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Abstract

Copolymers that contain terminal or pendent functional groups have great potential in the
biomedical area due to their biocompatibility and tunable properties.' In this research, two vinyl
functional epoxides, vinyldimethylsilylpropyl glycidyl ether (VSIGE) and ethoxy vinyl glycidyl
ether (EVGE), were synthesized. These heterobifunctional monomers were polymerizable via the
epoxide groups and can be functionalized via thiol-ene reactions through the pendent vinyl groups.
A series of amphiphilic block copolyethers based on poly(ethylene oxide) and poly(1,2-butylene
oxide) that incorporate VSIiGE or EVGE were synthesized and characterized. The vinyl ether and
vinyl silane functional groups were functionalized after polymerization and the functional
polymers formed pH-sensitive micelles in agueous medium. The copolyethers were loaded with

ritonavir yielding well-controlled nanoparticles.

Poly(L-glutamic acid) is comprised of naturally occurring L-glutamic acid repeating units that
are linked together with amide bonds. In this research, we have prepared magnetic block ionomer
complexes based on poly(ethylene oxide)-b-poly(L-glutamic acid) copolymers. This is of interest
due to the biocompatibility and biodegradable nature of the poly(L-glutamic acid) component of
the backbone. Allyl- and thiol-functional poly(ethylene oxide)-b-poly(L-glutamic acid)
copolymers were also synthesized and coated onto the surface of iron oxide nanoparticles. Allyl-

and thiol-tipped single particles were reacted with each other to prepare magnetic clusters.



Transverse relaxivities of the clusters were found to be significantly higher than that of single
particles.

One major problem in commercial development of therapeutic proteins is their poor transport
across cellular membranes and biological barriers such as the blood-brain barrier (BBB). One
solution to this problem is to modify proteins with amphiphilic block copolymers such as PEO-b-
PPO-b-PEO, Pluronics®. However, it isn't possible to independently tune the two PEO block
lengths with commercial Pluronics® since a difunctional PPO macroinitator is utilized to grow
both PEO blocks simultaneously (HO-EOn-b-POm-b-EOnx-OH). Another challenge is introducing
functional group which allows post-polymerization functionalization for specific applications. In
this study, a series of heterobifunctional asymmetric amino-EOn1-b-POm-b-EOn2-OH block
copolymers (APs) with different molecular weights of each block were synthesized and the amino
terminal group was conjugated to an antioxidant enzyme, Cu/Zn superoxide dismutase (SOD1).

The conjugates were characterized and their cellular uptake was investigated.
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Chapter 1: Dissertation Overview

A major development in the biomedical area in the last decades is developing and
utilizing novel polymeric materials to enhance biocompatibility and biological activity of
therapeutic and diagnostic agents. The second chapter of this thesis reviews core-shell drug
nanoparticles based on PEO-containing copolymers and stimuli-sensitive polymers for
targeted drug delivery.

The third chapter describes a synthetic route for preparing multi-functional amphiphilic
copolyethers based on poly(ethylene oxide) and poly(1,2-butylene oxide) that incorporate
pendent vinyl ethers or vinyl silanes. It includes an in-depth look into the microstructures
of functional blocks via kinetic studies of the anionic ring-opening copolymerizations.
Post-polymerization functionalization of the vinyl functional groups via thiol-ene additions
were also described. Comparisons of the critical micellar concentrations of the functional
copolymers under different environmental pH were probed via DLS. These materials
formed well-controlled nanoparticles containing ritonavir micelles in aqueous media. Drug
loading efficiencies were investigated in collaboration with Sharavanan Balasubramaniam
and Prof. Davis.

Chapter 4 describes preparation of magnetic block ionic nanoparticles based on
poly(ethylene oxide)-b-poly(L-glutamic acid) copolymers. This is of interest due to the
biocompatibility and biodegradable nature of the poly(L-glutamic acid) component of the
backbone. The synthetic method for introducing terminal thiol and allyl groups to the
copolymers is described. Biodegradable magnetic clusters were prepared using the thiol-

and allyl-functional copolymers. Colloidal stabilities in physiological media of the



magnetic nanoparticles made from aqueous dispersion or organic solvents were compared
via DLS. Magnetic properties of the single particles and the clusters were determined and
compared.

The fifth chapter decribes the synthesis and characterization of a series of
heterobifunctional asymmetric amino-EOni1-b-POm-b-EOn2-OH block copolymers with
different molecular weights of each block. In collaboration with Prof. Kabanov’s group,
the amino terminal groups was conjugated to an antioxidant enzyme, Cu/Zn superoxide
dismutase (SOD1). Effect of the amounts of polymers attached to the protein on enzymatic
activities were investigated. Cellular uptake properties of the conjugations with different
polymer block lengths were examined.

Chapter 6 describes the conclusions drawn from the previous chapters and proposed

future work associated with this research.



Chapter 2. Literature Review: Functional and amphiphilic
copolymers in biomedicine

2.1 Introduction
2.1.1 Polymeric materials for application in biotechnology

Recently, polymeric materials have received much attention for biological purposes
due to their biocompatibility, biodegradability, biological activity and high capacity for
drug delivery, tissue engineering, bone repair, implantation of medical devices and
artificial organs and so on.*® Using polyion complex micelles as novel carriers for gene
delivery is also an attractive area.* Hydrogels based on hydrophilic copolymers have great
potential for components of biosensors as well.10

As generally acknowledged, polymeric materials that are used for biomedical
applications are expected to have the following features. First of all, there should not be
any evidence of harmful influence caused by introducing these materials into the body.
Secondly, these polymers should be cleared out from the body and biodegradation can
promote this process. Furthermore, biodegradable polymers should not generate toxic
byproducts and there should be a mechanism for eliminating the products of biodegradation
from the body. Special functional groups can be utilized to enhance the interactions

between polymers and cell membranes.*®

2.1.2 The enhanced permeability and retention (EPR) effect
The enhanced permeability and retention (EPR) effect can be extremely important for
drug delivery to tumors. Enhanced vascular permeability provides the possibility for

polymeric drug delivery vehicles to selectively target tumor cells. Because tumor cells



propagate much faster than normal cells, they have much greater demands for nutrients and
oxygen. The enhanced vascular permeability can satisfy those demands.! It also results in
drugs reaching the tumor tissues more efficiently by permeating through the leaky
vasculature.

Besides the enhanced permeability, the lymph drainage system in solid tumors is
immature as well. Therefore, the extravasation of macromolecules from tumor tissues is
much slower than that from the normal tissues. As a result, macromolecules can stay in the
tumor tissues for a longer time and a higher concentration of macromolecules in the tumors
can be built up.*?

In summary, these two facts are termed as the tumor-selective enhanced permeability
and retention (EPR) effect of macromolecules and lipidic particles.!! While small
molecules cannot discriminate tumor tissues from normal tissues, macromolecules can
accumulate in tumor tissues at much higher concentration than in the normal tissues and

plasma due to the EPR effect (Figure 2.1.2.1).



150 }-C.

o
=]
O

Drug conc.( pg/g specimen )
L)
O
\ D
R
N~
/
3

| SN TS N NUNNE RS WU NN U NN SN SN R R |

L N N

50k O
“ >
L A o
- a5 —~OoJf ]
- /A ¥ N
0.1 0.3 1 3 6 24 48 145

(a) Time after injection (hr)

Percent dose/g tumor
s o

0 [ | ) f Lo . -
0_// 017 05 1 8 6 12 24 4872
(b) Time after injection (hr)
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The tumor model in both A and B was solid sarcoma S-180 in mice."?
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2.2 Micelles based on PEO-containing copolymers

2.2.1 Formation and dimensions of polymeric micelles with core/shell nanostructures
Polymeric micelles generally are comprised of hydrophobic blocks and hydrophilic

blocks. These micelles have a core/shell nanostructure with the hydrophobic segments

isolated from the aqueous continuous phase to form an interior core and the hydrophilic

segments forming the shells to stabilize the hydrophobic core (Figure 2.2.1.1). The unique

architecture of this type of micelles is of great interest for drug delivery because water-

insoluble drugs can be incorporated in the hydrophobic cores through hydrophobic



interaction or chemical conjugations. Copolymers with different characteristics have been
investigated by adjusting the molecular weight of each block, chemical compositions and
terminal functional groups. Thus, polymeric micelles with desirable biodistributions and
drug release properties could be obtained by assembly of those copolymers.

Polymeric micelle particles should have appropriate sizes. First, the particles should
be small enough to pass through the capillary vessels. On the other hand, polymer micelles
should also be big enough to avoid excretion by the renal system. According to a study on
renal filtration limits of proteins and water-soluble polymers, polymeric micelles with
diameter in the range of several tens of nm will likely be able to avoid excretion by the

Kidneys.®
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Figure 2.2.1.1. Configuration of polymeric micelles.*



2.2.2 Unique properties of PEO-containing copolymers

The reticuloendothelial system (RES) is an important part of the immune system. The
RES consists of all phagocytic cells including monocytes and macrophages. It provides the
function of clearing out any infection and old cell fragments from the body.! Avoiding RES
uptake during the contact of biomaterials with the biological environment, which depends
mostly on the hydrophilic shells, is one of the most important issues for bioapplicable
polymeric micelles. Many hydrophilic polymers, including polyacrylamide,
poly(hydroxyethyl methacrylate), poly(N, N- dimethylacrylamide), poly(vinyl alcohol),
poly(ethylene oxide) (PEO or PEG) and so on, have been used to modify the properties of
biomaterials. Especially, PEO has been utilized most widely due to its unique
characteristics.'*

First of all, PEO has excellent solubility in water. In a wide temperature range from
room temperature to slightly below 100 <C, PEO can dissolve in water in any
composition.® In the other words, PEO is miscible with water. PEQO is also soluble in many
organic solvents.** As an excellent solute, PEO has high surface mobility and the interfacial
energy between PEO and water is very low. These attractive properties make PEO
particularly effective at resisting protein adsorption.®6

Another important advantage of using PEO as a shell-forming block is the low
toxicity. PEO is FDA-approved for parenteral administration. It was reported that 10%
PEO solution (Mw=4000 g/mol) could be administered intravenously to rats, guinea pigs,

rabbits, and monkeys up to 16 g/kg without any noticeable toxicity.>’



2.2.3 PEO-polyester copolymers

Polyesters are widely used and studied as an important class of biodegradable
polymers, including poly(lactic acid), poly(glycolic acid), poly(e-caprolactone) and their
copolymers.’81® These polymers can be non-specifically biodegraded into non-harmful
small molecules in aqueous media.

Allen et al. have explored the possibility of using micelles formed from
polycaprolactone-b-poly(ethylene oxide) (PCL-b-PEO) as a carrier for FK506
(Tacrolimus),?® which is the most important drug used for decreasing rejection caused by
transplantation of liver,?! kidney,?? heart?® and others. This drug was loaded into PCLo-b-
PEOa44 physically by simply mixing, then dialyzing against water. The final loading
efficiency was 21%.

The release rates of FK506 incorporated into the micelles relative to FK506 alone
were measured by a dialysis method in vitro.?° More than 50% of the drug was released
from the complexes in the first 12 hours, and the number increased to 70% in the first 24
hours. In contrast, the drug without polymeric carriers was released completely in 4 hours
(figure 2.2.3.1). Incorporation in the core-shell structures resulted in the drug being

released over 6 days, but only 30% of the drug was released in the last five days.
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micelle-incorporated-3H-FK506.2°
The micelle containing FK506 was radio-labeled and injected intravenously into male
Sprague-Dawley rats for biodistribution measurements (Figure 2.2.3.2).2° The
biodistribution of micelles containing FK506 was significantly different from that of

FK506 alone. The most attractive difference was that the micelles containing FK506

accumulated in the brain with higher concentration than FK506 alone.?%%*
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Other than physical entrapment of the drug, which is described in the above-
mentioned example, the PEO-polyester copolymers have also been chemically conjugated
with drugs. Yoo et al. developed a doxorubicin delivery system using poly(DL-lactic-co-

glycolic acid)-b-poly(ethylene oxide) (P(DLLA-co-GA)-b-PEO) to connect doxorubicin

chemically.® In this work, PEO was used as the initiator to polymerize DL-lactide and
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glycolide. Doxorubicin was connected to the copolymer through the terminal hydroxyl

groups on the PDLLA-co-GA chain ends (Figure 2.2.3.3).
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Figure 2.2.3.3. Illustration of synthesis of DOX-P(DLLA-co-GA)-b-PEO conjugate.?

Several physical characteristics were measured to investigate the difference between
chemically and physically loaded doxorubicin-polymer complexes.?® Covalent bonds are
much stronger than intermolecular attractions such as van der Waals forces and hydrogen
bonds, on which physical loading depends. Since chemical bonds lead to quantitative

conjugation, the loading efficiency of this approach should be significantly higher than
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physical loading, and this was confirmed by the experimental results (Table 2.2.3.1). In
addition, a sustainable release of doxorubicin was extended from 3 days to 2 weeks (Figure

2.2.3.4).

Table 2.2.3.1. Effective diameters and loading efficiency of doxorubicin polymeric
micelles.?®

Doxorubicin Effective I(;Z?r?rez\l;?vlv Actual loading Loading
loading diameter (nm) 02) ’ (wiw, %) efficiency (%)
Physically 58.2146.21 2.20 0.5140.07 23.1843.18
entrapped
(PLGA-PEG)
Conjugated
(DOX-PLGA- 61.48+7.17 2.20 2.1840.04 99.09+1.81
PEG)
100
—@—- DOX conjugated micelles
2 —a— DOX encapsulated micelles
Q
7]
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time (days)
Figure 8. Release profiles of doxorubicin from polymeric micelles.

2.2.4 PEO-PPO-PEOQ copolymers

Triblock copolymers based on poly(ethylene oxide-b-propylene oxide-b-ethylene
oxide) (PEO-b-PPO-b-PEO) (the BASF tradename is Pluronics®) are well established, and
they have been studied extensively as excipients in drug formulations.?’® At present, a

wide range of molecular weights of Pluronics® are commercially available. Above the
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critical micelle concentration (CMC), PEO-b-PPO-b-PEO can form spherical micelles in
aqueous solution by self-assembly, with PEO blocks forming the shells and PPO blocks
forming the core. Drugs that have poor solubilities in water might be loaded into the
hydrophobic cores of PEO-b-PPO-b-PEO micelles and be stabilized by the PEO shells.
This attractive feature makes PEO-b-PPO-b-PEO a potential drug delivery vehicle.
Another important advantage of Pluronics® as a drug carrier is their ability to inhibit
multidrug resistance (MDR) in cancer cells,***® which can significantly decrease the
efficacy of many drugs in tumor therapy. MDR is often caused by P-glycoprotein (P-gp),
a transmembrane glycoprotein with a molecular weight of 170 kDa which acts as an ATP-
dependent drug efflux pump.“® It results in a lower accumulation and retention of drugs in
tumor cells. Many studies on the inhibition of efflux action of P-gp by PEO-b-PPO-b-PEO
copolymers have been reported.?82931-33374143 Eor jnstance, Pluronic® P85 showed
notable capacity for increasing the cytotoxicity of drugs against MDR cells by as much as
1,000 times while only a slight increase of cytotoxicity was observed against sensitive
cells.®

A nanocapsule that encapsulated iodinated poppy seed oil (lipiodol), which has been
widely used as a contrast agent, was synthesized by Bae et al. utilizing an
emulsification/solvent evaporation method.®! A PEO-b-PPO-b-PEO copolymer was
activated by reaction with p-nitrophenyl chloroformate so that the terminal groups could
be subsequently reacted with amino groups. In methylene chloride, the activated PEO-b-
PPO-b-PEO was mixed with the lipiodol.>? Then the mixture was added to an aqueous

solution containing amine-functionalized six-arm-branched PEO and sonicated to form an

14



emulsion. The lipiodol-encapsulating nanocapsules were obtained after evaporation of the

solvent. This synthesis is illustrated in Figure 2.2.4.1.
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Figure 2.2.4.1. Illustration of synthesis of lipiodol-encapsulating nanocapsules.’!

Paclitaxel, which is a widely used chemotherapeutic water-insoluble drug, was loaded
into the nanocapsules by solubilizing it in the lipiodol/PEO-b-PPO-b-PEO mixture. The
diameter, loading efficiency and loading content of nanocapsules with and without lipiodol

were determined (Table 2.2.4.1).!
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Table 2.2.4.1. Particle size, paclitaxel loading efficiency and loading content of
nanocapsules with or without Lipiodol.”!

Samoles Particle Loading Loading Loading amount in
P size (nm) efficiency (%) content (wt %) Lipiodol (mg/mL)
w/ LP  115.8#15.2 46.549.5 0.8040.04 25.845.2
w/o LP  102.749.5 12.8+1.9 0.1840.01 NA

The release profile was measured in a buffer solution at pH 7.2 and physiological
temperature® (Figure 2.2.4.2 A). Continuous release from the nanocapsules containing the
lipiodol was detected with up to ~80% of the paclitaxel being released over 30 days. By
contrast, about 90% of the paclitaxel was released within 5 days from the nanocapsules
without lipiodol. The significant improvement of release rate indicated the potential of
using this polymeric micelle as a carrier for hydrophobic drugs.

Cytotoxicities of different potential paclitaxel drug delivery systems were
investigated (Figure 2.2.4.2 B).>! The clinically available formulation of paclitaxel (Taxol)
exhibited a high level of cytotoxicity above 1 ug/mL while the lipiodol nanocapsules did
not. Folate-conjugated lipiodol nanocapsules showed even more cytotoxicity than the other
two. Considering that folic acid is known to be effecting at achieving tumor-selective
targeting, this result suggested that folate-conjugated LP nanocapsules can selectively

restrain the proliferation of tumor cells.
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Pluronic® P85-b-poly(acrylic acid) (PEO-b-PPO-b-PEO-b-PAA) copolymers have
been reported as potential carriers for doxorubicin as well.>® In a phosphate buffer solution
with pH 7.2, doxorubicin was loaded into this copolymer by electrostatic interaction
between the electronegative PAA segments and electropositive doxorubicin molecules. As

expected, pH influenced the release rate of doxorubicin from this copolymer due to
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protonation of acrylates at low pH (Figure 2.2.4.3). A faster release of doxorubicin was

determined at pH 5.0 than that at pH 7.2.
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Figure 2.2.4.3. Illustration of pH-dependent release of doxorubicin from a P85-b-
PAA copolymer.>
It was reported that the CMCs of Pluronics® could be lowered by crosslinking the
outside shells.>* In a characteristic procedure, the terminal hydroxyl groups of the PEO
segments were oxidized to aldehydes, then polymers were crosslinked by reaction of the
aldehyde groups with diamine compounds. Three diamines were investigated: 2,2’-
(ethylenedioxy)bis(ethylamine) (EDBEA), 1,4-diaminobutane (DAB) and 1,2-

diaminoethane (DAE). DAB was found to be the most efficient of the three for
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crosslinking. It was suggested that EDBEA was too long, causing some aldehyde groups
to remain unreacted, and that DAE was too short to connect the adjacent aldehyde groups
(Figure 2.2.4.4). After crosslinking, the CMC of L121 was lowered from 5X 10 to 5X
10 wt%. With the lower CMC, the micelles were more stable in the plasma.

100

1 —e—DAE
904 —=—DAB
1 —A—EDBEA

87 =9
70 -

60 -
50 -
40 -

o
A
1

Degree of Crosslinking (%)

10

0

0
(a)

Figure 2.2.4.4. (A) Crosslinking degrees of DAE, DAB and EDBEA. (B) Schematic
illustration of crosslinking.>*
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2.2.5 PEO-poly(amino acid) copolymers

Proteins, which are unique sequences of poly(amino acid)s, are one of the most
important compositions of living species. Poly(amino acid)s also have excellent potential
in drug delivery systems, especially copolymers based on PEO-b-poly(amino acid). An
attractive feature of PEO-b-poly(amino acid)s is that functional groups, e.g., carboxyl
groups, introduced by the poly(amino acid) blocks can be used to conjugate drugs
chemically. These conjugates can accumulate at tumor sites as a result of the EPR effect.
Then, the conjugates can cleave through nonspecific hydrolysis or enzymatic activity. This
method can greatly reduce the harm to healthy cells and increase selectivities for tumor
cells.

Doxorubicin-conjugated PEO-b-poly(a, B-aspartic acid) was synthesized in efforts to
effectively target cytotoxic agent to solid tumors.>® The synthesis procedure was developed
by Kataoka et al. (Figure 2.2.5.1).%® First, an a-methyl-w-amino PEO was utilized as a
macroinitiator for the polymerization of B-benzyl N-carboxy-L-aspartate anhydride
followed by hydrolysis of the benzyl groups. Doxorubicin was connected to the copolymer
through a condensation reaction of the glycosidic amino group with the pendent carboxyl
groups on the poly(a, p-aspartic acid) blocks in the presence of 1-ethyl-3-[3-
(dimethylamino)propyl]-carbodiimide and triethylamine. Up to 50% of the side carboxyl

groups were conjugated to doxorubicin.

