M,R—Br + CuBr(L) =——= RM, + CuBnry(L)

Scheme 2.20: ATRP definition

One of the advantages of ATRP over other controlled radical polymerizations
include the commercial availability of all necessary ATRP reagents. The dynamic
equilibrium between dormant species and propagating radicals can also be tuned by
modifying the complexing ligand for the catalyst. The denticity of ATRP chelating
ligands is in the range of 2-4 with rates constants of activation usually increasing with
denticity. Other ligand characteristics such as the linking unit between the heteroatoms
(always nitrogen), the topology of the ligand, and the bulkiness of the steric center also

have an important effect on activation.'*®

2.7.4.1 Modified ARTP Initiating Systems

Despite the previously mentioned advantages of ATRP, its use for certain
applications has been limited for different reasons. For example, special handling
procedures are required to remove all oxygen and oxidants from systems that employ
highly active catalysts. Many of the transition metal complexes are generally considered

mildly toxic, requiring extensive post- polymerization purification of the product.
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Table 2.2: Relative Reagent Concentrations in Different Types of ATRP

Method M/R-X/CulX/CuX L RA AIBN
Normal ATRP 200/1/1/— | — —
Reverse ATRP 200/—/—/1 1 — 0.5
SR&NI ATRP 200/1/—/0.2 0.2 — 0.1
AGET ATRP 200/1/—/0.2 0.2 0.18 —
ARGET ATRP 200/1/—/<0.01 0.1 <0.1 —
ICAR ATRP 200/1/—/<0.01 0.01 — <0.1

Different initiating systems have been designed to circumvent these problems.
The relative concentrations of monomer, initiator, metal salt, ligand, reducing agent, and

free radical initiator in a polymerization are summarized in Table 2.2."%

2.7.4.1.1 Reverse ATRP

In reverse ATRP, the ATRP initiator and Cu(I) are generated in situ from
conventional radical initiators (e.g. AIBN) and Cu(II), as shown in Scheme 2.21. Since
the transferable halogen atom is added as a part of the copper catalyst in reverse ATRP,
the catalyst concentration must be comparable to the concentration of initiator and cannot
be independently lowered. Reverse ATRP limits the terminal functionality remaining on

the initiator residue to that present on the standard free radical initiator.
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Standard radical initiation

Atom transfer to form a normal ATRP initiator

I—P, + X—M™!/L —<—= I—P—X + M"/L

Followed by normal ATRP propagation
k,

act
—

P—X +  M/L ~— I—7P, + X—M"/L
k

I

deact

Scheme 2.21: Reverse ATRP Definition

2.7.4.1.2 Simultaneous Reverse and Normal Initiation (SR&NI)

SR&NI is a dual initiating system that has both a standard free radical initiator
and a transferable atom or group. Radicals generated by AIBN (i.e. or another free radical
initiator) are subsequently deactivated by and oxidatively stable CuX;, catalyst forming
CuX and some halogenated chains. CuX can then reactivate the alkyl halide initiator and

concurrently mediate normal ATRP.
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2.7.4.1.3 Activators Generated by Electron Transfer (AGET)

In this technique, reducing agents that are unable to initiate new chains (i.e.
instead of organic radicals) are used to reduce the higher oxidation state transition metal
complex, as shown on Scheme 2.22. No homopolymers are produced when this technique
is used for the synthesis of block copolymers. Some of the reducing agents that have been
used are tin (II) octoate, ascorbic acid, and triethylamine. This technique is particularly

useful in aqueous and miniemulsion systems.

Mtn+ 1 /L

évvv>; X A nM ——» X
Reducing

m m n
Agent

Scheme 2.22: ARGET ATRP

2.7.4.1.4 Activators Regenerated by Electron Transfer (ARGET)

In this technique, a reducing agent is used to regenerate CuX species from CuX,
throughout the polymerization, instead of a quick CuX regeneration in the case of AGET,
where nearly stoichiometric amounts of radicals and non-radical generating reducing
radicals are used. Scheme 2.23 shows the ARGET definition. ARGET reduces the
amount of necessary Cu catalyst from several thousand ppm under normal conditions to
<50 ppm. The reduction of copper concentration not only simplifies the post
polymerization purification process, but also makes the process more environmentally

friendly since smaller quantities of catalyst need to be removed and disposed of.
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Additionally, the catalyst and excess reducing agent can effectively scavenge and remove

dissolved oxygen from the polymerization system.

R—X * +
\\‘\](I
A
A R-R
[CAR [-X | -«— 1/2 AIBN (or thermal)
ARGET Oxidized Agent + HX Excess Reducing Agent

Scheme 2.23: ARGET and ICAR ATRP Definitions

2.7.4.1.5 Initiators for Continuous Activator Regeneration (ICAR)

In this technique, free radicals are slowly and continuously generated by
conventional radical initiators to constantly reduce CuX,, which accumulates as a
persistent radical, and regenerates CuX. Scheme 2.23 shows the ICAR definition. One of
the main differences between ICAR and SR&NI procedures is that a large excess of free
radical is used in CuX; reduction, and the radicals are slowly generated over the course of
the polymerization, in an analogous fashion as ARGET vs. AGET. Similarly, the amount
of copper used in this technique is reduced with the advantages that were mentioned

previously.
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2.7.5 ATRP in Aqueous Systems

In addition to reducing the amount of catalyst used, polymerizations can be
“greener” by the elimination of solvents or by the replacement of organic solvents with

. 189
innocuous solvents such as water.

The use of water in ATRP systems has certain
problems, including: (i) high equilibrium constant between active and dormant species,
which produces high radical concentrations and many dead chains; (ii) partial
dissociation of X-Cu®"/L deactivator to free halide and Cu*/L complex; (iii) certain
ligands dissociate from Cu complexes or cause Cu'" species to disproportionate, and (iv)
carbon-halogen bonds can hydrolyze.'™ Some ways to solve these problems are to: (i)
add an excess of halide salt (e.g. tetracthylammonium bromide) to promote the
reformation of deactivator complex; (ii) use certain ligands (e.g. TPMA) to prevent
disproportionation; and (iii) mix water with organic solvents such as acetonitrile to

reduce the equilibrium constant and reduce disproportionation. Figure 2.9 shows the

predicted and experimental ATRP equilibrium constants in different solvents.

-44 | ® Measured Water
®  Predicted
-5
Formamide

— d
3 -
[
<
X 7 Ethylene Glycol
g? MeOH Aﬂ
-8 EtOH _PrOH
Me'e"é:” (,?yclo exanone
: Butanone
-9+ Anisole
Toluene
104 Trifiuoroethanol
-daromobu!ane
-114 Hexafluoro-2-PrOH

1 10 9 -8 -7 6 -5 -4
log(K,

ATRP)

Figure 2.9: Predicted and experimental ATRP equilibrium constants in different solvents'®’
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The ATRP equilibrium constant is four orders of magnitude larger in water than

in acetonitrile."” Figure 2.10 shows the increase of the disproportionation constant in

acetonitrile-water mixture with increasing water concentration. '*'

]

® MeCN-H0

104 —
0.0 0.2 04 0.6 0.8 1.0
HZO mole fraction

Figure 2.10: Disproportionation constant vs. water mole fraction in acetonitrile-water

mixtures 188
2.7.5.1 ARGET in Aqueous Systems

Matyjaszewski and coworkers polymerized oligo(ethylene oxide) methyl ether
methacrylate (OEOMA) by ARGET ATRP in water using tris(2-pyridylmethyl)-amine
(TPMA) as ligand."” Due to the high solubility of ascorbic acid in water, there is a loss
of polymerization control when ascorbic acid is added all at once due to the high
concentration of radicals produced. As a result, ascorbic acid is added continuously as a

solution throughout the polymerization to provide an acceptable rate of polymerization
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and good control of polymer properties (M, and narrow PDI). These authors found
polymerization conditions that provided first order kinetics in monomer, linear evolution

of the molecular weight with conversion, and polymers with PDI<1.3.

2.7.5.2. ICAR in Aqueous Systems

Matyjaszewski and coworkers also developed conditions for polymerizing
oligo(ethylene oxide) methyl ether acrylate by ICAR ATRP in water.'” Since AIBN is
not water soluble and has a high 10 h half-life decomposition temperature, 2,2’-azobis|[2-
(2-imidazolin-2-yl)propane]dihydrochloride (VA-044) was used as free radical initiator.
They obtained polymers with low PDI (i.e. 1.15-1.28) using 20-100 ppm of an active
CuBr/tris(pyridine-2-ylmethyl)amine-based catalyst in the presence of excess bromide

anions at 44 °C.

2.8 Biodegradation

2.8.1 Significance

As with other polyesters, polycaprolactone is degraded by hydrolysis of its ester
linkages. In particular, polycaprolactone is useful for preparing long-term implantable
devices, due to its degradation, which is even slower than that of polylactide. By
copolymerizing lactide and e-caprolactone, the biodegradation rate can be tuned, as
demonstrated by Wang and coworkers.'” The biodegradation of polyesters is

autocalalyzed. The liberated carboxylic acid end groups catalyze the hydrolysis, i.e. the
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cleavage of additional ester groups.'”> The dynamics of polycaprolactone’s degradation
under different conditions was studied by Lam and coworkers.'”® Polycaprolactone
biodegradation occurs in two phases. In the first phase, there is no mass loss but a
reduction in the M, in the range of 200,000 to 5000. The second phase is characterized
by a decrease in the rate of chain scission and the onset of weight loss. This has been
attributed to an increased probability that chain scission of a low molecular weight
polymer will produce a fragment small enough to diffuse out of the polymer bulk and the
breakup of the polymer mass to produce smaller particles with an increased probability of
phagocytosis.'”® The decrease in the rate of chain scission is associated with an increase

in crystallinity, since cleavage takes place in the amorphous region of the polymer.’

2.8.2 Studies

There are different experiments to determine the biodegradation profile (surface
erodible or bulk), biodegradation time, and toxicity of degradation byproducts. The in
vivo degradation process can be studied by implanting polycaprolactone-'*C in rats and
measuring the radioactivity in urine, feces, expired air and the residual activity at the
implant site. The only metabolites found upon degradation were e-hydroxycaproic acid
and tritiated water. The mechanism of bioabsorption was studied by Wang and
coworkers' using electron microscopic examination of the tissue at the implant site. This
study revealed the presence of intracellular polymer particles and demonstrated the role

of phagocytosis in the final stage of polymer degradation.
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Discher and coworkers studied the degradation of PLA and PCL polymersomes
upon hydrolysis.” The particles were incubated in sodium hydroxide solutions for
different incubation times until total destruction, and then neutralized by adding
phosphate buffer. The optical densities of these solutions (OD1) were measured after
addition of iodine complexation agent. Control experiments were performed with water
instead of sodium hydroxide (OD2), and water instead of particle suspensions (OD3).
OD1-0OD3 is a measure of the amount of PEG detached during the degradation process.
Encapsulated PEG chains that were not on the surface were not accessible to the iodine

complexation agent.'®’

2.9 Block Copolymer Micelles

According to Eisenberg and coworkers,'?! the greatest contributions to the area of
block copolymer micelles have been made by Kavanov and Kataoka. Kavanov studied
micelles from Pluronic™ triblock copolymers as delivery vehicles for drug targeting
across the blood brain barrier.'”® Kataoka’s group, however, has mainly focused on

micelles formed from copolymers containing a poly(amino acid) core-forming block.”

Amphiphilic diblock copolymers self assemble into micelles or vesicles
depending on different characteristics of the system and process variables. In water the
hydrophobic blocks form the core of the micelle, while the hydrophilic block forms the
corona, when the concentration of block copolymer exceeds the critical micelle

concentration (CMC).
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3.9.1 Important Micelle Parameters

The stability of drug-entrapped self-assembled micelles depends primarily on the
value of CMC, the glass transition temperature of the core block, the ratio between the

hydrophobic and the hydrophilic blocks, and the conjugated drug content.'*!

Table 2.3 presents the relation between these factors and the micelle stability."!

For example, the lower the CMC is, the higher the micelle stability. This relationship
follows common sense, since the lower the CMC, the micelle will be able to stand higher
dilution conditions and still be at a concentration higher than the CMC. The glass

transition temperature is particularly important for the block that is in the micelle core.

If the core has a glass transition temperature above the use temperature, it will
give structural stability to the micelle even below the CMC due to the formation of
physical crosslinks."” In the case of water as the continuous phase, a higher hydrophobic
to hydrophilic ratio for a constant hydrophobic block length will decrease the CMC,
increasing stability. Higher hydrophobic to hydrophilic ratio also changes the micelle
morphology from a hairy micelle to a crew-cut micelle. Figure 2.11 shows a schematic of
these two morphologies. Finally, an increased conjugated drug content will favor

formation of physical crosslinks in the core, increasing stability.
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Table 2.3: Main factors that affect the thermodynamic or kinetic stability

of block copolymer micelles

Paraimeter Micelle stability
CMC Low 7

High !
Tg Low !

High 7
Hydrophobic-hydrophilic block ratio Low !

High 7
Conjugated drug content Low !

High 7

. - .
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.
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.
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interphase

“hairy micelle” L>>R, “crew-cut micelle” L >R,

Figure 2.11: Schematic representation of AB diblock copolymer micelles in a

selective solvent for the A block. R.: core radius, L: corona thickness>*
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3.9.2  Micelle Preparation Methods

Two types of techniques are most commonly used to prepare block copolymer
micellar systems. In the first type, the block copolymer is first dissolved in a good solvent
for both blocks and then the conditions of the system such as temperature or solvent
composition are changed to promote the formation of micelles.”***°! The second type of

technique is the direct dissolution method.

2.9.2.1 Micelle Techniques with Former Dissolution in Organic Solvent

This section will describe dialysis and co-solvent evaporation method. As
mentioned before, in these methods the amphiphilic diblock copolymer is first dissolved
in a common solvent. After that, the selective solvent is added slowly to promote the self-
assembly process. Finally, the common solvent is removed by dialysis or evaporation.
Another possibility to promote self-assembly from the common solvent is to change the
temperature. The latter method is feasible for those systems in which the solubility of

only one of the copolymer blocks is significantly reduced by changes in temperature.

2.9.2.1.1 Dialysis

This method is commonly used for copolymers that are not very soluble in water.
The polymer solution is placed in a dialysis bag and then immersed in an excess of
precipitant (i.e. water in the case of micelles with hydrophobic core), allowing the

common solvent to be gradually replaced by the selective solvent. This technique is

68



preferred when the common solvent has a high boiling point, such as DMF and DMSO,
making challenging the elimination of this solvent by evaporation.’>’>:!#3-202-206

According to Jerome and coworkers,”” the dialysis method is not reproducible and leads

to very large and polydispersed particles (~1 um).

2.9.2.1.2 Co-solvent Evaporation

Usually a bad solvent for one of the blocks is added slowly, following stripping
the common solvent.”” An alternative technique is to add the polymer solution to a large
volume of the precipitant, followed by stripping the solvent. As an example, Lavasanifar
and coworkers encapsulated cyclosporine in PEG-b-PCL diblock copolymers using
acetone as good solvent for both blocks and water as a precipitant for the PCL block.
They either added water to the polymer solution in acetone or the polymer solution to
water and did not find major differences in the micelles prepared.””” Table 2.4 shows the

size and polydispersity of the micelles obtained.

Table 2.4: Characteristics of PEG-b-PCL block copolymer micelles prepared changing

the order of addition of non-solvent. 203

Ratio (organic:  Average diameter of

Order of additi .
Jrder of addition aqueous) particles = S.D. (i) PI
1:2 87.8+94 0.11
Acetone to water
16 63.0+ 4.0 0.142
-2 74 C Qa ).087
Water to acetone 12 49+ 19 008
1:6 57.2+9.8% 0.117

*Significantly different from 1:2 (p<0.05).
PNot significantly different from "acetone to water".
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2.9.2.2 Direct Dissolution Method

In this technique, a solid sample of the copolymer is directly dissolved in the
selective solvent. The micellar suspension is annealed by standing or by thermal
treatment, usually through ultrasonic agitation. Sometimes the copolymer and water are

mixed at high temperatures to favor micellization.”*

3.9.3  PEG-b-PCL Micelles

Due to the biocompatibility properties of polycaprolactone for drug delivery
applications and the stealth properties provided by PEG, PEG-b-PCL copolymers been
widely studied. 73737:76:113:120-124.202-206209-214 A wide range of PEG molecular weights has

been used. The lowest molecular weights were around 1.5-2.5 k Da,’>70:121-124.206

intermediate molecular weights were around 3-5k Da,’>7%!13:120:122.:202-206.209-211.213.215-217
and high molecular weights were around 10-13k Da.'”*?***'® Yang and coworkers
present an exceptionally large PEG molecular weight of 31k Da.”'? In water, the PEG
block forms the micelle corona, thereby affecting protein adsorption and thus
biodistribution as mentioned in Section 2.3.3. As mentioned by Owens and Peppas,'’ the
exact thickness of the hydrophilic PEG layer required to prevent protein adsorption
depends on each particular system and on other factors such as surface chain density and
conformation. At low surface coverage the PEG chains will have a larger range of motion

taking a “mushroom” morphology where the PEG chains are mostly located closer to the

surface of the particle. However, density that is too low will lead to gaps in the
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hydrophilic layer where opsonins will freely bind to the nanoparticle surface. At very
high PEG surface density, the PEG chains will adopt a “brush configuration” where the
range of motion is restricted, decreasing the steric hindrance properties of the PEG layer.

The two preferred methods of PEG-b-PCL micelle preparation are

72,73,75,76,120,123,202-206,215,218 115,122,124,210-212,216,217 y4..A
»13,15,76,120,123, »2 19, 122,124, 210207 Te8rdme

dialysis and co-solvent evaporation.
and coworkers studied the effect of the organic solvent used for micelle preparation using
DMSO, THF, DMF, and dimethylacetamide (DMAc) on micelle size.””> The smallest
micelles were prepared in DMAc, followed by DMF, DMSO, and THF. They found that
the closer the solvent solubility parameter resembled the PCL solubility parameter
(~20.4), the larger the micelle. Table 2.5 shows the solvent viscosities, dielectric
constants, solubility parameters for polymers and solvents used in PEG-b-PCL micelle
preparation. These authors found that besides solubility parameters, other factors such as
solvent viscosity and boiling point affected micelle size. For example, even though
DMSO has the highest solubility parameter among the solvents studied, DMAc provided
the smallest micelles. This is due to the high DMSO viscosity, which leads to a slower

water-organic phase mixing and thus lower self-assembly rate.*"’
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Table 2.5: Dielectric constant (€), dynamic viscosity (1), and solubility parameters (3) of

solvents and polymers used for in PEG-b-PCL self-assembled micelles

2 S < b < b
e n 0 OHoy OVanKrevelen

(Nsm?)  (Jem®)?  (Jem®)?2  (Jem?)V?