20



X/O\/TINHZ + HNJ< O en NH,
n
H

0O m
o)
(0)
0”0 0
o (o)
debenzylation /QO\/\)\QN NH, doxorubicin /?o\/j\eN NH,
n H m
n H m o
0)
OH R

R=H or

Figure 2.2.5.1. Schematic illustration of synthesis of DOX-conjugated PEO-P(Asp).>®

In addition, the hydrophobicity of the poly(a, B-aspartic acid) block was enhanced due
to the conjugation with doxorubicin, extra doxorubicun molecules could be entrapped in
the hydrophobic cores of the copolymers by physical interactions.* A prolonged circulation
of doxorubicin in the blood was successfully promoted by conjugation with the PEO-b-

poly(a, B-aspartic acid) copolymer.
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Figure 2.2.5.2. Structure of PEO-b-poly(a, B-aspartic acid)/DOX complex.*

2.3 Stimuli-sensitive copolymers
2.3.1 Multifunctional copolyethers based on tailor-made epoxides

In the past few years, “smart” polymeric micelles in terms of their responses to various
environmental stimuli, including pH, temperature, ionic strength, magnetic or electric
fields, or ultrasound, have been investigated for potential use in drug delivery.5->° By
tuning functional groups on the amphiphilic copolymers, the abilities of “smart” polymeric
micelles to target specific tissues can be adjusted.®%-%% Recently, a series of multifunctional
PEO oligomers with pendent reactive groups distributed along the PEO backbones were
reported.®*%° The functional groups were introduced by anionic ring-opening
copolymerization of functional epoxides with ethylene oxide.

Epoxides with pendent carbon-carbon double bonds are of great interests because they

provide an outstanding platform to synthesize polyethers with a wide variety of
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functionalities via thiol-ene coupling reaction. Polyethers based on a commercially
available epoxide, allyl glycidyl ether (AGE), has been investigated as a potential material
for drug delivery, gene transfection and proton-exchange membranes. Frey et al. reported
a serious of random copolymers of EO and AGE with different comonomer molar
percentages in the range from 0-100 %.%>%7 A critical challenge of the anionic ring-opening
polymerization of AGE is the isomerization of allyl ether to propenyl ether (Scheme
2.3.1.1). It was reported that the degree of isomerization could be reduced to less than 10
% by lowering the reaction temperature to 40 °C. The obtained molecular weights were
consistently above the theoretical values and this was attributed to the poor solubility of
the cesium alkoxide initiator. However, P(EO-co-AGE) copolymers were utilized as a
platform to synthesize multiple amino acid-PEOs. PEOs with side cysteine or L-
glutathione moieties were synthesized via thiol-ene reaction of allyl side groups with N-
acetyl-L-cysteine methyl ester or L-glutathione respectively. In order to avoid crosslink of

the allyl groups, twenty molar excess of thiols were employed.
R'—OH
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Scheme 2.3.1.1. Isomerization of allyl group to propenyl group in the presence of
strong base.
Another interesting application of PAGEs is to make a covalently bonded drug
conjugation. A diblock PEO-b-PAGE was investigated by Hruby et al. as a carrier for
doxorubicin (Scheme 2.3.1.2).7° Pendent ester groups were introduced onto the polymer

via thiol-ene reaction of the side allyl groups with methyl mercaptoacetate. Subsequently,
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the methyl ester groups were converted to hydrazides by reacting with 100 molar excess of
hydrazine hydrate to prevent the formation of diacylhydrazine crosslink. Doxorubicin was
covalently bound with the polymer via a pH-sensitive hydrazine bond. The hydrazine bond
is stable under neutral conditions and labile under slightly acidic conditions as in most

tumor tissues, thus resulted in a reduction of the side effects.
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Scheme 2.3.1.2. Synthesis of polyether-doxorubicin conjugation.’®
Due to the side reactions encountered with AGE, a novel epoxide ethoxy vinyl glycidyl
ether (EVGE) was utilized as a comonomer for the polymerization of EO to synthesize
multifunctional PEOs.%® The pendent vinyl ether groups on these copolymers were post-

reacted with benzyl mercaptan as a model molecule via thiol-ene reactions. Acetal-
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formation was demonstrated as another type of post-polymerization modification by
reaction of the vinyl ether groups with benzyl alcohol catalyzed by p-toluenesulfonic acid

(Scheme 2.3.1.3). Both modifications were quantitative.
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Scheme 2.3.1.3. Two types of post-polymerization modifications of vinyl ether

groups: (1) acetal-formation with alcohols and (2) thiol-ene addition with thiols.*

Multi-aminofunctional PEO oligomers were also synthesized through copolymerization
of EO with N,N-diallyl glycidyl amine (DAGA) (Scheme 2.3.1.4).%° A protected catechol
2,2-dimethyl-1,3-benzodioxole-5-propanol was utilized as a initiator for the anionic ring-
opening polymerization. The terminal catechol groups and pendent amines were
deprotected by a single-step hydrolysis in 1 M HCI solution at rt. The obtained catechol
groups were coated onto the surface of manganese oxide (MnO) nanoparticles to make T
MRI contrast agent. A fluorescent dye fluoresceine isothiocyanate (FITC) was conjugated
with the nanoparticles by reaction with the amino groups to provide optical visibility of the

nanoparticles in cells.
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Scheme 2.3.1.4. Synthesis of catechol-P(EO-co-glycidyl amine).*

2.3.2 Thermosensitive polymers

Unlike many compounds that have better solubilities at higher temperature, certain
polymers become less soluble in aqueous solution by increasing the temperature. This kind
of polymer shows sharp transitions in solution at certain temperatures which are called the
lower critical solution temperature (LCST).”*®2 In a thermodynamic viewpoint, the
dissolution enthalpies 4H of these polymers are negative which conduces dissolution.
Whereas, the dissolution entropies A4S are negative and this disfavors dissolution.
Therefore, the dissolution free energy (4H-TA4S) is negative at temperature below the
LCST and become positive by increasing temperature above the LCST. The hydrogen-

bonding capabilities of these polymers are their characteristic properties because hydrogen
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bonds between polymeric chains and the solvent molecules make dissolution enthalpies

4H and entropies 4S both negative.’*
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Figure 2.3.2.1. Schematic illustration of temperature-sensitive dissolution of

PNIPAAM.!
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One of the most studied thermosensitive polymer, poly(N-isopropyl acrylamide)

(PNIPAAM), has a LCST at ~32 °C in aqueous solution.”*#3% |t was reported that

copolymerizing NIPAM with more or less hydrophilic units could change the LCST

(Figure 2.3.2.3).1%6-% Generally, hydrophilic comonomers bring a higher LCST. In

contrast, hydrophobic ones make the LCSTs lower. The effect of ionizable comonomers

(containing carboxylic acid or amino groups) in the polymers based on PNIPAAM has also

been studied. It was reported that LCSTs of these ionizable copolymers were affected by

multiple factors: (1) hydrophobicities of the comonomers; (2) pH values of the solutions;

(3) molar percentages of the comonomers.®® Some other poly(N-substituted acrylamide),

including poly(N,N-diethyl acrylamide) (PNDEAM), poly(N-ethyl acrylamide) (PNEAM)

and their copolymers also exhibit LCSTs (Figure 2.3.2.2).%°
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Figure 2.3.2.3. LCSTs of PNIPAAM copolymers.’!96-9%

Recently, great efforts were made on developing drug delivery agents based on
thermosensitive polymers.1%-1% Two different delivery systems have been studied: (1)
above the LCSTs, micelles are built with thermosensitive polymers as the hydrophobic

cores; (2) Below the LCSTs, thermosensitive polymers constitute the hydrophilic shells.*%®
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This brings on the possibility of thermal control of drug delivery. Slight change of body
temperature around the LCST could stimulate a burst release.1%®

The micelles comprised with thermosensitive blocks as the shell-forming segments and
hydrophobic cores can be loaded with water insoluble drugs below the LCST. The
hydrophilic shells help the micelles dispersed well in aqueous phase and prevent interaction
between the inner cores with biocomponents. By local heating, the shells become
hydrophobic and the micelles can be adsorbed by cell membrane via hydrophobic
interaction (Figure 2.3.2.4). Thus, accumulation of the therapeutic agents at specific sites,

such as tumor tissues, can be achieved.

drug release accelaration

polymeric micelle-drug
@ and
@ @ adsorption enhance to celles

- —

below LCST above LCST

Figure 2.3.2.4. Schematic illustration of thermosensitive drug release from micelles
with PNIPAAM as the shell-forming segments. %

Zhang et al. prepared thermosensitive micelles containing a diblock PNIPAAM-b-
poly(methyl methacrylate) (PMMA) copolymer and an anti-inflammation drug prednisone
acetate.’® The PNIPAAM block was the shell-forming component and provided
dispersibility at temperature below the LCST of PNIPAAM. The hydrophobic PMMA

block incorporated with prednisone acetate and formed the inner core. The micelles were
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colloidally stable and the drug release rate from the micelles was found to be relatively
slow at 24-27 °C. When the temperature was increased to 38-40 °C, the shell-forming

PNIPAAM block became hydrophobic and collapsed, and this led to a tremendous faster

drug release (Figure 2.3.2.5).
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Figure 2.3.2.5. Comparison of release rates of prednisone acetate from

PNIPAAM-Hb-PMMA micelles at temperatures below and above the LCST of
PNIPAAM.!*!
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A thermosensitive polymer with a LCST at ~ 37 °C was desirable for precise thermo-
control of drug release in human body. Neradovic and coworkers reported that
incorporation of 20 mol% of 2-hydroxypropyl methacrylamide (HPMAM) in the
PNIPAAM block increased the LCST to ~37 °C.1% An ester of HPMAM (HPMAM-
lactide) was copolymerized with NIPAAM in the presence of AIBN to prepare
P(NIPAAM-co-HPMAM-lactide) random copolymers. Diblock PEO-b-P(NIPAAM-co-
HPMAM-lactide) copolymers were synthesized using 4,4’-azobis-(cyanopentanoic acid)
substituted methoxyl-PEO (PEO.-ABCPA) as a macroinitiator. The lactide was then
removed by hydrolysis to obtain P(NIPAAM-co-HPMAM-lactide) and PEO-b-
P(NIPAAM-co-HPMAM). The LCSTs of random and block copolymers with a series of
comonomer contents were determine by static light scattering (Figure 2.3.2.6). It was found
that the relatively hydrophobic HPMAM-lactide comonomer decreased the LCSTs of both
random and block copolymers, and the hydrophilic HPMAM comonomer increased the

LCSTs.
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Figure 2.3.2.6. Structures and LCSTs of PNIPAAM and PHPMAM copolymers.'%

Since the LCST of PNIPAAM is greatly affected by the hydrophobicities of
comonomers as mentioned above, a pH-sensitive polymer can be prepared by incorporation
of ionizable comonomers into the PNIPAAM polymers. Yang et al. reported an
amphiphilic P(NIPAAM-co-N,N-dimethylacrylamide-co-10-undecenoic acid)
(P(NIPAAM-co-DMAAM-co-UA)) copolymer.1%2 The UA comonomer was pH-sensitive,
and thus the LCST of this copolymer could be changed by adjusting the environmental pH.
At pH 7.4, the LCST was above body temperature, and the doxorubicin-loaded micelles
were stable under nominal physiological condition. The LCST became lower than body
temperature in slightly acidic medium (pH 6.6), and a burst drug release was triggered
(Figure 2.3.2.7). Therefore, accumulation of drugs in acidic tumor tissues could be

achieved.
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Figure 2.3.2.7. pH-sensitive release of doxorubicin from P(NIPAAM-co-
DMAAM-co-UA) micelles at 37 °C.1%
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Chapter 3. Design and Synthesis of Functional Amphiphilic
Copolyethers

Most of the work described in this chapter was performed by the author of this
dissertation. He was responsible for the synthesis and characterization of the monomers
and polymers. Ran Liu aided in the preparation of several polymers and dynamic light
scattering analysis. Dr. Sharavanan Balasubramaniam of the Dr. Richey M. Davis’ group

prepared and characterized the drug-containing nanoparticles.

3.1 Introduction

Amphiphilic copolymer micelles have been investigated as components of drug delivery
vehicles for decades due to their capability of loading poorly soluble drugs and enhancing
their biocompatibility.>® Another attractive property of drug-loaded polymeric micelles is
that their sizes lead to longer circulation times in the blood stream and at least some
selectivity in targeting tumors via the enhanced permeability and retention (EPR) effect.
This is due to the greater vascular permeability and immature lymph drainage system in
solid tumor tissues.®*! In the past few years, “smart” polymeric micelles that respond to
various environmental stimuli, including pH, temperature, ionic strength, magnetic or
electric fields, or ultrasound, have been investigated for potential use in drug delivery.'?14
By tuning functional groups on the amphiphilic copolymers, the abilities of “smart”
polymeric micelles to target specific tissues can be adjusted.'>*® Poly(ethylene oxide)
(PEO) is broadly used as a shell-forming block on drug-loaded micelles®%?* due to its
excellent solubility in aqueous media,®%3% low toxicity,>?® and resistance to protein
adsorption. PEO shells can also provide steric stabilization of the micelles so that they
disperse well in water.
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Aliphatic copolyethers, which are usually prepared by ring-opening polymerization of
epoxide-containing monomers, are of great interest in the biomedical area. The
commercially available triblock copolyethers based on poly(ethylene oxide-b-propylene
oxide-b-ethylene oxide) (PEO-b-PPO-b-PEQ) (the BASF tradename is Pluronics) have
been utilized to deliver water-insoluble drugs including doxorubicin®’ and paclitaxel?®. Our
group has previously reported the synthesis of PEO and diblock copolyethers (PEO-b-
PPO) functionalized with terminal groups, including ammonium, carboxylic acid and
phosphonate.?®3! Some of those functional copolyethers were coated onto iron oxide
nanoparticles to make well-dispersed MRI contrast agents.31"*> Heterobifunctional triblock
copolyethers with one terminal amino group and one terminal hydroxyl group were also
prepared by our group and conjugated to an antioxidant enzyme, Cu/Zn superoxide
dismutase (SOD1).%¢

Frey et al. reported a series of multifunctional PEO oligomers with pendent reactive
groups distributed along the PEO backbones.®’*? Those oligomers were synthesized via
random anionic copolymerization of ethylene oxide (EO) with functional epoxide
monomers including allyl glycidyl ether®®4° and ethoxy vinyl glycidyl ether.*83°42 Due to
side reactions encountered with allyl glycidyl ether, the copolymerizations with ethoxy
vinyl glycidyl ether were considered superior. The pendent vinyl ether groups on these
copolymers were post-reacted with a variety of functional thiols via free radical thiol-ene
reactions. Multi-aminofunctional PEO oligomers were also synthesized through
copolymerization of EO with N,N-dibenzyl glycidyl amine® and N,N-diallyl glycidyl

amine.*?
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This paper describes the synthesis and characterization of a series of amphiphilic block
copolyethers based on PEO and poly(1,2-butylene oxide) that incorporate pendent vinyl
ethers or vinyl silanes at the interface between the blocks, and alternatively, within the
hydrophobic blocks. The vinyl groups were functionalized after polymerization to provide
sites for crosslinking or for appending targeting agents. These materials form crosslinkable
micelles in aqueous media that are of interest for drug delivery vehicles and bio-imaging

agents.

3.2 Experimental
3.2.1 Materials

Azobisisobutyronitrile (AIBN, 98%), acetic acid (99.8%), epichlorohydrin (>99%),
ethylene glycol vinyl ether (97%), 1,2-butylene oxide (BO) (99%), tetrabutylammonium
bromide (>99%), methoxy-poly(ethylene oxide) (MPEO) (Mn = 5000 g-mol?),
mercaptoacetic acid (>98%), isopropanol (anhydrous 99.5%), cysteamine, boc-cysteamine
(97%), vinylmagnesium bromide (1.0 M), sodium iodide (99.5%), ammonium chloride
(>299.5%), hexamethylphosphoramide (>99%) were purchased from Aldrich and used as
received. Mercaptoethylamine hydrochloride (>98%), 18-crown-6 (99%), potassium
hydride (30 wt.% in mineral oil), potassium hydroxide (1.0 N), trifluoroacetic acid (99%),
sodium bicarbonate (99%) were purchased from Alfa Aesar and used as received.
Dichloromethane (99.9%), sodium hydroxide and magnesium sulfate were purchased from
Fisher Scientific and used as received. 3-Chloropropyldimethylchlorosilane was purchased
from Gelest and used as received. N,N-Dimethylformamide (99.9%), spectra/por® dialysis
membrane (MWCO: 1000, wet in 0.05% sodium azide) were purchased from Spectrum

Chemical MFG Corp.
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3.2.2 Characterization

'H NMR spectral analyses were performed on a Bruker TopSpin 500 NMR operating at
500 MHz. Size exclusion chromatography (SEC) analyses were performed using a
stationary phase consisting of three Waters polystyrene/divinylbenzene Styragel HT 5, 4,
and 2 columns. Inhibitor free THF was used as the mobile phase and filtered with a 0.2 pm
PTFE filter prior to use. An isocratic pump (Agilent 1260 infinitiy, Agilent Technologies,
USA) with an online degasser (Agilent 1260), autosampler and column oven was used for
mobile phase delivery and sample injection. A system of multiple detectors connected in
series and maintained at 30 °C was used for the analysis. A multi-angle laser light scattering
(MALS) detector (DAWN-HELEOS |1, Wyatt Technology Corporation, USA), operating
at a wavelength of 658 nm and a refractive index detector operating at a wavelength of
658nm (Optilab rEX, Wyatt Technology Corporation, USA) provided online results of the
polymer SEC. The system was corrected for interdetector delay, band broadening, and the
MALS signals were normalized using a 21,720 g/mole polystyrene standard. Data
acquisition and analysis was completed using Astra 6 software from Wyatt Technology

Corporation.

Dynamic light scattering (DLS) measurements were performed using a Zetasizer
NanoZS particle analyzer (Malvern Instruments Ltd., Malvern, U. K.) equipped with a 4
mW solid-state He-Ne laser (A = 633 nm) at a scattering angle of 173°. The average
translational diffusion coefficient (Dt) was extracted from a single exponential (cumulants)
fit of the correlation curve and the intensity-average hydrodynamic diameter (Di) was
determined through the Stokes-Einstein equation: D =kgT/(3znD:), where kg is the

Boltzmann constant, 7 is the absolute temperature and 7, the solvent viscosity. The reported
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intensity-weighted hydrodynamic diameters were averaged from five measurements. The
critical micellar concentrations (c¢mc) of the copolymers in a 1:10 (v/v) THF-water mixture
were determined by measuring the scattering intensities of a range of copolymer
concentrations (0.001 — 10 mg mL™) by dynamic light scattering at 25°C. The inflection
point on a graph of the mean count rate (kilocounts per second) as a function of copolymer

concentration was taken as the cmec.

The drug loadings analysis and the saturation concentration of ritonavir in a 1:10 THF-
water (v/v) mixture were determined by a reversed-phase high performance liquid
chromatography (Agilent 1200 HPLC system). The chromatographic separation was
performed with a ZORBAX Eclipse XDB-C18 column (4.5 x 150 mm, 5.0 um pore size)
maintained at 30°C. Ritonavir was detected by UV detection at a wavelength of 240 nm.
The mobile phase consisted of 40/60 acetonitrile/potassium phosphate buffer (0.05 M, pH
5.65) at a flow rate of 1.5 mL min™'. The total run time and the sample injection volume
were 20 min and 5 uL, respectively. In order to measure the drug content in nanoparticles,
Iyophilized samples were suspended in acetonitrile at a concentration of 1 mg mL™* and
sonicated for 15 min. The solutions were filtered with a 0.2 pm nylon filter, and analyzed
by HPLC in triplicate. The drug concentrations were determined by comparison to a

standard curve for RTV. The drug loading and encapsulation efficiency were calculated as

follows:
) mass of RTV encapsulated
Drug loading (Wt%) = , X 100
total mass of nanoparticles
) o experimental RTV loading
Encapsulation ef ficiency (%) = X 100

targeted RTV loading
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For measuring the saturation concentration, an excess amount of RTV was added to the
THF-water mixture and stirred at 25°C for 72 h. The mixture was centrifuged at 13,000
rpm (16,060 x g) for 15 min in an accuSpin® Micro centrifuge (Fisher Scientific). The

supernatant was passed through a 0.2 um Nylon syringe filter before analysis.

3.2.3 Synthesis of Ethoxy Vinyl Glycidyl Ether (EVGE)

EVGE was prepared utilizing a modified procedure originally developed by Frey et al.>®
Sodium hydroxide (90 g, 2.3 mol) was dissolved in DI water (90 mL) in a 500-mL three-
neck round-bottom flask equipped with a mechanical stirrer. Toluene (150 mL), ethylene
glycol vinyl ether (10 g, 0.11 mol) and tetrabutylammonium bromide (3.5 g, 0.011 mol)
were added to the solution and the mixture was cooled with an ice bath. The mixture was
stirred and became very viscous. Epichlorohydrin (27 mL, 32 g, 0.34 mol) was added
dropwise through a dropping funnel over 4 h at 0 <C. The reaction was warmed to RT and
reacted for another 20 hours. The reaction mixture became less viscous over this time. The
mixture was transferred to a separatory funnel and the aqueous phase was removed. The
organic phase was washed with DI water (4 <150 mL) until a neutral aqueous phase was
collected. Toluene and the excess of epichlorohydrin were removed under vacuum and the

yellow residue was distilled at 100 °C, 5 Torr, yielding a colorless liquid (14 g, 78%).

3.2.4 Polymerization of Ethoxy Vinyl Glycidyl Ether

An exemplary procedure for the synthesis of a diblock mPEG (M»=5,000 g mol™)-b-
PEVGE (Mn=1,300 g mol™) is provided. A 5,000 My mPEG (5.0 g, 1.0 mmol) was added
to a 60-mL pressure tube equipped with a stir bar and dried under vacuum at 70 <C for 12

h, then cooled to RT. 18-Crown-6 ether (0.26 g, 1.0 mmol) was added and dried under
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vacuum at RT for 0.5 h. Potassium hydride/mineral oil suspension (80 mg, 0.6 mmol) was
added and dried under vacuum at RT for 0.5 h. The mixture was reacted at 70 <C with a
slow nitrogen purge for 12 h, then a vacuum was applied to remove any residual H.. EVGE
(1.5 mL, 1.5 g) was syringed into the pressure tube and the mixture was stirred at 70 <C.
Small aliquots (~0.05 g) of the mixture were removed at known time intervals during the
reaction to monitor the progress of the polymerization. The samples were dried under
vacuum at 70 <C for 30 min to remove any unreacted EVGE and they were characterized
via *H-NMR. Once the polymerization was complete (4 h), the reaction was cooled to RT
and diluted with dichloromethane (100 mL). Acetic acid (0.06 g, 1.0 mmol) was added to
neutralize the alkoxide. The organic phase was washed with sodium hydroxide solution
(0.005 mol/L, 100 mL) followed by DI water (3 <100 mL). The organic solution was
concentrated under vacuum, then the polymer was precipitated in cold diethyl ether and
dried under vacuum at RT yielding a waxy solid (5.1 g, 78%). The polymerization was also

conducted in the absence of 18-crown-6 ether for comparison.

3.2.5 Synthesis of a Tapered mPEG-b-P(EVGE-co-BO) Copolymer

A tapered mPEG-b-P(EVGE-co-BO) copolymer was synthesized via copolymerization
of EVGE and 1,2-BO. A 5,000 My mPEG (3.0 g, 0.60 mmol) was added to a 60-mL
pressure tube equipped with a stir bar and dried under vacuum at 70 <C for 12 h, then
cooled to RT. 18-Crown-6 ether (0.13 g, 0.50 mmol) was added and dried under vacuum
at RT for 0.5 h. Potassium hydride/mineral oil suspension (51 mg, 0.38 mmol) was added
and dried under vacuum at RT for 0.5 h. The mixture was heated at 70 <C with a slow
nitrogen purge for 12 h, then a vacuum was applied to remove H>. EVGE (0.8 mL, 0.8 g)

and 1,2-BO (9 mL, 7.5 g) were syringed into the pressure tube and the mixture was stirred
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at 70 <C. Small aliquots (~0.05 g) of the mixture were removed at known time intervals
during the reaction to study the polymerization rate and assess the microstructure of the
copolymers. The samples were dried under vacuum at 70 <C for 30 min to remove any
unreacted monomers and characterized via 'H-NMR. Once the polymerization was
complete (~4 h), the reaction was cooled to RT and diluted with dichloromethane (180
mL). Acetic acid (0.08 g, 1.3 mmol) was added to neutralize the alkoxide. The organic
phase was washed with sodium hydroxide solution (0.005 mol/L, 200 mL) followed by DI
water (3 %200 mL). Dichloromethane was removed under vacuum yielding a waxy solid

(10.3 g, 91%).

3.2.6 Synthesis of a Triblock mMPEG-b-PEVGE-b-PBO Copolymer

A triblock mPEG-b-PEVGE-b-PBO copolymer was synthesized by adding EVGE and
BO sequentially. A 5,000 M, mPEG (6.7 g, 1.3 mmol), 18-crown-6 ether (0.30 g, 1.1
mmol) and potassium hydride/mineral oil suspension (108 mg, 0.81 mmol) were added
using the protocol described above. EVGE (1.2 mL, 1.2 g, 8.3 mmol) was syringed into
the pressure tube and the mixture was stirred at 70 <C. After 12 h, BO (16 mL, 13 g, 0.18
mol) was added and the mixture was stirred at 70 <C for another 24 h. The reaction was
cooled to RT and diluted with dichloromethane (200 mL). Acetic acid (0.08 g, 1.3 mmol)
was added to neutralize the alkoxide. The organic phase was washed with sodium
hydroxide solution (0.005 mol/L, 100 mL) followed by DI water (3 > 100 mL).

Dichloromethane was removed under vacuum yielding a waxy solid (20 g, 96%).

3.2.7 Functionalization of pendent vinyl ether groups with mercaptoacetic acid
A mPEG-b-P(EVGE-co-BO) copolymer with pendent carboxylic acids was obtained via

ene-thiol addition of mercaptoacetic acid across the vinyl ethers. In a characteristic
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procedure, a 6,800 g mol?! (by *H NMR) mPEG-b-P(EVGE-co-BO) (1.0 g, 0.15 mmol,
0.88 meq of vinyl ethers), mercaptoacetic acid (0.40 g, 4.3 mmol), and AIBN (0.07 g, 0.42
mmol) were dissolved in deoxygenated DMF (6 mL) in a 100-mL round-bottom flask
equipped with a stir bar. The reaction was conducted at 70 <C for 24 h with stirring, then
the mixture was cooled to RT. DI water (50 mL) was added to the flask, and the mixture
was dialyzed against DI water (4 L) for 3 days. The solution was lyophilized yielding a
white solid (1.1 g).

The amount of pendent acids was determined by acid-base titration of the product in
isopropanol. A sample of the copolymer (55 mg) was dissolved in 5 mL of isopropanol by
sonication. A 1.0 M potassium hydroxide solution was added to the polymer solution to
adjust the pH to ~16 where all acids were deprotonated. The solution was stirred and
titrated with a 0.05 M HCl/isopropanol solution, added through an automatic pipet.

Asymmetric potential and pH values were measured with a Thermo Orion 3 Star pH meter.

3.2.8 Functionalization of pendent vinyl ether groups with BOC-cysteamine

A mPEG-b-P(EVGE-co-BO) copolymer with pendent amines was obtained via ene-thiol
addition of boc-cysteamine across the vinyl ethers followed by removal of the boc groups.
In a characteristic procedure, a 6,800 g mol™* (by *H NMR) mPEG-b-P(EVGE-co-BO) (1.0
g, 0.15 mmol, 0.88 meq vinyl groups), boc-cysteamine (1.1 g, 6.2 mmol), and AIBN (0.07
g, 0.4 mmol) were dissolved in deoxygenated toluene (5 mL) in a 100-mL round-bottom
flask equipped with a stir bar. The reaction was conducted at 70 <C for 18 h with stirring,
then the mixture was cooled to RT. THF (5 mL) was added to the flask, and the mixture
was dialyzed against THF (500 mL X 3) using benzoylated dialysis tubing (MWCO 2,000

g mol™) for 24 h. THF was removed under vacuum yielding a waxy solid (0.85 g, 74 %).

49



The pendent boc groups were removed by dissolving the boc-cysteamine-functional
copolymer (0.85 g, 0.65 meq boc groups) in 5 mL of dichloromethane. Trifluoroacetic acid
(5 mL, 0.07 mol) was added and the reaction was stirred at RT for 24 h. Triethylamine (9
mL, 0.13 mol) was added followed by dilution with THF (5 mL) and the mixture was
dialyzed against 4 L X 5 of DI water through a cellulose acetate membrane (MWCO 1,000
g mol?) for 48 h. The amino-functional polymer was recovered by freeze-drying. The
amount of pendent amines was determined by acid-base titrations of the products in

isopropanol using the procedure described above.

3.2.9 Synthesis of vinyl dimethyl silyl propyl glycidyl ether (VSIGE)
3-Hydroxydimethylvinylsilane was synthesized utilizing a modified procedure from our
previous report.?®3! 3-Chloropropyldimethylchlorosilane (20.0 g, 0.12 mol) was added into
a dry 500-mL round-bottom flask with a magnetic stir bar. The flask was cooled with an
ice bath. A 1.0 M vinylmagnesium bromide/THF solution (240 mL, 0.24 mol) was slowly
added in 30 min. The mixture was stirred at RT for 24 h and then diluted with 200 mL of
dichloromethane. Saturated aqueous ammonium chloride solution (150 mL) was slowly
added and the mixture was transferred to a separatory funnel to remove the aqueous layer.
The organic layer was further washed with saturated sodium chloride solution (3 > 150
mL) and dried with anhydrous manganese sulfate. Dichloromethane was removed on a
rotary evaporator yielding a yellow liquid. The product was distilled at 100 <T under
reduced pressure yielding a colorless liquid (15.2 g, 80%).
3-Chloropropyldimethylvinylsilane (14.4 g, 0.089 mol) and sodium iodide (26.1 g, 0.17
mol) were dissolved in 120 mL of acetone in a 250-mL round-bottom flask equipped with

a magnetic stir bar and a condenser. The mixture was stirred under reflux for 24 h and the
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acetone was rota-evaporated. Dichloromethane (100 mL) was added and the mixture was
vacuum filtered to remove the salt. Dichloromethane was rota-evaporated and the product
was distilled under vacuum at 100 <C yielding 3-iodopropyldimethylvinylsilane (19.5 g,
86%).

3-lodopropyldimethylvinylsilane (18.9 g, 0.074 mol), sodium bicarbonate (9.4 g, 0.11
mol), DI water (14 mL) and hexamethylphosphoramide (50 mL) were added into a 250-
mL round-bottom flask with a stir bar. The mixture was stirred at 100 <C for 24 h and then
cooled to RT and diluted with 30 mL of DI water. The aqueous layer was extracted with
diethyl ether (3 <100 mL) and the organic layer was washed with DI water (3 <200 mL).
Diethyl ether was rota-evaporated and the product was distilled under vacuum at 100 <C
yielding 3-iodopropyldimethylvinylsilane (7.5 g, 65%).

Vinyl dimethyl silyl propyl glycidyl ether (VSIGE) was prepared utilizing a modified
procedure originally developed by Frey et al.® Sodium hydroxide (18 g, 0.45 mol) was
dissolved in DI water (18 mL) in a 250-mL three-neck round-bottom flask equipped with
a mechanical stirrer. Toluene (30 mL), 3-hydroxydimethylvinylsilane (2 g, 14 mmol) and
tetrabutylammonium bromide (0.46 g, 1.4 mmol) were added to the solution and cooled
with an ice bath. The mixture was stirred vigorously and became very viscous.
Epichlorohydrin (3.8 g, 41 mmol) was diluted with 5 mL of toluene and added into the
flask dropwise through a dropping funnel within 4 hours. The reaction was conducted at
RT for another 20 hours and became less viscous. The mixture was transferred to a
separatory funnel and the aqueous phase was removed. The organic phase was washed with

DI water (4 <50 mL) until a neutral aqueous phase was collected. Toluene and the excess
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of epichlorohydrin were removed under vacuum and the yellow residue was distilled at

100 °C, 2 Torr, yielding a colorless liquid (1.78 g, 64%).

3.2.10 Synthesis of a tapered mPEG-b-poly[VSIGE-co-(1,2-BO)] copolymer

A tapered mMPEG-b-poly[VSIGE-co-(1,2-BO)] copolymer was synthesized by
copolymerization of VSIGE with 1,2-BO. A 5,000 M, mPEO (2.0 g, 0.4 mmol), 18-crown-
6 ether (0.10 g, 0.38 mmol) and a potassium hydride/mineral oil suspension (32 mg, 0.24
mmol) were added using the protocol described above. VSIGE (0.33 g, 1.6 mmol) and 1,2-
BO (2.9 mL, 2.4 g, 33 mmol) was syringed into the pressure tube and the mixture was
stirred at 70 <C. Small aliquots (~0.05 g) of the mixture were removed at known time
intervals during the reaction to monitor the progress of the polymerization. The reaction
was cooled to RT after 4 h when 74% of the 1,2-BO was reacted. The polymer was isolated

and purified as described above yielding a solid copolymer (3.82 g, 81%).

3.2.11 Functionalization of pendent vinyl silane groups with cysteamine hydrochloride

A mPEG-b-poly[VSiIGE-co-(1,2-BO)] copolymer with pendent amines was obtained via
ene-thiol addition of cysteamine hydrochloride across the vinyl silanes. A 10,000 g mol*
(by *H NMR) mPEG-b-poly[VSiGE-co-(1,2-BO)] (1.9 g, 0.19 mmol, 0.65 meq of vinyl
silanes), cysteramine hydrochloride (0.43 g, 3.8 mmol), and AIBN (0.23 g, 1.3 mmol) were
dissolved in a mixed 1:2 v:v toluene:DMF solvent (10 mL) in a 100-mL round-bottom
flask equipped with a stir bar. The mixture was purged with nitrogen for 2 h and the
reaction was conducted at 80 <C for 18 h with stirring, then the mixture was cooled to RT.
Toluene was removed under vacuum. DI Water (50 mL) was added to the flask, and the

mixture was dialyzed against DI water (4 L) through a cellulose acetate membrane
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(MWCO 1,000 g mol™) for 2 days. The solution was lyophilized for 3 days yielding a

white solid (1.7 g, 89%).

3.2.12 Synthesis of poly(butylene oxide) homopolymer

A benzyl-PBO (Mn: 2,000 g molt) was synthesized via anionic ring-opening
polymerization of 1,2-BO. A potassium naphthalide solution was prepared by charging
naphthalene (14.1 g, 0.11 mol) into a 250-mL, flame-dried, round-bottom flask equipped
with a glass stir bar. Dry THF (100 mL) was syringed into the flask to dissolve the
naphthalene. Potassium metal (3.96 g, 0.10 mol) was added to the solution followed by a
N2 purge for 30 min. The solution was stirred overnight and titrated with 1 N HCI to
determine the molarity of the potassium naphthalide solution (0.95 M). 18-Crown-6 ether
(2.6 g, 10 mmol) was added to a 60-mL pressure tube equipped with a stir bar and dried
under vacuum at RT for 0.5 h. Benzyl alcohol (1.08 g, 10 mmol) was added and dried under
vacuum at RT for 0.5 h followed by addition of potassium naphthalide solution (10 mL,
9.5 mmol). 1,2-BO (24 mL, 20 g) was syringed into the pressure tube and the mixture was
stirred at 70 <C for 12 h. The reaction was cooled to RT and diluted with dichloromethane
(150 mL). Acetic acid (0.60 mL, 10 mmol) was added to neutralize the alkoxide. The
organic phase was washed with DI water (3 <100 mL). The obtained organic solution was

dried under vacuum at 70 <C yielding a liquid (19.4 g, 99%).

3.2.13 Critical aggregation concentrations measurements

The critical micellar concentrations of the copolymers in aqueous dispersions were
measured at 25 <C using a Zetasizer Nano-ZS particle analyzer (Malvern Instruments Ltd.,
Worcestershire, U. K.) equipped with a 4 mW He-Ne laser (A = 633 nm) with

backscattering detection (scattering angle = 173). The scattering intensities (in kilocounts
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per second) over a range of copolymer concentrations (0.001-10 mg mL™?) were recorded
using a constant attenuator setting of 10. The photon count rates for each concentration
were averaged from three measurements. The inflection point on a graph of the mean count

rate (kilocounts per second) as a function of copolymer concentration was taken as the cmc.

3.2.14 Preparation of block copolymer-stabilized ritonavir nanoparticles

A representative procedure for preparing RTV-polyether nanoparticles containing 20
wt% RTV is as follows. Ritonavir (14.3 mg) was dissolved in THF (3.9 mL) containing
PEO(5k)-b-PBO(9k) (42.9 mg) and PBO(2k) (14.3 mg). A four-jet multi-inlet vortex mixer
design based on one previously reported was used to form the nanoparticles.* The THF
solution was filtered with a 0.2 um Nylon syringe filter, and fed into the multi-inlet vortex

mixer at 9.99 mL min’!

using a computer-controlled syringe pump (New Era Pump
Systems, Farmingdale, New York) along with three streams of de-ionized water at 33.3
mL min™!, controlled by a PHD 4000 programmable syringe pump (Harvard Apparatus,
Holliston, Massachusetts), yielding a final liquid phase composition of 1:10 (v/v)
THF/water. After the nanoparticle suspension was formed in the mixer, it was dialyzed to
remove THF against de-ionized water (4000 mL) for 24 h using a Spectra/Por dialysis bag

(1,000 MWCO, Spectrum Laboratories, Inc.) with four changes of dialysate. The dialyzed

suspension was freeze-dried for 72 h (0.021 mBar, -52 °C) and stored as a solid product.

3.3 Results and discussion
3.3.1 Synthesis of epoxy-functional monomers

Heterobifunctional monomers with one of the two functional groups being
polymerizable are desirable to prepare polymers with pendent functional groups. A series

of amphiphilic block copolymers have been prepared by anionic ring-opening
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polymerizations utilizing poly(ethylene oxide) oligomers with one potassium alkoxide
endgroup to initiate copolymerization of functional epoxides with 1,2-butylene oxide. Two
functional epoxide monomers, one with a vinyl ether pendent group (EVGE) and the other
with a vinylsilyl pendent substituent (VSIGE), were synthesized and incorporated into
these copolymers through polymerization of the epoxy moieties. The pendent vinyl ether
or vinylsilyl groups were also functionalized after the polymerizations with amines or
carboxylic acids to provide crosslinkable sites. In terms of potential applications, our
objective was to synthesize materials that would form amphiphilic micelles in aqueous
solutions so that they can be loaded with relatively hydrophobic drugs, then the cores of
those micelles can be crosslinked after the drugs are incorporated to mediate their release
rates. While crosslinked micellar drug delivery vehicles have been developed previously
wherein the micelles have been crosslinked prior to drug loading, there have been problems
with that approach in obtaining efficient drug incorporation.

Substituted epoxide monomers can be synthesized by peroxide-catalyzed epoxidation of
alkenes, conversion of alkenes to vicinal halohydrins followed by elimination and
cyclization with base, or by base-promoted reaction of epichlorohydrin with alcohols.
EVGE and VSIGE were synthesized in heterogeneous phase transfer reactions of
epichlorohydrin with ethylene glycol vinyl ether or 3-hydroxydimethylvinylsilane
respectively (Schemes 3.3.1.1 and 3.1.1.2). An excess of epichlorohydrin was added slowly
to a cold toluene-water mixture to avoid generating heat rapidly. Tetra-n-butylammonium
bromide was utilized as a phase transfer catalyst. The formation of tetra-n-butylammonium

alkoxide resulted in a very viscous mixture and the viscosity decreased as the alkoxide was
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consumed. The products were purified by distillation under reduced pressure and the

structures were verified by *H NMR (Figures 3.3.1.1 and 3.1.1.2).

o
cl =
(o) Toluene
?}—/ +  HOONF ~ O 0
50% NaOH(aq.)
Epichl hydrin ethylene glycol vinyl ether
plehiorenydrin Y d y (BU)4N@@Br Ethoxy Vinyl Glycidyl Ether

(EVGE)

Scheme 3.3.1.1. Synthesis of ethoxy vinyl glycidyl ether monomer.
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Figure 3.3.1.1. '"H NMR spectrum of ethoxy vinyl glycidyl ether monomer.
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Scheme 3.3.1.2. Synthesis of vinyldimethylsilylpropyl glycidyl ether monomer.
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Figure 3.3.1.2. '"H NMR spectrum of vinyldimethylsilylpropyl glycidyl ether monomer.

3.3.2 Synthesis of copolyethers with pendent vinyl ethers

mPEG was utilized as a macroinitiator for anionic ring-opening polymerizations of the
epoxide monomers. Melt polymerizations of EVGE (1.5 g of monomer with 5 g of a 5000
g/mole mPEG and 0.6 of the stoichiometric amount of potassium hydride) were compared

at 70 <C, with and without a stoichiometric concentration of 18-crown-6 ether. The
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polymerization was complete within 4 hours in the presence of the 18-crown-6 ether, while
it required more than three days to complete in the absence of the crown ether. It has been
reported that 18-crown-6 ether provides an octahedral cavity for chelating metal ions* and
reduces association of the alkoxide polymer ends with the counterions.*® Thus, the
increased reaction rate of EVGE is attributed to free alkoxide propagating species.