DMSO 46.68 2.0 26.6-26.7
DMAc 37.78 0.92 22.1-228
THF 7.58 0.36 19.5
DMF 36.71 0.80 249
H20 80.37 0.89 47.9-48.1
PEO 20.2 21.46 21.58
PCL 20.38 2097
(a) Measured at 25 °C
(b) Calculated according to 219
3.94  Micelle Characterization
121,205

According to Eisenberg and coworkers, the micelle properties that affect
their efficiency as drug delivery carriers for hydrophobic drugs are size, size distribution,

and CMC.

2.9.4.1 Size and Size Distribution

The most popular methods to measure size and size distribution are dynamic light

scattering (DLS), static light scattering (MALLS), and scanning electron microscopy

(SEM).
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2.9.4.1.1 Dynamic Light Scattering (DLS)

Also known as quasi-elastic light scattering (QELS) or Photon Correlation
Spectroscopy (PCS), this technique is used to determine the mean diameter of
nanospheres and to follow their aggregation-deaggregation behavior. ***° The term
dynamic indicates that the method gives information about the movement of the
scattering particle. It is also referred to as quasielastic since the photons are scattered
quasielastically by moving particles. Finally, most scattering techniques employ
autocorrelation; hence the term correlation is employed.??' This technique uses Brownian
motion to measure the size of the particles. Oriented particles create interference
patterns, each bright spot being a speckle. The speckle pattern moves as the particle
moves, creating flickering. All the motions and measurements are described by
correlation functions. Gy(t) is the intensity correlation function that describes particle
motion (i.e. experimental correlation function) and g;(t) is the electric field correlation
function that describes measured fluctuations. Eq. 2.17 relates the two intensities. A is a
background term related to the baseline value and B is an instrument-dependent factor.

The electric field correlation function is an instrument-dependent factor.

G,(t)=A+Bg/(7) Eq.2.17

The electric field correlation function of a monodisperse sample decays exponentially,

decaying as shown in Eq. 2.18 where I' is the decay constant.
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g (7)=exp(-TI'7) Eq. 2.18

The decay constant I is linearly related to the translational diffusion coefficient Dr of the

particle according to Eq. 2.19,

I'=D,q° Eq.2.19

where q is the modulus of the scattering vector and is given by Eq. 2.20,

dmn

q= sin(6/2) Eq. 2.20

0

where n is the refractive index of the dispersion medium, 6 the scattering angle (rad), and
Ao the wavelength of the incident light in vacuum. Dynamic light scattering provides the
particle diffusion coefficient, not the size. In the case of noninteracting, spherically-
shaped, smooth, and rigid particles, the Stokes-Einstein equation (Eq. 2.21) correlates the

diffusion coefficient with the size,

D= KT Eq. 2.21
3and

where k is the Boltzman’s constant, T is the absolute temperature, 1 is the viscosity, and

d is the apparent Stokes-Einstein particle diameter.
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In the case of polydisperse samples, the electric field correlation function is an intensity-
weighted sum of autocorrelation functions of the particles contributing to the scattering

(Eq. 2.22),

oo

g (7)= fC(F)exp(—Fr)aT Eq.2.22

0

where C(I') represents the distribution of decay rates. Eq. 2.22 is an ill-conditioned
Laplace transform that has no definite solution. Several different size distributions will fit
the measured autocorrelation. The measured data is usually contaminated by noise;
therefore the baseline has to be evaluated and experimental uncertainties circumvented.
Sophisticated methods have been developed for data analysis, including the cumulant
method, a constrained regularization method (CONTIN), non-negative least squares
(NNLS), the maximum entropy method (MEM), and the singular value analysis and

reconstruction method (SVR).

CONTIN is a constrained regularization method developed by Provencher’* and

provide several numerical solutions to the particle size distribution. The best answer is
selected using other evidence. The results are sensitive to the estimated baseline and may

depend on the range of particle sizes measured.
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2.94.1.2 Static Light Scattering (MALLS)

Static light scattering is also called elastic scattering, or multiangle laser light
scattering.””® In this technique, a dispersion is illuminated with a collimated beam,
usually laser radiation, and the time-averaged intensity of scattered light as a function of
the scattering angle is measured. The theories of light scattering are divided into three
regimes depending on particle size: D<A/10, A/20<D< A, and D> A. For the smallest
particles, the Rayleigh equation relates the particle polarizability to the intensity of the
unpolarized incident light, its wavelength, the scattering angle, the scattered intensity, the
distance from the sample, and the number of non absorbing particles in a unit volume.
After the particle polarizability is obtained, the radius of the particle can be obtained
taking into account the ratio of the refractive index of the particle to the surrounding
medium. For the particles of intermediate size, the Rayleigh-Gans-Debye (RGD)
equation applies and takes into account the fact that the scattering pattern is no longer
symmetric about the line corresponding to the 90° scattering angle, but favors forward
scattering over back scattering. Finally, the Mie theory applies for the largest particles. In
this regime, the scattering behavior is more complex than in the RGD regime: the
intensity exhibits maxima and minima at various scattering angles, as a function of the
size parameter D/ A and the refractive index of the particle.””' Using a MALLS set up,
the intensity of scattered light as a function of incident angle can be measured for
different micellar concentrations to determine the absolute molecular weight of a micelle
and calculate its aggregation number (i.e. number of molecules per micelle) using a Berry

or a Zimm Plot.
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Eq. 2.23 shows the Zimm equation. By plotting Kc/Rg as a function of 1/P(0) and
making two extrapolations, Mw can be obtained.

Kc 1

1
= (M:W +24;¢) o Eq.2.23

2.9.4.1.3 Scanning Electron Microscopy (SEM)

Electron microscopy uses a beam of electrons to illuminate the sample.”** Due to
the very short wavelength of electrons, the resolving power of an electron microscope
exceeds that of an optical microscope by about 200 times. The resolution is a function of
the wavelength, which in turn depends on the accelerating voltage. The maximum
magnification is above 200,000x but such high electron beam intensity may damage the
sample. Usually the magnification is below 100,000x and the accelerating voltage is
typically below 100-200 kV. Another advantage of electron microscopy is the increased
depth of field, usually about 10 wum or about 10 times that of an optical microscope.
Electron microscopy can be operated in transmission mode (TEM) or by scanning the
surface of the specimen (SEM). SEM can show particle topography by scanning a very
narrowly focused electron beam across the particle surface. The electron beam is directed
normally or obliquely at the surface. The back-scattered or secondary electrons are
detected in a raster pattern and displayed on a monitor screen. The secondary electrons
are released by the sample upon impact of the electron beam. The image obtained from
these secondary electrons exhibits good three-dimensional detail and is the main one

used. However, the secondary electrons can reveal inside details of cavities in the surface
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since the path of secondary electrons can be curved because of their low energy. To
collect secondary electrons, the surface of the specimen is observed at an angle usually

30 to 45°.%!

2.9.4.2 Critical Micelle Concentration (CMC)

As mentioned before, one of the preferred methods to prepare PEG-b-PCL self-
assembled micelles is through co-solvent evaporation. A polymer solution is slowly
added to a selective solvent, usually water. At the beginning of the addition, the water is
transparent, because the water-soluble block and the organic solvent keep the block
copolymer in solution. Upon further polymer addition, the liquid becomes cloudy,
indicating the formation of micelles. The minimum block copolymer concentration
required for the copolymer to form micelles in equilibrium with a small population of
single chains is known as the critical micelle concentration (CMC). The organization of
block copolymers into micelles changes the properties of the suspension drastically,
which is reflected by a discontinuity in the suspension properties as a function of
concentration at CMC. Different methods that measure suspension properties as a
function of concentration can be used to determine CMC, including measuring the
surface tension, electric conductivity, static or dynamic light scattering, refractive index,
and the specific heat or heat of dilution.””® In Figure 2.12 shows the CMC as the point in

which the normalized intensity vs. concentration curve shows discontinuity.
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Figure 2.12: CMC Determination by Static Light Scattering

The CMC is a function of the nature and length of the hydrophobic block, the
length of the hydrophilic block, and the total molecular weight of the copolymer. As
mentioned in section 3.9.1, an increase in the hydrophobicity of the core-forming block
or an increase on the molecular weight of this block reduces the CMC and thus increases
the thermodynamic stability of the micelles.'”' Once formed, the micelles can remain
kinetically stable for extended periods of time, even at concentrations below CMC,
depending on their glass transition temperature and/or melting temperature if the core-
forming block is semicrystalline.”?® In the case of PEG-b-PCL diblock copolymers, low
CMC values were obtained (i.e. 10® to 10”7 M) over a wide range of molecular weights.

These low CMC values impart micelle stability upon dilution.''>2*-121:206.215-217
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CHAPTER III

EXPERIMENTAL SECTION

3.1 Materials

Acetonitrile (Acros Organics, anhydrous), bovine serum albumin (BSA) (Sigma-
Aldrich, lyophilized powder), D,L-serine (Alfa-Aesar, 99%), 3,4-dihydroxybenzaldehyde
(Acros Organics, 97%), ethanol (Pharmco-Aaper, 200 proof absolute), fluorescein-
labeled bovine serum albumin (Molecular Probes, 100%), 4-hydroxybenzyl alcohol
(Sigma-Aldrich, 99%), hydrochloric acid (Fisher Scientific, 37.2%), potassium chloride
monobasic (BHD, 99%), postassium phosphate (Fisher, 99.7%), KOH (Sigma-Aldrich, >
85 %), methanesulfonyl chloride (Aldrich, 99.5%), sodium chloride (Sigma-Aldrich,
99%), sodium phosphate dibasic Na,HPO, (Fisher, 99.9%), N, N-diisopropylethylamine-
DIPEA (AK Scientific, 99%), potassium carbonate (Sigma-Aldrich, 99%), rhodamine
lactone (Acros Organics, 99%), sodium nitrite (Alfa Aesar, 98%), and tin octoate

(Aldrich. 94%) were used as received.

g-Caprolactone (Acros Organics, 99%) was dried by distillation from CaH, prior
to use. Dichloromethane (CH,Cl,) was dried by distillation from CaH,. Diethylene glycol

monoethyl ether (Aldrich, 99%) was dried by distillation from CaH, (Fluka, 95%) and
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stored over 4 A molecular sieves. PEG600 (Sigma—Aldrich) and PEGS550 were
azeotropically dried from toluene solutions prior to use. Sodium borohydride (Sigma-
Aldrich, 98%) was stored in the drybox and used as received. Reagent grade
tetrahydrofuran (THF) was dried by distillation from purple sodium benzophenone ketyl
under N,. p-Toluenesulfonic acid monohydrate (Mallinckrodt, organic reagent) was dried
in a vacuum oven overnight at 30 °C. Triethylamine (Sigma-Aldrich, 99%) was dried by
distillation from KOH under nitrogen and was stored over KOH pellets. Ultrapure water
(Synergy system) was deionized (the water resistivity was 18.2 M.cm @25 °C) and
filtered through a 0.22 um PTFE filter. All other reagents and solvents were

commercially available and used as received.

3.2 Techniques

All reactions were performed under a N, atmosphere using a Schlenk line or a
Vacuum Atmospheres drybox unless noted otherwise. Silica gel (Sorbent Technologies,
63-200 mm mesh size, 60 A pore size) was used for column chromatography. 'H NMR
and >C NMR spectra (8, ppm) were recorded on either a Varian Mercury 300 (300 MHz
and 75 MHz, respectively), or an INOVA 500 (500 MHz and 125 MHz, respectively)
spectrometer. All spectra were recorded in CDCls unless mentioned otherwise, and the
resonances were measured relative to the residual solvent resonances and referenced to
tetramethylsilane (0.00 ppm). Number- (M,) and weight average (M,,) molecular weights
relative to linear polystyrene (GPCpy) and polydispersities (PDI=M/M,) were
determined by gel permeation chromatography (GPC) from calibration curves of log M,
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vs. elution volume at 35 °C using THF as solvent (1.0 mL/min), a set of 50 A, 100 A, 500
A, 10*A, and linear (50-10* A) Styragel 5 pm columns, a Waters 410 differential
refractometer, and Millenium Empower 2 software. All samples (approximately 0.5 g/L)

were dissolved overnight and filtered through a 0.45 um PTFE filter.

For self-assembly experiments, acetone was filtered three times through a 0.45
um Scientific Tisch PTFE membrane filter. The block copolymers used for self-assembly
were diluted in acetone and the solutions were filtered three times through 0.45 um PTFE
filter, the acetone was then removed under vacuum before the polymers were used for
self-assembly experiments. The vials, tubes and bottles used for self-assembly
experiments were rinsed with filtered solvents. Phosphate buffer saline solution (PBS)
was prepared by dissolving NaCl (2.0 g, 34 mmol), KCl (50 mg, 0.67 mmol),
Na,HPO4*7H,0 (0.68 g, 2.5 mmol), and KH,PO4 (60 mg, 0.44 mmol) into MilliQ Water
or ultrapure water (200 mL and brought to 250 mL at the end), according to a standard
recipe.””’ PBS and MilliQ Water used for self-assembly were filtered 3x through 0.45 um

ThermoScientific polyethersulfone membrane filters.

Micellar sizes and polydispersities were measured by dynamic light scattering
(DLS) using a Brookhaven Instrument coupled with a BI-200SM goniometer, BI-
9000AT correlator, and an EMI-9863 photomultiplier tube for photon counting. A Meller
Griot 35 mW He-Ne laser (637 nm) was used as the light source. For each sample,
measurements were taken in triplicate for 10 min each time at a 90° angle at 25 °C. BIC
DLS software version 3.40 was used to obtain the hydrodynamic radius of PEG-b-PCL
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micelles. The data was analyzed in terms of volume-weighted and number-weighted
distributions. For samples that contained more than one size population, the average and
standard deviation of each size population within a sample was calculated for the three
acquisitions. Averages of the three acquisitions were reported as the final values for each
size population. A cylindrical glass scattering cell with a diameter of 12 mm was placed
at the center of the thermostated bath, and decahydronaphthalene was used for refractive

index matching.

A Perkin-Elmer Pyris 1 differential scanning calorimeter was used to determine
Tg values, which were read as the middle of the change in heat capacity. The reported Tg
values of the polymers and copolymers are the mean values from the second and third
heating scans. All heating and cooling rates were 10 °C/min. Transition temperatures

were calibrated using indium and zinc standards.

Matrix-assisted laser desorption ionization time of flight mass spectrometry
(MALDI ToF-MS) experiments were carried out on a Bruker Ultraflex III TOF/TOF
mass spectrometer (Bruker Daltonics, Inc., Billarica, MA), equipped with a Nd:YAG
laser (355 nm). All spectra were measured in positive reflector mode using 22% of the
laser power and a pulsed ion extraction time of 10 ns. The instrument was calibrated
prior to each measurement with an external PMMA standard. The preparation of the
samples analyzed involved the following steps. THF solutions of the matrix, trans-2-[3-
(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB, 20 mg/mL) and the
cationizing agent, potassium trifluoroacetic acid (KTFA, 10 mg/mL) in THF were mixed
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in a 10:1 ratio, and 0.5 pL of the final mixture was deposited on microliter plate wells
(MTP 384-well ground steel plate). After the spots were dried, 0.5 puL of a solution of the

polymer in chloroform (10 mg/mL) was deposited on top of the matrix and salt layer.

Micelle pictures were taken using a transmission electron microscope (TEM
Philips TECNAI) with an accelerating voltage of 120 kV. To observe micelle
morphologies, a drop of the original micelle solution was placed on a Formvar/carbon-
coated grid. The excess solution was blotted away with a Kimwipe. The grids were dried
at room temperature and atmospheric pressure for several hours before examination in the

TEM.

Fluorescence correlation spectroscopy (FCS) and fluorescence cross-correlation
spectroscopy (FCCS) measurements of fluorescently labeled micelles, fluorescently
labeled proteins and their mixtures were taken on a customized inverted microscope
(Nikon Eclipse Ti, Toyko, Japan) in Professor Adam Smith’s laboratory at The
University of Akron. A SuperK continuum white light laser (NKT Photonics, Birkerod,
Denmark) was the source for fluorescence excitation. The repetition rate of the laser was
set to 10 MHz with an internal pulse picker. The output of the laser passed through a
commercial wavelength splitter that isolated a 488 nm (£10nm) beam and a 450-800 nm
beam, from the remainder of the infrared light. The 488 nm light passed through a
cleanup filter (LL01-488-12.5, Semrock, Rochester, NY) and then was coupled to an 18
m single-mode optical fiber (QPMIJ-3AF3U-488-3.5/125-3AS-18-1-SP, OZ Optics,

Ottawa, Ontario). A 561 nm beam is isolated from the 450-800 nm beam (z405/561rpc,
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Chroma Technology Corp, Bellows Falls, VT), passed through a cleanup filter (LLO02-
561-12.5, Semrock, Rochester, NY), and then coupled into a 3 m single-mode optical
fiber (QPMJ-3AF3U-488-3.5/125-3AS-3-1-SP, OZ Optics, Ottawa, Ontario). As the
beams exited the fibers, they were collimated with identical infinity corrected objective
lenses (L-10x, Newport, Irvine, CA). The two beams were overlapped using a 503 nm
cut-off dichroic beamsplitter (LMO01-503-25, Semrock, Rochester, NY) before entering
the optical path of the microscope via a laser TIRF filter cube (91032, Chroma
Technology Corp. Bellows Falls, VT) with a two-color dichroic mirror and laser-
blocking filter (zt488/561rpc and zet488/561m, Chroma Technology Corp. Bellows Falls,
VT). A 100x TIRF objective, NA 1.49, (Nikon Corp., Tokyo, Japan) focused the
excitation beam into the sample and the emitted fluorescence was directed into a custom-
built detection module. The fluorescence signal passed through a 50 um confocal pinhole
(Thorlabs, Newton, NJ) placed at the image plane of the microscope. The light was
collimated with a 100 mm focal length achromatic lens (AC254-100-A-ML, Thorlabs
Inc., Newton, NJ) and then spectrally separated with a 560 nm long-pass beam splitter
(FF560-FDi01-25x36, Semrock, Rochester, NY). Each signal beam was filtered
(520/44nm[FF01-520/44-25]; 612/69nm[FF01-621/69-25], Semrock, Rochester, NY) and
then focused onto the detector with an achromatic, 25 mm focal length lens (APACIS,
Newport, Irvine, CA). The detectors were single photon avalanche diodes (SPAD) with a
50 mm active area, 30 ps timing resolution and 25 dark counts per second (Micro Photon
Devices, Bolzano, Italy). A time-correlated single photon-counting (TCSPC) device
recorded each photon arrival time (PicoQuant, TimeHarp 200, Berlin, Germany). The

samples were kept at room temperature in a coverglass-bottom 96-well plate (Nunc
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265300, Thermo Scientific, Waltham, MA) sample chamber during data acquisition. All
images were taken with the Photometrics Evolve Electron Multiplying Charge Coupled
Device (EMCCD) (Photometrics, Tucson, AZ) 5 um above the surface. When taking
FCCS measurements, the probe volume was at least Sum above the surface and areas
with obvious micelle agglomeration were avoided. Each sample was measured
sequentially up to 10 times. The 8- and 16-hour incubated samples had an acquisition
time of 30 s and the laser powers of each beam were kept at SuW (measured before the
light entered the microscope). The samples with untagged BSA were acquired for 45 s

with laser powers of SuW and 2uW for 561 nm and 488 nm respectively.