Copolymerization is an important strategy to synthesize polymeric materials with
multifunctional groups with properties that are tunable between those of the respective
homopolymers.3-414 EVGE and BO were copolymerized via anionic ring-opening
polymerization initiated by mPEG in the presence of the crown ether (Scheme 3.3.2.1).
Copolyethers with two types of microstructures of the functional repeating units were
prepared. In one case, the EVGE and BO were polymerized sequentially, while in the other,
the two monomers were polymerized together.

The microstructures of copolymers prepared with varying ratios of EVGE and BO were
monitored throughout the polymerization by isolating polymer samples and characterizing
their compositions by *H NMR (Figure 3.3.2.1). The rate of incorporation of EVGE into
the copolymers was faster than that of BO (Figure 3.3.2.2). The rates of polymerization of
monosubstituted epoxides are affected by both steric hindrance and electronegativities of
the substituents.*”*° It has been reported that the reactivity of BO is slightly lower than that
of propylene oxide, while styrene oxide is much less reactive due to the bulky phenyl
substituent on the epoxide ring.*® Since EVGE and BO both have a linear substituent, steric
factors would not be expected to cause significant rate differences. The fact that EVGE is
more reactive than BO can be largely attributed to differences in electronegativities. *H

NMR chemical shifts of the methylene and methine groups in the epoxide rings were
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investigated to probe the relative electronegativities of the substituents. The chemical shifts
of the methine groups were 3.16 ppm in EVGE and 2.87 ppm in BO respectively. The
chemical shifts of the methylene groups were 2.60 and 2.79 ppm in EVGE and 2.46 and
2.71 ppm in BO respectively. The higher chemical shifts of the methine and methylene
groups in EVGE suggests that the substituent on EVGE was more electronegative than the

pendent ethyl on BO.

1. KH / 18-crown-6 ether/ 75°C

(o)
2 o o o’/ ) 750C
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Scheme 3.3.2.1. Synthesis of a tapered 2k mPEG-b5-P(0.9k EVGE-co-3.9k BO) copolymer.
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Figure 3.3.2.1. '"H NMR of a tapered 2k mPEG-b-P(0.9k EVGE-co-3.9 BO) copolymer.
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Figure 3.3.2.2. Monomer conversions during copolymerization of EVGE with BO.
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The kinetic studies showed that EVGE was consumed early during copolymerization
with BO. Thus, this produced an interesting tapered structure in the hydrophobic block, in
which the density of the EVGE repeating units was high near the PEO macroinitiator and
a long sequence of a BO block formed the terminal section of the chain. The copolymers
with all the functional groups at the interface between the hydrophilic PEO blocks and the
hydrophobic PBO blocks were prepared via adding EVGE and BO sequentially. The
molecular weight distributions obtained from size exclusion chromatography (SEC)
measurements were below 1.1 (Figure 3.3.2.3 and Table 3.3.2.1). The difference between

total My, from *H NMR and SEC increases as the M, increases.

Table 3.3.2.1. Molecular weights of functional copolyethers.
Block lengths of polymers M by *H NMR Mn by SEC  Mw by SEC

by 'H NMR (kDa) (kDa) (kDa) (kDa) bl
Bmmae %2 om0 me am
Tapered 5K PEO-P(0.68K 10.1 8.8 9.3 1.06

VSiGE-c0-4.4K BO)
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Figure 3.3.2.3. Representative SEC chromatograms of copolyethers.

3.3.3 Functionalization of copolyethers with pendent vinyl ethers

Thiol-ene reactions, which are highly efficient reactions of thiols with reactive carbon-
carbon double bonds, were reported in the early 1900s.2%°05! These reactions have been
intensively investigated and employed for post-polymerization modifications due to their
desirable features including high yields, fast reaction rates, mild reaction conditions and
insensitivity to oxygen and water.3%%5255 A variety of ene functional groups have been
evaluated and ranked according to their relative reactivity and vinyl ethers are one of the
most reactive enes.>*°2 In addition, it is noteworthy that vinyl ethers do not undergo radical
homopolymerization.3®50535¢ This avoids many of the side reactions in thiol-ene reactions

that plague such reactions with allyl and acrylate analogues. In the present research,
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carboxylic acids were introduced onto the copolymer via a thiol-ene reaction of the vinyl
ethers with mercaptoacetic acid (Scheme 3.3.3.1). Conversion of the vinyl groups to two
methylene groups was confirmed by appearance of the resonance at 2.77 ppm in the H
NMR spectrum, which corresponded to the methylene group next the sulfur atom, as well
as complete disappearance of the resonances of the vinyl protons at 3.95, 4.12 and 6.42

ppm (Figure 3.3.3.1).

m@ﬂ

w -

Scheme 3.3.3.1. Thiol-ene addition of mercaptoacetic acid to a tapered 2k mPEG-b-P(0.9k
EVGE-co0-3.9k BO) copolymer.
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Figure 3.3.3.1. "H NMR of a carboxylic acid-functional tapered 2k mPEG-b-P(0.9k EVGE-co-
3.9k BO) copolymer.

boc-Cysteamine was also added onto the pendent vinyl ethers (Scheme 3.3.3.2).
Successful addition of boc-cysteamine was monitored by observing the disappearance of
the vinyl groups and appearance of the methyl peaks at 1.35 ppm in the *H NMR spectra
spectrum (Figure 3.3.3.2). Comparison of the integrations confirmed quantitative
functionalization. The boc groups were removed in a TFA/dichloromethane 1:1 viv
mixture at room temperature (Scheme 3.3.3.3). Complete removal of the boc groups was
confirmed by disappearance of the methyl peak at 1.35 ppm in *H NMR spectrum (Figure

3.3.3.3).
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Scheme 3.3.3.2. Thiol-ene addition of boc-cysteamine to a tapered 2k mPEG-b-P(0.9k EVGE-
co0-3.9k BO) copolymer.
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Figure 3.3.3.2. '"H NMR of a boc-cysteamine-functional tapered 2k mPEG-b-P(0.9k EVGE-co-
3.9k BO) copolymer.
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Figure 3.3.3.3. '"H NMR spectrum confirmed successful removal of hoc group.

The amounts of acids and amines on the copolymers were quantified by titration with

HCI in isopropanol. Isopropanol was utilized as a solvent since some of these amphiphilic
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copolymers formed micelles in water, and it was reasoned that micellar structures could
complicate the titrations. A 1 M KOH solution was added to a solution of the polymer in
isopropanol to adjust pH to ~16 to ensure that all of the amines or acids were deprotonated,
then the solution was titrated with a HCl/isopropanol solution (Figure 3.3.3.4). Reaction of
the excess potassium hydroxide with hydrochloric acid was complete at pH ~12. The
inflection points at pH ~3 corresponded to titration of the pendent acids and the inflection
points at pH ~4 corresponded to titration of the pendent amines. The volume of the added
potassium hydroxide solution between the two inflection points was used to calculate the
amount of acids or amines. In all cases, the functionalities measured by titration were in

good agreement with the expected values for quantitative functionalization (Table 3.3.3.1).
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Figure 3.3.3.4. A representative titration curve of carboxylate-functional tapered 2k
mPEG-b-P(0.9k EVGE-co0-3.9k BO).
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Table 3.3.3.1. Quantification of functional groups on the copolymers.
Vinyl groups  Obtained COOHs  Obtained Amines

Polymers . ) !
per chain per chain per chain
Tapered 2K mPEG-P(0.9K
EVGE-co-3.9K BO) 6.6 6.5240.06 6.3120.10
Triblock 5k mPEG-0.76k
PEVGE-9.4k PBO 53 5.2640.10 5.14:40.09
Tapered 5K mPEG-P(1.2K 8.8 8480 14 6.4540 33

EVGE-co-12K BO)

We also attempted to add cysteamine hydrochloride onto the pendent vinyl ethers in
DMF, but this was complicated by acid-catalyzed reaction of the vinyl ether bonds, as
suggested by disappearance of the resonances at 3.95, 4.12 and 6.42 ppm in the *H NMR
spectrum. Moreover, no amine was detected by titration. This was attributed to reaction of
the pendent vinyl ethers with hydrochloric acid that dissociated from the cysteamine
hydrochloride. To eliminate the effect of the hydrochloride, thiol-ene reactions of
cysteamine with pendent vinyl ethers were also attempted in toluene and THF, but the
reactions were very slow and inefficient. Li et al. reported that electron-withdrawing
inductive effects in thiols significantly influenced reactivity of thiol-ene reactions.®® The
chemical shifts of the methylene groups next to the sulfur atom are 3.21 ppm in
HSCH>COOH and 2.57 ppm in HSCH2CH2NH2 respectively. Therefore, thiol-ene reaction
of cysteamine was much slower than that of mercaptoacetic acid and it was considered

impractical to utilize cysteamine to add amines onto the vinyl ethers.

3.3.4 Synthesis and functionalization of copolyethers with pendent vinyl silanes
Since vinyl ether groups are unstable in acid, alternative functional epoxides that permit
thiol-ene addition without side reactions in acidic media are highly desirable. VSIGE is a

new functional epoxide with a vinylsilane group that is stable in acid media.
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Polymerization of VSIGE was carried out using the same procedure as for the
polymerization of EVGE (Scheme 3.3.4.1). The PEO-b-PVSIGE copolymer was
characterized by *H NMR to determine the chemical composition. The resonances at 3.4-
3.8 ppm were assigned to all the methylene and methine groups next to oxygen atoms
(Figure 3.3.4.1). The average degree of polymerization of the VSIGE was calculated by
comparing the integral ratio of the peak at 0.47 ppm, which corresponded to the methylene
group next to the silicon atom, to the peaks at 3.4-3.8 ppm. The tapered mPEG-b-P(VSIiGE-
co-BO) copolymer was synthesized via copolymerization of VSIGE and 1,2-BO (Scheme

3.3.4.2 and Figure 3.3.4.2).

1. KH, 18-C-6 / 70 °C %o OH
%o - o)
OH | 13 4
113 0]

3. CH3COOH /RT ?

A\

Scheme 3.3.4.1. Synthesis of a diblock 5k mPEG-b-0.8k PVSiGE copolymer.
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Figure 3.3.4.1. '"H NMR of a diblock 5k mPEG-b-0.8k PVSiGE copolymer.
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Scheme 3.3.4.2. Synthesis of a tapered Sk mPEG-5-P(0.7k EVGE-co-4.4k BO) copolymer.
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Figure 3.3.4.2. 'H NMR spectrum of a tapered Sk mPEG-b-P(0.7k EVGE-co-4.4k BO)
copolymer.

Amines were successfully introduced to the copolymer via thiol-ene reaction of the
pendent vinylsilanes with cysteamine hydrochloride (Scheme 3.3.4.3). A mixed 1:2 v:v
toluene:DMF solvent was utilized to solubilize both the relatively hydrophobic block of
the copolymer and also the polar cysteamine hydrochloride salt. The reaction was
monitored by observing complete disappearance of the vinyl groups and appearance of the
methylene groups at 2.5-3.0 ppm in the *H NMR spectrum (Figure 3.3.4.3). The amount
of amines on the copolymer was quantified by titration in isopropanol as described

previously. Functionality of amines was found to be 3.1, which was close to the target 3.4.

71



o) 0 H ® 9
g \é/\0113 t@ot AIBN, Hs/\/NH3CI %\[ p\

o 80 °C DMF, Toluene

KL 3:1
|
sl,i/\ |

® O
NH;ClI

Scheme 3.3.4.3. Thiol-ene addition of cysteamine hydrochloride to a tapered Sk mPEG-b-P(0.7k
EVGE-co-4.4k BO) copolymer.

ok

' Sl/ﬁl
i r[hﬁl

649.13

3 Cl /
a’ bfcfd’e’flg’ m’ n’t

6.37

21.06

\T “.
< 182.68

12,92
127.54

.
A
.
-
£
f
t
_r"’_
]
]
=

6.2 58 54 50 46 42 38 34 3.0 26 22 18 14 1.0 06 0.2 -0.2
Chemical shift (ppm)

Figure 3.3.4.3. '"H NMR spectrum of an amino-functional tapered 5k mPEG-b-P(0.7k
EVGE-co-4.4k BO) copolymer.

3.3.5. Solution properties of functional copolyethers
The functional amphiphilic copolymers have great potential for loading drugs or metal

oxide nanoparticles and forming colloidally stable complexes in aqueous media. The
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pendent amines and acids make the micelles pH-sensitive and this was investigated by
measurements of critical micellar concentrations (CMCs). The copolymers with pendent
carboxylic acids or amines were dispersed in 0.01 M HCI solution or 0.01 M KOH solution
with a series of concentrations. The CMC of each polymer was determined by measuring
the intensity of scattered light by DLS (in kilocounts per second) as a function of polymer
concentration. At concentrations below the CMC, the intensities were very low. When the
CMC was reached, there was a sudden change in intensity due to the onset of the larger
micelles (Table 3.3.5.1). The polymers with pendent acids had higher CMCs in KOH than
in HCI solutions. This was attributed to the fact that the carboxylic acids were negatively
charged in the KOH solutions and the hydrophobicity of the polymers was reduced. The
CMCs of the amino-functional copolymers were higher in the HCI solutions since the
amines were positively charged. In addition, the copolymer with a longer PBO block was
less affected by pH than the one with a shorter PBO block. All CMCs of the functional
copolyethers presented in this research were in the range of 0.005-0.5 mg/mL, which were
greatly lower than the CMCs of some typical Pluronic triblock copolyethers®? (in the range
of 3-45 mg/mL, Table 3.3.5.2). The low CMCs promoted high colloidal stabilities of the

polymeric micelles, which were of great interests as drug carriers.
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Figure 3.3.5.1. Count rates from DLS of an amino-functional tapered 2K mPEG-P(0.9K
EVGE-c0-3.9K BO) copolymer.
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Table 3.3.5.1. CMC’s of pH-sensitive functional copolyethers in HCI or KOH solutions at

25°C.

Functional polymers

CMC in 0.01 M HCI
(pH=2) (mg/mL)

CMC in 0.01 M KOH
(pH=12) (mg/mL)

Vinyl-functional-tapered 2K mPEG-
P(0.9K EVGE-c0-3.9K BO)

Amino-functional-tapered 2K
mPEG-P(0.9K EVGE-c0-3.9K BO)

Carboxylate-functional-tapered 2K
mPEG-P(0.9K EVGE-c0-3.9K BO)

Vinyl-functional-tapered 5K mPEG-
P(1.2K EVGE-c0-12K BO)

Carboxylate-functional-tapered 5K
mPEG-P(1.2K EVGE-co-12K BO)

Amino-functional-tapered 5K
mPEG-P(1.2K EVGE-co-12K BO)

0.025

0.25

0.025

0.005

0.005

0.01

0.025

0.025

0.5

0.005

0.025

0.005

Table 3.3.5.2. CMC’s of Pluronic® triblock copolyethers in water at 25 °C.%?

Polymer Structure Total M.W. CMC(mg/mL)
P84 EO19-PO43-EO19 4,200 26
P85 EO26-PO40-EO26 5,900 40
P104 EO27-POs1-EO27 6,500 3
P105 EO37-POs6-EO37 14,600 3
F108 EO132-POs50-EO132 5,750 45
F127 EO100-POs5-EO100 12,600 7

It was also found that the micelle diameters of structures formed by the uncharged

polymers were significantly higher than the values of the charged ones (Table 3.3.5.3). The

small sizes of the charged polymers were expected based on the molecular weights and
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were consistent with a spherical micelle shape. This large apparent diameters of uncharged
micelles led us to hypothesize that the structures have a cylindrical shape. Micelle shape

depends on a property known as the packing parameter (v), which is a ratio of the tail area

area of tail

to the head area, = . The hydrophobic cores of the uncharged polymers, which

area of head
formed the tail in the micelles, included the middle block of BO-EVGE and the end BO
block. By contrast, the hydrophobic cores of the charged polymers (when the ionic groups
are fully ionized) were smaller. The bulkiness of the tails increased the magnitude of the
packing parameter, and thus changed the micellar shapes.
Table 3.3.5.3. Micellar diameters (intensity-average) measured in

aqueous dispersions at 25°C.
Diin 0.01 M D1in 0.01 M

Polymer

HCI (nm) KOH (nm)
Vinyl-functional-tapered 2K 125 133
mPEG-P(0.9K EVGE-co-3.9K BO)
Amino-functional-tapered 2K 71 122
mPEG-P(0.9K EVGE-co0-3.9K BO)
Carboxylate-functional-tapered 2K 114 19

mPEG-P(0.9K EVGE-co0-3.9K BO)

3.3.6 Preparation of block copolymer micelles containing ritonavir

There is a need for well-defined antiretroviral drug nanoparticles with good control over
particle sizes and compositions, and relatively narrow size polydispersities. Prud’homme
and co-workers have reported extensively on a scalable rapid precipitation technique using
a multi-inlet vortex mixer to produce stable block copolymer nanoparticles containing
drugs, imaging agents, peptides and targeting ligands.*>>"%0 In this method, an organic
stream containing the drugs and a block copolymer dispersion stabilizer is rapidly

combined with a miscible non-solvent (water) under highly supersaturated conditions. This
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can yield nanoparticles in a continuous process that can kinetically trap the drugs and that
have controlled compositions and sizes.

Well-defined nanoparticles comprised of ritonavir stabilized by an amphiphilic block
copolymer comprised of poly(ethylene oxide)-b-poly(butylene oxide) were synthesized by
this method. Ritonavir (RTV) (Figure 3.3.6.1), a protease inhibitor with extremely low
aqueous solubility (1.3 pg mL? at pH 6.8 and 37 <C),%! was chosen as a model antiretroviral

drug.

Figure 3.3.6.1. Molecular structure of ritonavir.

Nanoparticles with targeted ritonavir loadings of 10, 20, and 30 wt % were formulated
by varying the initial drug concentrations in a THF solution containing the 2k PBO
homopolymer (nucleating agent) and the diblock mPEG(5k)-b-PBO(9K) copolymer. The
critical micellar concentrations (cmc) of the copolymers in a 1:10 (v/v) THF-water mixture
were determined by measuring the scattering intensities of a range of copolymer
concentrations (0.001 — 10 mg mL™) by dynamic light scattering at 25<C. The inflection
point on a graph of the mean count rate (kilocounts per second) as a function of copolymer
concentration was taken as the cmc. The copolymer concentration (10X higher than the

cmcinal:10 (v/v) THF-water mixture) and the homopolymer:copolymer ratio (1:3, wt/wt)
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were kept constant at each drug loading. Table 3.3.6.1 and Figure 3.3.6.2 show the
intensity-weighted diameters, polydispersity indices, and the experimentally determined
drug loadings for the nanoparticles stabilized with the polyether copolymers. The DLS data
presented were measured on nanoparticle dispersions in a 1:10 (v/v) THF-water mixture
immediately after formation by rapid precipitation. The error bars for sizes represent the
standard deviation from five measurements. Monomodal size distributions with relatively
low polydispersities (< 0.2) were obtained with all ritonavir loadings. Figure 3.3.6.2 shows
drug loadings of the copolymer nanoparticles containing the ritonavir that were determined
by HPLC. Near constant encapsulation efficiencies in the range of 75-80 % were achieved

irrespective of the targeted drug loading.

Table 3.3.6.1 Hydrodynamic diameters and polydispersities of ritonavir
nanoparticles stabilized with 5k PEO-b5-9k PBO and 2k homoPBO in a
1:10 (v/v) THF-water mixture.

Targeted RTV loadings (wt %) Di(nm) PDI
10 88 +4 0.15
20 86+ 3 0.18
30 88+ 6 0.19
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Figure 3.3.6.2 Drug loading of ritonavir nanoparticles stabilized with Sk PEO-b-9k PBO
and 2k homoPBO at various targeted RTV loadings in the range of 10-30 wt %. Error bars
represent standard deviations from three measurements.

Nanoparticles containing targeted ritonavir loadings of 0, 5, 10 and 20 wt % were
formulated with the triblock 5k PEO-b-0.76k PEVGE-b-9.4k PBO copolymer utilizing the
same procedure as mentioned above without a 2k homoPBO. Table 3.3.6.2 shows the
intensity-weighted diameters and polydispersity indices for the nanoparticles stabilized
with the polyether copolymers. Monomodal size distributions with relatively low
polydispersities (< 0.2) were obtained with all ritonavir loadings. The experimentally
determined drug loading was 7.3%1.2 wt% for the nanoparticles with 10 wt% targeted

loading.
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Table 3.3.6.2 Hydrodynamic diameters and polydispersities of ritonavir
nanoparticles stabilized with Sk PEO-5-0.76k PEVGE-5-9.4k PBO.

Targeted RTV loadings (wt %) Di(nm) PDI
0 94 +5 0.07
5 92+6 0.09
10 95+3 0.12
20 80+ 6 0.14

3.4 Conclusions

Two heterobifunctional epoxides, one containing a vinyl ether group (EVGE) and the
other with a vinylsilane (VSIGE), were prepared and utilized to synthesize amphiphilic
multi-functional polyethers with PEO and PBO. Kinetic studies of the copolymerizations
of functional epoxides with BO revealed an interesting tapered microstructure in the
hydrophobic block, in which the density of the EVGE repeating units was high near the
PEO macroinitiator and a long sequence of a BO block formed the terminal section of the
chain.

Pendent amines and carboxylic acids were introduced onto the copolymers via thiol-ene
reactions. The critical micelle concentrations of these functional amphiphilic copolyethers
were pH-sensitive. These materials also form crosslinkable micelles in aqueous media that
are of interest for drug delivery vehicles and bio-imaging agents. We prepared well-
controlled nanoparticles containing ritonavir and the functional amphiphilic copolyethers
with relatively low polydispersities (<0.2) utilizing a continuous rapid precipitation
method. The drug loading efficiencies were in the range of 75-80%.
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Chapter 4. Poly(ethylene oxide)-b-poly(L-glutamic acid) Ionic-
nonionic Block Copolymers and their Magnetic Complexes

Most of the work described in this chapter was performed by the author of this
dissertation. He was solely responsible for the synthesis and characterization of the
monomer, initiators, polymers, iron oxide nanoparticles and complexes. Dr. Sharavanan
Balasubramaniam of the Dr. Richey M. Davis’ group aided in the thermal analysis, SQuID

analysis and transmission electron microscope imaging.

4.1 Introduction

Polypeptides have been widely investigated as biomaterials due to their biodegradable
and biocompatible properties.!® They are comprised of naturally occurring amino acids as
repeating units, which are linked together by amide bonds rather than nondegradable C-C
bonds. The pendent carboxylic acids on the poly(ethylene oxide)-b-poly(L-glutamic acid
block copolymers discussed in this work are negatively charged throughout most of the
physiological pH range and provide accessibility for guest molecules through electrostatic
interactions and/or hydrogen bonds.”

Poly(L-glutamic acid) has been found to be nontoxic in C3H/Kam mice at a single
dose of up to 800 mg/kg or multiple doses at an accumulated dose of 1.8 g/kg.”” It degrades
faster via enzymatic degradation than poly(L-aspartic acid) or poly(D-glutamic acid).”!° It
has been observed that pH has a strong effect on the enzymatic degradation rate of of
poly(L-glutamic acid).””!!'"!3 This effect was attributed to a change from an a-helix

conformation at pH<5 to a random coil structure at neutral pH.”'*!> In order to obtain
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better biocompatibility and to disperse the polypeptide well in aqueous media, a nonionic

poly(ethylene oxide) (PEO) block can be integrated with poly(L-glutamic acid).
Aminofunctional PEOs have been used as macroinitiators for polymerization of the N-

carboxyanhydride (NCA) of y-benzyl-L-glutamate yielding bi-, tri-, and star-block

23-27

copolymers.'%?2 The benzyl groups can be removed by hydrolysis or hydrogenolysis?®.

Poly(L-glutamic acid) and its derivatives have been utilized as polymeric carriers for

18,9 29-31 32-34

chemotherapeutic drugs such as paclitaxel®”, camptothecin and doxorubicin
Our group has previously reported that iron oxide nanoparticles can be efficiently
complexed with poly(ethylene oxide)-b-poly(acrylic acid) (PEO-b-PAA) through
interactions between the anionic segment of the copolymer and the iron oxide surfaces.*>
These self-assembled magnetic block ionomer complexes (MBICs) were found to be
potential carriers for gentamicin that has multiple cationic sites. These complexes are
interesting due to their potential to be used as dual bio-imaging and therapeutic agents.
Considering that poly(L-glutamic acid) has similar side carboxylic acids as those on
PAA, it was rationalized that MBICs could also be synthesized based on PEO-b-poly(L-
glutamic acid) (PEO-b-PQG). This is of interest due to the biocompatible and biodegradable
nature of the poly(L-glutamic acid) component of the backbone. This chapter describes

synthesis and characterization of well-defined PEO-b-PG copolymers and introduces their

complexation with magnetic nanoparticles.

4.2 Experimental
4.2.1 Materials
3-Chloropropyldimethylchlorosilane was purchased from Gelest and used as received.

Tetrahydrofuran (THF) was refluxed over sodium metal with benzophenone until the
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solution reached a deep purple, fractionally distilled, and deoxygenated prior to use.
Azoisobutyronitrile (AIBN, 98%), acetic acid (99.8%), benzyl alcohol (99.8%), ethylene
oxide (EO, >99.5%), sodium iodide (>99.5%), methanesulfonic acid (>99.5%),
iodomethane (99.5%), sodium hydroxide (1.0 N and 5.0 N in water), iron (IlI)
acetylacetonate (Fe(acac)s, >97.0%), L-glutamic acid (>98.5%), N,N-dimethylformamide
(DMF, 99.8%), hexamethylphosphoramide (99%), oleic acid (technical grade, 90%), allyl
chloride (98%), dithiothreitol (98%), potassium persulfate (99%), sodium metabisulfite
(98%) and vinylmagnesium bromide (1.0 N in THF) were purchased from Aldrich and
used as received. Mercaptoethylamine hydrochloride (>98%), Celite® (standard super-
cel), and triphosgene (98%) were purchased from Alfa Aesar and used as received.
Dichloromethane (HPLC grade), hexane (HPLC grade), acetone (HPLC grade), diethyl
ether (99.8%), chloroform (99.98%), toluene (99.9%), methanol (HPLC grade), 2-propanol
and magnesium sulfate (anhydrous) were purchased from Fisher Scientific and used as
received. Ammonium chloride, sodium bicarbonate and hydrochloric acid (1.0 N in water)
were purchased from J. T. Baker and used as received. A double metal cyanide (DMC)
catalyst (Zn3[Co(CN)s]2) was graciously donated by Bayer was dried at room temperature
for 24 h under vacuum and diluted with distilled THF to yield a 4.1 mg mL™* dispersion.
Dialysis tubing was obtained from Spectra/Por. Phosphate buffered saline (PBS) was

obtained from Mediatech Inc.

4.2.2 Characterization
'H-NMR spectral analyses of compounds were performed using a Varian Unity 400
NMR or a Varian Inova 400 NMR operating at 399.97 MHz. An Alliance Waters 2690

Separations Module with a Viscotek T60A dual viscosity detector and laser refractometer
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equipped with a Waters HR 0.5 + HR 2 + HR 3 + HR 4 styragel column set was used for
size exclusion chromatography (SEC) analyses. SEC data were collected in chloroform and
NMP containing 0.05 M LiBr at 30 or 50 <C respectively. Data were analyzed utilizing a
Universal calibration constructed with polystyrene standards to obtain absolute molecular
weights.

Thermogravimetric analyses (TGA) were carried out on the PEO-b-PG- iron oxide
nanoparticles using a TA Instruments TGA Q500 to determine the fraction of each complex
that was comprised of iron oxide. Each sample was first held at 110 <€ for 10 min to drive
off any excess moisture. The sample (10-15 mg) was then equilibrated at 100 €€ and the
temperature was ramped at 10 < min* to a maximum of 700 <€ in a nitrogen atmosphere.
The mass remaining was recorded throughout the experiment. The mass remaining at 700
<C was taken as the fraction of iron oxide in the complexes. The experiments were
conducted in triplicate.

DLS measurements were conducted with a Malvern Zetasizer NanoZS particle analyzer
(Malvern Instruments Ltd) at a wavelength of 633 nm from a 4.0 mW, solid-state He-Ne
laser at a scattering angle of 173<and at 25.0 + 0.1 °C. Intensity, volume and number
average diameters were calculated with the Zetasizer Nano 4.2 software utilizing an
algorithm based upon Mie theory that transforms time-varying intensities to particle
diameters. For DLS analysis, the dialyzed complexes were dispersed in DI water at a
concentration of 0.1 mg mL, and the dispersion was sonicated for 1 min in a 75T VWR
Ultrasonicator (120 W, 45 kHz), then filtered through a 1.0 um, Teflon™ filter directly into

a polystyrene cuvette for analysis.
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A 7T MPMS SQuID magnetometer (Quantum Design) was used to determine magnetic
properties. Hysteresis loops were generated for the PEO-b-PG- iron oxide nanoparticles at
300 K. Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) was
performed with a SPECTRO ARCOS 165 ICP spectrometer (SPECTRO Analytical
Instruments, Germany). The particles were digested to release free iron by reacting them
with concentrated nitric acid at a concentration of 0.2 mg mL™ for 5 days at 25 °C. They

were diluted to 0.02 mg mL* with DI water prior to measurement.

4.2.3 Synthesis of 3-hydroxypropyldimethylvinylsilane (3-HPMVS).
3-Hydroxydimethylvinylsilane was synthesized utilizing a modified procedure from
our laboratories.*”* 3-Chloropropyldimethylchlorosilane (20.0 g, 0.12 mol) was added
into a dry 500-mL round-bottom flask with a magnetic stir bar. The flask was cooled with
an ice bath. A 1.0 M vinylmagnesium bromide/THF solution (240 mL, 0.24 mol) was
slowly added over 30 min. The mixture was stirred at RT for 24 h and then diluted with
200 mL of dichloromethane. Saturated aqueous ammonium chloride solution (150 mL)
was slowly added and the mixture was transferred to a separatory funnel to remove the
aqueous layer. The organic layer was further washed with saturated sodium chloride
solution (3 >150 mL) and dried with anhydrous magnesium sulfate. Dichloromethane was
rotary-evaporated yielding a yellow liquid. The product was distilled at 85 <C, 5 Torr,
yielding a colorless liquid (15.2 g, 80%).
3-Chloropropyldimethylvinylsilane (14.4 g, 0.089 mol) and sodium iodide (26.1 g, 0.17
mol) were dissolved in 120 mL of acetone in a 250-mL round-bottom flask equipped with
a magnetic stir bar and a condenser. The mixture was stirred under reflux for 24 h and the

acetone was removed by rotary-evaporation. Dichloromethane (100 mL) was added and
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the mixture was vacuum filtered to remove the salt. Dichloromethane was removed by
rotary-evaporation and the product was distilled at 100 <C, 5 Torr, yielding 3-
iodopropyldimethylvinylsilane (19.5 g, 86%).

3-lodopropyldimethylvinylsilane (18.9 g, 0.074 mol), sodium bicarbonate (9.4 g, 0.11
mol), DI water (14 mL) and hexamethylphosphoramide (50 mL) were added into a 250-
mL round-bottom flask with a stir bar. The mixture was stirred at 100 <C for 24 h and then
cooled to RT and diluted with 30 mL of DI water. The aqueous layer was extracted with
diethyl ether (3 <100 mL) and the organic layer was washed with DI water (3 <200 mL).
Diethyl ether was removed by rotary-evaporation and the product was distilled at 100 <C,

5 Torr, yielding 3-hydroxypropyldimethylvinylsilane (7.5 g, 65%).

4.2.4 Synthesis of ammonium-PEO-CHa.

An exemplary procedure for the polymerization of a 3,500 g mol! dimethylvinylsilyl-
PEO-OH is provided. 3-HPMVS (0.69 g, 4.8 mmol) was syringed into a clean, flame-dried
round-bottom flask, then 5 mL of THF and the double metal cyanide catalyst suspension
(0.60 mL, 2.0 mg of the catalyst) was added via a syringe. The resulting initiator mixture
was stirred for 24 h at room temperature. A 300-mL, high-pressure Series 4561 Parr reactor
was utilized for the polymerization. EO (17 g, 0.39 mol) was distilled from a lecture bottle
into the pressure reactor cooled with an isopropanol-dry ice bath, then the reactor was
pressurized to 30 psi with ultrahigh purity nitrogen. The initiator solution was added to the
Parr reactor via syringe, then the Parr reactor was heated to 105 °C. A temperature spike
to 140 °C with a maximum pressure of 200 psi was noted, and this was followed by a
gradual pressure decrease of 120 psi over 40 min. Once an equilibrium pressure was

achieved the reactor was cooled to room temperature and its contents were diluted with
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~200 mL of chloroform. The resulting solution was filtered through Celite® to remove
the catalyst, then the polymer was precipitated by pouring it into cold diethyl ether. The
product was collected by vacuum filtration and dried under vacuum at room temperature
for 24 h.

Dimethylvinylsilyl-PEO-OH (14 g, 4 mmol) was dissolved in 45 mL of THF, then a
NaH/THF suspension (5 mL, 4.8 mmol) was added. The mixture was stirred for 4 h at 60
°C, then iodomethane (0.36 mL, 5.8 mmol) was added by syringe at room temperature.
The resulting solution was stirred for another 24 h at RT. The reaction mixture was diluted
with 100 mL of chloroform and washed 3 times with DI H>O. The solvent was removed
by rotary evaporation and the product was dried under vacuum at 60 °C yielding a yellow
solid (13.3 g, 95%)).

Heterobifunctional PEO with a terminal ammonium group (ammonium-PEO-CH3)
was obtained via ene-thiol addition of mercaptoethylamine hydrochloride across the
vinylsilane using a modified procedure from our previous reports.*’* In a characteristic
procedure, a 3,500 g mol' dimethylvinylsilyl-PEO-CHs (3.5 g, 1.0 mmol),
mercaptoethylamine hydrochloride (0.228 g, 2.0 mmol), and AIBN (0.082 g, 0.50 mmol)
were dissolved in deoxygenated DMF (16 mL) in a 100-mL round-bottom flask equipped
with a stir bar. The reaction was conducted at 70 °C for 24 h with stirring, then the reaction
mixture was cooled to room temperature. DI water (100 mL) was added to the flask, and
the mixture was transferred to a separatory funnel. Dichloromethane (200 mL) was added
to the separatory funnel to extract the polymer from the water layer. The dichloromethane
layer was washed with a 1 N solution of sodium bicarbonate (3X), followed by 3 washes

with DI water. The dichloromethane solution was concentrated under vacuum, and the
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ammonium-PEO-CH3 was precipitated into cold diethyl ether and dried at 25 °C under

vacuum for 12 h.

4.2.5 Synthesis of the N-carboxyanhydride (NCA) of j-benzyl-L-glutamate
The N-carboxyanhydride (NCA) of y-benzyl-L-glutamate was synthesized using a
procedure adapted from the literature.?® L-Glutamic acid (22 g, 0.15 mol) and benzyl
alcohol (24 g, 0.22 mol) were dispersed in 22 mL of toluene and heated to 45 °C.
Methanesulfonic acid (17 g, 0.18 mol) was added and the mixture was stirred at 45 °C for
3.5 h. The reaction mixture was stirred for another 5 h at 30 °C, then cooled and extracted
with 44 mL of DI water. The solution was diluted with 66 mL of ethanol with adjustment
of the pH to ~7 with sodium bicarbonate (20 g with 230 mL of water, 0.24 mol) to
precipitate the compound. y-Benzyl-L-glutamate was obtained by filtration and washed
with 20 mL of ethanol (2X) and 30 mL of DI water (3X) (yield 13.9 g, 39%).
v-Benzyl-L-glutamate (12.6 g, 53 mmol) and triphosgene (7.0 g, 24 mmol) were dried
under 0.5 Torr at RT for 1 h, then dispersed in 140 mL of THF. The suspension was stirred
for 2.5 h at 40 °C yielding a clear solution. The solution was concentrated to ~30 mL.
Hexane (150 mL) was added to precipitate the NCA of y-benzyl-L-glutamate. A white

powder was collected by filtration and recrystallized 3 times with THF/hexane yielding a

white powder (11.6 g, 83%).

4.2.6 Synthesis of poly(ethylene oxide)-b-poly(L-glutamic acid)

A 3,500 M, amino-PEO-CHj3 (1.3 g, 0.37 mmol) was dried under vacuum at 60 °C for
12 h and dissolved in 50 mL of deoxygenated DMF. The NCA of y-benzyl-L-glutamate

(3.1 g, 12 mmol) was dried under vacuum at RT for 12 h and dissolved in 12 mL of DMF.

93



These two solutions were mixed and the reaction was stirred at RT for 60 h. Vacuum was
applied every 12 h to remove any carbon dioxide. Diethyl ether (500 mL) was added to
precipitate the poly(ethylene oxide)-b-poly(y-benzyl-L-glutamate). The copolymer was
collected by filtration (3.6 g, 90%).

Poly(ethylene oxide)-b-poly(y-benzyl-L-glutamate) (3.6 g, 0.3 mmol) was dissolved in
50 mL of chloroform and cooled with an ice bath. NaOH (5 N, 6 mL, 30 mmol), DI water
(8 mL), isopropanol (28 mL) and methanol (28 mL) were mixed and added to the
copolymer solution. The reaction mixture was stirred for 10 h in the ice bath, then the
copolymer was isolated by precipitation into 500 mL of cold diethyl ether. The copolymer
was collected by filtration, then dissolved in DI water (100 mL) with adjustment of the pH
to ~ 7 with 1 N HCI. The mixture was dialyzed against 4 L of DI water for 24 h in a 1,000
g mol! MWCO dialysis bag to remove NaCl and any residual benzyl alcohol. A white

powder was obtained after freeze-drying (2.34 g, 89%).

4.2.7 Synthesis of magnetic iron oxide nanoparticles

The nanoparticles were prepared using a procedure adapted from Pinna et al 3363840
Fe(acac)s (2.14 g, 8.4 mmol) and benzyl alcohol (45 mL, 0.43 mol) were charged to a 250-
mL, three-neck, round-bottom flask equipped with a water condenser and placed in a
Belmont metal bath with an overhead stirrer with thermostatic (=1 °C) control. The solution
was dehydrated at 110 °C for 1 h under a N> stream. The temperature was increased in 25
°C increments and held at each step temperature for 1 h, until it reached the reflux
temperature of benzyl alcohol at 205 °C, then the temperature was maintained for 40 h.
The reaction was cooled to room temperature and the particles were collected by

centrifugation (4000 rpm, 30 min). The iron oxide nanoparticles were washed 3 times with
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acetone (100 mL each), then were dispersed in chloroform (20 mL) containing oleic acid
(0.3 g). The solvent was removed under vacuum at room temperature, and the oleic acid-
stabilized iron oxide nanoparticles were washed 3 times with acetone (50 mL each) to
remove excess oleic acid. The particles were dried under vacuum overnight at room
temperature and stored as a dispersion in chloroform at a concentration of 20 mg mL™! prior
to use.
4.2.8 Adsorption of poly(ethylene oxide)-b-poly(L-glutamic acid) onto iron oxide
nanoparticles

A representative method for preparing a targeted composition of 67:33% by weight
polymer to iron oxide complex is provided. Oleic acid-stabilized iron oxide nanoparticles
(50.0 mg) prepared as described above were dispersed in chloroform (10 mL) and charged
to a 50-mL round-bottom flask. Poly(ethylene oxide)-b-poly(L-glutamic acid) (100.0 mg)
was dispersed in 1) chloroform or 2) DMSO and added dropwise to the dispersion. The
mixture was sonicated in a VWR 75T sonicator for 4 h under N2, and then stirred at RT for
20 h. The nanoparticles were precipitated in hexanes (200 mL). A permanent magnet was
utilized to collect the iron oxide nanoparticles and free oleic acid was decanted with the
supernatant. The complexes were dried under vacuum for 1 h at RT, then dispersed in DI
water (20 mL) with adjustment of the pH to ~7 with 1 N NaOH and sonication for 30 min.
The complexes were dialyzed against DI water (4 L) for 24 h using a 25,000 g mol*
MWCO dialysis bag to remove free polymer. The dispersion was filtered through a 1.0 um
Teflon™ filter to remove any aggregates. A black-brown powder was obtained after freeze-

drying.
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4.2.9 Synthesis of a heterobifunctional ammonium-PEO-allyl

Heterobifunctional PEO oligomers with a terminal ammonium group (amino-PEO-OH)
were obtained via ene-thiol addition of mercaptoethylamine hydrochloride across the
vinylsilane endgroup. A 2,500 g mol! dimethylvinylsilyl-PEO-OH (7.0 g, 2.8 mmol),
mercaptoethylamine hydrochloride (0.95 g, 8.3 mmol), and AIBN (0.34 g, 0.2.1 mmol)
were dissolved in deoxygenated DMF (25 mL) in a 100-mL round-bottom flask equipped
with a stir bar. The reaction was conducted at 70 °C for 24 h with stirring, then the reaction
mixture was cooled to room temperature. DI water (100 mL) was added to the flask, and
the mixture was transferred to a separatory funnel. Dichloromethane (200 mL) was added
to the separatory funnel to extract the polymer from the water layer. The dichloromethane
layer was washed with a 1 N solution of sodium bicarbonate (2x150 mL), followed by 3
washes with DI water. The dichloromethane was removed under vacuum at 60 °C yielding
asolid (6.79 g, 97%).