3.3 Synthesis of PEG Macroinitiators

Both cyclic and linear PEG macroinitiator were used in this project. The synthesis
of the cyclic macroinitiator consisted of three synthetic steps and the synthesis of the

linear macroinitator consisted of two steps.

3.3.1  Synthesis of Ms-PEG600-Ms

Ms-PEG600-Ms was synthesized in 65-91% as described previously,”® as in the
following example. Methanesulfonyl chloride (2.9 g, 25 mmol) was added dropwise over
30 min to an ice-cooled solution of PEG600 (5.0 g, 8.3 umol) and triethylamine (4.2 g,
41 mmol) in dry dichloromethane (40 mL), and the solution was stirred at room

temperature for 24 h. The solution was cooled with ice, then washed twice with ice-
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cooled water (30 mL each), twice with 10% aqueous HCI (30 mL each), twice with
saturated aqueous NaHCO; (30 mL each), and once with water (30 mL), and dried over
MgSO,. After filtration and removing the solvent by rotary evaporation, 4.7 g (78 %) of
Ms-PEG600-Ms was obtained as a yellow oil. It was used in the following reaction
without further purification. M,=1.16*10> g/mole, PDI=1.06, '"H NMR (500 MHz): 3.03
(s, -CH;, 6 H), 3.62 (m, -OCH>-, 44.8 H), 3.73 (m, -CH>CH,-OMs, 4 H), 4.35 (m, -
CH,OMs, 4 H). °C NMR (125 MHz): 37.4 (-CH3), 68.8 (-CH,OMs), 69.4 (-CH,CH,-

OMs), 70.4 (-OCH>-).

3.3.2  Synthesis of 3,4-(42-Crown-14)benzaldehyde (MC-CHO)

3,4-(42-Crown-14)benzaldehyde (MC-CHO) was synthesized in 39% yield as

228229 except that we used acetonitrile and 87 °C for the cyclization

described previously,
step, as well as a modified purification process. A solution of 3,4-dihydroxybenzaldehyde
(0.50 g, 3.6 mmol), Ms-PEG600-Ms (2.7 g, 3.6 mmol), in acetonitrile (125 mL) was
added dropwise over 13 h to a solution of K,COs (0.75 g, 5.4 mmol) in acetonitrile (25
mL) at 82 °C. The temperature was then set to 87 °C. After stirring for 72 h at 87 °C, the
reaction mixture was filtered through a fritted glass funnel to remove potassium salts.
Acetonitrile was removed by rotary evaporation to obtain 2.7 g (102 %) of a brown oil.
This brown oil contains dimeric and trimeric impurities and was purified by flash
chromatography using 3:1 hexanes : acetone to obtain 1.0 g (39 %) of high purity MC-

CHO as a yellow oil; M;=0.815*10° g/mole, PDI=1.05. '"H-NMR (500 MHz): 3.64-3.77

(m, -OCH>-), 3.92 (dd, -CH,CH,OAr, °J = 8.5 Hz, °J = 3.9 Hz), 4.23 (dt, -CH,OAr, °J =
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14.4 Hz, °J = 4.8 Hz), 6.99 (dd, 1 aromatic H meta to -CH,OAr, °J = 10.2 Hz, *J = 4.9
Hz), 7.43 (dd, 1 aromatic H ortho to —CHO, ortho and meta to —-CH,OAr and 1 aromatic
H ortho to —CHO, meta and para to —-CH,OAr, >J = 13.7 Hz, °J = 6.5 Hz), 9.83 (s, -CHO).
3C NMR (125 MHz): 70.93 (-OCH,-), 112.25 (1 aromatic C metha to —CHO, ortho to —
CH,OAr), 112.84 (1 aromatic C ortho to —CHO, ortho to —CH,OAr), 126.92 (1 aromatic
C ortho to —CHO, metha to —CH,OAr), 130.59 (1 aromatic C substituted with CHO),
191.13 (C=0). The purity of the MC-CHO unimer was confirmed using MALDI-ToF

MS.

3.3.3  Synthesis of 3,4-(42-Crown-14)benzyl Alcohol (MC-BnOH)

3,4-(42-Crown-14)benzyl alcohol (MC-BnOH) was synthesized in 76 % yield as
described previously.”?® A solution of NaBH, (0.79 g, 21 mmol) in absolute ethanol (70
mL) was added all at once to an ice-cooled solution of MC-CHO (13 g, 19 mmol) in
ethanol (270 mL). The solution was stirred at room temperature for 24 h, and then poured
into 350 mL of ice water, which was then acidified with 10% aqueous HCI. This mixture
was extracted five times with dichloromethane (170 mL each) and the organic extracts
were combined and dried over MgSQOy. The solution was filtered and the solvent was
removed by rotary evaporation and then in vacuo at 75 °C to yield 11 g (76 %) of MC-
BnOH as a yellow oil; M,=0.931*10° g/mole, PDI=1.08, '"H-NMR (500 MHz): 2.81 (br
s, -OH), 3.63 (-OCH,-), 3.85 (dd, -CH,CH,OAr, °J = 10.1 Hz, °J = 4.8 Hz), 4.16 (dd, -
CH,OAr, ’J=10.7 Hz, ’J=5.9 Hz), 4.57 (s, ArCH,OH), 6.88 (s, 2 aromatic H ortho to -

OCH>-), 6.99 (s, 1 aromatic H ortho to -CH,OH), 9.83 (s, 1H). >*C-NMR (125 MHz):
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63.95 (ArCH,OH), 69.63 (-OCH>-), 113.03 (1 aromatic C metha to —CHO, ortho to —
CH,OAr), 113.86 (1 aromatic C ortho to —CHO, ortho to —CH,OAr), 117.31 (1 aromatic

C ortho to —-CHO, metha to —-CH,OAr), 119.17 (1 aromatic C substituted with CHO).

3.3.4  Synthesis of o-Methyl Ether, ®-Mesylated Polyethylene Glycol 550

(MeOPEG550Ms)

a-Methyl ether, w-mesylated poly(ethylene glycol) 550 (MeOPEG550Ms) was
synthesized in 73-78% yield by mesylating MeOPEGS5500H similar to the mesylation of

0,%® as in the following example. Methanesulfonyl

both ends of poly(ethylene glycol) 60
chloride (2.9 g, 25 mmol) was added dropwise over 30 min to an ice-cooled solution of
MeOPEGS5500H (5.0 g, 8.3 umol) and triethylamine (4.2 g, 41 mmol) in
dichloromethane (40 mL), and the solution was stirred at room temperature for 24 h.
After cooling the solution in ice, it was washed twice with ice-cooled water (30 mL
each), twice with 10% aqueous HCI (30 mL each), twice with saturated aqueous NaHCO3
(30 mL each), and once with water (30 mL), and dried over MgSQ,. After filtration and
removing the solvent by rotary evaporation, 4.7 g (78 %) of MeO-PEG550Ms was
obtained as a yellow oil. M,=1.01*10" g/mole, PDI=1.09. "H-NMR (300 MHz): 3.07 (s,
-OS(=0),CH53), 3.38 (s, CH;0-), 3.54 (t, -CH30CH,-, J = 4.4 Hz), 3.64 (s, -OCH>-), 3.76

(t, -CH,CH,-OMs, J = 4.5 Hz), 4.38 (t, CH,CH,OMs, J = 4.5 Hz).
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3.3.5 Synthesis of a-Methyl Ether, ®w-Benzyl Alcohol Polyethylene Glycol 550

(MeOPEG550BnOH)

a-Methyl ether, w-benzyl alcohol poly(ethylene glycol) 550 (MeOPEG550BnOH)
was synthesized in 64-76% vyield as in the following example. A solution of
MeOPEG550Ms (9.0 g, 14 mmol), p-hydroxybenzyl alcohol (3.0 g, 24 mmol), potassium
carbonate (2.9 g, 21 mmol), potassium iodide (93 mg, 0.56 mmol) in acetonitrile (90 mL)
was stirred at 90 °C for 48 h. The potassium salts were filtered off and the filtrate was
passed through basic activated alumina to remove unreacted p-hydroxy benzyl alcohol.
After removing the solvent by rotary evaporation, 6.0 g (64 %) of MeOPEG550BnOH
was obtained as a clear oil; M,=1.78*10° g/mole, PDI=1.13. '"H-NMR (300 MHz): 3.38
(s, CH;3-), 3.65 (m, -OCH>-), 3.86 (t, -CH>CH,-OAr-, J = 4.9 Hz), 4.13 (t, -CH,CH,-OAr-

,J=4.9 Hz), 4.62 (s, -CH,OH), 6.91 (ArC(2,6)H), 7.30 (ArC(3,5)H).

3.4 Synthesis of Diblock Copolymers

As described in the following subsections, PEG-b-PCL diblock copolymers were
synthesized by polymerizing e-caprolactone from the cyclic and linear PEG

macroinitiators described in the previous section.

3.4.1  Synthesis of MC-BnOPCL diblock copolymers

CyclicPEG-b-linearPCL (MC-BnOPCL) diblock copolymers were synthesized in

36-70% yield as in the following example. A mixture of MC-BnOH (71 mg, 0.10
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mmol), e-caprolactone (66 mg, 58 mmol), and a stock solution of tin octoate (50 mg, 0.12
mmol) in dry THF (1.9 mL) in a Schlenk tube was degassed by two freeze-pump-thaw
(10-30-20 min) cycles, and then stirred at 80 °C for 19 h. The solution was condensed by
rotary evaporation. The resulting viscous solution was precipitated in hexanes (60 mL)
and reprecipitated twice from dichloromethane (0.5 mL) into hexanes (60 mL) to yield 97
mg (70%) of a white solid. My= 3.14*10°g/mole, PDI=1.23. '"H-NMR (500 MHz): 1.38
(CH,(CH,),C=0), 1.58 (CH,CH,CH,CH,OH), 1.65 (CH,CH,CH,CH,OC=0), 2.30 (-
CH»(C=0)0-), 2.35 (-ArCH,0O(C=0)CH>-), 3.64 (-CH,0-), 3.75 (-CH,CH,0OAr), 3.87 (-
CH,OAr), 4.06 (-CH,O(C=0)-), 4.16 (CH,0OH), 5.01 (s, ArCH,OH), 6.89 (4r). C-NMR
(125 MHz): 24.71 (CH,CH,C=0), 25.66 (-CH:(CH;)2(C=0)-), 28.48 (CH,CH0), 32.45
(-CH»(C=0)-, last repeating unit), 34.25 (-CH,(C=0)-), 62.75 (CH,OH), 64.28 (-
CH>O(C=0)-), 66.24 (ArCH>-), 69.84 ((-CH,CH,0Ar), 70.72 (-CH>O- in PEG), 70.96 (-

CH,OAT), 173.68 (C=0).

3.4.2  Synthesis of MeOPEG550BnO-PCL diblock copolymers

LinearPEG-b-linearPCL  (MeOPEG550BnO-PCL) diblock copolymers were
synthesized in 29-54% yield as in the following example. A mixture of
MeOPEG550BnOH (45 mg, 82 umol), e-caprolactone (0.19 g, 1.7 mmol), and a stock
solution of tin octoate (33 mg, 82 pumol) in dry THF (1.1 mL) in a Schlenk tube was
degassed by two freeze-pump-thaw (10-30-20 min) cycles, and then stirred at 80 °C for
19 h. The solution was condensed by rotary evaporation. The resulting viscous solution

was precipitated in hexanes (60 mL) and reprecipitated twice from dichloromethane (0.5
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mL) into hexanes (60 mL) to yield 0.13 g (54%) of a white solid. M,=2.54*10° g/mole,
PDI=1.20. 'H-NMR (500 MHz): 138 (CH,CH,,C=0, 37H), 1.59 (t,
CH,CH,CH,CH,OH, J = 7.5 Hz), 1.65 (-CH,CH,CH>CH,0C=0-), 2.31 (-CH:(C=0)0-),
2.36 (t, -CH,(C=0)OCH,Ar, J = 7.3 Hz), 3.38 (s, CH30), 3.55 (CH30CH>-, J = 4.7 Hz),
3.71 (-CH,CH;0Ar), 3.85 (t, -CH,OAr, J = 49 Hz), 4.06 (-CH,O(C=0)), 4.12 (t, -
CH,OH, J = 4.9 Hz), 5.04 (-ArCH,), 6.88 (2 aromatic H meta to CH>), 6.90 (2 aromatic
H ortho to CH5).">C NMR (125 MHz): 24.59 (-CH,(CH,);0H), 24.80 (-CH,CH,(C=0)-),
25.52 (-CH,CH,CH,OH), 25.76 (-CH,CH,CH,O(C=0)-), 28.57 (-CH,CH,O(C=0)-),
32.54 (-CH»(CH,)4OH), 34.35 (-CH,(C=0)-), 59.25 (CH30-), 62.85 (-CH,OH), 64.38 (-
CH,O(C=0)-), 70.77 (-CH,O- PEG backbone), 71.05 (CH3;OCH,CH,-), 72.15
(CH30CHj3-), 114.85 (2 aromatic C ortho to O), 130.20 (2 aromatic C meta to O), 173.77

(C=0).

3.5 Synthesis of Fluorescently-Labeled Polymers

Fluorescently labeled polymers were synthesized in order to study protein binding
onto micelles of the amphiphilic PEG-b-PCL diblock copolymers described above. First a
fluorescently labeled model PCL homopolymer and then a fluorescently labeled PEG-b-

PCL diblock copolymer were synthesized.
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3.5.1  Synthesis of MeOPCL

In a Schlenk flask a mixture of e-caprolactone (3.0 g, 26 mmol) and tin octoate
(57 mg, 0.14 mmol) was dried by azeotropic distillation using 25 mL of toluene twice.
Methanol (63 mg, 2.0 mmol) was added in the drybox, the mixture was stirred 80 °C for
7.5 h and quenched by immersing it in liquid nitrogen. Conversion by 'H NMR
spectroscopy is 77% and M,=1.4*10° g/mole. The polymer was precipitated from
chloroform (0.7 mL) into hexanes (250 mL). The polymer was collected into a fritted
glass funnel to obtain 1.7 g (56%) of polycaprolactone monomethyl ether (MeOPCL) as a
white solid; M,=2.66*10° g/mole, PDI=1.10. 'H-NMR (500 MHz): 1.38 (-
CH>(CHy)2(C=0)-), 1.59 (t, -CH,CH,CH,CH,OH, J = 7.5 Hz), 1.65 (m, (-
CH>CH,CH,CH,O(C=0)- 69H), 2.31 (m, -CH,(C=0)0-, 38H), 3.65 (t, -CH,OH, J = 6.5
Hz, 2H), 3.67 (s, CH;0-), 4.06 (-CH,O(C=0)). *C NMR (125 MHz): 24.52 (-
CH»(CH,);OH), 24.55 (-(C=0)CH,CH-), 24.65 (CH3;O(C=0)CH,CH,-), 25.27
(CH30(C=0)(CHz)2,CH3-), 25.50 (-CH,CH,CH,O(C=0)-), 28.32 (-CH,CH,O(C=0)-),
33.86 (-CH,(CHz)sOH), 34.09 (-O(C=0)CHx;-), 34.20 (CH30(C=0)CH,-), 51.48 (CH30-

), 62.60 (-CH,OH), 64.12 (-CH, O(C=0)-), 173.51 (C=0).

3.5.2  Synthesis of MeOPCLMs

Methanesulfonyl chloride (0.2 mL, 2 mmol) was added all at once to an ice-
cooled solution of polycaprolactone monomethyl ether (1.7 g, 1.5 mmol) and

triethylamine (0.5 mL, 4 mmol) in THF (10 mL). The mixture was stirred at room
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temperature for 18 h. "H NMR spectroscopy shows 100% functionalization based on the
resonances at 1.78, 4.23, due to methylene groups alpha and beta to the mesyl group, and
at 3.02 ppm due to the methyl group of the mesyl group. The solution was eluted through
a plug of silica gel and condensed by rotary evaporation and dried in vacuo on a Schlenk
line to obtain 1.8 g (99%) of a-methyl ether, w-mesyl polycaprolactone (MeOPCLMs) as
a white solid; M,=2.87%10° g/mole, PDI=1.11. 'H-NMR (500 MHz): 1.39 (-
CH>(CH;)2(C=0)-), 1.46 (-CH,(CH,),OH), 1.65 (-CH,CH,CH,CH,0O(C=0)-), 1.78 (t, -
CH>CH,CH,CH,0OH, J =7.38 Hz), 2.31 (m, -CH,(C=0)-), 3.02 (s, CH;S(=0),0-), 3.67
(s, CH;0(C=0)-), 4.06 (m, -CH,O(C=0)-), 4.23 (t, -CH;Ms, J=6.35 Hz). C NMR (125
MHz): 2429 (-CH,CH,CH,CH;Ms), 24.55 (-O(C=0O)CH,CH-), 2498 (-
CH,CH,CH;Ms), 25.51 (-O(C=0)CH,CH,CH-), 28.32 (-CH>CH,O(C=0)-), 28.82 (-
CH,CH,Ms), 3390 (-CHy(CH);CH:Ms), 34.09 (CH;O(C=0O)CH,-), 37.32
(CH3S(=0),0-), 51.48 (CH;0-), 64.11 (CH30(C=0)(CHy)sCHz-), 69.75 (-CH;Ms),

173.50 (C=0).