Amino-PEO-OH (6.75 g, 2.6 mmol) was dissolved in 10 mL of THF followed by adding
potassium naphthalate solution (2.23 mL, 2.41 mmol). Allyl chloride (0.4 mL, 5.2 mmol)
was added into the mixture. The resulting solution was stirred for another 24 h at 50 °C.
The reaction mixture was diluted with 100 mL of chloroform and washed 3 times with DI
H>0. The organic layer was dried under vacuum at 60 °C yielding a yellow solid (6.46 g,
96%).

4.2.10 Synthesis of allyl- and thiol-poly(ethylene oxide)-b-poly(L-glutamic acid) (allyl-
PEO-PG and thiol-PEO-PG)

A 2,600 M, amino-PEO-allyl (1.5 g, 0.58 mmol) was dried under vacuum at 60 °C for

12 h and dissolved in 530 mL of deoxygenated DMF. The NCA of y-benzyl-L-glutamate
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(3.55 g, 13 mmol) was dried under vacuum at RT for 12 h and dissolved in 10 mL of DMF.
These two solutions were mixed and the reaction was stirred at RT for 3 days. Vacuum
was applied every 12 h to remove any carbon dioxide. Diethyl ether (500 mL) was added
to precipitate the poly(ethylene oxide)-b-poly(y-benzyl-L-glutamate). The copolymer was
collected by filtration (3.67 g, 83 %).

Allyl-poly(ethylene oxide)-b-poly(y-benzyl-L-glutamate) (3.5 g, 0.49 mmol) was
dissolved in 50 mL of chloroform and cooled with an ice bath. NaOH (5 N, 9.5 mL, 47.5
mmol), DI water (13 mL), isopropanol (45 mL) and methanol (45 mL) were mixed and
added to the copolymer solution. The reaction mixture was stirred for 10 h with an ice bath
and this was followed by precipitation of the copolymer into 500 mL of cold diethyl ether.
The copolymer was collected by filtration and dissolved in DI water (100 mL) with
adjustment of the pH to ~ 7 with 1 N HCI. The mixture was dialyzed against 4 L of DI
water for 24 h in a 1,000 g mol! MWCO dialysis bag to remove NaCl and any residual
benzyl alcohol. A white powder was obtained after freeze-drying (2.46 g, 96%).

Allyl-poly(ethylene oxide)-b-poly(L-glutamic acid) (0.114 g, 0.022 mmol),
dithiothreitol (0.151 g, 0.98 mmol) and 4,4’-azobis(cyanovaleric acid) (0.0021 g, 0.0075
mmol) were dispersed in 1 mL of deoxygenated water. A 1N NaOH aqueous solution (0.4
mL, 0.4 mmol) was added to clarify the mixture. The solution was purged with nitrogen at
50 °C for 1 h. The reaction was conducted at 80 °C for 24 h with stirring, then the reaction
mixture was cooled to RT. A 2N HCI solution (0.25 mL, 0.5 mmol) was added and this
was followed by dialysis against 4 L of DI water for 32 hin a 3,000 g mol' MWCO dialysis
bag to remove salts and any residual dithiothreitol. A white powder was obtained after

freeze-drying (0.113 g, 99%).
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4.2.11 Synthesis of diallyl- and dithiol-PEO.

A 2,000 M, dihydroxyfunctional PEO (2.88 g, 2.88 meq of hydroxyl groups) was
vacuum-dried at 60 °C for 1 h, then it was dissolved in 5 mL of THF. The solution was
added to a round-bottom flask containing KH (0.122 g, 3.05 mmol), and the mixture was
stirred for 2 h at 60 °C, then allyl chloride (0.70 mL, 8.6 mmol) was added by syringe. The
resulting solution was stirred for another 36 h at 60 °C. The reaction mixture was diluted
with 50 mL of chloroform and washed 3 times with DI H>O. The solvent was removed by
rotary evaporation and the product was dried under vacuum at 60 °C yielding a light yellow
solid (2.59 g, 63%).

Diallyl-PEO (0.10 g, 0.05 mmol, 0.10 meq of allyl groups), dithiothreitol (1.4 g, 9.1
mmol), potassium persulfate (0.043 g, 0.16 mmol) and sodium metabifulfite (0.016 g,
0.084 mmol) were vacummed at room temperature for 1 h followed by adding 4 mL of
deoxygenated water. The reaction was conducted at room temperature for 46 h with
stirring, then the reaction mixture was dialyzed against 4 L x 2 of DI water for 24 hin a
1,000 g mol! MWCO dialysis bag to remove salts and any residual dithiothreitol. A white

powder was obtained after freeze-drying (0.098 g, 98%).

4.2.12 Synthesis of magnetic clusters

Aqueous solutions of potassium persulfate (0.6 mg/mL), sodium metabifulfite (0.5
mg/mL), diallyl-PEO (1.3 mg/mL) and dithol-PEO (1.3 mg/mL) were used as stock
solutions for the following synthesis. Two types of magnetic complexes, one containing 67
wt% of a 1:1 wt:wt mixture of allyl-PEO-PG and CH3O-PEO-PG (allyl-magnetic
complexes) and the other one containing 67 wt% of a 1:1 wt:wt mixture of thiol-PEO-PG

and CH30-PEO-PG (thiol-magnetic complexes), were synthesized using the procedure
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described above. Magnetic clusters were synthesized via three methods. First, allyl-
magnetic complexes (20.5 mg total, 1.310° eq of allyl groups), dithiol-PEO (1 mL, 1.3
mg, 6.5><107" mol), potassium persulfate (0.3 mL, 0.18 mg of potassium persulfate, 6.610"
" mol) and sodium metabisulfite (0.12 mL, 0.06 mg, 3.2x10”" mol) were mixed and purged
with nitrogen for 4 h. The reaction was conducted at room temperature for 2 days with
stirring, then the reaction mixture was dialyzed against 4 L of DI water for 24 h in a 25,000
g mol”' MWCO dialysis bag to remove salts and any residual dithiol-PEO. A black-brown
powder was obtained after freeze-drying (20.2 mg, 99%). Secondly, thiol-magnetic
complexes (20.5 mg total, 1.3x10® eq of thiol groups), diallyl-PEO (1 mL, 1.3 mg, 6.5%<10°
" mol), potassium persulfate (0.18 g, 6.5%10" mol) and sodium metabifulfite (0.06 g,
3.2X107 mol) were purged with nitrogen for 4 h. The reaction was conducted at room
temperature for 2 days with stirring, then the reaction mixture was dialyzed against 4 L of
DI water for 24 h in a 25,000 g mol"! MWCO dialysis bag to remove salts and any residual
diallyl-PEO. A black-brown powder was obtained after freeze-drying (20.1 mg, 98%).
Third, thiol-magnetic complexes (18.4 mg, 1.2x10° eq of thiol groups), allyl-magnetic
complexes (19.3 mg, 1.2x10° eq of allyl groups), potassium persulfate (0.16 g, 6.5%107
mol) and sodium metabifulfite (0.06 g, 3.2x10"" mol) were mixed and purged with nitrogen
for 4 h. The reaction was conducted at room temperature for 2 days with stirring, then the
reaction mixture was dialyzed against 4 L of DI water for 24 h in a 25,000 g mol”' MWCO
dialysis bag to remove salts. A black-brown powder was obtained after freeze-drying (37.3

mg, 99%).
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4.2.13 Measurements of transverse relaxivities

The proton transverse relaxation times (7>) were measured on a Model mq-60 NMR
Analyzer (Bruker Minispec) at a magnetic field strength of 1.4 T corresponding to a proton
Larmor frequency of 60 MHz. 7> was obtained from fitting a monoexponential decay curve
to signal data generated by a Carr-Purcell-Meiboom-Gill (CPMG) spin-echo pulse
sequence with an echo spacing of 0.5 ms and a repetition time of 5 s. Samples were filtered
through a 1.0 um Teflon™ filter and 500 L were transferred into a 7.5 mm NMR tube and
measurements were made at 37.5 °C after equilibration for 15 min. The transverse
relaxivity (72) was calculated from the least-square fit of the relaxation rate (1/73) as a
function of iron concentration. Fe concentrations were determined by ICP-AES as

described previously.

4.3 Results and discussion
4.3.1 Synthesis of amino-functional PEO macroinitiators

Amino-functional PEO has been used as a macroinitiator for ring-opening of N-
carboxyanhydrides (NCA) via nucleophilic acyl substitution to prepare block copolymers
containing PEO and polypeptides.?62744 To prepare a heterobifunctional PEO, 3-
HPMVS was used as an initiator which allowed post polymerization functionalization
(Scheme 4.3.1.1). Dimethylvinylsilyl-PEO-OH with number average molecular weights of
1,200 and 3,500 g/mol were synthesized and characterized by *H NMR and SEC. The
number average molecular weights were calculated from the integral ratio of resonances

corresponding to the methyl groups next to the silicon at 0.49 ppm relative to the repeat
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units of ethylene oxide at 3.64 ppm (Figure 4.3.1.1). SEC analyses revealed monomodal
distributions with molecular weights of 1,180 (PDI=1.12) and 3,030 (PD1=1.40).

The hydroxyl groups were deprotonated with sodium hydride and this was followed by
reaction of the alkoxide with methyl iodide. *H NMR was used to monitor this reaction by
noting the appearance of the peak at 3.36 ppm corresponding to the methoxy endgroups
(Figure 4.3.1.2). Amino groups were introduced to the other end via thiol-ene addition. An
excess of thiol groups was utilized to maximize the conversion of vinyl groups. The thiol-
ene addition was monitored by *H NMR by noting the disappearance of vinyl protons at
5.62-6.20 ppm and the appearance of new peaks at 0.85, 2.53, 2.61 and 2.86 ppm

corresponding to the terminal methylene groups (Figure 4.3.1.3).
I
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Scheme 4.3.1.1. Synthesis of an amino-PEO-OCH3.
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Figure 4.3.1.3. '"H NMR of a 3.5k amino-PEO-OCHs.

4.3.2 Synthesis of poly(ethylene oxide)-b-poly(L-glutamic acid)

In this study, the NCA of benzyl-L-glutamate was used as a monomer (Scheme 4.3.2.1).

Benzyl-L-glutamate was prepared by reaction of L-glutamic acid with an excess of benzyl

alcohol in the presence of 1.2 equivalents of methanesulfonic acid relative to L-glutamic

acid. The product was recrystallized three times from hot water to enhance its purity

(Figure 4.3.2.1). Dry benzyl-L-glutamate was dispersed in THF with triphosgene yielding

a clear solution within two hours. The NCA of benzyl-L-glutamate was recrystallized three

times from THF/hexane and its structure was verified by *H NMR (Figure 4.3.2.2). Melting
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points of benzyl-L-glutamate and the NCA of benzyl-L-glutamate were determined to be

167-169 and 94-95 <T respectively, which were close to the literature values.*64’

J\ cl THF, 2 hours
HoAgX

0 "‘\\)J\o
SAsae

O

Scheme 4.3.2.1. Synthesis of an NCA of y-benzyl-L-glutamate.
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Figure 4.3.2.2. '"H NMR spectrum of the NCA of y-benzyl-L-glutamate in de-DMSO.

Polymerizations of the NCA of benzyl-L-glutamate were carried out at room
temperature in DMF (Scheme 4.3.2.2). The carbon dioxide by-product from the
polymerization was removed intermittently by applying vacuum twice a day to enhance
monomer conversion. The PEO-b-poly(benzyl-L-glutamate) copolymers were
characterized by *H NMR and SEC to determine the chemical compositions and molecular
weights (Table 4.3.2.1). The resonance at 3.64 ppm was assigned to the EO repeat units
and the peaks at 7.24, 5.03. 3.93 and 1.82-2.56 ppm were assigned to the benzyl-L-
glutamate repeat units (Figure 4.3.2.3). Block lengths were calculated by comparing the
integral ratio of the resonance corresponding to the phenyl group at 7.24 ppm and ethylene

oxide at 3.64 ppm to the methylene group next to the silicon at 0.47 ppm. The results were
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in good agreement with the targeted block lengths (Table 4.3.2.1). SEC traces were
monomodal (Figure 4.3.2.5) and the polymers had narrow molecular weight distributions
that are characteristic of controlled polymerizations.

The side carboxylic acids, which can provide accessibility for guest molecules through
electrostatic interactions and/or hydrogen bonds, were obtained by hydrolysis of the
benzyl-L-glutamate repeat units (Scheme 4.3.2.2). The benzyl groups were removed with
a mild heterogeneous alkaline hydrolysis procedure to avoid cleavage of the backbone
amide bonds. The products were acidified and characterized by *H NMR in ds-DMSO
(Figure 4.3.2.4). The extents of the hydrolyzed benzyl-L-glutamates were monitored by
partial disappearance of the resonances at 7.24 and 5.03 ppm corresponding to the benzyl
groups. The polymeric salts after hydrolysis were characterized by *H NMR in D20 and
by noting the disappearance of resonances at 7.24 or 5.03 ppm corresponding to the benzyl
groups. The lack of benzyl resonances was attributed to poor solubility of the benzyl-L-

glutamate units in D20.
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Figure 4.3.2.5. SEC trace of a 3.5 K PEO-b-10.9 K poly(y-benzyl-L-glutamate).

Table 4.3.2.1. Molecular weights of the PEO-b-poly(y-benzyl-L-glutamate)s.
Target block Block length ~ Target total Mn (NMR) M (SEC)

length (NMR) M, g/mol™! g/mol’! g/mol’! PDI
1,500-6,200  1,200-7,800 7,700 9,000 7,200 1.12
3,500-7,800  3,500-7,400 11,300 10,900 12,400 1.11
3,500-8,500  3,500-8,600 12,000 12,100 14,500 1.18

4.3.3 Synthesis of diallyl- and dithiol-functional PEO

Diallyl- and dithiol-functional PEO oligomers were synthesized and used as crosslinking
components in the preparation of magnetic clusters (Scheme 4.3.3.1). A dihydroxy-
functional PEO with a number average molecular weight of 2,000 g/mol was deprotonated
with sodium hydride and the dialkoxide was reacted with allyl chloride to produce allyloxy
endgroups. *H NMR was used to monitor the reaction by noting the appearance of peaks
at 4.0, 5.2 and 5.9 ppm corresponding to the allyloxy endgroups (Figure 4.3.3.1). Thiol

groups were introduced to the ends via thiol-ene addition. Ten times excess of dithiothreitol
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was utilized to avoid chain coupling. This reaction was conducted at room temperature
with sodium metabisulfite and potassium persulfate as the redox free radical resource. The
thiol-ene addition was monitored by *H NMR by noting the disappearance of allyl protons
on allyl chloride at 4.0, 5.2 and 5.9 ppm and new peaks at 1.8, 2.6, 2.8 and 3.8 ppm

corresponding to terminal groups on the oligomers (Figure 4.3.3.2).
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Scheme 4.3.3.1. Synthesis of dially-PEO and dithiol-PEO.
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4.3.4 Synthesis of allyl- and thiol-poly(ethylene oxide)-b-poly(L-glutamic acid)

Allyl- and thiol groups were introduced to the PEO ends of PEO-b-poly(L-glutamic

acid) block copolymers (Scheme 4.3.4.1). The hydroxyl groups on amino-PEO-OH were

deprotonated with sodium hydride and the alkoxide was reacted with allyl chloride. H

NMR was used to monitor this reaction by noting the appearance of peaks at 5.2 and 5.9

ppm corresponding to the allyl endgroups (Figure 4.3.4.1).

Amino-PEO-allyl was used as a macroinitiator to synthesize allyl-PEO-b-poly(L-

glutamic acid) by initiating the NCA with the terminal amine. Polymerization of the NCA

and subsequent removal of the benzyl esters were carried out using the same procedures as

described for preparing methoxy-poly(ethylene oxide)-b-poly(L-glutamic acid) (Figures

4.3.4.2 and 4.3.4.3). Thiol groups were then introduced to the PEO end via thiol-ene
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addition. As described previously, an excess of thiol groups were utilized to avoid chain
coupling. The thiol-ene addition was monitored by *H NMR by observing disappearance

of the allyl protons at 5.9 ppm (Figure 4.3.4.4).
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Figure 4.3.4.4. '"H NMR of a thiol-poly(ethylene oxide)-b-poly(L-glutamic acid).

4.3.5 Adsorption of poly(ethylene oxide)-b-poly(L-glutamic acid) onto iron oxide
nanoparticles

A variety of polymers and small molecules have been reported as coatings for iron oxide
nanoparticles to provide colloidally stable dispersions in aqueous media.1%1116:18.20.21 |
this study, poly(ethylene oxide)-b-poly(L-glutamic acid) (EO79-BLGa1) was utilized as a
biodegradable stabilizer and adsorbed onto oleic acid-coated iron oxide nanoparticles via
ligand adsorption from 1) chloroform and 2) from a mixed 1:1 v:v chloroform:DMSO
solvent (Scheme 4.3.5.1). After adsorption, the complexes were precipitated in hexane to

remove oleic acid and dialyzed against water to remove any unbound polymers.
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Scheme 4.3.5.1. Synthesis of magnetic block ionomer complexes.

The compositions of the complexes determined by TGA were close to the targets (Table
4.3.5.1). The intensity average hydrodynamic diameters of the nanoparticles were
measured by DLS (Table 4.3.5.1). Intensity weighted diameters are reported due to their
sensitivity to the presence of aggregates (since they scale with radii to the 6 power).*® The
average hydrodynamic size of the complex made from the mixed solvent was smaller than
that prepared from chloroform. This was attributed to better solubility of the poly(L-
glutamic acid) block in the mixed solvent. Thus, adsorption from the mixed solvent was
considered a superior method. Based on our previous work, it appeared that phosphate salts
from PBS could displace carboxylate anchor groups if they were only present as
endgroups.*®*4 In this work, the stability of the glutamate anchor groups in binding to
the iron oxide surface was evaluated in PBS containing 0.14 M NaCl. Dispersions of the

complexes prepared from the mixed solvent system were stable in PBS for up to 1 week
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(Figure 4.3.5.1). This was attributed to cooperative binding that was obtained due to the

polymeric nature of the poly(L-glutamate) block.

e Complexes made from 1:1 chloroform:DMSO
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Figure 4.3.5.2. Colloidal stability in phosphate buffered saline of iron oxide-PEO-
b-poly(L-glutamic acid) complexes made in organic solvents.

PEO-b-poly(L-glutamic acid) was also coated onto the iron oxide nanoparticles from
water with adjustment of the pH to 9 to provide a clear dispersion. The complex prepared
in the aqueous dispersion contained 57 wt % of polymer, which was significantly lower
than the targeted 67 wt %. Moreover, this complex precipitated within one hour of exposure
to PBS (Figure 4.3.5.2). The low polymer composition and instability of the complex were
attributed to electrostatic repulsion between the poly(L-glutamate) block and the iron oxide
surface, which were both negatively charged in water at pH 9. Thus, once again the method
for preparing these complexes from the mixed chloroform/DMSO solution was considered

superior.
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Figure 4.3.5.2. Colloidal instability in phosphate buffered saline of the iron oxide-

PEO-b-poly(rL-glutamic acid) complexes made in water at pH 9.

Table 4.3.5.1. Properties of the iron oxide/PEO-b-PG complexes.
Target wt% of  Obtained wt%

Solvent system Size (Dy/nm) PDI
polymer of polymer

Water (pH=9) 67% 52% 83 0.15

Chloroform 67% 70% 81 0.12

Chloroform/DMSO 67% 65% 40 0.25

A TEM image of the non-crosslinked particles that were prepared in the mixed
chloroform/DMSO solvent (Figure 4.3.5.3) showed that they dispersed well in aqueous
media. The average diameter of the single particles obtained from a log-normal fit to the

measured particle sizes was 7.38 + 0.26 nm.
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Figure 4.3.5.3. TEM of magnetic single particles made from the mixed
chloroform/DMSO solvents and size analysis from a lognormal fit.
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4.3.6 Synthesis of magnetic clusters.

Allyl- and thiol-functional poly(ethylene oxide)-b-poly(L-glutamic acid) were also
coated onto the iron oxide nanoparticles through ligand adsorption from a mixed 1:1 v:v
chloroform:DMSO solvent to form primarily single particles with functional groups on the
outer PEO ends. Clusters were formed from these complexes by 1) crosslinking the allyl-
tipped single particles with dithiol-PEO (Cluster 1), 2) crosslinking the thiol-tipped single
particles with diallyl-PEO (Cluster 2) and 3) crosslinking two of the functional single
particles with each other (Cluster 3). A 1:1 ratio of allyl to thiol groups was utilized in each
case. The intensity average hydrodynamic diameters of the particles increased significantly

after crosslinking (Table 4.3.7.1), which confirmed the formation of clusters. Cluster 1

had smaller size (Di=67 nm) than cluster 2 (Di=104 nm) due to the radical initiated
polymerization of the outer allyl groups on each allyl-tipped single particle. Cluster 3 had
the largest average size (Di=165 nm), and this was attributed to the existence of iron oxide
in both allyl- and thiol-crosslink species as well as the reduction of undesirable intra-
particle crosslink by avoiding the use of bifunctional PEOs. Thus, crosslinking two of the
functional single particles with each other was considered the superior method. TEM image
of crosslinked particles (Figure 4.3.6.1) also confirmed the formation of clusters. The

clusters were stable in PBS for up to 1 week (Figure 4.3.6.2).
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Figure 4.3.6.1. TEM of magnetic clusters 3.
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Figure 4.3.6.2. Colloidal stability in phosphate buffered saline at 25 °C of magnetic

clusters.
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4.3.7 Magnetic Properties of iron oxide/PEO-b-poly(L-glutamic acid) complexes

The magnetic properties of the oleic acid-coated iron oxide nanoparticles were
characterized via SQuID analysis. Hysteresis loops revealed that the complexes were
superparamagnetic at 300 K with a saturation magnetization of 50 emu g™ (Figure 4.3.7.1).
The composition of the oleic acid-coated iron oxide nanoparticles determined by TGA was
79 wt % of iron oxide, and this corresponded to a saturation magnetization of ~64 emu g!
of iron oxide. This value corresponded to ~88 emu g of Fe and was consistent with the

values reported for Fe3O4 nanoparticles with similar size.>
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Figure 4.3.7.1. Hysteresis loop of oleic acid-coated iron oxide nanoparticles at 300K.

There is great interest in development of superparamagnetic iron oxide nanoparticles as

MRI contrast agents. Localized field gradients generated by these particles in applied
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magnetic fields result in rapid dephasing of the proton spins, thus increasing transverse
relaxivities (r2).>">? The complexes (without functional PEO tips) made from the mixed
chloroform/DMSO solvent (D1=40 nm) and those made in chloroform (Di=81 nm) had
transverse relaxivities of 43 and 64 s'(mM Fe)! respectively (Figure 4.3.7.2). Faster
transverse NMR relaxivities of the complex made from chloroform also suggested its larger
size according to a recent finding by our group that controlled aggregation led to
considerably shorter 7> relaxation times (higher 7 relaxivities).>>*%> Transverse
relaxivities of the allyl-tipped single particles and their clusters were measured under the
same condition as well. The allyl-tipped single particles had a transverse relaxivity (44 s
I(mM Fe)) close to the non-functional single particles (43 s"'(mM Fe)!) as expected since
their intensity average diameters were close (38 and 40 nm respectively). The clusters had
12 relaxivities increasing from 72 to 243 and 368 (s-mM Fe)! as the sizes increased from
67 to 104 and 165 nm. This result was in agreement with a recent report by Pothayee ef al.
that relaxivities of magnetic particles were related to their sizes.>>*°

It was also found that the relaxivities of the clusters were affected by the hydrophilicities
of the inner spaces. The magnetic clusters reported by Pothayee et al.>>% were synthesized
from ~7 nm iron oxide nanoparticles (similar to the iron oxide used in this research) coated
with amino-3.5K poly(ethylene oxide)-b-6.8K poly(acrylic acid) (PEO-b-PAA) diblock
copolymers and crosslinked with a poly(ethylene oxide) diacrylate (Mn=700). The clusters
coated with PEO-b-PAA had rzs of 410 s* mM Fe? (Di=143 nm) and 604 s* mM Fe*
(Di=181 nm), which were higher than the cluster 3 (DI=165 nm, r2=368 s mM Fe™) in
this research. This was attributed to the greater amount of the anionic groups (94 acrylic

acids) per chain on the PEO-b-PAA copolymer than those (16 glutamic acids) on the PEO-
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b-PG copolymer. The anionic groups made the intra-clusters spaces more accessible to
water molecules and resulted in higher rzs. Another set of magnetic clusters were
synthesized by Balasubramaniam et al. with similar iron oxide cores (~7 nm) with a
poly(ethylene oxide)-b-poly(D,L-lactide) diblock copolymer. These clusters had
hydrophobic inner structures that led to lower r2s. For example, particles with hydrophobic-

cores and an intensity-average diameter of 147 nm had an r, of 202 s* mM Fe,

50 v 1 ' I 4 1
A Made in DMSOICHCI, } }
10/ = MadeincHel, r,=643s .mMFe |
~ 304
2
~
R 20 ]
10 1
0 T T T
0.0 0.2 04 0.6

concentration (mM Fe)

Figure 4.3.7.2. Transverse relaxivities of the single iron oxide-PEO-b-poly(L-
glutamic acid) complexes made from the mixed solvent (D1=40 nm) and from chloroform
(Di=81 nm).
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Figure 4.3.7.3. Transverse relaxivities (top) and longitudinal
relaxivities (bottom) of the iron oxide-PEO-b-poly(L-glutamic acid)
clusters.
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Table 4.3.7.1. Sizes, transverse relaxivities and longitudinal relaxivities of the iron
oxide-PEO-b-poly(L-glutamic acid) complexes.

Obtained

r r
° D (nm 2 1
Sample wt% of ,(am)  PDI (s mM Fe-) (s mM Fe')
polymer
Single o
Particles 65% 38 0.18 44 13
Clusters 1 66% 67 0.26 72 14
Clusters 2 65% 104 0.17 243 16
Clusters 3 67% 165 0.18 368 20

4.4 Conclusions

Diblock copolymers of PEO-b-poly(L-glutamic acid) were synthesized and coated on
iron oxide nanoparticles via ligand adsorption in a chloroform/DMSO mixed organic
solvent, thus yielding biodegradable magnetic block ionomer complexes. Dispersions of
these complexes in media simulating physiological conditions were colloidally stable for
up to a week.

Allyl- and thiol-poly(ethylene oxide)-b-poly(L-glutamic acid) were also synthesized and
coated onto the iron oxide nanoparticles. Biodegradable magnetic clusters were prepared
by three methods and crosslinking two of the functional single particles with each other
was determined to be the best one. The clusters were determined to have higher relaxivities

than the single particles and have great potential as an MRI contrast agent.
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Chapter 5. Synthesis and Characterization of
Heterobifunctional Triblock Copolyethers

Most of the work described in this chapter was performed by the author of this
dissertation. He was solely responsible for the synthesis and characterization of the
initiators and polymers. Drs. Xiang Yi and Jing Tong of the Dr. Alexander V. Kabanov’s

group prepared and characterized the polymer-superoxide dismutase conjugates.

5.1 Introduction

Amphiphilic copolyethers, particularly triblock copolyethers based on poly(ethylene
oxide-b-propylene oxide-b-ethylene oxide) (PEO-b-PPO-b-PEO) (the BASF tradename is
Pluronics®) are well established, and they have been studied extensively as excipients in
drug formulations.’® At present, a wide range of molecular weights of Pluronics® are
commercially available. Above the critical micelle concentration (CMC), PEO-b-PPO-b-
PEO can form spherical micelles in aqueous solution by self-assembly, with PEO blocks
forming the shells and PPO blocks forming the cores. Drugs that have poor solubility in
water can potentially be loaded into the hydrophobic cores of PEO-b-PPO-b-PEO micelles
and dispersions of the materials can be stabilized by the PEO shells. This attractive feature
makes PEO-b-PPO-b-PEQ copolymers potential drug delivery vehicles. Another important
advantage of select Pluronics® as a drug carrier is their ability to inhibit multidrug
resistance (MDR) in cancer cells,?%?2 which can significantly decrease the efficacy of many
drugs in tumor therapy. MDR is often caused by P-glycoprotein (P-gp), a transmembrane
glycoprotein with a molecular weight of 170 kDa which acts as an ATP-dependent drug
efflux pump.?! It results in lower accumulation and retention of drugs in tumor cells. Many
studies on the inhibition of efflux action of P-gp by PEO-b-PPO-b-PEO copolymers have
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been reported. 1213151723 For instance, Pluronic P85 showed notable capacity for increasing
the cytotoxicity of drugs against MDR cells by as much as 1,000 times while only a slight
increase of cytotoxicity was observed against sensitive cells.??

One major problem in commercial development of therapeutic proteins is their poor
transport across cellular membranes and biological barriers such as the blood-brain barrier
(BBB). One solution to this problem is to modify proteins with amphiphilic block
copolymers such as PEO-b-PPO-b-PEO, Pluronics®.1%?4% Kabanov et al. reported that
the lengths of both the hydrophobic (PPO) and hydrophilic (PEO) blocks of Pluronics®
are important for cellular binding/uptake of such protein-polyether conjugates.! However,
it isn't possible to independently tune the two PEO block lengths with commercial
Pluronics® since a difunctional PPO macroinitator is utilized to grow both PEO blocks
simultaneously (HO-EOn-b-POm-b-EOn-OH). Another challenge in traditional synthesis of
polyethers is to introduce functional groups that allow for post-polymerization
functionalization for specific applications. In this study, a series of heterobifunctional
asymmetric  amino-EOn1-b-POm-b-EOn2-OH block copolymers (APs) with different
molecular weights of each block were synthesized and the amino terminal group was
conjugated to an antioxidant enzyme, Cu/Zn superoxide dismutase (SOD1). The
conjugates were characterized and their cellular uptake was investigated. The three blocks

in these polymers are hypothesized to have different functions.

5.2 Experimental
5.2.1 Materials
Tetrahydrofuran (THF, Optima Grade, EMD Chemicals, 99.5%) was refluxed over

sodium metal with benzophenone until the solution reached a deep purple, fractionally
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distilled, and deoxygenated just prior to use. Acetone, azobisisobutyronitrile (AIBN),
ethylene oxide (EO, 99.5+%), 2-mercaptoethylamine hydrochloride, potassium (98%),
propylene oxide (PO, >99%), sodium iodide (>98%) and 1.0 M vinyl magnesium bromide
were purchased from Aldrich and used as received. 3-Chloropropyldimethylchlorosilane
and 3-chloropropyltrichlorosilane (Gelest) were used as received.  Chloroform,
dichloromethane, diethyl ether, methanol, magnesium sulfate, and sodium bicarbonate
(Fisher Scientific) were used as received. Ethanol (200 proof) was obtained from Decon
Laboratories and used as received. Toluene (Fisher Scientific) was stirred over CaHo,
fractionally distilled, then deoxygenated with N2 for 30 minutes prior to use. Naphthalene
(Aldrich, 99%) was sublimed prior to use. Glacial acetic acid (Aldrich) was diluted with
distilled THF to yield a 2.5 M solution. N,N-Dimethylformamide (DMF, EMD Chemicals)
was dried over CaHy, fractionally distilled under vacuum and stored under nitrogen at 25
<C. A double-metal catalyst, (Zn3[Co(CN)s]2) graciously donated by Bayer, was dried at
room temperature for 24 h under vacuum and diluted with distilled THF to yield a 4.1 mg

mL* dispersion.

5.2.2 Instrumentation

Spectroscopic analyses of the block copolymers were performed using a Varian Inova
400 NMR and a Varian Unity 400 NMR. Size exclusion chromatography (SEC) in
chloroform was conducted with an Alliance Waters 2690 Separations Module with a
Viscotek T60A dual viscosity detector and laser refractometer equipped with a Waters HR
0.5+ HR 2 + HR 3 + HR 4 styragel column set at 30 <C. A Universal calibration was

utilized to obtain absolute molecular weights.
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5.2.3 Synthesis of 3-hydroxypropyldimethylvinylsilane (3-HPMVS)

3-Hydroxydimethylvinylsilane was synthesized utilizing a modified procedure from our
previous work.262" 3-Chloropropyldimethylchlorosilane (20.0 g, 0.12 mol) was added into
a dry 500-mL round-bottom flask with a magnetic stir bar. The flask was cooled with an
ice bath. A 1.0 M vinylmagnesium bromide/THF solution (240 mL, 0.24 mol) was slowly
added over 30 min. The mixture was stirred at RT for 24 h and then diluted with 200 mL
of dichloromethane. Saturated aqueous ammonium chloride solution (150 mL) was slowly
added and the mixture was transferred to a separatory funnel to remove the aqueous layer.
The organic layer was further washed with saturated sodium chloride solution (3 > 150
mL) and dried with anhydrous magnesium sulfate. Dichloromethane was rotary-evaporated
yielding a yellow liquid. The product was distilled at 85 <C, 5 Torr, yielding a colorless
liquid (15.2 g, 80%).

3-Chloropropyldimethylvinylsilane (14.4 g, 0.089 mol) and sodium iodide (26.1 g, 0.17
mol) were dissolved in 120 mL of acetone in a 250-mL round-bottom flask equipped with
a magnetic stir bar and a condenser. The mixture was stirred under reflux for 24 h and the
acetone was removed by rotary evaporation. Dichloromethane (100 mL) was added and
the mixture was vacuum filtered to remove the salt. Dichloromethane was rotary-
evaporated and the product was distilled under vacuum at 100 <C, 5 Torr, yielding 3-
iodopropyldimethylvinylsilane (19.5 g, 86%).

3-lodopropyldimethylvinylsilane (18.9 g, 0.074 mol), sodium bicarbonate (9.4 g, 0.11

mol), DI water (14 mL) and hexamethylphosphoramide (50 mL) were added into a 250-
mL round-bottom flask with a stir bar. The mixture was stirred at 100 <C for 24 h and then
cooled to RT and diluted with 30 mL of DI water. The aqueous layer was extracted with

diethyl ether (3 <100 mL) and the organic layer was washed with DI water (3 <200 mL).
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Diethyl ether was removed by rotary evaporation and the product was distilled under

vacuum at 100 <C, 5 Torr, yielding 3-hydroxypropyldimethylvinylsilane (7.5 g, 65%).

5.2.4 Synthesis of dimethylvinylsilylpropyl-PEO-PPO-PEO-OH

An exemplary procedure for synthesis of a 2,700 g mol* dimethylvinylsilyl-PEO is
provided. 3-Hydroxypropyldimethylvinylsilane (1.31 g, 9.1 mmol) was syringed into a
flame-dried round-bottom flask followed by adding a double metal cyanide catalyst/THF
suspension (0.65 mL, 2.9 mg of the catalyst). The mixture was stirred at RT for 24 h to
adsorb the initiator onto the heterogeneous catalyst. A 300-mL, high-pressure Series 4561
Parr reactor was utilized for the polymerization. EO (25 g, 0.57 mol) was distilled from a
lecture bottle into the pressure reactor cooled with an isopropanol-dry ice bath, then the
Parr reactor was charged with 30 psi of ultrahigh purity nitrogen gas. The initiator solution
was added to the Parr reactor via syringe and heated to 115 °C with stirring. A maximum
pressure (~400 psi) and exotherm temperature (~165 °C) were noted followed by a gradual
pressure decrease to ~82 psi. Once an equilibrium pressure was achieved (~3 h), the reactor
was cooled to RT and the contents were diluted with ~100 mL of dichloromethane. The
solution was filtered through Celite® twice to remove the double metal catalyst. The
filtrate was concentrated to ~30 mL followed by precipitation of the polymer in diethyl
ether cooled with isopropanol-dry ice bath. The product was dried under vacuum at RT
yielding a white solid (19.5 g, 75%).

A 2,700 g mol* dimethylvinylsilyl-PEO homopolymer (10.5 g, 3.9 mol) was utilized
as a macroinitiator for synthesis of a diblock dimethylvinylsilyl-PEO-PPO copolymer. The
homopolymer was added to a 250-mL round-bottom flask and dried under vacuum at 60

°C overnight, then 30 mL of THF were added to dissolve the macroinitiator. A double
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metal cyanide catalyst/THF suspension (1.4 mL, 5.5 mg of the catalyst) was added to the
flask and the mixture was stirred for a day at RT. Ultrahigh purity nitrogen gas (20 psi)
was charged to a clean and dry 300-mL, high-pressure Series 4561 Parr reactor followed
by addition of PO (9.2 mL, 7.7 g, 0.11 mol). The macroinitiator suspension was added to
the Parr reactor and heated to 115 °C with stirring. A maximum pressure (~140 psi) and
exotherm temperature (166 °C) were noted followed by a gradual pressure decrease to ~90
psi. Once an equilibrium pressure was achieved (~5 h), the reactor was cooled to RT and
the contents were diluted with ~200 mL of chloroform. The solution was filtered through
Celite® twice to remove the metal catalyst. The filtrate was concentrated to ~30 mL, then
the solution was precipitated by adding it into diethyl ether cooled with isopropanol-dry
ice bath. The product was dried under vacuum at RT yielding a white solid (17.5 g, 96%).

A triblock dimethylvinylsilyl-PEO-PPO-PEO copolymer was synthesized by anionic
ring-opening polymerization of EO initiated by a diblock dimethylvinylsilyl-PEO-PPO
copolymer. A potassium naphthalide solution was prepared. Naphthalene (4.2 g, 33 mmol)
was sublimed and added into a 250-mL., flame-dried, round-bottom flask equipped with a
glass stir bar. Dry THF (27 mL) was syringed into the flask to dissolve the naphthalene.
Potassium metal (1.23 g, 0.32 mol) was sliced and added to the flask under nitrogen and
the mixture was stirred at RT overnight yielding a dark green solution. The solution was
titrated in triplicate with 1 M HCI solution using bromothymol blue in methanol as an
indicator. The concentration of potassium naphthalene was 1.04#0.03 M. A
dimethylvinylsilyl-PEO-PPO (Mn = 4,700 g mol?, 17.4 g, 3.7 mmol) was dried under
vacuum at 60 °C for 24 hours, and then dissolved in THF (40 mL). A potassium naphthalide

solution (3.6 mL, 1.7 mmol) was added to the polymer solution to deprotonate the terminal
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hydroxyl group. EO (4.5 g, 0.10 mol) was distilled from a lecture bottle into a 300-mL,
high-pressure Series 4561 Parr cooled with an isopropanol-dry ice bath. The macroinitiator
solution was added to the reactor via syringe and stirred for 24 hours at RT. Acetic acid (5
mL of a 0.93 M solution in THF, 4.6 mmol) was added to the pressure reactor via syringe
to terminate the polymerization. The pressure reactor was purged with N2 for 1 h, then the
contents were transferred to a 250-mL round-bottom flask. THF was removed by rotary
evaporation and the product was dissolved in 200 mL of dichloromethane. The product
was washed with DI water (3 X 150 mL). The organic layer was rotary-evaporated to
remove most of the dichloromethane and the polymer was dried under vacuum at 60 °C for

241 (17.6 g, 80%).

5.2.5. Ammonium functionalization of dimethylvinylsilylpropyl-PEO-PPO-PEO-OH

A triblock monoammonium-PEO-PPO-PEQO copolymer was obtained via ene-thiol
addition of cysteamine hydrochloride across the terminal vinyl group. In a characteristic
procedure, a 5,200 g mol™ dimethylvinylsilylpropyl-PEO-PPO-PEO-OH (15 g, 2.9 mmol),
cysteamine hydrochloride (0.66 g, 5.8 mmol), and AIBN (0.09g, 0.55 mmol) were
dissolved in DMF (100 mL) in a 250-mL round-bottom flask equipped with a stir bar. The
solution was purged with ultrahigh purity nitrogen gas at RT for 20 min. The reaction was
conducted at 80 <C for 24 h with stirring, then the mixture was cooled to RT. The mixture
was diluted with dichloromethane (100 mL). The organic layer was washed with a
saturated sodium bicarbonate aqueous solution (3100 mL) followed by washing with DI
water (2>x100 mL). Dichloromethane was removed by rotary-evaporation and the product

was dried under vacuum at 60 <C overnight yielding a waxy solid (11.9 g, 79%).

141



5.2.6. Synthesis and characterization of SOD1-polymer conjugates

The monoamino-functional asymmetric block polymers and monoaminofunctional
Pluronic® P85 were conjugated to SOD1. Each polymer (10 mg) was mixed with a 20-
fold molar excess of disuccinimidyl suberate (DSS) in 0.9 mL of DMF. The mixture was
supplemented with 0.1 mL of sodium borate buffer (0.1 M, pH 8.0) and incubated for 30
min at 25 <C. Excess DSS was removed by gel filtration on a Sephadex LH-20 column (2.5
x 20 c¢cm) in anhydrous CH2Cl, and the solvent was removed in vacuo. The activated
polymer was dissolved in 1 mL of 20% ag. ethanol and mixed with 2 mg of SOD1 (moles
of polymer to SOD1 was 20:1) in 0.5 mL of sodium borate (0.1 M, pH 8.0). The mixture
was incubated overnight at 4 <C. The conjugates were purified on a Tosoh Bioscience
TSKgel G3000SW (7.8 mm x 30 cm) column in 0.1 M NasPO4/0.2 M NaCl (pH 7.4)
containing 5% methanol (elution rate: 1 mL/min, detection at 220 nm). The fractions
containing the conjugates were desalted and lyophilized.