3.5.3  Synthesis of MeOPCL Rhodamine
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In a round bottom flask, a mixture of MeOPCLMs (0.2 g, 0.4 umol), rhodamine
lactone (0.11 g, 0.6 mmol), and N,N-Diisopropylethylamine (0.09 mL, 0.5 mmol) in dry
acetonitrile (2 mL) was stirred at 82 °C for 98.5 h. The reaction reached 100% conversion
by 'H NMR spectroscopy according to the disappearance of resonances at 1.78, 3.02, and
4.23 ppm. The solution was condensed by rotary evaporation to obtain a purple solid (0.3
g, 95%). This solid was purified by column chromatography using 2:1 acetone : hexanes
as a purple solid (76 mg, 22%). The polymer was precipitated from dichloromethane (2
mL) into hexanes (100 mL) to obtain to obtain MeOPCL_ Rhod with traces of unreacted
rhodamine of a-methyl ether, w-rhodamine polycaprolactone (MeOPCL Rhodamine) as
a purple powder 50 mg (15%); M,=2.99*10° g/mole, PDI=1.13. The sample does not
contain unreacted rhodamine according to 'H NMR spectroscopy.. 'H-NMR (500 MHz):
1.34 (t, CH;CH,, J = 72 Hz), 139 (-O(C=0)(CHy):CH>-), 1.48 (4,
CH;0(C=0)(CH,)sCH>-, J = 7.6 Hz), 1.54 (t, CH;0(C=0)CH,CH>-, J= 7.7 Hz), 1.65 (-
CH>CH,CH,CH,0O(C=0)-), 2.23 (t, CH;0(C=0)CH>- J = 7.5 Hz), 2.31 (-O(C=0)CH>-),
2.78 (-CH,(CH,)40(C=0)Ar-), 3.64 (t, -CH,CH3, J = 7.3 Hz), 3.67 (s, CH;0-), 4.06 (-
CH,0(C=0)-), 6.84 (d, Hy and Hy, J = 2.4 Hz), 6.90 (dd, Hy andHyy, 'J = 9.5, °J = 2.4
Hz), 7.08 (d, He- and Hy,, J = 9.5 Hz), 7.33 (H,,), 7.75 (t, Hx, J = 7.7 Hz), 7.82 (t, Hy, J =
7.5 Hz), 8.29 (d, Hy, J = 7.9 Hz). C NMR (125 MHz): 12.65 (CH3CH,-), 24.46 (-
CH,(CH;),CH,O(C=0)Ar-), 24.57 (-O(C=0)CH,CHy-~), 25.40 ((-
CH,CH,CH,O(C=0)Ar-), 25.53 (-O(C=0)CH,CH,CH>-), 28.07 (-CH,CH,O(C=0)Ar-),
28.34  (-O(C=0)(CH;);CH»-),  33.89  (-CH2(CH2)sO(C=0)Ar-), 34.12 (-
CH,(CH,),0(C=0)-), 39.41 (-NCH,CHj3), 46.14 (=N"CH,CH3), 51.51 (CH;0-), 64.14 (-

CH,O(C=0)-), 6543 (-CH,O(C=0)Ar-), 96.37 (Hg and H;), 113.54 (H;), 114.22
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(He'), 128.17 (Hu), 128.55 (He), 130.07 (Hy), 130.26 (H,), 130.40 (H,), 131.28 (Hy),
131.31 (Hy), 133.07 (Hy), 133.48 (H), 155.56 (Hy), 157.75 (Hr), 158.88 (Hy), 165.08

(Hy), 173.38 (CH;0(C=0)-), 173.55 (C=0), 173.95 (-O(C=0)Ar-).

3.5.4  Synthesis of MeOPEG550PCL

A mixture of tin octoate (0.55 g, 1.4 mmol), e-caprolactone (3.0 g, 26 mmol), and
previously dried MeOPEG5500H (3.0 g, 5.4 mmol) was azeotropically dried twice by
trap-to-trap removal of dry toluene (30 mL). After stirring at 80 °C for 12 h, the
polymerization reached 100% conversion according to 'H NMR spectroscopy by the
disappearance of the monomer resonances at 1.78, 1.87 ppm. The added
polycaprolactone molecular weight was around 400 g/mole according to 'H NMR
spectroscopy. The polymer was precipitated twice from bulk into hexanes (350 and 400
mL, respectively) to obtain 6.0 g (100%) of monomethylether poly(ethylene glycol)-b-
polycaprolactone (MeOPEG550PCL) as a viscous liquid; M,=1.99%10° g/mole, PDI
=1.17.  'H-NMR (500 MHz): 139 (-O(C=0)(CH,),CH,-), 1.57 (-
O(CH,),0(C=0)CH,CH>-), 1.65 (-CH,CH,CH,CH,CH,0(C=0)-), 2.31 (-O(C=0)CH,-)),
2.35 (- CH,(CH,),OH), 3.38 (CH,0O-), 3.55 (CH,OCH,-), 3.62-3.59 (CH,OCH,CH,-),
3.65 (-OCH,CH,0-), 3.70 (-OCH,CH,0O-CH,CH,0(C=0)-), 4.06 (-CH,0(C=0)-), 4.22 (-
CH,OH). C NMR (125 MHz): 24.43 (-CH,CH,CH,CH,OH), 24.52 (-O(C=0)CH,CH,-
), 24.70 (-O(CH;),0(C=0)CH,CH;-), 25.33 (-O(CH,),O(C=0)(CH,),CH,-), 25.47 (-
O(C=0)(CH,),CH,-), 28.28 (-O(CH>),O(C=0)(CH,)3CH,-), 30.87 (-

O(CH,),0(C=0)CH>-), 32.25 (-CH,CH,OH), 34.06 (-O(C=0)CH,-), 58.92 (CH;O-),
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62.17  (-CH,OH), 6339  (-O(CH,),O(C=0)(CH,),CH»-),  64.08 (-
O(CH,),0(C=0)(CH,);CH,-), 69.08 (CH;O(C=0)CH,CH,-), 70.47 (-OCH,CH,0-),
71.84 (CH30(C=0)CH,-), 173.41 (-(C=0)(CH,)sOH), 173.50 (-O(C=0)CH,-), 173.72 (-

O(CH,),0(C=0)CH>-).

3.5.5  Synthesis of MeOPEG550PCLMs

Methanesulfonyl chloride (0.2 mL, 3 mmol) was added all at once to an ice-
cooled solution of MeOPEG550PCL (2.0 g, 2.1 mmol) and triethylamine (0.7 mL, 5
mmol) in dry THF (10 mL) and stirred at room temperature for 18 h. The solution was
eluted through a plug of silica gel to obtain 2.4 g (100%) of a-methyl ether, ®-mesyl
poly(ethylene glycol)-b-polycaprolactone (MeOPEGS550PCLMs) as a yellow oil;
M,=1.99%10° g/mole, PDI =1.17. 'H-NMR (300 MHz): 1.38 (-O(C=0)(CH,),CH,-), 1.65
(-CH,CH,CH,CH,CH,0(C=0)-), 2.31 (-O(C=0)CH,), 3.00 (CH;3S(=0),0-), 3.38 (CH,0-
), 3.56 (CH,0CH,-), 3.64 (-OCH,CH,0-), 406 (-CH,0(C=0)-), 423 (-CH,Ms). “C
NMR (125 MHz): 24.26 (-O(CH,),O(C=0)CH,CH,-), 24.53 (-O(C=0)CH,CH,-), 24.94
(-O(CH>),O(C=0)(CH,),CH>-), 25.46 (-O(C=0)(CHy).CH>-), 28.29 (-
O(C=0)(CHy);CH,-), 28.78 (-CH,CH:;Ms), 33.92 (-O(CH,),O(C=0)CH,-), 34.05 (-
O(C=0)CHz-), 37.29 (CH;3S(=0),0-), 58.92 (CH;0-), 63.40 (-O(C=0)(CH,)4CH,-),
64.07 (-O(C=0)(CH3)4CH>-), 69.10 (CH30CH>-), 69.74 (CH30CH,CH,- and —CH,;Ms),

70.50 (-CH,CH,0-), 71.86 (-OCH,CH,0(C=0)-), 173.45 (C=0).
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3.5.6  Synthesis of MeOPEG550PCL_Rhod

A solution of MeOPEGS550PCLMs (0.25 g, 0.24 mmol), NN-
Diisopropylethylamine (0.2 mL, 1 mmol), and rhodamine lactone (0.16 g, 0.36 mmol) in
dry acetonitrile (2 mL) was stirred at reflux temperature for 72 h. After cooling down to
room temperature, the solution was precipitated into hexanes (150 mL), collected, and
then reprecipitated from dichloromethane (2 mL) into hexanes (150 mL) to obtain 0.19 g
(53%) of a purple solid. The functionalized polymer was purified by column
chromatography using silica gel as the stationary phase and 3:1 acetone : hexanes as the
eluent to obtain 90 mg (25%) of a-methyl ether, w-rhodamine poly(ethylene glycol)-b-
polycaprolactone (MeOPEG550PCLRhod) as a yellow oil; M,=1.80*10° g/mole, PDI
=1.17. 'H-NMR (500 MHz): 1.24 (H,, J = 26.7 Hz), 1.34 (Hy), 1.39 (-
O(C=0)(CH,),CH>-), 1.66 (-CH,CH>CH,CH,CH,0O(C=0)-), 222 (-
O(CH»),0(C=0)CH,CH>-), 2.31 (-O(C=0)CH,-), 2.77 (-CH,(CH;)4sO(C=0)Ar-), 3.37
(CH;0-), 3.55 (CH30CH»-), 3.65 (-OCH,CH,0-), 4.07 (-CH,O(C=0)-), 4.23 (-CH,Ar
and -OCH,CH,O(C=0)CHx»-), 6.83 (Hn and Hy), 6.90 (H; and Hy), 7.09 (Hi and Hy),

7.76 (Hy), 7.82 (He), 8.28 (He). °C NMR (125 MHz): 11.64 (C, and Cy), 23.48 (-
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CH,(CH,),CH,0(C=0)Ar-), 23.55 (-O(C=0)CH,CH>-), 24.38 (-CH,CH,CH,0(C=0)Ar-
), 2451  (-O(C=0)CH,CH,-), 27.05 (-CH,CH,O(C=0)Ar-), 27.33 (-
CH,(CH,);0(C=0)Ar-), 32.96 (-CH(CH,);0(C=0)Ar-), 33.10 (-O(C=0)CH,-), 45.12 (-
CH,CH;), 57.98 (CH;0-), 62.43 (-CH,O(C=0)Ar-), 63.11 (-CH,O(C=0)-), 64.40 (-
OCH,CH,0(C=0)(CH,);CH,-), 68.14 (-OCH,CH,O(C=0)-), 69.55 (-OCH,CH,0-),
70.92 (CHsOCH,-), 95.36 (Cy and Cyy), 112.53 (Cy), 113.22 (Cy), 127.26 (Cy), 127.53
(Cr), 129.11 (Cy), 129.24 (Cr), 129.40 (Cy), 130.29 (Cy), 132.05 (Ce'), 132.43 (Cyy and
Cy), 15457 (Cy), 156.74 (Cr), 157.86 (Cy), 164.06 ((C=O)Ar-), 17231 (-

(C=0)(CH,)sO(C=0)Ar-), 172.40 (-O(CH,),0(C=0)-), 172.49 (C=0).

3.6 Preparation of Diblock Copolymer Micelles

Amphiphilic diblock copolymer micelles were prepared by a co-solvent

evaporation method using acetone as common solvent™"

and fully characterized using
dynamic light scattering (DLS) and Transmission Electron Microscopy (TEM) then the

micelle preparation protocol was modified in order to use fluorescence correlation and

cross-correlation spectroscopy (FCS) and FCCS to characterize them.

3.6.1  Micelles Characterized by DLS and SEM

Polymeric micelles were prepared from amphiphilic diblock copolymers either
MeOPEG550BnOPCL or MCBnOPCL diblock copolymers as in the following example

modifying a procedure found in the literature.”*® MilliQ water (15 mL) was added via a
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syringe pump (0.1 mL/min) to a vigorously stirred solution of diblock copolymer (2.5
mg) in acetone (0.1 g) at room temperature. The micelles were stirred covered by a
kimwipe inside a ventilation hood for 2.5 h at room temperature and normal pressure and
then stirred overnight inside a bell jar while applying aspirator vacuum to remove

acetone.

3.6.2  Preparation of Fluorescently Tagged Micelles for Protein Adsorption

Experiments

Fluorescently tagged micelles were prepared from either MeOPEG550BnOPCL
or MCBnOPCL diblock copolymers and MeOPEGPCLRhod as in the following
example. Ultrapure water (15 mL) was added via syringe pump (0.1 mL/min) to a
solution of MeOPEGS550BnOPCL (0.2 mg) and MeOPEGPCL Rhod (4.4 ug) in acetone
(0.1 g). The micelles were stirred covered by a kimwipe inside a ventilation hood for 2.5
h at room temperature and normal pressure overnight to remove acetone. DLS on these
micelles shows three size distributions: 100 nm, 700 nm, and 8400 nm. Filtered micelles
through a 0.45 pum poly(ether sulfone) filter. The filtered micelles have only one size

distribution that corresponds to 100 nm.

3.7 Protein Adsorption Studies

Dynamic light scattering and fluorescence spectroscopy were used to measure

protein adsorption onto self-assembled micelles.
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3.7.1 Protein Adsorption Experiments Using Dynamic Light Scattering

In a 15 mL falcon tube BSA protein solutions with different concentrations were
prepared into PBS (11 mL). For example, in order to obtain the biological concentration
of 45 mg/mL, BSA (0.50 g) were mixed with PBS (11 mL). The tubes were there
inverted several times to favor mixing and vortexed when necessary. The solutions sat
overnight before use. For the protein adsorption experiments, micelle suspension (750
puL) and protein solution (750 puL) were mixed into 1.5 mL eppendorf tubes. These
suspensions were then incubated for 16 h in a shaker at 250 rpm and 37 °C. Dynamic

light scattering measurements were performed on the suspensions at room temperature.

3.7.2 Protein Adsorption Studies Using Fluorescence Spectroscopy

Fluorescein tagged Bovine Serum Albumin (BSA) stock solutions were prepared
by dissolving lyophilized protein (1.0 mg) into either PBS or ultrapure water (1.0 mL).
One half of the stock solutions were kept in the refrigerator and the other half were kept
frozen for future use. Protein solutions of different concentrations were prepared from
the stock solution as in the following example. Mixed PBS (1.2 mL) and BSA stock
solution in PBS (74.5 pL) into a 1.5 mL eppendorf tube. Protein adsorption experiments
were set up using protein solutions with different concentrations as in the following
example. Mixed a protein solution (150 pL) and a micelle suspension into a 1.5 mL
eppendorf tube. The suspensions were mixed a couple of times by inversion and then

incubated in a shaker at 250 rpm and 37 °C for either 8 or 16 h. Fluorescence correlation
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and cross-correlation spectroscopy data was used to determine the diffusion coefficients

for micelles and proteins in the sample.

3.8 Synthesis of an Oligooxyethylene Inimer

An oliogooxyethylene inimer was synthesized in three steps. The first step is the
synthesis of 2-chloro-3-hydroxypropionic acid by diazotization of D,L serine. [2-(2’-
Ethoxyethoxy)ethyl] 2-chloro-3-hydroxypropionate is then synthesized by esterification
with 2-(2’-ethoxyethoxy)ethanol, and finally an esterification with acryloyl chloride

yields the [2-chloro-2-(2’-ethoxyethoxy)ethan-1-oxycarbonyl]ethyl acrylate inimer.

3.8.1  Synthesis of 2-Chloro-3-hydroxypropionic Acid (chlorohydrin)

2-chloro-3-hydroxypropionic acid was synthesized in 37% yield as described
previously.* Sodium nitrite (68 g, 0.99 mol) was added in portions over 3 h to a solution
of D,L-serine (52 g, 0.50 mol), potassium chloride (130 g, 1.8 mol), and HCI (116 g, 38%
w/w, 1.2 mol) in water (490 mL), while maintaining the temperature at approximately -10
°C. After stirring at room temperature for 24 h, the reaction mixture was saturated with
NacCl and extracted five times with ethyl acetate (100 mL each). The combined extracts
were washed 5 times with saturated aqueous NaCl (50 mL each), and dried over MgSOs.
After filtration and removing the solvent by rotary evaporation, the residue was
recrystallized from CH)Cl, (200 mL) to obtain (23 g, 37%) of 2-chloro-3-

hydroxypropionic acid as a white solid.
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'"H NMR (300 MHz): 4.05 (d, CH>OH, J= 5.30 Hz), 4.49 (t, CHCI, J=5.31 Hz).

3.8.2  Synthesis of [2-(2’-Ethoxyethoxy)ethyl] 2-Chloro-3-hydroxypropionate

[2-(2’-Ethoxyethoxy)ethyl] 2-chloro-3-hydroxypropionate was synthesized in
quantitative yield as described previously.* A solution of 2-chloro-3-hydroxypropionic
acid (3.2 g, 26 mmol), p-toluenesulfonic acid (0.14 g, 0.71 mmol), and 2-(2’-
ethoxyethoxy)ethanol (18 g, 0.13 mol) in toluene (10 mL) was stirred at 130 °C for 2 h,
using a Dean-Stark trap apparatus. The contents of the trap was replaced with fresh
toluene (10 mL) and stirred at 130 °C for 22 h. The reaction mixture was passed through
a plug of neutral activated alumina and the unreacted alcohol and toluene were removed
under vacuum using a short path (1 mmHg, 57 °C) using an oil bath at 82 °C to obtain 6.6
g (100%) of [2-(2’-ethoxyethoxy)ethyl] 2-chloro-3-hydroxypropionate as a clear oil. 'H-
NMR (CDCl): 1.22 (t, CH3), 2.89 (t, OH), 3.51 (t, CH;CH,), 3.57 (t, CH,OCH,CH3),
3.64 (t, CH,CH,OCH,CHj3), 3.74 (t, CO,CH,CH,), 3.96 (dd, CHHOH), 4.05 (dd,
CHHOH), 4.37 (t, CO,CH,), 4.41(dd, CHCL,). *C-NMR (125 MHz): 15.0 (CH3), 57.1
(CHCI), 64.1 (CO,CH3), 65.0 (HOCH,), 66.7 (CH,CHs3), 68.6 (CH,OCH,CHs), 69.7

(CO,CH,CH,0CH,), 70.5 (CO,CH,CH,0), 168.4 (CO,).

3.8.3  Synthesis of [2-Chloro-2-(2’-ethoxyethoxy)ethan-1-oxycarbonyl]ethyl acrylate

[2-Chloro-2-(2’-ethoxyethoxy)ethan-1-oxycarbonyl]ethyl acrylate was
synthesized in 24% yield as described previously.* A solution of acryloyl chloride (7 mL,

0.09 mol) in THF (15 mL) was added dropwise over 10 min to an ice-cooled solution of
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[2-(2’-ethoxyethoxy)ethyl] 2-chloro-3-hydroxypropionate (4.2 g, 17 mmol) and pyridine
(7.0 mL g, 87 mmol) in THF (400 mL). After stirring at 25°C for 24 h, pyridinium
hydrochloride was filtered off using a fritted glass funnel and the solution was
concentrated by rotary evaporation. The concentrated solution was then purified by
column chromatography using 3:1 hexanes : acetone passed through a plug of basic
activated alumina. The product (R=0.36) was purified by silica gel column
chromatography using a mixture of ethyl acetate/hexanes (40/60, v/v) as the eluent to
yield (1.24 g, 24 %) of a colorless liquid. 'H-NMR 1.21 (t, CH;, J=7.01 Hz), 3.52 (t,
CH>CHj3, J=7.01 Hz), 3.58 (t, CH:OCH,CHs, J=4.60 Hz ) 3.65 (t, CO,CH,CH,OCH,,
J=4.82 Hz), 3.74 (t, CO,CH,CH,, J=4.82 Hz), 4.37 (t, CO,CH,, J=4.84 Hz), 4.52 (t,
CHHOH, J=3.19 Hz), 4.56 (t, CHCl, J=2.47 Hz), 4.60 (t, CHHOH, J=3.36 Hz), 5.89 (dd,
=CH trans to CO,, J; = 10.4 Hz, J, = 1.40 Hz), 6.13 (dd, =CH gem to CO,, J; = 17.3 Hz,
J>=10.4 Hz), 6.45 (dd, =CH cis to CO,, J; = 17.29 Hz, J, = 1.390 Hz). "C-NMR (125
MHz): 15.0 (CHs), 53.6 (CHCI), 64.4 (CO,CH,CH,), 65.4 (CO,CH,CHCI), 66.6
(OCH,CH3), 68.5 (CH,OCH,CH3), 69.6 (CO,CH,CH,OCH,CH), 70.6 (CO,CH,CH,0),

127.3 (=CH,), 132.0 (=CH), 165.1 (CO,CH,CH,), 167.1 (CO,CH,CHCI).
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CHAPTER IV

PREPARATION OF PEG MACROINITIATORS AND PEG-b-PCL

DIBLOCK COPOLYMERS

4.1 Introduction

This chapter discusses the syntheses of cyclic (MC-BnOH) and linear
(MeOPEGS550BnOH) PEG macroinitiators as well as PEG-b-PCL diblock copolymers
synthesized from these macroinitiators. MC-BnOH has been synthesized before in low
yields and using time-consuming purification techniques.”***’ Lower molecular weight
analogs of MeOPEG550BnOH have been synthesized using different routes.”'** The
linear macroinitiator syntheses presented here involve a mesylation followed by an
etherification. The assignments of resonances for the compounds shown in this chapter

234
1.,

were based on the methods described by Silverstein et a prediction from

ChemBioDraw 13.0, and/or the literature.

4.2 Synthesis of PEG Macroinitiators

In order to compare the protein adsorption onto micelles from PEG-b-PCL
diblock copolymers with different polymer architectures in the corona, a cyclic (MC-

BnOH) macroinitiator and a linear (MeOPEG550BnOH) PEG
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macroinitiator were synthesized in three and two synthetic steps, respectively. MCBnOH

lacks end groups while MeOPEG550BnOH has a methyl end group.

4.2.1.1 Synthesis of a Cyclic PEG Macroinitiator: MC-BnOH

MC-BnOH was synthesized in three steps from PEG 600. First, a mesylation of
they hydroxyl groups on PEG600 leads to MsPEG600Ms, then, an intramolecular
cyclization using 3,4-dihydroxybenzaldehyde yields MC-CHO, and finally a reduction of
the benzaldehyde group produces MC-BnOH. Note that these molecules have a narrow
distribution of PEG chain lengths, although the strucutres and names specify 13 ethylene

oxide repeat units.

4.2.1.1.1 Synthesis of Bismesylated PEG 600 (MsPEG600Ms)

Pugh and coworkers™*?** synthesized MsPEG600Ms in 81-93% yield in the
presence of triethylamine in dichloromethane with methanesulfonyl chloride. Here,
MsPEG600Ms was synthesized in 65-91% yield using the route in Scheme 4.1, similar to

Pugh and coworkers.

Figure 4.1 and Figure 4.2 show the "H and '*C NMR spectra, respectively of
MsPEG600Ms at room temperature. The resonances in these spectra correspond to the

literature values.”?®
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Scheme 4.1: Synthesis of MsPEG600Ms
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Figure 4.1: '"H NMR Spectrum of MsPEG600Ms
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Figure 4.2: C NMR Spectrum of MsPEG600Ms

In Figure 4.3, the MALDI-ToF MS of MsPEG600Ms shows both potassiated and
sodiated distributions of MsPEG600Ms as well as a trace of a monomesylated polymer
distribution (MsPEG600). The traces of monomesylated polymer distribution will lead to
side polymer distribution in the next step of the synthesis.

108



* Major distribution bismesylated potassiated
Minor distribution bismesylated sodiated
Traces of monomesylated either potassiated or sodiated
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Figure 4.3: MALDI-ToF MS of MsPEG600Ms

4.2.1.1.2 Synthesis of 3,4-(42-Crown-14)benzaldehyde (MC-CHO)

Pugh and coworkers synthesized 3,4-(42-Crown-14)benzaldehyde using pseudo-
high dilution conditions in N,N-Dimethylformamide (DMF) to favor PEG intramolecular

cyclization vs. chain extension and intermolecular cyclization.””***® MC-CHO was
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prepared by adding a solution of 3,4-dihydroxybenzaldehyde and MsPEG600Ms in DMF

h*** or 16 h**° to a solution of potassium carbonate in DMF at 70 °C. The

over 1
temperature was raised to 125 °C and the reaction was stirred for 72 h. After filtering the
potassium salts off at room temperature, DMF was distilled off under reduced pressure
and the residue was purified either by three reprecipitations into hexanes from THF**®
and/or by flash chromatography using silica gel as the stationary phase and chloroform
and methanol as eluents to obtain an oil containing mostly cyclic oligomers, especially
cyclic unimers, contaminated with a small amount of linear oligomers according to
MALDI-ToF MS.*****° Pyre cyclic oligomers were obtained in 19% yield after a second
column chromatography using chloroform and methanol as eluents, as well as Soxhlet

extraction of the material supported on silica using hexanes for 96 h.**’

Here, MC-CHO was obtained in 27% yield using a procedure similar to Pugh and
coworkers,””*** but adding a solution of 3,4-dihydroxybenzaldehyde and MsPEG600Ms
in acetonitrile over 13 h to a solution of potassium carbonate in acetonitrile at 82 °C. The
temperature was then raised to 87 °C and stirred for 72 h. The synthetic route is shown in

Scheme 4.2.

O\ HO O Q
\ e H H
S HO
\S/éo\/>\o/ Y -
o \\O 13 K,CO3, CH;CN O\—ﬁLO
11

Scheme 4.2: Synthesis of MC-CHO
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After filtering the potassium salts off at room temperature, acetonitrile was
distilled off under reduced pressure to yield a brown oil (100%) that contained cyclic
unimer (two structural units) as well as linear trimeric (three structural units) impurities,
as shown in Figure 4.4. MS of aromatic aldehydes by electron ionization is characterized
by an M-1 peak (-Ar-CO") that is always large and may be larger than the molecular ion
peak.”* In this case, MALDI-ToF gives rise to a potassiated distribution of the complete
cyclic unimer MC-CHO. The structure of the linear trimeric species is shown in Figure
4.5. This oligomer distribution is the side product from the monomesylated PEG
mentioned in section 4.2.1.1.1. This spectrum also shows the loss of CO from the
aromatic aldehyde (i.e. M-28 Da). The structure of this oligomer distribution is shown in

228,229
F~%

Figure 4.5. Note that unlike the synthesis in DM this crude material does not

contain significant unimeric or dimeric impurities.
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Figure 4.6: MALDI-ToF MS of First Fraction Purified MC-CHO

The crude oil from this MC-CHO synthesis was purified by flash chromatography
using 3:1 hexanes : acetone to obtain cyclic unimer in 27% yield. Figure 4.6 shows the
MALDI-ToF MS for the purified product. There are only two polymer distributions. One
corresponds to the potassiated cyclic unimer and the other one corresponds to the
sodiated cyclic unimer. The second fraction from the flash chromatography also looks
like it only contains cyclic unimer and traces of non-functionalized PEG according to

MALDI-ToF MS as shown in Figure 4.7.
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The main polymer distribution corresponds to the potassiated cyclic unimer. The

small polymer distribution corresponds to the loss of CO, as explained in the previous

paragraph.
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Figure 4.8 shows GPC traces of the crude MC-CHO product as well as the

purified and later fractions. While both Figure 4.6 and Figure 4.7 showed mainly cyclic

unimer, fraction 1 has lower molecular weight fraction to fraction 2. Fraction 2 and
fraction 3 have the same polymer molecular weights.

The method presented here for the synthesis and purification of MC-CHO
increased the yield from 19% to 39% and reduced the work up time and expense by

eliminating the need for a second column and 96 h of Soxhlet extraction.
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4.2.1.1.3 Synthesis of 3,4-(42-Crown-14)benzyl Alcohol (MC-BnOH)

Pugh and coworkers synthesized 3.,4-(42-Crown-14)benzyl Alcohol in 53-87%
using sodium borohydride in absolute ethanol.””® Here MC-BnOH was synthesized in
76% yield using a similar procedure shown in Scheme 4.3. Figure 4.9 and Figure 4.10
show the 'H and "C NMR spectra of MC-BnOH. The resonances in these spectra
correspond to the literature values.”® Figure 4.9 shows the GPC traces of MCBnOH
synthesized drom fractions 1-3 of MC-CHO, and its precursors. This figure shows the
reduction in hydrodynamic radius upon cyclization of MsPEG600Ms and the similar

hydrodynamic radius of MC-CHO and MC-BnOH.

0
o~ o o~ o
/6 H Nat BH,, EtOH OH
y
0-25°C .24 h
O\—ﬁl’o 90% i 1d ’ O\—7LO
/\ 0 yie A

Scheme 4.3: Synthesis of MC-BnOH
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4.2.1.2 Synthesis of Linear PEG Macroinitiator: MeOPEG550BnOH

MeOPEG550BnOH was synthesized in two steps from MeOPEG 550. First, a
then an etherification with p-

and

to MeOPEG550Ms,

mesylation leads
hydroxybenzaldehyde yields MeOPEG550BnOH.

Synthesis of MeOPEG550Ms

228229 synthesized

42.1.2.1
As mentioned in section 4.2.1.1.1, Pugh and coworkers
MsPEG600Ms in 81-93% vyield from PEG600 and methanesulfonyl chloride in the
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presence of triethylamine in dichloromethane. Here, MePEG550Ms was synthesized in
73-78% yield using a similar procedure by mesylating MeOPEG550 similar to the
mesylation of both ends of poly(ethylene glycol) 600. Scheme 4.4 shows the synthetic
route. Figure 4.10 shows the 'H NMR spectrum of MeOPEG550Ms. The resonances

correspond to literature values.”®

\ \
/Qo\/);OH . \\ \ NEt;y, CH,Cl, - /QO\/?EO \\

1 \\ 0-25°C, 24 h, 57% yield

Scheme 4.4: Synthesis of MeOPEG550Ms
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Figure 4.12: "H NMR Spectrum of MeOPEG550Ms
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4.2.1.2.2 Synthesis of MeOPEG550BnOH

Different authors synthesized (4-(2-(2’-methoxyethoxy)ethoxy)phenyl)methanol,
a low molecular weight analog of MeOPEG550BnOH by various synthetic routes. Heath
and coworkers prepared (4-(2-(2’-methoxyethoxy)ethoxy)phenyl)methanol in 60% yield
using methyl 4-hydroxybenzoate (i.e. instead of 4-hydroxybenzyl alcohol) and toluene-
4-sulfonic acid 2-(2’-methoxyethoxy)ethyl ester for the etherification step, followed by
cleavage of the ester to benzyl alcohol using LiAlHs4, as shown in Scheme 4.5 (a).”**
Boyer and coworkers used ethyl 4-hydroxybenzoate and 1-bromo-2-(2’-
methoxyethoxy)ethane to obtain (4-(2-(2’-methoxyethoxy)ethoxy)phenyl)methanol in
56% yield, by the two steps shown in Scheme 4.5 (b).>** Finally, Holzl and coworkers
synthesized (4-(2-(2’-methoxyethoxy)ethoxy)phenyl)methanol using 4-
hydroxybenzaldehyde and 1-bromo-2-(2’-methoxyethoxy)ethane instead of the mesylated
one. This was followed by reduction of the benzaldehyde to benzyl alcohol, as shown in

Scheme 4.5 (c). These authors did not report the yields for these reactions.”"

Here, MeOPEG550Ms was etherified using an excess of 4-hydroxybenzyl alcohol
and slightly substoichiometric amounts of K,COj relative to 4-hydroxybenzyl alcohol to
prevent deprotonation of the benzyl alcohol that would lead to coupling between PEG
chains. This synthetic route is shown in Scheme 4.7. Figure 4.11 shows the '"H NMR
spectrum of MeOPEGS550BnOH. The resonances in these spectra correspond to the
literature values.”* Figure 4.125 shows the MALDI-ToF MS of MeOPEG550BnOH,
which confirms the synthesis and purity of this macroinitiator.
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Figure 4.13: "H NMR Spectrum of MeOPEG550BnOH

Compared to the work of Heath and coworkers the method presented here for the
synthesis and purification of MeOPEG550BnOH has reduced the number of synthetic

steps from 3 to 2.%**
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Figure 4.14: MALDI-ToF MS of MeOPEG550BnOH

This method is also cheaper than the ones proposed by Boyer and coworkers®>
and Holtz and coworkers™' who used 1-bromo-2-(2’-methoxyethoxy)ethane instead of
di(ethylene glycol) methyl ether as raw material. The first compound is 500 times more

expensive than the second one.

4.2.2 Synthesis of PEG-b-PCL Diblock Copolymers

Amphiphilic PEG-b-PCL diblock copolymers were synthesized from the PEG
macroinitiators described in section 4.2. These diblock copolymers have either a linear or

a cyclic architecture in the PEG block.
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4.2.2.1 Synthesis of Cyclic-b-linear MC-BnOPCL Diblock Copolymers

Although several authors have synthesized PEG-b-PCL diblock copolymers and a

good number of them have prepared self-assembled micelles from them,’80113-201:213.235-

9 there is no report of PEG-b-PCL diblock copolymers having a cyclic architecture in
the PEG block. Scheme 4. shows the synthesis of MCBnOPCL (i.e. cyclic-b-linear)
diblock copolymer by ring-opening polymerization of e-caprolactone using tin octoate as
a catalyst and THF as solvent similar to literature polymerizations of e-
caprolactone,b0-233-236-238.240-242.244-246 - NICBhOPCL  copolymers with three different
polycaprolactone molecular weights were synthesized corresponding to one, three, and

five times the molecular weight of the PEG block by the synthetic route shown in

Scheme 4.8.

I ‘Q

VRS 0

0 9 Q OH
o) O Sn(Oct),, THF 0 A

OH + n —
D/\ 80°C,19h
0/ O

o\_7l/o 1
11

Scheme 4.7: Synthesis of MCBnOPCL Diblock Copolymers

Table 4.1 shows the polymerization conditions and molecular weight data of these
copolymers. Figure 4.15 and Figure 4.16 show the 'H NMR and “C NMR spectra,
respectively of the MCBnOPCL copolymer with the highest PCL molecular weight
(MCBnOPCL5x). The resonances in these spectra correspond to the literature

values.'**%*! Figure 4.17 shows the MALDI-ToF MS of the same diblock copolymer,
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along with an expanded region between 1350 and 1444 Da. The expanded region has the
assignments for the number of ethylene glycol and caprolactone units in the potassiated
diblock copolymers. For example, MC;oBnOPCL;K" has a mass of 1399.8 Da. Figure
shows the GPC traces of MCBnOH and the MCBnOPCL diblock copolymers. As
expected, the retention times increase as the PCL molecular weight increases. Note that
there is not a significant difference between the retention time for MCBnOH and
MCBnOPCL(1x). Even though 'H NMR spectroscopy confirms the presence of the PCL
block in the diblock copolymer, there is not a significant increase in the hydrodynamic

radius of the polymer (GPC) due to the presence of the lowest PCL molecular weight.

Table 4.1: Polymerization Conditions and Characterization of MCBnOPCL

MCBnOPCL M, (kg/mol)
IM] b Conv (%) |Th 100{ Th ith PDI
1] [Sn(Oct),] v (% eo at €0 W.lt 'H NMR GPC
% conv. |conversion
6 0.8 93 0.646 0.600 0.679 1.76 1.12
15 0.8 100 1.77 1.70 1.69 2.31 1.17
24 0.8 92 2.70 2.48 2.51 3.14 1.23
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Figure 4.16: °C NMR Spectrum of MCBnOPCL5x
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Figure 4.18: GPC Traces of MCBnOH and MCBnOPCL Diblock Copolymers
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The published thermal transitions of polycaprolactone homopolymers with a
molecular weight of 8000 g/mole are Tg at -60 °C, crystallization temperature at 33 °C,
and melting temperature at 55 °C.*'**'%2 I the case of PEG homopolymer with a
molecular weight of 4000 g/gmole, Tg is at -22 °C, crystallization temperature at 38 °C,
and melting temperature at 52 °C.2'**!*>2 Differential scanning calorimetry (DSC) of the
cyclic-b-linear PEG-b-PCL diblock copolymers between -20 and 80 °C should show only
melting and crystallization transitions because PEG with a molecular weight lower than
1000 Da does not crystallize. As seen in Figure , MCBnO-b-PCL2000 is polymorphic
after heating through the melting point at 47 °C and then cooling at 10 °C min. The
second and third heating scans show melting transitions at around 34 °C. In contrast,
MCBnO-b-PCL2500 does not show polymorphic behavior, although the melting
temperature decreases from 53 °C on the first heat scan to 41 °C on the second and third
heating scans. The melting transitions increase with increasing the molecular weight of

polycaprolactone, as expected.