The products were analyzed by electrophoresis (SDS-PAGE) and mass spectrometry to
characterize their compositions and sizes. A 2,4,6-trinitrobenzenesulfonic acid (TNBS)
assay was utilized to determine the degree of modification. Ten microliters of SOD1-
polymer conjugate solutions (protein concentration 0.1-0.6 mg/mL) were mixed with 10
uL of TNBS solution (1.7 mM) in 80 xL of sodium borate buffer (0.1 M, pH 9.5) and
incubated at 37 <C for 2 h. The absorbance was measured at 405 nm using the microplate
reader. The degree of modification (average number of amino groups modified) was
calculated according to the equation:

S (modification degree) =11 x Anative/cnative - Amodified/cmodified

Anative /Cnative
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where Anative and Amodified Were the absorbences and Crative and Cmodifies Were the
concentrations of native and modified SOD1, respectively. The total number of primary
amino groups in SOD1 is 11.

Enzymatic activity of the conjugates was measured using a pyrogallol auto-oxidation
assay. Pyrogallol autoxidation in the presence of O™ occurs rapidly at pH < 9.5 and yields
a chromophore that absorbs at 420 nm. SOD1 catalyzes the dismutation of O™ and thus
inhibits pyrogallol autoxidation. As such, the enzymatic activity of SOD1 or SOD1-
polymer conjugates can be determined in a Kinetic assay by measuring the absorbance of
oxidized pyrogallol in the presence of various amounts of enzyme. Briefly, 20 ul of 0.0002
to 200 pg/mL of SOD1 or SOD1-polymer conjugate samples in distilled water was mixed
with 20 uL of a fresh solution of pyrogallol (0.5 mg/mL) in distilled water and then
supplemented with Tris—HCI buffer (0.1 M, pH 8) containing 1 mM pentetic acid to a final
volume of 200 pL. In control experiments, mixtures of distilled water without enzyme
and/or without pyrogallol were utilized. The reaction mixtures were added to 96-well plates
in triplicate and the rates of autoxidation were measured immediately as slopes by
recording increases in absorbance at 420 nm up to 10 min in the microplate reader
SpectraMax M5. The data were interpreted as the inhibition rate (%) using the equation
[(S1—Ss)/(S1—S2)]<100%, where S1 is the slope for enzyme-free water with pyrogallol, S,
is the slope for enzyme-free water without pyrogallol, and Ss is the slope of the sample
with pyrogallol. The residual activity of modified SOD1 was expressed on a percentage

basis of unmodified enzyme.
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5.2.7 Cellular uptake of SOD1-polymer conjugates

MDCK cells (from ATCC, CCL-34) were seeded in 24-well plates at a density of 50,000
cells/well in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 1%
penicillin/streptomycin and 10% fetal bovine serum. Cells were cultured for two days to
reach 80~90% confluence. For uptake experiments, the cells were treated with SOD1 or
SOD1-polymer conjugates at 100 pg/mL for 24 h in serum-free conditions, washed 3X
with cold phosphate-buffered saline (PBS) and then collected by treating with 0.05%
trypsin. Cell pellets were lysed by sonication and total cellular protein was measured using
a MicroBCA assay. Cell lysates (50 uL) were used for ELISA to determine the
concentration of cellular SOD1. Unmodified SOD1 or SOD1 conjugates at concentrations
from 0.1 to 50 ng/mL were used as calibration standards. Data were interpreted as cellular
SODL1 concentration normalized by cell protein content. Statistical analysis was performed
using one-way ANOVA (LSD multiple comparisons). A minimum p value of 0.05 was

regarded as the significance level.

5.3 Results and discussion
5.3.1 Synthesis of 3-hydroxypropyldimethylvinylsilane (3-HPMVS)

To prepare a heterobifunctional polyether, 3-hydroxypropyldimethylvinylsilane was
synthesized and utilized as an initiator (Scheme 5.3.1.1), in which the vinyl group allowed
post-polymerization  functionalization. ~ 3-Chloropropyldimethylvinylsilane  was
synthesized by a Grignard reaction of 3-chloropropyldimethylchlorosilane with
vinylmagnesium bromide. *H NMR was utilized to confirm the conversion of chlorine next
to the silicon to a vinyl group by observing the appearance of resonances at 5.7-6.2 ppm

(Figure 5.3.1.1). The other chlorine was stable against the Grignard reagent according to
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the integration of vinyl group. The remaining chlorine was substituted by iodine to make a
better leaving group for hydrolysis. This substitution reaction was conducted in acetone
since the sodium chloride by-product is not soluble in acetone and thus, the equilibrium is
moved toward the iodide product. The substitution was monitored by the resonance
corresponding to the methylene next to the halide, which shifted from 3.50 to 3.18 ppm
(Figure  5.3.1.2). The iodide was then hydrolyzed vyielding  3-
hydroxypropyldimethylvinylsilane. This conversion was confirmed by the shift of the
terminal methylene peak from 3.18 to 3.54 ppm (Figure 5.3.1.3).

| Z>MgBr |
CI-Si Cl — Si Cl
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Scheme 5.3.1.1. Synthesis of 3-hydroxypropyldimethylvinylsilane (3-HPMVS).
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Figure 5.3.1.1. 'H NMR spectrum of 3-chloropropyldimethylvinylsilane.
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Figure 5.3.1.2. '"H NMR spectrum of 3-iodopropyldimethylvinylsilane.
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Figure 5.3.1.3. '"H NMR spectrum of 3-hydroxypropyldimethylvinylsilane.

5.3.2 Synthesis and characterization of asymmetric triblock copolymers

A method for preparing HoN-PEO-PPO-PEO-OH copolymers wherein the block lengths
of the PEO and PPO segments were varied independently was developed. The triblock
copolymers were synthesized through sequential monomer additions in three steps. The
first two blocks were polymerized with a Zn3[Co(CN)s]2 coordination catalyst and this
avoided the common side reactions that occur in base-catalyzed polymerization of PO
(Schemes 5.3.2.1 and 5.3.2.2). The third block (PEO) had to be polymerized with base to
afford good molecular weight distributions of the terminal low molecular weight PEO

segment (Scheme 5.3.2.3).
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The average degrees of polymerization of EO in the first PEO blocks were calculated
by comparing the integral ratio of the peak at 0.47 ppm, which corresponded to the
methylene group next to the silicon atom, to the peaks at 3.4-3.8 ppm corresponding to the
EO repeating units (Figure 5.3.2.1). The average molecular weights of the second PPO
blocks were determined by comparing the integral ratio of the peak at 0.47 ppm, which
corresponded to the methylene group next to the silicon atom, to the peaks at 1.1 ppm

corresponding to the methyl groups in PO repeating units (Figure 5.3.2.2).
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Scheme 5.3.2.1. Synthesis of a 2.7k vinyl-PEO-OH.
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Figure 5.3.2.1. '"H NMR of a 2.7k vinyl-PEO-OH.
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Figure 5.3.2.2. '"H NMR of a vinyl-2.7k PEO-2.0k PPO-OH.

The third PEO block was prepared via ring-opening polymerization of EO using a
diblock dimethylvinylsilylpropyl-PEO-PPO-OH copolymer as an initiator (5.3.2.3). In this
stage, secondary —OH groups in the terminal PO units are converted to primary -OH groups
in the EO units. It is well known that the reaction of an activated secondary alcohol with
EO is slower than the reaction of an analogous activated primary alcohol with EO, thus
making propagation of EO faster than the crossover reaction from the PO block to the first
EO addition. Coordination of a zinc ion on the heterogeneous double metal cyanide may

also affect the relative rates of this crossover reaction versus EO propagation. The effects
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of these relative rates need to be minimized to obtain better control over the molecular
weight distribution of the third block. We investigated both the use of the coordination
catalyst and also an anionic initiator to understand how the molecular weight distributions
were affected, and found that anionic polymerization of the short PEO terminal block was
the superior approach. The block length of the third (PEO) block was calculated by the
increased integral number of the resonances at 3.2-3.8 ppm relative to the PO unit

resonances (Figure 5.3.2.3).
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Scheme 5.3.2.3. Synthesis of a vinyl-2.7k PEO-2.0k PPO-0.5k PEO-OH.

150



a 5 12
<
~
-
o
<
(-]
a
wn o -] - ~ o
N0 _©) l frgrhrlrjrmrn - l'\! | : )Y ) q
]I L k
| ]
a b JnJ" L t‘ Iw,m e ‘ d C
I VS VA . ¥ — Y ) U B 5N

6.2 58 54 50 46 42 38 34 30 26 22 18 14 1.0 0.6 0.2 -0.2
Chemical shift (ppm)

Figure 5.3.2.3. '"H NMR spectrum of a vinyl-2.7k PEO-2.0k PPO-0.5k PEO-OH.

To determine the extent of conversion of terminal PO units to EO units with the short
terminal blocks, the triblock copolymers were reacted with trifluoroacetic anhydride
(Scheme 5.3.2.4). 1F NMR spectra of the polymeric trifluoroacetate esters were compared
with a homopolymer of propylene oxide that had exclusively secondary alcohol endgroups
and a commercial P85 triblock copolymer ester (Figure 5.3.2.4 and Table 5.3.2.1). The
secondary esters had a lower '°F chemical shift relative to the primary esters due to the
extra electron-donating methyl group in the poly(propylene oxide) repeating unit.
Moreover, the secondary ester had two peaks in the *F NMR spectrum and this was

attributed to the chiral center next to the ester bond.
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Scheme 5.3.2.4. A representative reaction of a polyether with trifluoroacetic
anhydride.
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Table 5.3.2.1. Characterization of asymmetric triblock copolyethers.

3

Targeted MW "H-NMR Mn 'TH-NMR  SEC  PDI  Extent of
(g/mol) (g/mol) total Mn total Mn By  primary OH
NH»2-PEO-PPO- NH»2-PEO-PPO- (g/mol)  (g/mol) GPC  end groups
PEO-OH PEO-OH

1,000-2,000-500 1,074-1,716-279 3,069 2973 1.05 89%
2,500-2,000-500 2,609-1,991-471 5,071 4,233"  1.18 90%
2,500-3,500-1,500  2,733-3,731-1,326 7,790 5,150 1.43 94%
2,500-3,500-2,600 2,733-3,596-2,591 8,920 6,536 1.05 100%

*The difference between total M, from *H-NMR and SEC increases as the M, increases.
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5.3.3 Synthesis of triblock amino-PEO-PPO-PEO-OH copolymers

Thiol-ene reactions, which are highly efficient reactions of thiols with reactive
carbon-carbon double bonds, were reported in the early 1900s.25282° These reactions have
been intensively investigated and employed for post-polymerization modifications due to
their desirable features including high yield, fast reaction rates, mild reaction conditions
and insensitivity to oxygen and water.2"-2839-33 |t s noteworthy that the vinylsilyl group
does not undergo radical homopolymerization.?28313% This avoids many of the side
reactions in thiol-ene reactions that plague such reactions with allyl and acrylate analogues.
In the present research, terminal amines were introduced onto the copolymers via a thiol-
ene reaction of the terminal vinylsilyl groups with cysteamine hydrochloride (Scheme
5.3.3.1). The reaction was monitored by observing complete disappearance of the vinyl
groups at 5.6-6.2 ppm and appearance of the methylene groups at 0.8 and 2.5-3.0 ppm in
the *H NMR spectrum (Figure 5.3.3.1). The appearance of the extra peak at ~0 ppm was

attributed to the existence of both Markovnikov and anti-Markovnikov addition.
|
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Scheme 5.3.3.1. A thiol-ene reaction of a vinyl-2.9k PEO-2.5k PPO-0.5k PEO-OH
with cysteamine hydrochloride.
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Figure 5.3.3.1. 'H NMR spectrum of an amino-2.9k PEO-2.5k PPO-0.5k PEO-OH.

5.3.4 Synthesis and characterization of SOD1-polymer conjugates

As shown in Scheme 5.3.4.1, triblock amino-PEO-b-PPO-b-PEO-OH copolyethers
were reacted with an excess of disuccinimidyl suberate (DSS) to form amide bonds with
the terminal amine on the initiator end of the first PEO block. This generated activated N-
hydroxysuccinimide (NHS) esters on one end of the copolyethers. After removing the
excess DSS, the activated polymeric ester groups were conjugated with primary amines on
SOD1. The conjugates were purified to remove excess free polymers and any non-
conjugated SOD1. Six SOD1-polymer conjugates, including SOD1-Pluronic® P85 and
SOD1-AP1to AP5 (Table 5.3.4.1) were investigated. The presence of protein smears were
observed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for
all the SOD1-polymer conjugates, confirming conjugation of the polymers with SOD1

(Figure 5.3.4.1A). As observed with SOD1-AP2 as an example, mass spectra suggested
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that the conjugates contained a mixture of proteins modified by several polymer chains

(labeled by arrows) (Figure 5.3.4.1B).
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Scheme 5.3.4.1 Synthesis of SOD-polyether conjugates.
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Figure 5.3.4.1 (A) SDS-PAGE of SOD1 and SOD1-polymer conjugates (left) and
(B) a mass spectrum of SOD1-AP2 conjugates (right).

The average numbers of polymers attached to each SOD1 enzyme was 8-10 for all the

conjugates, as determined by titration of residual amines on the protein with TNBS
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(Scheme 5.3.4.2 and Table 5.3.4.1). Less than 10% of the native SOD1 enzymatic activity
was retained with these conjugates, as measured by the pyrogallol assay. SOD1-P85
conjugates with lower modification degrees were made with DSS or dithio-
bis(succinimidyl propionate) (DSP) as the linker. The loss of enzyme activity was

attributed to heavy polymer modification (Table 5.3.4.2).
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Scheme 5.3.4.2 Reaction of primary amine with 2,4,6-trinitrobenzenesulfonic acid
(TNBS).

Table 5.3.4.1. Characteristics of SOD1-polymer conjugates.

Conjugates Polymer Structure Modification Re_si_dual b
Degree Activities (%)
SOD-PEO EO114 >10 N/A
SOD-P85 EO26-PO40-EO26 9.9 5.87
SOD-AP1 NH2-EO45-POgo-EOz4 8.9 5.13
SOD-AP2 NH2-EO61-PO34-EO11 9.5 8.20
SOD-AP3 NH2-EOQ23-PO34-EOs 8.9 4.34
SOD-AP4 NH2-EOg2-POg3-EO29 8.1 5.21
SOD-APS NH2-EOg2-POg3-EOss 8.6 5.21

& Average number of polymer chains per SOD1 as determined by TNBS titration of
residual amino groups.

b Residual activity was determined by the pyrogallol autoxidation kinetic assay and
calculated based on the percentage of activity of the native SOD1.
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Table 5.3.4.2. Residual activities of SOD1-polymer conjugates with
various degrees of modification.

Polymer:SOD1  Modification Residual

Polymer Linker

molar ratio Degree Activity (%)

P85 DSP ) 1.26 62

P85 DSP 10 2.92 S7
P85 DSP 30 411 44
P85 DSP 60 7.99 NN
P85 DSS 5 3.9 38
P85 DSS 10 541 27
P85 DSS 30 7.44 25

5.3.5 Cellular uptake of SOD1-polymer conjugates

After 24 hours of incubation with the cells, all of the SOD1-polymer conjugates and
SOD1-PEO exhibited significant cellular uptake compared to unmodified SOD1 (p<0.05)
(Figure 5.3.5.1), but the uptake for SOD1-P85 was higher than for the others (p<0.05). This
suggests that some of these polymers have potential for enhancing cellular delivery of

proteins.
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Figure 5.3.5.1. Cellular uptake of SOD1 and SOD1-polymer conjugates.

5.4 Conclusions

A series of asymmetric amphiphilic PEO-PPO-PEO copolyethers with different block
lengths were synthesized and characterized. Amino groups were introduced to one end of
the copolyether for conjugating with the protein. The copolyethers were conjugated to
SODL1 through reaction with NHS-functional coupling agents. It was established that the
conjugation method resulted in heavy enzyme modification (8-10 polymers per enzyme)
but highly reduced enzymatic activities. The low enzymatic activities were attributed to the
large amount of polymers that were bound to the enzyme. All of the conjugates exhibited
enhanced cellular uptake compared to unmodified SOD1, with SOD1-P85 having the

highest uptake.
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Chapter 6: Conclusions and Recommendations

In this work, three types of copolymers were synthesized as nanocarriers for drugs, iron
oxide or proteins to achieve enhanced biocompatibilities. The complexes were formed via
hydrophobic interactions, ligand adsorption or covalent bonds. These copolymers were
assembled into core-shell nanostructures in aqueous media and their dispersions were
stabilized by the hydrophilic shells comprised of poly(ethylene oxide).

Chapter 3 describes syntheses of two vinyl-functional epoxide monomers and a series of
novel amphiphilic polyethers with pendent functional groups that were designed to be
utilized as a platform for crosslinkable and stimuli-sensitive nanoparticles. The reaction
conditions and rates of anionic ring-opening copolymerizations of the functional epoxides
with 1,2-butylene oxide were investigated to understand the microstructures of these
copolymers. Functional amphiphilic copolyethers with either triblock or tapered structrures
were synthesized. Multiple amines and carboxylic acids were added to the copolyethers via
thiol-ene additions across the vinyl groups. Investigations of the aggregation properties of
these functional copolymers in aqueous media by DLS indicated that pH-sensitive micelles
were formed. All CMCs of the functional copolyethers presented in this research were in
the range of 0.005-0.5 mg/mL, which were greatly lower than the CMCs of some typical
Pluronic triblock copolyethers. The low CMCs promoted high colloidal stabilities of the
polymeric micelles, which were of great interests as drug carriers. An antiretroviral drug,
ritonavir, was loaded into micelles of these copolyethers using a rapid, continuous
precipitation technique yielding well-controlled nanoparticles.

Chapter 4 describes a synthetic method for making magnetic complexes with

biodegradable polymers and includes both single particles and clusters. Poly(ethylene
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oxide)-b-poly(L-glutamic acid) copolymers were synthesized and used as carriers for iron
oxide nanoparticles. A mixed organic solvent comprised of a 1:1 v:v DMF:chloroform
mixture was found to be a superior medium for coating the polymers onto the iron oxide
nanoparticles as compared to water. The magnetic nanoparticles prepared in this mixed
organic solvent were colloidally stable in simulated physiological solutions for up to a
week as measured by DLS. Allyl and thiol groups were introduced to the end of PEO block
and utilized as crosslink sites to make magnetic clusters. Clusters were formed from these
complexes by 1) crosslinking the allyl-tipped single particles with dithiol-PEO, 2)
crosslinking the thiol-tipped single particles with diallyl-PEO and 3) crosslinking two of
the functional single particles with each other. The third method was determined to be best
one due to the existence of iron oxide in both allyl- and thiol-functional species as well as
the reduction of undesirable intra-particle crosslink by avoiding the use of bifunctional
PEOs. The clusters were determined to have great potential as MRI contrast agents due to
their shorter transverse relaxation times compared to the single particles.

Chapter 5 described the synthesis of a series of asymmetric triblock poly(ethylene
oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) copolyethers with terminal amines
and different molecular weights of each block. The triblock copolyethers were covalently
bonded with superoxide dismutase (SOD1) to understand effects of polymer modification
on enzyme activities. It was shown that heavy modification by polymers led to low
enzymatic activities of SOD1. The conjugates were found to have higher cellular uptake
than the native SOD1 in MDCK cells.

One direction of the future work could involve precise control of the release rate of

ritonavir. The nanoparticles stabilized with functional copolyethers will be crosslinked via
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Michael-addition of the pendent amines with PEO diacrylate. The drug release properties
can be tailored by controlling the degree of crosslink. A slower release rate is expected
with a higher degree of crosslink. In addition, various crosslink reaction concentrations
should be tested to find an optimal condition, under which the inter-particle crosslink is
diminished while maintaining an efficient reaction rate. Release rates of ritonavir from
crosslinked and uncrosslinked nanoparticles will be measured and compared.

It is also interesting to make dual imaging and therapeutic complexes. We will add
phosphonate side groups to the copolyethers via Michael-addition of the pendent amines
with diethyl vinylphosphonate followed by removal of the ethyl groups. Ritonavir will be
loaded into micelles of the copolyethers and the pendent phosphonates could be utilized to
bind iron oxide nanoparticles. Another possible approach to make dual imaging and
therapeutic complexes is using oleic acid-coated iron oxide as the hydrophobic nucleating
agent to form drug-containing nanoparticles with the amphiphilic copolyethers. Besides
loading the relatively hydrophobic drugs in the cores via hydrophobic interactions, we can
also load cationic drugs (e.g. gentamicin) using the PEO-b-PG/iron oxide nanoparticles via
electrostatic interaction with the glutamate anions. These three types of complexes are
expected to have different magnetic properties since the accessibility to water has a
pronounce effect on the relaxivities of the magnetic particles.

Another interesting future work is to introduce folate groups to the copolyethers by
reaction of the pendent amines with N-hydroxysuccinimide folate. The folate-functional
copolyethers could be used as drug carriers for targeting delivery of anti-cancer drugs by

interaction with the folate-receptors expressed on the surfaces of cancer cells.
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