52.9°C
MCBnOPCL2000 MCBnOPCL2.5K A
47.4°C :
16.4 °C :
i (a) 5 a).
I f— — )
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Figure 4.19: DSC Traces of MCBnOPCL Diblock Copolymers: (a) 1* heat, (b) 1% cool, (c)

2" heat, (d) 2™ cool, and (e) 3" heat
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4.2.2.2 Synthesis of Linear-b-linear MeOPEGS550PCL Diblock Copolymers

As mentioned in the previous section, several authors have synthesized PEG-b-

80,235,236,238,240-242,244-246
o and a good number of

PCL linear-b-linear diblock copolymers
them  have  prepared  self-assembled  micelles from  these diblock
copolymers.’880:115:201.213.235.237-241.243.247299 oo we also synthesized linear-b-linear
diblock copolymers as a control to compare the effect of the PEG architecture on micelle
self-assembly. These linear-b-linear diblock copolymers were synthesized in a analogous
way to MCBnOPCL: by ring-opening polymerization of eg-caprolactone using
MeOPEG550BnOH as macroinitiator, tin octoate as catalyst, and THF as solvent.
Scheme 4.8 shows the synthetic route to the MeOPEG550BnOPCL diblock copolymers.
shows the polymerization conditions and molecular weight data of these copolymers.

Table 4.2 shows the polymerization conditions and molecular weight data of these

copolymers.

o
MOH
OH Sn(Oct),, THF
O/O/\ +n g 80 °C, overnight > +O l;)

T

Scheme 4.8: Synthesis of MeOPEG550BnOPCL Diblock Copolymers

Table 4.2: Polymerization Conditions and Characterization of MeOPEG550BnOPCL

- N MeOPEGBnOPCL M, (kg/mol)
Conv (° - PDI
] [Sn(ocny |0 () le/e";:lioo czzev‘;::l‘(t)'; 'HNMR | GPC
(1] .
4 1.0 100 0.444 0.444 0374 156 | 1.03
2 11 100 132 127 112 201 | 1.09
20 1.0 100 232 230 1.88 254 | 120
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Figure 4.20 and Figure 4.21 show the 'H and >C NMR spectra, respectively of
the MeOPEGS550BnOPCL polymer with the highest molecular weight. The resonances in
these spectra correspond to the literature values. 2'*****! In Figure 4.22, MALDI-ToF of
the same diblock copolymer with a zoomed in region between 1363 and 1441 Da shows

some of the repeating units for each block. For example, MeOPEG(PCL;K" has a mass

of 1415.8 Da.
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Figure 4.20: "H NMR Spectrum of MeOPEG550BnOPCL5x
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Figure 4.21: °C NMR Spectrum of MeOPEG550BnOPCL5x

In Figure 4.23, gel permeation chromatography traces show the gradual increment
of molecular weight from MeOPEG550BnOH for diblock copolymers with PCL
molecular weights that correspond to one time, three times, and five times the molecular
weight of the PEG block. As in the case of MCBnOPCL copolymers, 'H NMR
spectroscopy confirms the presence of the PCL block in the diblock copolymer for
MeOPEGPCLI1x but there is not a significant increase in the hydrodynamic radius of the

polymer due to the presence of PCL.
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Figure 4.22: MALDI-ToF MS of MeOPEG550BnOPCL5x
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Figure 4.23: GPC Traces of MeOPEG550BnOH and MeOPEG550BnOPCL
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The DSC traces in Figure 4.24, shows that MeOPEGS550-b6-PCL1000 is
polymorphic in all three heating scans. However, the highest transition temperature
decreases from 44 C on the fisrt heating scan to 32 C and 28 C on the second and third
heating scans, respectively. with melting temperatures around 28 °C. In contrast,
MeOPEG550-6-PCL2000 shows less of a polymorphic behavior and the melting
transitions on the second and third heating scans are at 41 °C, similar to the thermal
behavior of MCBnO-b-PCL2500. The melting transitions increase with increasing
molecular weight of polycaprolactone. The PCL block of MeOPEGS550-5-PCL polymers

seem to crystallize better than that MCBnO-b-PCL.
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Figure 4.24: DSC Traces of MeOPEG550BnOPCL Diblock Copolymers
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4.2.3 Conclusion

Mesylation and etherification reactions were used for the synthesis of PEG
macroinitiators with cyclic and linear architectures. The improved cyclization step for the
synthesis of a cyclic PEG macroinitiator (i.e. MC-CHO) increased the yield from 19% to
39% relative to literature reports and reduced the work up time by eliminating the need
for a second column chromatography and 96 h of Soxhlet extraction. Compared to the

work of Heath and coworkers,232

the method presented here for the synthesis and
purification of MeOPEG550BnOH reduced the number of synthetic steps from 3 to 2.
This method is also cheaper than the ones reported by Boyer and coworkers™* and Holtz
and coworkers®' who used 1-bromo-2-(2’-methoxyethoxy)ethane instead of di(ethylene
glycol) methyl ether as the starting material. The first compound is 500 times more
expensive compared to the second one. Finally, PEG-b-PCL diblock copolymers with
different architectures in the PEG block were synthesized in high yields and low

polydispersities by ring-opening polymerization of e-caprolactone from PEG

macroinitiators.
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CHAPTER V

PREPARATION OF MICELLES AND PROTEIN ADSORPTION STUDIES

5.1 Introduction

This chapter discusses the motivation for this project, the relation between blood
circulation time and protein adsorption, methods of micelle preparation, a description of
fluorescence correlation spectroscopy (FCS), and fluorescence cross-correlation
spectroscopy (FCCS). There is also a discussion of the synthesis of fluorescently labeled
polymers, and preparation of micelles. Finally, protein adsorption experiments using

either FCS and FCCS, DLS, or both are discussed.

This section presents the motivation for this research work in regards to
increasing the circulation time of nano/microparticles in the bloodstream for drug
delivery purposes. The relation between circulation time and protein adsorption is
discussed, highlighting the use of human serum albumin (HSA) and bovine serum

albumin as model proteins.
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5.1.1 Relation Between Circulation Time and Protein Adsorption

As mentioned in chapter II, one of the main problems of drug delivery devices is
their premature elimination from the bloodstream through mechanisms used by the
immune system. Finding ways to keep drug delivery devices circulating for longer times
in the bloodstream would be an important improvement in the medical field. Since
biodistribution studies in animals are so expensive, preliminary in vitro studies are

beneficial in the early stages of development of long-circulating drug delivery devices.

This section discusses the relation between the circulation time of a particle in the
blood and the protein adsorption onto its surface. Different authors have reported the
accumulation of colloidal carriers in the liver and spleen through the mononuclear
phagocytic system (MPS), also called the reticuloendothelial system (RES).® This
accumulation is beneficial if the targeted organs are part of the MPS. If this is not the
case, increased blood circulation time is preferred. Vittaz, Alexis, and others observed

. Lo . . . 9,26,254-256
nanoparticle elimination from the bloodstream via phagocytosis. These authors
showed the relation between opsonins (i.e. proteins present in the blood) and
. 11,39,254-257 . . .
phagocytosis. Ilum and coworkers confirm that there is a direct correlation
between non-recognition by the reticuloendothelial system and a significantly prolonged

circulation time.*™

[lum and Davis also confirmed that particles coated with opsonins
from the complement system are rapidly cleared from the blood and end up in the liver
and spleen.””® These authors also state that the hydrophilic coating (i.e. in their case by

adsorption of Poloxamer) does not block the reticuloendothelial system but only prevents
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particle opsonization and thus particle clearance by the RES. While there might be
several mechanisms by which nanoparticles are eliminated from the bloodstream,
complement activation seem to be one of the most important ones. Labarre et al.***
recommend evaluating nanoparticle candidates for long blood circulation in terms of
opsonization in vitro. The phagocytic process is mediated by opsonization and serum
complement is a major component of the opsonin system. In their 1996 article, Labarre et
al. state that since phagocytosis is mediated by opsonization, the complement system is
likely to be involved in the fast clearance of surfactant-coated PLA particles.>* Alexis et
al. point out that the major limiting factor for long-circulating nanoparticle systems is

protein adsorption.”

Avgoustakis and coworkers studied both the blood clearance and
the mononuclear phagocyte system uptake.”” They found that a decrease of nanoparticle
concentration in blood corresponded to an increase in the concentration in the MPS (i.e.
particularly in the liver and spleen). In other words, the authors realized that the removal
of the particles from the blood with time was due to their capture in the MPS. Panagi and
coworkers,” also studied the effect of nanoparticle dose on blood circulation and MPS
uptake for PEG-PLGA and PLGA particles. Different doses of PEG-PLGA gave the
same biodistribution between MPS and blood. Eighty percent of the PEG-PLGA
nanoparticles were eliminated from the blood in 6 h. On the other hand, PLGA particles
had biodistribution profiles dependent on the dose. Increasing the PLGA dose in the
blood increased the circulation time of the particles. For example an 80% reduction in
percentage dose in the blood was achieved in 15 seconds for particle doses between 65-

125 pg/mouse, whereas the same reduction of percentage of dose was achieved in 60

seconds for particles administered at a dose  of 750 pg/mouse. It seemed like the
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MPS organs (i.e. liver and spleen) were saturated with nanoparticles faster in the case of
the higher PLGA dose, thus preventing their uptake. The other possibility is that there
was a faster depletion in plasma opsonins at a higher dose.”>” A similar behavior could be
expected in the case of liver and spleen saturation with PLGA particles on a first dose:

reduced liver and spleen uptake could be expected in subsequent doses.

5.1.2  Plasma Proteins and /n Vivo Protein Adsorption Experiments

As explained in section 5.1.1, the motivation for this work is to improve the
efficiency of drug delivery devices by increasing their circulation time in the blood.
Section 5.1.1 also showed the relation between circulation time and protein adsorption
onto particles: the lower the protein adsorption onto the particles, the longer the blood

circulation time.

The two main protein constituents of blood plasma are albumin and fibrinogen.**
Albumin is the predominant plasma protein; it is about 60-70% of the total concentration

of plasma proteins.”®!

Different globulins have the second highest concentration,
followed by fibrinogen. Fibrinogen takes part in blood coagulation and immediately
adsorbs onto implanted biomaterials.”®* For this reason, fibrinogen is used in the

biocompatibility study of implants, while albumin is used to estimate protein adsorption

onto materials that circulate in the blood.
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Different authors have compared human serum albumin (HSA) with bovine serum
albumin (BSA).****%* Both proteins display approximately 67% sequence homology, as
well as a comparable repeating pattern of disulfides.*’** The main difference between
BSA and HSA is that BSA has two tryptophan residues (W'*> and W*'*), while HAS has
only one (W*'*). The additional tryptophan residue in BSA is buried in a hydrophobic
pocket. Seetharamappa and coworkers studied BSA or HSA binding to gemcitabine
hydrochloride,* while Tabak and Gelamo studied BSA or HSA binding to different
surfactants.”® Both research groups found that binding to BSA vs. HSA had in general
the same orders or magnitude. Due to their similarities, BSA is used instead of HSA to

predict plasma protein adsorption onto nanomaterials circulating in the blood.*'*%

In order to determine how to compare the protein adsorption onto micelles from
PEG-b-PCL diblock copolymers, the relevant literature was reviewed. Rezwan and
coworkers studied BSA adsorption onto colloidal Al,O; particles.”®' They prepared a 2
vol % stock solution of Al,O; particles in water and solutions of BSA in water with
different concentrations, including zero BSA concentration. A measured amount of Al,O3
stock solution was then mixed with a measured volume of BSA solution and the samples
were stirred at room temperature for 1 or 16 h. The amount of protein adsorbed onto the
particles was quantified by comparing the initial protein concentration with the protein
left in supernatant solution after stirring with the particles and centrifuging them. Since
micelles have high buoyancy, complete precipitation upon centrifugation cannot be
guaranteed and therefore this method cannot be used here. Section 5.3.1 describes an

alternative method to quantify protein  adsorption onto micelles.
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5.2 Micelle Preparation

This section gives an introduction to micelle preparation, including a description
of different methods to obtain micelles. It also provides literature precedence on micelles
prepared from PEG-H-PCL diblock copolymers with different architectures in the PEG
block and different PCL molecular weights. After that, the set up and conditions used for
micelle preparation from MeOPEG550BnOCPL and MCBnOPCL is described. Finally, it
will present the characterization of these micelles by dynamic light scattering (DLS) and

transmission electron microscopy (TEM).

5.2.1 Introduction

Polymeric micelles have shown different advantages over free bioactive
molecules in drug delivery systems. Some of these advantages include the solubilization
of poorly soluble molecules, sustained release, and protection of encapsulated substances
from degradation and metabolism.”*® In order to prepare a micelle, a molecule should
have at least two segments of different chemical nature, in which one of the segments is
solvophobic and the other one is solvophilic. In aqueous solutions, the hydrophobic
segment will be solvophobic and the hydrophilic segment will be solvophilic. This
difference in solubility leads to the formation of supramolecular assemblies called
micelles in solvents that selectively solvate one of the blocks. The micelle preparations
shown here use a co-solvent evaporation method. Section 2.9 has a more extensive

discussion on this topic.
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According to my knowledge of the literature, cyclic-b-linear PEG-b-PCL diblock
copolymers have not been prepared. Therefore, micelles with a cyclic PEG block in the

corona are also novel.

5.2.1.1 Methods of Micelle Preparation

Two types of techniques are most commonly used to prepare block copolymer
micellar systems. In the first type, the block copolymer is first dissolved in a good solvent
for both blocks and then the conditions of the system such as temperature or solvent
composition are changed to promote the formation of micelles.”***°! The second type of
technique is the direct dissolution method. These methods are described in detail in

section 2.9. The micelle preparations shown here use a co-solvent evaporation method.

5.2.1.2 Other Micelles from PEG-b-PCL Diblock Copolymers

As discussed in section 2.9, different authors have prepared micelles from PEG-b-

72,75,76,115,120-124,202-206,209-213,216,217
A ’ Table 5.1 shows the molecular

PCL diblock copolymers.
weights of the PEG and PCL blocks, micelle size, critical micelle concentration (CMC),
and the method of micelle preparation. The polymers in the table have a PEG M, of 2-
20*10° g/mole and a PCL M, between 1.5 and 29*10° g/mole. The micelle sizes were
between 25 to 200 nm, and the critical micelle concentrations were between 1.2%10°® to
1.2*10° M. Lavasanifar and coworkers studied the effect of the solvent used in the

preparation of PEG-b-PCL micelles by a co-solvent evaporation method.”*” They found

that smaller micelles were prepared in acetone and acetonitrile compared to THF. The
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polymers used for Lavasanifar’s study had PCL molecular weights that were one, times,

and five times the molecular weight of the PEG block. These same ratios between

hydrophilic and hydrophobic block were used in the polymers and micelles studied here,

as shown in Table 5.2. The same table introduces a nomenclature for the micelles; for

example, L3x is the micelle prepared with a polymer with a linear PEG that has a PCL

molecular weight that is three times the molecular weight of PEG.

Table 5.1: Micelles from PEG-b-PCL Diblock Copolymers

PEG M, (g/mole) [PCL M, (g/mole)| Size (nm) CMC (M) Method Ref
4k, 10k 21k, 29k 150 to 200 107 to10® Dialysis 22
S5k 5k, 13k, 25k 64-200 107 Co-solvent evaporation 23
5k 5k, 7k, 10k 77-130 107 Dialysis 46
2k 2.5k NA 2.8%107 NA 25
2k 1.5k, 2.5k 50 NA Dialysis, DMF 26
2k, 2.5k, 5k, .
2k, 5k 8.5k, 25k 17-86 NA Co-solvent evaporation, THF 27
2k 2.5k 25 NA Dialysis 28
2.5k 1.5k-4.5k 20-25 NA Co-solvent evaporation, THF | 29
Sk 3k, S5k 124-144 NA Dialysis 30
Sk 3k-13k 54-130 NA Dialysis, DMF 31
Sk 3k-13k <200 NA Dialysis, DMF 32
2k 2.5k NA NA Dialysis, DMF 33
Dialysis, THF, DMF, DMSO
k 1.8k -1 A ’ ’ ’ ’ 4
5 8 30-100 N DMAGc 3
2k, 5k, 10k 11k-18k 25-81 107 to10°® Dialysis, THF 35
S5k 10k NA NA Solvent extraction, acetone 36
sk 10k NA NA Co-solvent evaporation,
acetone 37
3k 1k, 2k 51-81 NA Co-solvent evaporation, THF [ 38
3k 1k 30 NA Co-solvent evaporation, THF 39
Sk sk 60 NA Near crltlcgl point/solvent
evaporation, acetone 40
5k, 10k, 20k 5k 49-115 | 1.2*107, 7.6*10° [Co-solvent evaporation, DMF 17
3k 14k 154 107 Co-solvent evaporation, THF 41
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Table 5.2: PEG-b-PCL Diblock Conolymers Used for Micelle Preparation

M] ] PEG-b-PCL M, (kg/mol) T, (°C)
Micelle Initiator Conv (%) |Theo at 100| Theo with | , PDI

(1] |[Sn(Oct),] % conv. |conversion HNMR | GPC PEG | PCL
5 Lix MeOPEGS550BnOH 4 1.0 0.44 100 0.444 0.374 1.56 1.03 NA NA
g L3x MeOPEGS550BnOH 12 1.1 1.32 100 1.27 1.12 2.01 1.09 18.1 [29.9
~ L5x MeOPEG550BnOH 20 1.0 2.32 100 2.30 1.88 2.54 1.20 152 | 41.1
o Clx MC-BnOH 6 0.8 0.65 93 0.60 0.679 1.76 1.12 NA NA
E C3x MC-BnOH 15 0.8 1.77 96 1.70 1.69 2.31 1.17 17.4 34
© C5x MC-BnOH 24 0.8 2.70 92 2.48 2.51 3.14 1.23 164 | 41.1

5.2.2  Set Up and Conditions for Self-Assembly

As mentioned in section 5.1.1, the objective of this study is to compare protein

adsorption onto micelles from PEG-b-PCL diblock copolymers that have cyclic vs. linear

architecture. In order to use the results obtained in these in vitro studies as precedence for

biodistribution studies, we have tried to reproduce biological conditions as much as

possible. Micelles were prepared either in water alone or in phosphate buffer saline

(PBS). PBS conditions reproduce biological pH and ionic strength conditions.””” The

method chosen for micelle self-assembly is co-solvent evaporation using acetone. As

mentioned in the previous section, these conditions were successfully used by

Lavasanifar and coworkers with PEG-5-PCL diblock copolymers.>”’

For the self-assembly, PEG-b-PCL were dissolved in acetone. Then water or PBS

was slowly added at 0.1 mL/min using a syringe pump while rapidly stirring the solution.

The set up used for this process is shown in Figure 5.1.
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5.2.3 Micelles from MeOPEG550BnOPCL and MCBnOPCL Diblock Copolymers

Figure 5.1 and Table 5. show the micelle sizes prepared either in PBS or in MilliQ

water measured by DLS. As mentioned in chapter II, one of the variables that affect

1 Sen 3 o
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- »
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e 3

; -
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Figure 5.1: Self-assembly Set-Up

micelle size and stability is the molecular weight of the core. As the molecular weight of
the PCL block in the core increases, the melting point increases leading to more

thermodynamically stable micelles.

The micelles prepared with linear-b-linear PEG-b-PCL diblock copolymers (i.e.
L1x, L3x, and L5x) have sizes that are inversely proportional to the PCL molecular
weight. This effect is particularly clear for micelles prepared in PBS vs. MilliQ water. In
this case, it is possible that the highest PCL molecular weight provides a more stable and
therefore a more compact core, reducing the micelle size."! The previous statement

144



might indicate that the smaller micelles are L5x and C5x; however, this is not the case for
L5x in MilliQ water nor C5x. Since L3x and C3x have higher molecular weights than
L1x and CIx, but their PCL melting temperatures are similar to L1x and Clx, L3x and
C3x are larger than LIx, L5x, ClIx, and C5x. This is seen in MilliQ water for all

polymers and in PBS for C1x-C5x.

Micelle sizes were larger in PBS than in water. Micelles made with cyclic-b-
linear polymers formed large micelle aggregates in PBS. This might be due to the ability

of MCBnOH to coordinate with the cations in solution, favoring micelle-micelle

interactions.
1400 1400 1
1200 1200 B
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/g 1000
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g 800 o .
q[\)] 600 EMilliQ Water
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TN 400 . “PBS
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— rj 200 Iz I '—
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Clx C3x Lix L3x L5x Clx C3x C5x

C5x

Figure 5.1: Micelle size of L1x-L5x and C1x-C5x PEG-b-PCL copolymers measured by

DLS in PBS vs. water
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DLS in PBS vs. water

Table 5.3: Micelle size of L1x-L5x and C1x-C5x PEG-b-PCL copolymers measured by

MilliQ Water PBS
Sample | Size (nm) |Error (nm)| Size (nm) |Error (nm)
Lix 39 5 207 22
L3x 164 9 181 14
L5x 83 9 48 6
Clx 33 4 201 24
C3x 200 41 1326 44
C5x 89 0 439 26

More defined micelles were prepared from cyclic-b-linear than from linear-b-
linear diblock copolymers. Figure 5.2 presents TEM pictures (a)-(f) of micelles from
linear-b-linear diblock copolymers. Micelles in pictures (a)-(c) were prepared in water
and pictures (d)-(f) were prepared in PBS. Except for picture (d), it is difficult to see
micelle cores or coronas in these pictures. In contrast, defined micelles are shown in

pictures (g)-(1) corresponding to micelles from cyclic-b-linear diblock copolymers.
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‘Water

PBS

Water

PBS

Figure 5.2: TEM Pictures of Micelles. MilliQ Water: (a) L1x, (b) L3x, (c) L5x, (g) Clx,

(h) C3x, (1) C5x. PBS: (d) L1x, (e) L3x, (f) L5x, (j) Clx, (k) C3x, (1) C5x
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Pictures (g)-(1) show micelles prepared in MilliQ water while pictures (j)-(1) show
micelles prepared in PBS. The darkest spots are the cores of micelle agglomerates, the
light dark shadows around them are micelle coronas. Figure 5.2 confirms micellar sizes

measured by DLS and show that the micelles have spherical shapes.

5.2.3.1 Conclusion

Self-assembled micelles were prepared from PEG-b-PCL diblock copolymers
with linear or cyclic architectures in the PEG block. The molecular weights of the PCL
blocks were one, three, or five times the molecular weight of the PEG block. Two
different self-assembly media were used: MilliQ water and PBS. The micelles from these
low molecular weight polymers had larger sizes in PBS than in MilliQ water. More
defined micelles were prepared from cyclic-b-linear diblock copolymers than from linear-

b-linear diblock copolymers according to TEM.

5.3 Fluorescence Correlation Spectroscopy, Fluorescence Cross-correlation

Spectroscopy, and Fluorescent Polymers

This section gives an introduction to fluorescence correlation spectroscopy (FCS)
and fluorescence cross-correlation spectroscopy (FCCS). Attempts to encapsulate
fluorescent dyes during the self-assembly process highlight the need to synthesize a
fluorescently labeled diblock copolymer. The synthesis and characterization of

fluorescently labeled polymers is discussed for a model polycaprolactone homopolymer
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and PEG-b-PCL diblock copolymers with a rhodamine moiety covalently bound to the

PCL hydroxyl end group.

5.3.1 Introduction

Fluorescence is the emission of light by a substance that has absorbed light or
other electromagnetic radiation. In 1972, Madge, Elson, and Webb introduced
fluorescence correlation spectroscopy (FCS) to measure diffusion and chemical dynamics
of DNA-drug intercalation.”®” FCS is a correlation analysis of fluctuation of the
fluorescence intensity. The parameter of primary interest is not the emission intensity
itself, but the spontaneous intensity fluctuations caused by the Brownian motion of the
particles. These fluctuations are quantified in their strength and duration by auto-
correlating the recorded intensity signal. FCS can be used to obtain quantitative
information such as diffusion coefficients and hydrodynamic radii. In 1997, Schwille and
coworkers introduced the dual-color fluorescence cross-correlation spectroscopy
(FCCS).*® Using this technique the concentration and diffusion characteristics of two
fluorescent species in solution, as well as their interaction, can be measured
simultaneously. In FCCS, excitation is performed by two different lasers, and the
fluorescence light is divided into two channels, simultaneously measuring red and green

signals and cross-correlating them.
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FCCS may quantify the interactions between fluorescently labeled micelles and
fluorescently labeled BSA for the in vitro protein adsorption experiments described in

section 5.1.2.

5.3.2 Entrapment of Fluorescent Dyes in Micelles

Different research groups have entrapped hydrophobic drugs into PEG-b-PCL
self-assembled micelles.”">76:11>:122209299 \o attempted to label micelles by entrapping
fluorescent dyes into PEG-b-PCL self-assembled micelles by dissolving either a
curcumin dye (i.e. macrolex fluorescent yellow 10GN) or rhodamine lactone in acetone
along with the PEG-b-PCL diblock copolymer and using this solution in the self-

assembly process described in section 5.2.2.

The entrapment of yellow 10GN was effective in terms of the absence of visible
free dye in the micelle suspension. However, the quantum yield of the entrapped dye was
low, leading to the noisy FCCS average curves shown for the correlation B (green) in

Figure 5.3.

The entrapment of rhodamine lactone was even less effective than yellow 10 GN;
there was free dye visible in the micelle suspension after entrapment due to the higher
solubility of rhodamine lactone in water compared to yellow 10 GN. Attempts to remove
the free dye by dialysis were also unsuccessful. An alternative to entrapping free

fluorescent dyes during the self-assembly process is to synthesize a diblock copolymer
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with a fluorescence moiety covalently bound to the hydrophobic block. The following
sections describe the synthesis of a model PCL homopolymer and then PEG-b-PCL

diblock copolymers that have a rhodamine moiety covalently attached.
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Figure 5.3: FCCS Average Curves for Micelles of PEG-b-PCL copolymer with

Entrapped Yellow 10 GN

5.3.3 Synthesis of a Model Fluorescent PCL Homopolymer

Maysinger and coworkers synthesized the only example found in the literature of
rhodamine-labeled ~ PEG-b-PCL  diblock  copolymers.'””  They  reacted
tetramethylrhodamine-5-carbonyl azide with the hydroxyl PCL end-group in toluene at
80 °C for 5 h and dialyzed against DMF to remove the unreacted rhodamine to obtain

rhodamine-conjugated polymer in 60% yield.
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Here, a model rhodamine-labeled PCL diblock copolymer was synthesized in two

steps from MeOPCL to yield MeOPCL-Rhod in 15% yield.

5.3.3.1 Synthesis of Model Polycaprolactone Homopolymer

The ring-opening polymerization of e-caprolactone using tin octoate as a catalyst
has been fully documented in the literature 20232236:238.240:242244-246 ‘oo - o methyl, Q-
hydroxy polycaprolactone was synthesized in 56% yield using methanol as initiator and
tin octoate as catalyst at 80 °C, as shown in Scheme 5.1. Figure 5.5 and Figure 5.6 show
the 'H and "*C NMR spectra, respectively of MeOPCL. The resonances correspond to the

literature values.?*°

O O 0

Bulk, Sn(Oct),
\ + n > \( %OH
OH 80 °C, 7.5 h 0 .

Scheme 5.1: Synthesis of MeOPCL
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Figure 5.6: °C NMR Spectrum of MeOPCL M,=2.66*10" g/mole, PDI=1.10
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5.3.3.2 Synthesis of Mesylated Polycaprolactone (MeOPCLMs)

Pugh and coworkers™*** synthesized MsPEG600Ms in 81-93% yield in the
presence of triethylamine in dichloromethane with methanesulfonyl chloride. Here,
MeOPCLMs was synthesized in 99% yield using the route in Scheme 5.2, similar to Pugh
and coworkers, using THF as solvent instead of dichloromethane. Figure 5.4 and Figure
5.8 show the 'H and C NMR spectra of MeOPCLMs at room temperature. The

resonances in these spectra correspond to the literature values. **%*°°

¢
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Scheme 5.2: Synthesis of MeOPCLMs
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Figure 5.4: "H NMR Spectrum of MeOPCLMs. M,=2.87%10° g/mole, PDI=1.11
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5.3.3.3 Synthesis of Rhodamine-polycaprolactone (MeOPCLRhod)

Moscatelli and coworkers synthesized a fluorescently labeled PMMA by
funtionalizing (hydroxyethyl)methacrylate with rhodamine using DCC coupling and then
copolymerizing it with methyl methacrylate.*®® Maysinger and coworkers synthesized

PEG-b-PCLRhod using tetramethylrhodamine-5-carbonyl azide.'?

Alternatively,
Packard and coworkers synthesized '*F-labeled rhodamine B esters in 74-83 % yield for
positron emission tomography by reaction of tosyl esters with N, N-diisopropylehtylamine

and rhodamine B lactone in acetonitrile.”’**!
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Here, the synthesis of MeOPCLRhod shown in Scheme 5.3 is similar to the
synthetic route of Packard and coworkers.”’>*’" Figure 5.9 and Figure 5.10 show the 'H
and C NMR spectra of MeOPCLRhod. The resonances correspond to literature

values.?%?"!
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Scheme 5.3: Synthesis of MeOPCLRhod
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Figure 5.9: '"H NMR Spectrum of MeOPCLRhod. M,=2.99*10° g/mole, PDI=1.13
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Figure 5.10: >C NMR Spectrum of MeOPCLRhod. M,=2.99*10° g/mole, PDI=1.13

Figure 5.11 shows the MALDI-ToF MS of MeOPCLRhod that confirms the
synthesis and purity of this polymer. The main polymer distribution corresponds to
polymer that is self-ionized by the imine positive charge, but without the chloride
counterion. The minor distribution corresponds to the polymer that has chloride as
counterion and ionizes with potassium. No unfunctionalized polymer was detected. The
GPC traces of MeOPCL, MeOPCLMs, and MeOPCLRhod in Figure 5.12 show that the

molecular weight and molecular weight distribution remained essentially constant
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throughout the three synthetic steps and the work-up. Also the polymer hydrodynamic

radii are very similar for the polymers in each step of the synthesis.
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Figure 5.11: MALDI-ToF MS of MeOPCLRhod. M,=2.99*10° g/mole, PDI=1.13

5.3.4 Synthesis of PEG-b-PCL Fluorescent Diblock Copolymers

Section 5.3.3 discussed the synthesis of a model fluorescently labeled PCL
polymer. This section discusses the synthesis of a fluorescently-labeled PEG-b-PCL

diblock copolymer in three steps analogous as the ones used for MeOPCLRhod.
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MeOPCL. M,=2.66*10° g/mole, PDI=1.10
15 e MeOPCLMs. M,=2.87*10° g/mole, PDI=1.11
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Figure 5.12: GPC Traces of MeOPCLRhod and Precursors

5.3.4.1 Synthesis of MeOPEGPCL

The synthesis of PEG-b-PCL diblock copolymers by ring-opening polymerization
of e-caprolactone using tin octoate as a catalyst and THF as solvent was discussed in the
previous sections,0-3%236-238.240-242.244246 Hore - NMeOPEGPCL was synthesized in 100%
yield as shown in Scheme 5.4. This diblock copolymer was used for the preparation of
the micelles used in the protein adsorption studies by fluorescence microscopy. Figure

5.13 and Figure 5.14 show the 'H and *C NMR spectra of MeOPEGPCL. The

resonances correspond to the literature values.”°
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Scheme 5.4: Synthesis of MeOPEGPCL. M,=1.99*10° g/mole, PDI =1.17
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Figure 5.13: '"H NMR Spectrum of MeOPEGPCL. M,=1.99*10° g/mole, PDI =1.17
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Figure 5.14: °C NMR of MeOPEGPCL. M,=1.99*10° g/mole, PDI =1.17

5.3.4.2 Synthesis of MeOPEGPCLMs

Pugh and coworkers™*** synthesized MsPEG600Ms in 81-93% yield in the

presence of triethylamine in dichloromethane with methanesulfonyl chloride. Here,

MeOPEGPCLMs was synthesized in quantitative yield using the route in Scheme 5.5,

similar to Pugh and coworkers, using THF
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Figure 5.15 and Figure 5.16 show the 'H and C NMR spectra, respectively, of

MeOPEGCLMs at room temperature. The resonances in these spectra correspond to the

literature values.?*°

\/\H )M \\/ BN ,QO\/\H M \//

0-25°C, 24 h n J AN
Scheme 5.5: Synthesis of MeOPEGPCLMs M,=1.99¥10" g/mole, PDI =1.17
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Figure 5.15: '"H NMR Spectrum of MeOPEGPCLMs. M,=1.99%10* g/mole, PDI =1.17
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Figure 5.16: °C NMR Spectrum of MeOPEGPCLMs. M,=1.99*10" g/mole, PDI =1.17

5.3.4.3 Synthesis of MeOPEGPCLRhod

The literature precedence for the synthesis of fluorescently labeled PEG-b-PCL
diblock copolymers and the reaction a mesylated molecule with rhodamine B lactone was
discussed in section 5.3.3.3.'2%2"! Here, MeOPEGPCLRhod was synthesized in 25%

yield using the route shown in Scheme 5.6.
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Figure 5.17 and Figure 5.18 show the "H and '*C NMR spectra, respectively, of

MeOPEGPCLRhod. The resonances correspond to literature values. %270
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Scheme 5.6: Synthesis of MeOPEGPCLRhod. M,=1.80%10° g/mole, PDI =1.17

(0]
a e h k m q s v X
~ /\/OM O. ) o u
SR d /)/\g/ ] 1 Ny Y t'n-2
A% @8
JEDS BRCHR
T |
/ \ | |
Lg, s, wy
k,s kT, x
1
J’7 ta m, t’ z 1, p |‘y
| m”, q gl [b? fw
C' eldv f' ‘m’q | v \A)
] I ]
A_A_/«/\,_LA_M_. _ UL/ L
o g W o [ o
127 1802 101 205 244 18 998511
w i Ly
133 133 1.93 237 3573 978 191 615
: : , ; ; ; , ; : ‘ :
ppm 10 9 8 7 6 5 4 3 2 1 0

Figure 5.17: "H NMR Spectrum of MeOPEGPCLRhod. M,=1.80*10° g/mole, PDI =1.17
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Figure 5.18: °C NMR Spectrum of MeOPEGPCLRhod. M,=1.80%10° g/mole, PDI =1.17

5.3.5 Conclusion

A fluorescently-labeled PEG-b-PCL diblock copolymer was synthesized in two
steps from MeOPEGPCL in 25% yield. The method presented here for the synthesis of

PEG-b-PCLRhod is less expensive than the one used by Maysinger and coworkers.'?
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The price of tetramethylrhodamine-5-carbonyl azide ($19/umol) is 25000 times more

expensive than rhodamine lactone ($0.8/mmol).

5.4  Fluorescently Labeled Micelles

This section gives an introduction to the criteria for the preparation of
fluorescently labeled micelles. Micelle preparation and characterization by DLS, FCS,
and FCCS is also discussed for systems before and after incubation under biological

conditions.

5.4.1 Introduction

As explained in section 5.1.1, the motivation for this work was the study of
protein adsorption onto micelles that have different polymer architecture in the corona.
The lower the protein adsorption onto the micelles, the longer the blood circulation time

should be, leading to the advantages cited in chapter II.

5.4.2 Preparation and DLS Characterization of Fluorescently Labeled Micelles

The preparation of tagged micelles was very similar to the non-tagged micelles
described in section 5.2.2. The main difference between the two methods is the use of
PEG-b-PCLRhod. In order to determine the appropriate tagged-polymer concentrations,
different experiments were performed with different ratios of tagged polymer/non-tagged

polymer. For example, Figure 5.19 shows the FCCS average curve for the intial attempts
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to prepare fluorescently labeled micelles using PEG-b-PCLRhod. The correlation curves
show good quantum yield but a fluorophore concentration that is too high to give reliable

results.
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Figure 5.19: FCCS Average Curve for MeOPEG550PCL4k Micelles (30 uM) Tagged

with MeOPEGS550-5-PCL400Rhod (4.2% mol)

Table 5.4: Polymer Molecular Weight and Micelle Aggregation Number

PEG M, (g/mole) | PCL M, (g/mole) | Nagg | Reference
5000 6000 72 64
5000 10000 175 64
5000 18000 67 64
3420 13600 3000 41
2000 2500 125 25
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A molar concentration of 0.5% gave good fluorescence results; however every
micelle must have at least one fluorescently tagged polymer molecule in order to be able
to accurately quantify protein adsorption onto the micelles. Table 5. shows the molecular
weight and aggregation number for different PEG-H-PCL diblock copolymers in
water.'**'"?"2 Since the last entry in Table 5. has molecular weights closest to the
polymers studied here, we calculated the amount of fluorescent polymer required to have
one or two fluorescent polymers per micelle, assuming the micelles have an aggregation

number of 125.'*!

Table 5.5 and Table 5.6 show the sizes by DLS for micelles made from
MeOPEG550BnOPCL and MCBnOPCL, respectively. Three different populations are
seen before filtration for micelles from L1x and Clx. As mentioned in section 5.2.3,
micelles made with polymers with the lowest PCL molecular weight are the least stable,
and form large aggregates (8 um and 7 pm in size) shown in the third population in Table
5. and Table 5.6. Two size populations were seen for L3x, L5x, C3x, and C5x. The
largest populations for L3x and C3x were about 3 um, while the largest population for
C5x was about 5 um. Only one population was seen after filtering through a 0.45 um

poly(ether sulfone) filter.

Figure 5.20 shows the micelle sizes for the smallest population before and after filtering.
The micelle sizes are relatively uniform and are between 101 and 280 nm. In general
smaller sizes were seen after filtering; however the size differences before and after
filtering were small to negligible.
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Table 5.5 DLS Characterization of Fluorescent Micelles From MeOPEG550BnOPCL Before

and After Filtering Through a 0.45 um PES filter

MeOPEG550BnOPCL400 =L1x | MeOPEG550BnOPCL1k =L3x | MeOPEG550BnOPCL2k =L5x
Size (nm) Std dev (nm) Size (nm) Std dev (nm) Size (nm) Std dev (nm)
Before Pop 1 101 21 169 27 194 23
filtering Pop 2 694 153 3185 488 1509 192
Pop 3 7776 1414 NA NA NA NA
After filtering 136 1 162 1 172 1

Table 5.6: DLS Characterization of Fluorescent Micelles from MCBnOPCL Before and

After Filtering Through a 0.45 um PES filter

MCBnOPCL700=C1x | MCBnOPCL2k=C3x | MCBnOPCL2.5k=C5x
Size (nm)| Std dev (nm) [Size (nm) [ Std dev (nm) [Size (nm) | Std dev (nm)
Before Pop 1 123 24 221 26 280 153
filterin Pop2 | 2411 511 2796 314 4392 1387
& [Pop3| 7126 0 NA NA NA NA
After filtering 129 24 196 1 186 64
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400 400
350 350
= 300

= 300
5 250 250 .
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Figure 5.20: DLS Characterization of Fluorescent Micelles

5.5 Protein Adsorption Experiments Using DLS

This section introduces the method used to measure protein adsorption by

incubating micelles with high concentrations of BSA under biological conditions. DLS
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results for these experiments are discussed, highlighting the similarities and differences
found for different protein concentrations, different molecular weights, and different

polymer architectures.

5.5.1 Introduction

Rezwan and coworkers did not consider biologically relevant protein
concentrations in their experiments of protein adsorption onto AlOs nanoparticles.”®!
According to Barth and coworkers the concentration of albumin in human blood is
between 35-50 mg/mL.>”* Allen and coworkers consider 45 mg/mL to be a biologically
relevant concentration.”'® The highest concentration that Rezwan and coworkers worked
with is 10.8 mg/mL, which is about 25% of a biologically relevant concentration. As
mentioned in the previous section, we could not work at biological BSA concentrations

because of signal overloading at these high concentrations. As an alternative, the

following DLS experiments were performed.

5.5.2 Experimental Conditions

As discussed in the introduction to this section, different BSA solutions were
prepared based on the biological concentration of 45 mg/mL.*'® Four different BSA
concentrations were used in these experiments as summarized in Table 5.7. In each
protein adsorption experiment, 750 puL of micelle suspension was mixed with 750 uLL of
either PBS only or a protein solution prepared in PBS. These mixtures were incubated at

37 °C in a shaker at 250 rpm for 16 h. After that, the sizes of the micelles were measured
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at room temperature using dynamic light scattering (DLS). The DLS measurements were

made with an acquisition time of 10 min by triplicate and the software estimated the

diameters by intensity.

Table 5.7: BSA Concentration Used in Second Set of Experiments

mg/mL mM
0 0.00
2 0.03
1 0.02
22 0.33
45 0.68

5.5.3 Incubation of BSA Solutions and Characterization by DLS

Table 5.8 and Figure 5. show the DLS characterization of incubated BSA
solutions. Four size populations are seen, except at 0 mg/mL as expected. The first 7-9
nm population is monomeric BSA. Yohannes and coworkers measured the hydrodynamic
diameter of native BSA at room temperature using asymmetrical flow field-flow

fractionation and found a value of 7 nm.>™*

Table 5.8: Size (nm) Populations Measured by DLS in BSA Solutions After Incubation

0 mg/mL |2 mg/mL | 11 mg/mL |22 mg/mL | 45 mg/mL
Pop 1 NA 9 8 8 7
Pop 2 NA 48 34 NA 40
Pop 3 NA 92 NA NA NA
Pop 4 NA 418 363 418 221
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San Biagio and coworkers also studied the effect of intermediates in the
aggregation of BSA and found that 5-6 monomer aggregates were common.’”> This is
consistent with the population 2 that has a size of 34-48 nm. Honda and coworkers found
a third population with a size close to 100 nm,””® which corresponds to the third

population seen in the DLS experiments. Finally, the last population has a size around

400 nm.

In order to use DLS to determine size, particles should diffuse according to
Brownian motion. According to a technical report published by rheosense.com, the
viscosities of BSA solutions in PBS are relatively constant in the interval between 1.2
and 50 mg/mL.””’ Puntes and coworkers used DLS and TEM to monitor protein
adsorption onto metallic gold nanoparticles at a protein concentration of 100 mg/mL.
They obtained consistent sizes by DLS and TEM that confirm that DLS can be used at
these protein concentrations.”” Finally, Figure 5. shows the size populations listed above

for BSA solutions incubated at 37 °C for 16 h.

1200
1200

1000
1000

800
800

’E\ 600
% 600 418 I
8 363, I 400 I
wn Tr 40

400 /o Nt T I

8 NA NA 45 mg/mL 200
200 8 — NA 22 mg/mL
Y 4 438 11 mg/mL 0 -
NA — 2’ P mg/II%L Omg/mL 2mg/mL 11 mg/mL 22mg/mL 45mg/mL
0 Ny NA - BSA concentration
1 - 0 mg/mL

2
Population 3

4
Figure 5.21: DLS Characterization of Incubated BSA Solutions
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Figure 5.22: Viscosity of BSA Solutions in PBS as a Function of Concentration.®®

5.5.4 Protein Adsorption onto Micelles from MeOPEG550BnOPCL Linear-b-Linear

Diblock Copolymers

Table 5.9, Table 5.10, and Table 5. and Figure 5.23 show DLS characterization of
L1x, L3x, and L5x, respectively, incubated with different concentrations of BSA at 37 °C
for 16 h. Different BSA concentrations are shown in each column. The first three BSA
size populations are seen at biological conditions, which was the highest BSA
concentration (45 mg/mL), except for population 2 of L3x. Only the two smallest BSA
populations are seen for 11 and 22 mg/mL for L1x and L3x, while only the smallest BSA
population is seen for L1x, L3x, and L5x at 2 mg/mL and also for L5x at 11 mg/mL
indicating that the presence of the micelles in the incubation system prevents BSA
aggregation. A comparison between Table 5. and Table 5.9 show that the size of L1x

increased upon incubation from 136 to 303 nm. As presented in Table 5. and discussed in
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section 5.2.3, the PEG-b-PCL samples studied here have low melting temperatures and
are therefore likely to disassemble and reassemble upon incubation at 37 °C. BSA
binding is not seen for either 2 nor for 11 mg/mL. There is a relative size reduction for
L1x from 2 to 11 mg/mL; this might be due to micelle stabilization due to the presence of
the protein at 11 mg/mL. Finally, evidence of BSA binding to micelles is seen at 22 and
45 mg/mL. As explained before, the largest BSA aggregates seen at 22 mg/mL are those

corresponding to the second population in Table 5. and Figure 5..

Therefore, population 4 at 22 mg/mL corresponds to a micelle-protein aggregate.
This is confirmed at 45 mg/mL where the micelle-protein aggregate has essentially the
same size (650 = 166 nm vs. 709 + 182 nm). BSA binding can be estimated as a layer
225 nm thick assuming the micelle size stays constant between 11 and 22 mg/mL. Taking
into account a monomeric BSA units has a size of 7 nm, this layer coating the micelle

would consist of about 28 BSA monomeric units.

Table 5.9: Size (nm) Populations Measured by DLS in L1x Micelle Suspensions After

Incubation with BSA
0 mg/mL [2 mg/mL [ 11 mg/mL |22 mg/mL | 45 mg/mL
Pop 1 NA 8 8 8 7
Pop2|( NA NA 31 35 29
Pop 3 NA NA NA NA 92
Pop4| 303 278 222 650 709
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Table 5.10: Size (nm) Populations Measured by DLS in L3x Micelle Suspensions

After Incubation with BSA

0 mg/mL [2 mg/mL | 11 mg/mL |22 mg/mL [ 45 mg/mL
Pop 1 NA 9 8 7 8
Pop2| NA NA 23 26 NA
Pop3| NA NA 110 NA 105
Pop 4 372 261 349 284 797

Table 5.11: Size (nm) Populations Measured by DLS in L5x Micelle Suspensions

After Incubation with BSA

0 mg/mL |2 mg/mL | 11 mg/mL |22 mg/mL [ 45 mg/mL
Pop 1 NA 9 9 8 8
Pop2| NA NA NA 33 35
Pop 3 86 NA NA NA 80
Pop4| 353 188 254 492 585

Similar results were obtained for L3x and L5x. Upon incubation L3x increased its
size from 162 + 1 to 372+ 75 nm while L5x went from 172+1 to 353+ 60 nm. L3x sizes
were more stable over the different BSA concentrations. Evidence of BSA binding was
only seen at 45 mg/mL where the BSA layer is about 200 nm thick. This is the same BSA
layer thickness seen for L1x at 22 and 45 mg/mL. Finally BSA binding binds to L5x at 22
and 45 mg/mL with a BSA layer of about 150 nm, similar to the BSA layers seen for L1x

and L3x.

175



| e 1200
1000 4\ 1000
800 ) 800 T I
600 41 a 600 l j B
00 ¥ p E | 45 mgmL 400 —
| g- @5 — | 22 mg/mL
/ NA / 200 L —
07 /o oy | 11 mg/mL
j' Y | 2mg/mL o i i i . )
0 v—n T S omgmL Omgml 2mg/mL 11 mg/mL 22mg/mL 45mgmL
1 2 3 4 BSA concentration
Population (a)
1200 ~| - 1200
1000 1000
- T
,gsoo v . 1
600 —
> 600 l‘ ,
N / T T
B — 400 —
wn y L4 NA -
400 7 26y | 45 mg/mL l |
| / Lrey 23y | 22 mg/mL 200 I
200 7 v | 11 mg/mL ‘
NAC | 2 mg/mL 0 ' ' '
J'_  NA NAw f Omg/mL 2mg/mL 11 mg/mL 22mg/mL 45mg/mL
0 —— ‘__,,P7A- - 0 mg/mL i
) 5 —— BSA concentration
3
Population ! (b)
1200 -
| S 1200
1000 1 1000
|
800 1’ 800
600

i -

L W

w00 ¥ iy = C45mgmL 4
| P E | 22 mg/mL I |
200 - L5y ey NA- | 11 mg/mL 200 i
oy NA- : | 2mg/mL 0 T T ! ! '
i A o mg/mL Omg/mL 2mgmL 11 mgmL 22mg/mL 45mg/mL
1 ) . — ; 1 BSA concentration
Population (C)
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5.5.5. Protein Adsorption onto Micelles from MCBnOPCL Cyclic-b-Linear Diblock

Copolymers

Table 5.12, Table 5.13, Table 5.14, and Figure 5.24 show the DLS
characterization of C1x, C3x, and C5x incubated with different concentrations of BSA at
37 °C for 16 h. Comparison of Table 5. with the tables in this section, shows that C1x
went from 129+24 to 498+89 nm, C3x from 1961 nm to 516+79 and C5x from 186+64
to 702+£166 nm upon incubation at 37 °C for 16 h. There is no strong evidence of BSA
binding. The sizes for C3x and C5x are consistent throughout all BSA concentrations.
Clx is the exception with size reduction from 498489 to 217+69 nm from 0 mg/mL to 2
mg/mL, and a large size increase at 11 to 22 mg/mL. As mentioned before, this data
inconsistency might have to do with the low PCL molecular weight causing low micelle

stability.

Table 5.12: Size (nm) Populations Measured by DLS in Cl1x Micelle Suspensions After

Incubation with BSA
0 mg/mL |2 mg/mL | 11 mg/mL [22 mg/mL (45 mg/mL
Pop 1 NA 9 8 8 8
Pop 2 NA NA NA 25 Seen
Pop 3 NA 42 48 91 NA
Pop 4 498 217 602 939 577
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Table 5.13: Size (nm) Populations Measured by DLS in C3x Micelle Suspensions

After Incubation with BSA

0 mg/mL |2 mg/mL | 11 mg/mL |22 mg/mL |45 mg/mL
Pop 1 NA 9 8 8 7
Pop 2 NA 49 39 26 31
Pop 3 NA NA NA NA NA
Pop 4 516 532 559 471 631

Table 5.14 : Size (nm) Population Measured by DLS in C5x Micelle Suspensions

After Incubation with BSA

0 mg/mL (22 mg/mL|[45 mg/mL
Pop 1 NA 8 8
Pop 2 NA NA SEEN
Pop 3 NA 45 295
Pop 4 702 613 782

5.5.6 Conclusion

Micelles from PEG-b-PCL diblock copolymers with cyclic architecture in the
PEG block (MCBnOPCL) did not show protein binding when incubated at 37 °C for 16 h
with BSA at biological concentration (45 mg/mL). In contrast, micelles from PEG-b-PCL
diblock copolymers with linear architecture in both the PEG and PCL blocks
(MeOPEGS550BnOPCL) showed BSA binding at 22 and 45 mg/mL. The thickness of the
BSA layer was estimated to be around 200 nm, which corresponds to about 28

monomeric BSA units.
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Figure 5.24: DLS Characterization of (a) C1x, (b) C3x, and (c) C5x After Incubation
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These results indicate that if cyclic rather than linear PEG coatings are used in
nanoparticles for drug delivery, the protein binding will be reduced, minimizing the
immune response against these particles. In other words, the circulation time of
nanoparticles in drug delivery should be increased by using a PEG coating that has a

cyclic architecture with no end groups.
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CHAPTER VI

CONCLUSIONS AND FUTURE DIRECTIONS

We successfully synthesized PEG-b-PCL diblock copolymers that had either a
cyclic or a linear architecture in the PEG block. Three different PCL molecular
weights were prepared corresponding to one, three, and five times the molecular
weight of PEG. Two different PEG macroinitiators with a linear or a cyclic structure
were synthesized. The linear PEG macroinitiator was synthesized in 2 steps in 55%
yield and the cyclic PEG macroinitiator was synthesized in 3 steps in 20% yield.
From these macroinitiators, a PCL block was grown by ring-opening polymerization
of e-caprolactone. Linear-b-linear diblock copolymers with PDI between 1.03 and
1.20 were synthesized in 99-100% conversion. Cyclic-b-linear PEG-b-PCL diblock

copolymers with PDI between 1.12 and 1.23 were synthesized in 92-96% conversion.

Self-assembled micelles were prepared by a co-solvent evaporation method using
MilliQ water or PBS. These micelles were characterized using DLS and TEM. Better
defined micelles were formed from cyclic-b-linear than from linear-b-linear diblock

copolymers.

181



In order characterize these micelles using FCS and FCCS, we attempted to entrap
fluorescent dyes in the micelles but had problems of low entrapment efficiency or low
quantum yield. In order to overcome these problems, we decided to synthesize a
diblock copolymer with a covalently bound fluorescent molecule. The model
fluorescently labeled PCL homopolymer was prepared in three steps in 11% yield in
order to develop the synthetic route. A fluorescently labeled PEG-b-PCL diblock

copolymer was synthesized in three steps in 25% yield.

Protein adsorption was studied by incubation of the micelle suspensions with
different concentrations of BSA up to the biological concentration. Upon incubation
at 37 °C for 16 h, micelles increased their size by 200-400%. BSA binding onto
micelles from linear-b-linear polymers was seen at 22 and 45 mg/mL, and consisted

of a 150-225 nm thick layer (19-28 BSA monomeric units).

No BSA binding was seen for micelles from cyclic-b-linear polymers. Therefore,
BSA binding was minimized by using a cyclic PEG architecture without end groups,
confirming our original hypothesis: lower protein adsorption should be measured on
micelles from diblock copolymers with a cyclic PEG architecture compared to linear

architectures currently used.

This project sets the basis for further progress in the study of cyclic PEG architectures
in polymers used for drug delivery. For example, the molecular weight of the cyclic

PEG and linear PCL blocks could be increased to prepare more stable (i.e. both in
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terms of concentration and temperature) micelles making it easier to characterize
them and study protein adsoption and circulation times, particularly using FCS and
FCCS. Another important future direction is to measure blood circulation times in
mice, which would continue the progress towards the use of these new polymers for
therapeutic purposes. Finally, the synthesis of hyperbranched polymers that behave
as unimolecular micelles from the inimer presented here with an oligooxyethylene
glycol side chain, but also with larger molecular weight ethylene oxide oligomers,
and cyclic PEG moieties of different molecular weights will enable the study of
protein adsorption onto stable unimolecular micelles that could have even better

properties in terms of lower protein adsorption and increased circulation times.
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